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Abstract

The main aim of this study was to determine thegparation efficiency coefficient
(TEC) for three @ crops; canola, wheat and lucerne. TEC relatefeoefficiency of
water management in crop production. It is definedhe ratio of seed or biomass to the
product of transpiration and vapour pressure defi@f these variables, transpiration is
the most difficult to measure. Two experiments @an2007 and wheat, 2007&2008)
were therefore designed with the aim of partitigngvapotranspiration (ET) into its
components of evaporation (E) from the soil andgdpération (T) from the plant. These
experiments were based on a split plot design, with soils (Clovelly and Bainsvlei)
and two surface treatments which comprised of & kail for measuring ET and a 50
mm thick gravel mulch for measuring T using thdaryeter unit of the University of the
Free State at Kenilworth near Bloemfontein. Thesmmonents were measured regularly
and E was derived by subtracting T from ET. Thslts showed that for canola, E was
12% of the total ET (809 mm) and for wheat E wa%20f total ET (639 mm). The
percentage contribution of T to ET was high in batbps: 718 mm or 88% of total ET of
canola and 489 mm or 63% of total ET of wheat. Qusice evidence showed that crops
should be managed differently with respect to thedividual irrigation water demands.
The remaining three experiments were dedicateddmfs influencing the TEC of crops.
Specific objectives were to establish the effecgraiwth periods during the reproductive
stage on the TEC of canola, the effect of weatmethe TEC of wheat and effect of
cutting periods on the TEC of lucerne. All expenttseewere conducted in the lysimeter
unit and measurements were based on the soil watance of both soils. TEC was
expressed as grain yield (GY) or seed yield (SW¥pva-ground biomass (AGB) and total
biomass (TB). Soils had no significant effect onCTEHowever, TEC of canola was
significantly affected by growth periods. For growperiods, TEGsc varied between
3.82 and 4.95 g kPa mhand TEGg between 3.94 and 5.04 g kPa thmFor wheat it
was concluded that weather had no influence oTE@ based on AGB, but TEC based
on GY was significantly lower in 2008 (TEC = 0.%@a mni) compared to 2007



(TEC = 2.3 g kPa mif). This was caused by severe frost which occumethé early
reproductive stage. The result revealed a means&E6f 4.75 g kPa mih for the two
wheat seasons. The results on lucerne suggestédcukting periods do played a
significant role in the TE&ss of the crop. TEC decreased from 3.86 g kPa nfion the
first cutting period to 2.22 g kPa minfor the sixth cutting period, with a mean TEC
value of 2.84g kPa mnt for all six cutting periods. TEC values for canalheat and
lucerne in this study are consistent with valugmred for other €crops in the semi-

arid environments and are therefore recommendeds®in models.
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Chapter one

I ntroduction, motivation and objectives

1.1 Introduction

Competition for limited fresh water is becomingiaareasingly important political issue
among nations, segments of society, geographiagibne and seemingly disparate
causes, including the environment, agriculturegstny, industry and urban development.
This is especially so in arid and semi-arid paftshe world, where water is naturally
lacking in supply and the growing needs of industngl urban populations are already
clashing with those of agriculture. Water scarggyreaching crisis proportions now
because of skewed supply and demand.

While food surpluses and adequate agricultural yctdn capacity are currently
characteristic of many countries with developednecaies, for the vast majority of
countries in the developing world meeting the neddbeir burgeoning populations is an
ever present challenge and sometimes an insurnidantame (Borlaug, 2003). With
decreasing per capita land area on a worldwidespsid-use pressure has intensified,
posing a severe challenge to management of soimatdr resources (Lal, 2000). The
threats to ecosystem sustainability and resiligngeroduction intensification depend on
the environment, with semi-arid areas being pddity vulnerable (Stewart and
Robinson, 1997).

It is often assumed that the most limiting factodryland wheat cropping is water. In the
absolute sense, this is true but in practice mantofs limit the efficient use of water in
yield production. The concept of limiting factodiscussed early in the last century by
Blackman (1919) who drew on earlier German worls been the guiding principle for
agronomists and farmers in devising cropping systelm most cases, more than one
factor limits yield, and improvements have comanrfrbringing together all the factors
that are recognized as limiting in a given situatiSynergisms between the factors often
operate such that the response to two factorsexppligether is much greater than the

response to the same two factors applied indivigual



In developing countries of the world, the sustaitrethds of increased population and
decreased land availability and increased competifor limited fresh water resources
lead to an inescapable conclusion so far as atgrreuand food security are concerned.
The burden of meeting food demand, while protecengironmentally sensitive lands
from detrimental agricultural expansion, will faticreasingly on dryland and irrigation
agriculture. To meet this challenge, dryland cragpisystems in developed and
developing countries alike must use available wateefficiently as possible for food
production. Increasing the water use efficienayunees an understanding of how crop
production is related to such determining factoss teanspiration and evaporative
demands, water capture, water retention, and ceopagement.

The combination of two separate processes whereligrvis lost on the one hand from
the soil surface by evaporation (E) and on therotiaed from the crop by transpiration
(T) is referred to as evapotranspiration (ET) (Thiowaite, 1948). Evapotranspiration
from natural surfaces continues to occupy a greaf df research effort in order to
characterize the rate of water loss from soil alatitp Evaporation is a key component in
the growth of plants and the impact of water defi@n be clearly seen on yield and
biomass reductions. Monteith (1986) stated thatptiogress made to our understanding
of ET in the past years has been large and thatnation is being practically applied
today. Jensen and Middleton (1973) and othersigedvcomprehensive reviews of the
current state of ET research at that time.

Evapotranspiration is directly inferred from theidcial of the soil water balance after all
other terms have been measured. This method hassheeessfully used in a number of
hydrologic scale studies where entire drainagensasave been studied. In some field
studies, this method has been used to determinsotheater use by crops for periods of
7 to 10 days and beyond (Hatfield, 1988).

The soil water balance requires accurate measuteshetl terms and if the estimate is
to be expanded to an entire field, then a meas@irthe spatial variability of the
measurements is necessary. Rouse and Wilson (p@r)rmed a detailed analysis of
the errors involved in the water balance approdttey concluded that this method is
acceptable at intervals of not less than 4 daywhef actual ET is high and without

precipitation.



Neutron probes or neutron scattering devices haeerbe acceptable techniques for the
measurement of soil water content throughout thiepsofile. The neutron probe still
remains a labour-intensive procedure. Sinclair Williams (1979) discussed in detail
the errors associated with using the neutron pestteHaverkamp and Vachaud (1984),
after a detailed analysis, found that the major moment of the total variance was the
calibration.

Evaporation and transpiration occur simultaneowasigl there is a need to separate the
two processes in order to study their effects ap gield. Apart from the water content
of the topsoil, the evaporation from soil is maidigtermined by the fraction of the solar
radiation reaching the soil surface. This fractilatreases over the growing period as the
crop develops and the crop canopy shades more arel ahthe ground area. When the
crop is small, water is predominantly lost by evapion from the soil, but once the crop
is well developed and completely covers the s@hgpiration becomes the main process.
Evaporation losses can be reduced by minimizingueacy of irrigation in the early
ground-cover development period (Stegnetal., 1976). If the root-zone water content
is near the drained upper limit at planting, thdyeaot-zone advance takes place to soil
water and a maximum delay of initial irrigation @ssible. Once ground cover is
complete, many crops enter their reproductive gnostages and irrigations should
usually be sufficient to maintain potential tramafion rates (Stegmast al., 1976).
Researchers in various dry areas of the world.ef@ample Syria (Alleret al., 1998),
Western Australia (Yunuset al., 1993) and Niger (Daamen and Simmonds, 1995) have
demonstrated that evaporation from the soil surfadargely unaffected by the size of
the plant canopy once the canopy is fully formedheWthe plant canopy is large, and its
duration is long, evaporation losses from the swiface are often small and transpiration
losses are commensurately greater. The choiceopfroay also influence effective water
use because of species differences in both therpathd extent of both root and shoot
growth. For example, chickpea grown at JindiregsiaSBrown et al., 1989) extracted
water less rapidly than barley (Browehal., 1987) because of smaller leaf area and less
extensive root system, with the consequence thake nmater was 'wasted' through

evaporation from the soil surface.



This applies also to Kenilworth near Bloemfonteihere the soils for the experiments
were sandy and there is a high evaporative demarttis situation, the 'energy-limited'
phase of evaporation continues only for the fiest hours of daylight on the first day
after irrigation, thereafter evaporation is 'wdtmited'. Any differences in evaporation
between treatments with different canopy sizesnduthe ‘energy-limited’ phase are
compensated by faster evaporation during the midtithe day from treatments with a
mulched soil surface. Therefore, the estimatedevaluevaporation is affected only by
differences in the water input to the profile bgigation and not by other management
factors which may affect leaf area index (LAI).

Under semi-arid climatic conditions of South AfridAennieet al. (1994) noted that
substantial evaporation losses could be reducdaeirshort term (less than 14 days after
wetting), with a ground cover of 70% or more usimgich. Botha (2006) in separating
the components of ET used different mulching teghe@s such as stone and organic
mulch with 50 and 100% coverage as surface tredtvagainst bare surface treatment.
He found that the 50% stone mulch reduced evaporats much as the 50% organic
mulch treatment. Mulches reduce soil water evapmraby providing a mechanical
barrier to drying forces of wind and they shiel@ t%oil from solar radiation. Mulches
also buffer the connection between the water vapotire soil and the air above (Buett
al., 2001). Mulching soil surface reduces evaporatiod increases the amount of water
stored in the soil profile (Gardner, 1959; Benretl., 1966; Mahreet al., 1984). Peters
and Johnson (1962) stated that a reduction of 5@%vaporation water losses was
realized using plastic mulch. Many researches tedom significant increase in
vegetation yield of different crops using mulch g@&kon and Frazier, 1957; Chen and
Katan, 1980). Surface-applied mulch provide sevieealefits to crop production through
improving water, heat energy and nutrient statusoih preventing soil from water loss,
averting salinity flow to soil and controlling wee(Buet al., 2002).

Most often, transpiration is estimated from evaguadpiration measurements using: (i)
subtraction of an estimated E (usually, E is assutoebe a seasonal constant from the
measured seasonal ET (Hanks and Shawcroft, 19§9aily water balance simulation
using empirical functions to separately calculate ffbm daily calculations (or

measurements) of ET using measured plant paransitelnsas leaf area index or ground



cover (Ritchie, 1972; Hanks, 1985; Howell al., 1995) and (iii) measuring E and
subtracting it from measurements of ET (Lascetra., 1987). All of these measurement
techniques yield indirect estimates of transpiratidot only the type of crop, but also the
crop development, environment and management shmilcbnsidered when assessing
transpiration (Ungeet al., 2006). Water use efficiency measures the effewith
which a particular crop can convert the water add to it during a particular growing
season into yield. It is generally referred to &sldy (biomass or grain) per unit of
evapotranspiration or transpiration (Tanner anal8in 1983).

Transpiration efficiency coefficient (TEC) is a duxt of transpiration efficiency (total
biomass per transpiration) and the mean daytimewsgpressure deficit over the growing
season (Tanner and Sinclair, 1983). Tanner andla&8in¢l983) and others have
concluded that TEG largely dependent on the photosynthesis pattfinay whether the
crop is a Gor G, species) and is relatively insensitive to the éffexf environment and
within-species genetics. The use of TEC providesiraple way of partitioning
evapotranspiration into its components of evaponasind transpiration.

Water management to achieve maximum vyield is fretiyehe most profitable scheme,
particularly when water supply for a given land ans unlimited and application
efficiency is relatively high. When these condisoaccur, irrigation should usually be
sufficient for plants to meet the day-to-day evapoe demand and irrigation
(particularly in the most stress-sensitive stageseed crops) should be at a frequency
that maintains high soil water potential, particlylan the upper root zone. This latter
requirement relates to studies (Hsiao, 1973; Begd &unner, 1976) showing that
adequate cell turgor pressure must be maintainadhi®ve maximum rates of expansive
growth. Thus, as high soil water potentials arentaaned by frequent irrigation, the daily
depression of leaf water potential is minimized aret photosynthesis is optimized

within practical limits.

1.2 Motivation

World population projection is that it will growdm 6 billion to 8.3 billion by the year

2030 and this translates to feeding an estimateili@n more people by the year 2030.
According to the United Nations Food and Agricudiu®rganization (FAO), world food



production needs to increase by 60% in order ta e growing world population.
Agricultural water will play a leading role in mé&gg the projection by FAO, especially
third world countries where water is found to badaquate. According to FAO (2000),
about 800 million people in the third world couasriare chronically undernourished and
therefore cannot sustain healthy active lives whesults in sicknesses and early death as
well as immeasurable loss of human potentials anidevelopment around the world.
According to Hsiao and Hendersen (1985), a numlbgoapers have been published
reporting separate estimates of soil E and planB&fore considering these data and
judging their reliability, it is necessary to comesi the difficulties involved in making
these estimates and review the methods used foresitgnations. It has been observed
that 30-60% of seasonal evapotranspiration canobe ds evaporation (Perry, 1987;
Siddiqueet al., 1990). Wallace (2000) observed that 13-18% ef Water resource in
irrigated agriculture is used for transpiration,ilB8-13% is lost through evaporation
from the soil or water surface and the rest in iothays. Quantifying these losses is
fundamental to understanding the influence of cmogppsystems on water use and
eventual yield, especially where water is limitifigainfed crops tend to have sparser
cover and therefore evaporation losses from the ssoface are higher. Evaporation
losses equivalent to 30-35% of rainfall have besported by Wallace and Batchelor
(1997) under a millet crop grown at a researchastah Niger. They observed from this
analysis that water use as transpiration was as dswi5-30% of rain under these
conditions and could be much lower in the fieldtheDd estimates of evaporation reported
in literature (Daamen and Simmonds, 1995; Wallateal., 1995) for semi-arid
conditions are 30 — 60% of the seasonal rainfall.

Evaporation of soil water can be reduced by miningzhe amount of energy reaching
the soil surface under various cropping systemstbyulating a denser crop canopy.
Wallace et al. (1990) have demonstrated the potential for usiagopy shade to
evaporation undeGravillea robusta in an agroforestry system with about 50% ground
cover in Kenya. Under semi-arid climatic conditiosisSouthern Africa, Benniet al.
(1994) found that the substantial evaporation losseild be reduced in short term (>14
days after wetting) in the presence of a grouncec@f 70% and more in the form of

mulch.



According to Hensley and Bennie (2003), loss ofewdhrough evaporation process is
known to be the largest in the semi-arid regiorge Guantity of water necessary for crop
production has been historically important, pattdy in the arid and semi-arid regions

of the world. Evaporation and transpiration hasobse a widely used agronomic term

implying the water intake and loss by the cropsdid soil water loss to the atmosphere
(E) and their influences on crop yield.

From the above statements, it was therefore coresideecessary to quantify evaporation
and transpiration separately in order to have g¥fecmonitoring of these processes
towards improving crop water use. Minimizing los&gsevaporation and concomitantly

increasing transpiration for the benefit of cropsl wuide researchers to make firm

recommendations on how to effectively control theiluences on agriculture in the

semi-arid environment.

1.3 Aim and specific objectives

The general aim of the study was to partition watss of crops, normally expressed as
evapotranspiration, into its components of soilewavaporation and transpiration. Based
on the general aim, specific objectives were derifice selected €crops (canola, wheat

and lucerne):

i Evaluate the influence of soils and growth pesiad transpiration efficiencies of

canola under irrigation (Chapter 2).

i Evaluate the effectiveness of gravel mulch taasgic mulch in reducing
evaporation, partition evapotranspiration for canwito its components of soil
water evaporation and transpiration, and estabiigh contribution of these
components to water use efficiencies of canola undater table conditions
(Chapter 3).

iii Determine the quantitative relations betweerntevaise and yield for winter wheat
and the effect of weather changes on the TEC ohatW@&hapter 4).

Iv Quantify the transpiration efficiency of irriged lucerne under semi-arid

conditions (Chapter 5).
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Chapter two

I nfluence of soilsand growth periods on transpiration efficiencies of
canola under irrigation.

Abstract

Much is reported on the agronomical aspects of leaf@vassica napus L.) but there is a
distinct lack of information on the crop’s trangtion and the efficiency of this process.
The objective of this chapter was to evaluate tifleénce of soils and growth periods on
the transpiration (T), transpiration efficiency (T&nd transpiration efficiency coefficient
(TEC) of canola under irrigation. Thirty lysimesg2.5 n) were used for the study, half
of them filled with a sandy soil and the other haith a sandy loam soil. The experiment
was laid out as a split plot design with two saitrhs and four growth periods (GP)
during the reproductive stage as treatmerts84 — 98 days after planting (GP1), 98 —
112 DAP (GP2), 112 - 126 DAP (GP3) and 126 — 14(P¥&P4). Treatments were all
replicated three times. Canola was planted 14 Juntk harvested 2 November 2006.
Irrigation was applied weekly through a surfacepdsystem and daily through a sub
irrigation system to maintain a constant waterdadtl 1200 mm from the surface. Soil
water content was measured three times a week asnegitron soil water meter. TE was
calculated as total biomass per unit transpiragiot ranged between 2.84 and 2.88g m
mm. TEC was obtained by normalizing TE to the vapmessure deficit and resulted in
values of 4.21 and 4.30 g kPa mnThese efficiencies for canola were consistenh wit
other G crops such as sugar beet, groundnut and comman Beth TE and TEC were
significantly different between growth periods andt amongst soils. During the
reproductive stage of canola its efficiency of s@imation increased to 126 DAP and
declined thereafter. This phenomenon was obsenrezhwhe pods developed and fills
the upper part of the canopy. Future work shoutdisoon whether physiological changes
are responsible for this trend in transpirationiceghcy during the reproductive growth

stage of the crop.
Keywords: Transpiration efficiency; vapour pressure deficanspiration efficiency coefficient
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2.1 Introduction

Water sources for irrigation have reached the pofntull utilization in South Africa
(Backeberget al., 1996), forcing managers and irrigators to reheata their strategies to
maintain growth in the agricultural sector. Thaigiton demands for sound information
on water use of irrigated crops, especially alteweacrops which could fit into the crop
rotation system. One of the crops identified byPnetein Research Trust of South Africa
is canola (Seetseng, 2009). Canola is mainly piaiméhe coastal area of Western Cape
as an alternative crop to control diseases an@ pssbciated with mono culture wheat.
Water is frequently considered to be the main falitaiting crop production in arid and
semi-arid zones. Therefore, achieving greater yeldunit irrigation is one of the most
important challenges in these zones. Enhancingspreation efficiency (TE), the dry
matter produced (g) per unit water transpired (mmay be an important means of
improving canola yield (Sinclaet al., 1984). Hence, it is of utmost importance to view
transpiration as part of the soil-plant-atmospheaictinuum (SPAC) system, wherein the
water component can be expressed in terms of avatdr balance (Bennie and Hensley,
2001):

T=P+I-AW-D-R-E (2.1)
Transpiration (T, mm) is the pivoting point in thmlance, because it is the only
productive loss. The rest of the lossel, drainage (D, mm), runoff (R, mm) and
evaporation (E, mm), needs to be minimized so ttatspiration can benefit directly
from water gains expressed as precipitation (P, ranmg or irrigation (I, mm). The
change in soil water conterw\(, mm over profile) is a very good indicator to ess
conditions in the SPAC system as it indicates #lative position between the two soil
water management boundarieg. the drained upper limit of plant-available wateda
the lower limit of plant-available water. Maintang soil water content between these
boundaries will ensure optimum transpiration and &3imilation (van Rensburg, 1988;
Bennieet al., 1997).

Irrigation research trials on canola were conductedhe experimental stations of the
University of Pretoria (Tesfamariam, 2004) and @nsity of the Free State (Seetseng,
2009) in South Africa. These researchers concludatdthe yield of canola grown under

such conditions strongly depends on the availghafftirrigation. Water use efficiencies,
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expressed as kg seed or biomas$ mai’ ranged between 2.4 and 3.4 in Bloemfontein
(Seetseng, 2009) and between 3.62 and 5.4 in Rrdfbesfamariam, 2004). Nielsen
(1997) reported for the semi-arid zone of north-€adorado a water use efficiency of
7.73 kg seed Ramm™.

Transpiration efficiency (TE) describes the coupliretween whole-plant C and water
exchange through stomatal action to the atmosghedtow and Muchow, 1990). TE is
generally expressed as kg biomass bag m? mm* transpiration or kg seed hanm*
water transpired. Unfortunately, not much has bpehlished on the TE of canola,
therefore, TE values of 1.0 -1.22 ¢¢mm™* are widely used in the canola industry based
on field experience that the actual TE is approxaétya60% of wheat, a £plant (Grey
and Jones, 1995). For rainfed canola at Taturai¢gtokia, Australia, the TE calculated
from the data of Tayloet al. (1991) ranged from 0.7 to 1.4 g biomasé mmi*. Musick

et al. (1994) reported that in the southern High PlaitheUSA, TE for irrigated wheat
was 0.8 g biomass fimmi* compared with 0.4 g biomass?mmni* for dryland wheat.
From above mentioned results, it seems that TBti€onsistent as it varies from region
to region.

As a further development, the concept of transipinagfficiency coefficient (TEC) was
introduced with the aim that TEC would enable redears to compare transpiration
efficiencies of crops in different weather condio TEC is therefore expressed as the
product of biomass per unit transpiration and vagrassure deficit. In literature, TEC
has been given different names such as transpiratjoivalent (Azam-Ali and Squire,
2002), transpiration efficiency coefficient (&) (Tanner and Sinclair, 1983; Ogindo and
Walker, 2004), transpiration coefficient (Seetse2¥f)9); mvalue (de Wit, 1958 as cited
by Hanks, 1983) anfl coefficient(Stewartet al., 1977). Apart from Hanks (1983) who
used pan evaporation as a normalizing factor tiveléhe m value, Tanner and Sinclair
(1983), Azam-Ali and Squire (2002), Ogindo and Vealk2004) and Seetseng (2009)
used vapour pressure deficit to normalize TE to TEC

A number of studies have demonstrated genetichéityafor the ratio of photosynthesis
to stomatal conductance withir §pecies. For example, values of 4.12 — 4.56 g Bema
kPa kg* for sugar beet (Clover, 1999), 1.5 — 5.2 g biomkBa kg" for groundnut
(Matthewset al., 1988; Azam-Aliet al., 1989) and 3.02 to 3.15 g biomass kP# fay
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common beans (Ogindo and Walker, 2004) were reghotecording to Seetseng (2009)
canola grown under well-watered conditions gavelaesof 4.5 g biomass kPa kgAll
these values were derived after normalizing TE widipour pressure deficit (VPD).
Squire (1990) reported that when crops are growthensame environment, @opical
crops typically have dry matter to transpired waatios about twice those ok Gpecies.
None of the available reports on transpirationcedficy dealt with this parameter at
different growth stages for canola. Most reportstramspiration efficiency are only on
integrated measurements and not segmented intotlyrstages. It is envisaged that
determining canola’s efficiency of transpiration different growth periods in the
reproductive stage will enhance the understandingsowater use and requirements.
This research was aimed at evaluating in the remtbee stage the influence of soils and
growth periods on the transpiration, transpiratfiiciency and transpiration efficiency

coefficient of canola grown under irrigation inens-arid environment.

2.2 Materials and methods

2.2.1 Lysimeter unit

A lysimeter unit at the Field Research Facilitytbé Department of Soil, Crop and
Climate Sciences, University of the Free State a&nikvorth near Bloemfontein
(29°01'00"S, 2608'50”E) was used for this study. The unit was tmcsed in 1999 by
Ehlerset al. (2003) for investigating the contribution of roatcessible water tables
towards the irrigation requirements of crops. Ners an experimental area of 70 m x 35
m. In the center of the unit, 30 round plasticnysiers (1.8 m diameter and 2 m deep),
are buried in the soil in two parallel rows of 1&ck, with their rims 50 mm above the
bordering soil surface (Figure 2.1). A 100 mm layérdolerite gravel (10 mm in
diameter) was placed on the bottom of each lysimestd covered with a plastic mesh.
One row of lysimeters was filled with a soil cldesi as a Clovelly (form) Setlagole
(family) according to Soil Classification Workingr@up (1991) or Quartzipsamment
according to Soil Survey Staff (2003). The othew @ lysimeters was filled with a soll
classified as a Bainsvlei (form) Amalia (family)cacding to Soil Classification Working
Group (1991) or Plinthustalf according to Soil SaynStaff (2003).
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Each horizon of both soils was removed separatadypacked in the same order into the
lysimeters to reconstruct that specific soil. Régtisize analysis was carried out on both
soils using the pipette method of Day (1965) arré#sults are shown in Table 2.1. The
mean silt-plus-clay content for soil depth 0 - 18 were 8% for the Clovelly (Cv) soil
and 18% for the Bainsvlei (Bv) soil. The texturdstlzese soils are representative of
about 60% of the irrigated land in South Africa (Bardet al., 2010).

Figure 2.1 Aboveground view of the lysimeter unit with eaglimeter in row A filled
with Clovelly Setlagole soil and in row B with aiBavlei Amalia soil. Every lysimeter is
equipped with two neutron probe access tubes.

Figure 2.2 Underground chamber of the lysimeter unit showireg each lysimeter has a
manometer through which the height of the wateletalas regulated by recharging from
a bucket.

An underground chamber (1.8 m wide, 2 m deep andh30ng) allows access to the

inner walls of the lysimeters (Figure 2.2). An opegnat the bottom of each lysimeter is
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connected to a manometer and a bucket used foangioly and regulating the height of
water table. Each lysimeter is equipped with twotran probe access tubes with lengths
of 1900 mm. Five 2500 L reservoirs were used teestoigation water of a high quality
(20 mS n1). These reservoirs are mounted aboveground ommehigh stand at the
eastern end of the unit. A movable shelter withaagparent roof (30 m long, 10 m wide

and 4 m high) is available to cover the lysimetat to prevent any interference by rain.

Table 2.1 Particle size distribution of both soils for th&fetent depths in the lysimeters
(Ehlerset al., 2003).

Soil Soil depth Coarse Medium Fine sand | Silt (%) Clay (%)
(mm) sand (%) sand (%) (%)
0-300 1.3 10.7 79.0 4.0 5.0
300-600 1.4 25.6 65.0 3.0 5.0
600-900 1.4 25.6 65.0 3.0 5.0
Clovelly
900-1200 14 25.6 65.0 3.0 5.0
1200-1500 14 25.6 65.0 3.0 5.0
1500-1800 1.4 25.6 65.0 3.0 5.0
0-300 0.3 6.4 83.3 2.0 8.0
300-600 0.2 4.1 77.8 4.0 14.0
600-900 0.1 35 78.4 4.0 14.0
Bainsvlei
900-1,200 0.1 5.7 76.2 4.0 14.0
1200-1500 0.1 51 70.8 4.0 20.0
1500-1800 0.2 5.2 70.7 4.0 20.0

2.2.2 Experimental layout

The experiment was laid out as a split plot desigth three replications. Treatments
were two soils (Cv and Bv) and four growth perid@P) in the reproductive stage:
(GP1 = 84 — 98 days after planting, GP2 = 98 — DAP, GP3 = 112 — 126 DAP and
GP4 = 126 — 140 DAP) based on the biomass samping®606 growing season. The
biomass was sampled on 98 (21 September), 112 t(h &g, 126 (19 October) and 140
(2 November) DAP.
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2.2.3 Agronomic practices

Before commencement of the experiment, soils inykieneters were leached to remove
excess salts, which might have accumulated durireyigus experiments. Prior to
planting, a 4:2:1 (28) fertilizer mixture was mahy®roadcast at a rate of 60 g’mafter
which the soil was tilled with a spade to a dedtR@ mm. Then canola (var: Outback)
was planted on 6 May 2006 at a density of 75 planft§280 mm row width with 65 mm
in-row spacingThe soil surface was covered with a 50 mm thickamudhyer of 10 mm
mesh dolerite gravel during the plant establistpegod. After the plant establishment
stage, limestone ammonium nitrate (LAN) was appéea rate of 41 g™ The
total fertilizer application amounted to 197 kg M*h96 kg P ha and 48 kg K ha
Canola was also planted adjacent to the lysimetgrusing the same plant density and
fertilizer rates. This canola was irrigated oncereek with a sprinkler irrigation system
and was used specifically for root measuremented&/evere manually controlled with

hand-hoes and pests were chemically controlled.

2.2.4 M easurements and calculations

2.2.4.1 Soil water balance components

Soil water content: Change in soil water contexiV] was measured three times per
week at 0.3 m depth intervals down to 1.8 m usitg situ calibrated Campbell Pacific
Neutron Water Meter (Model 503DR).

Irrigation and precipitatianTwo methods of irrigation were appliedz. surface drip and
sub irrigation for water table recharge. The swefdcip irrigation (IRsd) was applied
manually through 25 litre containers connectedrtpper lines installed at the surface of
the soil. The discharge rates of the drippers Welitre h*and 60 drippers were equally
spread at the surface of each lysimeter to enhamcaniform application and
redistribution. Each lysimeter was drip irrigated @ weekly basis at fixed rates for all
treatments. The sub irrigation (IRs) was based atemwapplication through a bucket
fitted above the water table to recharge water fas® it on a daily basis. Precipitation
was zero because the rain shelter was used torprexsger from entering the system

during incidence of rainfall.
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Drainage and runaffDrainage was zero as the water table was monitaret kept
constant at 1.2 m from the surface. Runoff was a&so because of the lysimeter rims
that prevented water spillage.

Evaporation Evaporation from gravel covered lysimeters was igdgé when plastic
covered lysimeters served as control (see Sectiht Br details).

Transpiration Transpiration was calculated with Equation 2.1 ngkirrigation and

change in soil water content into account.

2.2.4.2 Soil water management boundaries

From an irrigation point of view, crops can expede water stress when the supply of
water to the roots does not meet the demand indogdte atmosphere. Hence, water
stress can be avoided by managing the allowablketiap level (ADL) of the SPAC. In
the absence ah situ measured soil water management levels, the fatigvapproach
was used to estimate ADL. ADL was defined as thieveater content at 50% between
the permanent wilting point (PWP) and the drainpgar limit (DUL). The PWP was
calculated with the equation of van Rensburg (19¢4@) PWP = 0.0385 (silt % + clay
%) + 0.0125, where silt-plus-clay represents thegregage of soil particles smaller than
0.05 mm. These values were 0.047 mmhon85 mm for the Cv profile (1800 mm) and
0.083 mm mrit or 151 mm for the Bv profile (1800 mm). Unlike tR&P, DUL was
determinedin situ under water table conditions. It was necessargadhis because a
water table was maintained at 1200 mm from the s@ilace in the experiments. After
saturation, the soil was allowed to drain towatas 1200 mm level. During drainage, the
soil surface was covered with a white plastic shegirevent evaporation from the soil.
The soil water content was measured as describvédreaith a neutron soil water meter
at 0.3 m intervals to 1.8 m depth. The mean vaere 0.236 mm mrhor 425 mm for
the Cv profiles and 0.260 mm riinor 468 mm for the Bv profiles. Literature showed
that when water tables are closer than 750 mm thensurface, oxygen may become the
restricting factor in plant growth as it impactsgagvely on the respiration process of
crops (Lal and Shukla, 2004; Surghal., 2006). Hence, the ADL was calculated and
found to be 0.142 mm mimor 255 mm for the Cv profile and 0.172 mm thior 310

mm for the Bv.
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2.2.4.3 Plant components

Roots Root samples were manually collected from the figdifacent to the lysimeter
complex using a 1 litre core sampler towards thet @&reach growing period by taking 4
x 1 litre samples per 300 mm soil layer over thaltmoting depth. Roots were separated
from soil by hand washing with a 0.5 mm screen. tRgodensity (mm mri) was
calculated by dividing the root length of each sknwath the volume of a segment (mm
%). Root mass was obtained by weighing it after ossfing at 65C for 48 hours. Root
length was determined with a modified infrared rdiote interception counter as
described by Rowse and Phillips (1974).

Leaves: Plants were sampled at the end of eachtlgqmsviod by cutting them as close to
the soil surface as possible. Only a half of trenheter’'s area was used. Leaves were
removed and then measured with a LICOR 3000 lee& aneter calibrated using a
standard method before each leaf cutting. Leaf wasathen expressed in relation to the
soil surface area, i.e. the leaf area index (LBIje to technical problems with the leaf
area meter it was not possible to measure theateaf during the end of GP3. There were
no green leaves present in any of the plots aetiteof GP4 and consequently the LAI
was taken as zero. In order to obtain mean LAl eslfor the middle of the different
growth periods, the LAl were regressed against @digs planting using a second order
polynomial function. The coefficients are givenTiable 2.2 as a note.

Biomass All plant material was dried at &6 for 72 hours in a ventilated oven. The
plants used for leaf area, plus the plants hardefstem the other half of the lysimeter
were added to obtain the above-ground biomass.tdthkbiomass was calculated from

above-ground biomass and root mass obtained freradfacent commercial field.

2.2.4.4 Weather components

Weather data was extracted from the records ohtitematic weather station located at
Kenilworth research station. Calculations were daemg the relationship outlined in
FAO 56 (Allenet al., 1998) and summarized as follows:

Mean temperaturé&quation 2.2 was used to calculate the mean tertypera

t - tma>< + tmin (22)

mean 2
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Where feanis the mean temperaturent the maximum temperature;id, the minimum
temperature.

Saturation vapour pressurgguation 2.3 was used to determine the saturatagpowr

pressure.
eS - € (tmax) ;- € (tmin) (23)

Wheree; is the saturation vapour pressug¥tmay), saturation vapour pressure at
maximum temperature’(t.i,), the saturation vapour pressure at minimum teatpes.
Ambient vapour pressureyj: This was calculated using Equation 2.4.

RH g, RH

eo(tmin ) T+ eo(tmax) ——min.
6 = 100 _ 100 (2.4)

Where€®(tmin) is the saturation vapour pressure at minimum &atpre (kPa); Ry

the maximum relative humidity (% (tmay, the saturation vapour pressure at maximum
temperature (kPa); Rk, the minimum relative humidity (%).
Slope of vapour pressure curvehe slope of vapour pressure curve for different

temperatures (t) was determined using Equation 2.5.

4098 0.6108ex ~/ 2"
Al t+2373

(t+237.3)

(2.5)

Vapour pressure deficifhe mean vapour pressure deficit (vpd) expressddPawas
calculated as the difference between the periodnduwhich the crop is actively
transpiring (07:00 - 17:00 — South African standare).

Vpd = es-e, (2.6)

2.2.4.5 Calculation of transpiration efficiencies

Transpiration efficiencyTranspiration efficiency (g fimm™) was calculated as above-
ground biomass (AGB) or total biomass (TB) (g)rper unit transpiration (mm) using
Equation 2.7.

TE = AGB/T or TB/T (2.7)

21



Transpiration efficiency coefficienfTanner and Sinclair (1983) stated that atmospheric
water vapour pressure deficit is a better meast@iratraospheric evaporative demand
when relating crop growth to transpiration as repn¢ed in Equations 2.8 and 2.9.

Y = mT/(vpd) (2.8)

m = Y/T(vpd) (2.9)

Where Y is the yield in the form of AGB or TB (g@n m, the crop coefficient (g kPa
mm?); T, the transpiration (mm); vpd, the vapour puesdeficit (kPa).

In this study, Equations 2.8 and 2.9 were rewritied TEC was computed using the
relationship:

TEC = BM/T(vpd) (2.10)

Where TEC is the transpiration efficiency coeffitieg kPa mnit).

2.2.5 Statistical analysis

Analysis of variance was conducted to establishiagant differences amongst soils and
growth period treatments using the GLM Procedur&AS System (Local, XP_PRO)

(SAS Institute Inc., 1999). Variables such as bissnatranspiration, transpiration

efficiency and transpiration efficiency coefficiewere statistically tested and Fisher’s
least significant difference (LSD) procedure foramg comparison was applied (Fisher,
1935).

2.3 Results and discussion

Results on the soil water regime, i.e. irrigatigoplecation, soil water content, daily
transpiration rate and cumulative transpirationryeach of the four growth periods of
canola are presented in Figure 2.3 for the Clowiyand in Figure 2.4 for the Bainsvlei
soil. Means of irrigation applications, plant compats and transpiration efficiencies for
the main effects (soils and growth periods) are manred in Table 2.2. analysis of
variance revealed no significant interaction betwseils and growth periods for any of
the variables. However, there were significantettéghces amongst soils and also growth

periods, which will be discussed in subsequeni@ext
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Table 2.2 Means of irrigation applications, plant componeratsd transpiration
efficiencies per soil form and growth period.

Variable Soil fori LSD Growth period LSD
Cv Bv GP1 GP2 GP3 GP4
Surface drip (mm) 47.2 47.2 nd 47.2 47p 4712 41.2 ngd
Sub irrigation (mm) 51.3 51.1 nd 44.9 52.b 58 4914 ngl
Total irrigation (mm) 98.5 98.3 nd 92.1] 99.7 1052 96|6 nd
Leaf area index nd nd nd 128 | 3.63] 352 2 nd

Above ground biomass (g | 244.9 | 284.8 | 38.1 | 250.6°| 280.7°| 297 | 231" | 53.9

Root mass (g rﬁ 6.2 6.2 nd 8.9 5.8 5.3 4.7 nd
Total biomass (g i) 251.P | 2017 | 389 | 259.7°| 286.58°| 302.3 | 235.7 | 56.9
Transpiration (mm) 923 | 954 | 32 | 89.6 | 844" | 103.3| 98.0 [ 453
TExcs (g m2mm})” 266 | 3.02 | 042 | 287" | 3327 | 288" | 236 | 06
TEs (g m2mmy)™ 272 | 3.058 | 048 | 29G° | 338 | 292° | 242 | o071
Vapor pressure deficit (kPa) 1.44 1.49 ng 1.36 1.49 146 6414 nd
TEC,es (g kPa mrit) 3.96 | 446 | 063 | 382 | 495 | 426" | 382 | o088
TECs (g kPa mrit) ™ 410 | 455 | 073 | 394 | 504 | 430" | 398 | 0.98

Means in any one column followed by the same Igtaee not significant at P = 0.05.
LSD = least significant difference

nd = not determined.

" LAl was estimated for the middle of each GP usingolynomial function: y= -0.0048x+ 1.0252x — 54.7522r=
0.89, where x = days after planting and y = LAL.

" TE & TEC based on above-ground biomass (AGB).

™ TE & TEC based on total biomass (TB).

2.3.1 Soil water regime

Several researchers showed that the transpiratiieiescy of crops can be modified by
environmental factors of which water stress isrtigst common (Richards and Thurling,
1978; Parameswarest al., 1981; Onken and Wendt, 1989; Champolivier andride,
1996). Thus, it is important to assess the irrarascheduling approach. As indicated in
Figures 2.3a and 2.4a, both soils received twg@adtrons per growth period through
surface drip (IRsd), giving a total of 47.2 mm geowth period (Table 2.2). These fixed
or main irrigation events were supported by smadlg irrigations to ensure that the

crop’s daily water demand was met. The amountadted daily this way cumulated
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irrespective of growth period to between 2 and 2618 per week (Figure 2.3a and 2.4a).
However, total sub irrigation (IRs) varied betwet#® and 58 mm per growth period
(Table 2.2). The total irrigation (IRsd + IRs) thfare increased from 92 mm in GP1 to
105 mm in GP3. In comparison to GP3, irrigation \ager in GP4 (96 mm) due to less
IRs. The irrigation scheduling approach also resuiin very low fluctuations in soil
water content from 84 to 140 DA#z between 332 and 363 mm for the Cv soil (Figure
2.3b) and between 397 and 412 mm for the Bv (Fidu#). During this period for
example, the coefficient of variation (CV) for theil water content in the saturated zone
(SWCsz = 1200 - 1800 mm) was <0.7% in both soilse Variation of the soil water
content in the unsaturated zone (SWCuz = 0 — 1200 of both soils was slightly higher
(CV <3.7%) because of the weekly surface drip atign.

This variation is almost negligible, which indicatehat the irrigation scheduling
approach was very effective in meeting the cropewdémand. The mean total soil water
content during the four growth periods was 346 romtifie Cv soil and 404 mm for the
Bv soil which are much higher than the estimatéowalble depletion of 233 and 313
mm for the two soils, respectively. Benmeal. (1994) showed with several field crops
on similar soils and atmospheric conditions that¢lops do not experience water stress
if the soil water level remains above the 50% ABtom the results it can be deduced
that it is most unlikely that the plants in bothls@ould have experienced water stress

during the measuring period.

2.3.2 Transpiration

According to the daily transpiration rates depidredrigures 2.3c and 2.4c, transpiration
varied between 3.5 and 10 mm dawhich is typical for canola (Seetseng, 2009) and
other field crops (Benniet al., 1997) grown under irrigation in the area. Vigresting
results with respect to the individual contributiohthe saturated and unsaturated zones
towards the transpiration rates from the total ifgoivere obtained. During periods of
surface irrigation, the transpiration rates frone tlnsaturated zone were consistently
higher than that from the saturated zone and tippoif® occurred in the periods without
surface irrigation. This phenomenon can be attethuto the deep taproot system of

canola that proliferates well over depth as inéidah Figure 2.5.
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Figure 2.3 Soil water balance components during four growthogs of canola on the
Clovelly soil: (a) irrigation (IR), (b) soil waterontent (SWC) (c) transpiration rate (TR)

and (d) cumulative transpiration (CBy. = surface drip; s = sub irrigation; uz = unsatied zone; sz =
saturated zone; tp = total profile.
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Root densities varied between 0.5 and 6.1 mm°ri@°in the 0 — 1200 mm soil depth
and decreased gradually in the deeper soil (12I8D0 mm). Seetseng (2009) observed
similar rooting characteristics on the same soiirduthe previous year. It is assumed
that the deeper roots will not be present in tisenteters due to the water table. Roots do
not grow in the saturated zones unless there fciwmt oxygen (Ehlerst al., 2003).
However, there are ample roots in the unsaturatee 20 extract the easily available
water from the topsoil during surface irrigatiomd@ the available water is depleted, the
zone of extraction moves down to the subsoil. Bu¢he daily refilling of the water
table, water is continuously supplied to the subdwough capillary rise and hence the

water is easily available in the first half metboae the water table.

(mm mni*x10°)
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—O0—GP1 —8B—GP2 —A— GP3 —¢—GP4
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Figure 2.5 Root length densities (RLD) of canola in the Balasgoil for each growth
period in the absence of a water table.

The importance of the saturated zone becomes awvd®mn its contribution is expressed
as a percentage of the cumulative transpiratiom ftioe total profile. Results indicated
further that the water table supplied between 50 &2P6 of the transpiration of canola
during the growth periods. In both soils, the cuamtiuke transpiration from the saturated
zone is slightly higher than from the unsaturatedez These results are in conformity
with the findings of Ehlerst al. (2003) for field crops that used the same lysananit.
They reported that cumulative uptake from the wasdrie over the growing season
ranging between 38 and 63% for wheat, 25 and 53%n#ze, 30 and 55% for peas and
21 and 45% for groundnuts.
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Transpiration was significantly different amongsbwth periods, but not for soil forms
(Table 2.2). It varied between 84.4 mm for GP2 408.3 mm for GP3. Of interest is that
the plants maintained a relatively high transpiratiuring the last growth period, despite
sharp decrease in LAI (Table 2.2). Visual obseoratiduring GP4 indicated that the
pods dominated the canopy and probably shadeak#vesd as most of the pods occurred
in the upper third of the canopy. Thus, it can bdwted that the pods were involved in
transpiration. Waltonet al. (1991) stated that the green pod walls and steams
photosynthesize activelyseetseng (2009) reported an average LAI of 3.&uibrand
moderate irrigated canola when the plants trandpaie maximum rates. Clarke and
Simpson (1978) reported that crop growth rates welaed to a LAI slightly above 3

which results almost in full interception of radioat.

2.3.3 Biomass production

Table 2.2 shows the contribution of above-ground laelow-ground biomass (measured
only in the Bv soil) components to the total biosa$ the plant. Below-ground biomass
was measured only in the Bv soil adjacent to tisgmgter unit and its contribution to
total biomass was an insignificant 2.3%. From thalysis of variance, it is clear that soll
forms affected biomass yield significantly (P =%).0Yields from the Bv were 16%
higher than from the Cv soil, which is difficult ®xplain from a water supply and
demand point of view. As discussed earlier, thesinl#y of water stress induced by
irrigation in both soils is highly improbable. Bi@ss yields were significantly different
(P = 0.05) between growth periods, because it imllysstrongly related to the growth
cycle of a crop. As expected increased biomass &6t (260 g M) to GP3 (302 g i)
and then declined to GP4 (236 ¢")nThe decline in GP 4 is probably due to the high
temperatures associated with the onset of summeetsé&ng (2009) made similar
observations for irrigated canola and other wicteps (wheat and peas) are subjected to
the same phenomenon (Bensaial., 1994). Grain filling is highly sensitive to prgiing
temperatures in October and November for the depands of South Africa (Benniet

al., 1988; van Rensburg, 1996).
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2.3.4 Transpiration efficiency

Results on transpiration efficiency based on albgreemnd biomass (Ti&g) and total
biomass (TEkg) are shown in Table 2.2. These means were notfisamtly different
between soil forms, but significantly different £70.05) amongst growth periods. Due
to the addition of root mass, F&is slightly higher than Tksg in all the four growth
periods. However, both Tgg and Thg showed the same trend in that they increased
from GP1 to GP2, and then decreased to GP4. Tlithdecould be attributed to leaf
senescence with ageing and that neither the greds por the green stems are as
efficient in transpiration as the leaves. Wal&bal. (1991) noted that stomatal density is
not as high on the pods and stems as in the cdsaws. During pod filling, significant
amounts of energy may be mobilized from the lednefere they are being shed to either
the stem and pod walls and then used in graindjl(MWaltonet al., 1991).

A maximum TEgg of 3.32 g nf mm™* was observed during GP2 (Table 2.2). This is
much higher than the TE values of 1 — 1.2 § mm™ widely used in the canola
industry. Values of this nature are based on tékl f&experience that the actual TE for
canola is approximately 60% of that for wheat (Geand Jones, 1995). For rainfed
canola at Tatura in Victoria, Australia, the TE ctdated from data of Tayloet al.
(1991) ranged from 0.7 to 1.4 gmm®. According to Hockinget al. (1997), a
potential TE value of 1.3 g fimm* was derived for canola based on the biosynthetic
cost of seed production. Zahestral. (2000) reported a TE value of 2.8 g biomass m
mm* for canola in Western Australia. A potential spiration efficiency of 2 g i
mm™ has been observed to apply in a number of glasshand field studies in Australia
(Passioura, 1976; Gregoeyal., 1992; Zhangt al., 2004).

Squire (1990) reported that when crops are growinénsame environment, @opical
crops typically have dry matter to transpired waédios about twice those of;Gpecies.
Ritchie (1983) concluded that improving crop mamaget, i.e. practices under the
control of the farmer, can lead to an increased Adording to Polley (2002), another

factor that can lead to increased TE is the iner@dstmospheric C{concentration.

2.3.5 Transpiration efficiency coefficient
TEC differed significantly amongst growth periodst mot between soils (Table 2.2).
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Both TEGsc and TEGsg increased from GP1 to GP2 and decreased to GR4lower
values of TEC at GP4 are attributed to lower efficies associated with leaf senescence
and transpiration by either green pods or stenaesasribed earlier.

For growth periods, TEGg varied between 3.82 and 4.95 g kPa mmwhile TEGs
fluctuated between 3.94 and 5.04 g kPa ithese values compared well with that of
sugar beet, a £crop with values of 4.12 to 4.56 g kPa thmeported by Cloveet al.
(2001). Mathewst al. (1988) and Azam-Alet al. (1989) found values of 1.50 to 5.20 g
kPa mnt for groundnuts (also as@&rop) under varying conditions of vapour pressure
deficit. Ogindo and Walker (2004) working on commobeans, another sCcrop,
determined TEC values of 3.02 and 3.15 g kPa'mBased on the reported TEC values,
it can be concluded that the TEC values obtainedhis study with canola for the
different growth periods are in the same ordertag bf other @ crops and hence
supported the general observations of Tanner ancl&gi (1983) and others. However,
the results on canola suggested that TEC changegdtire reproductive growth stage
and these changes should be taken into accounturefapplications. The transpiration
efficiency coefficient has found wide applicatiom modeling to separate ET into its
components of E and T (Chapmaral., 1993; Howardt al., 1995).

2.4 Conclusions

Three main conclusions can be drawn from the stwdyich involved detall
measurements on the soil water balance of canoliés ineproductive growth phase,
planted in 30 lysimeters, equally divided into adaand sandy loam soil. Firstly, the
results demonstrated the significance of a watbfetan the rooting zone towards
supplying water for transpiration. The saturatedezor water table supplied between 50
and 62% of total transpiration during the reprotctstage, irrespective of soil. For
fields that have water tables near or in the rawiezof crops, it means that about 50%
less water needs to be supplied through the irogatystem. Secondly, the research
proved that the transpiration efficiency (TE) amdnspiration efficiency coefficient
(TEC), irrespective whether it is expressed on abground biomass or total biomass,
are both not influenced by soil types, provided tha crops are not subjected to water

stress. TE and TEC based on total biomass (abdus-k@low-ground biomass) were
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consistently higher than those based on above-grbiomass alone. Thirdly, both TE
and TEC changed during the reproductive stage efctop, irrespective whether it is
expressed as above-ground biomass or total biortiasas speculated that the increase
to 126 days after planting with a decline thereaftas caused by morphological changes
that occur as the pods fills the upper third of¢aropy. This aspect should be researched

further to find physiological proof for the phenamoa.
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Chapter three

Partitioning evapotranspiration for canola under irrigation using the
soil water balance method

Abstract

Key to effective partitioning of evapotranspiratiom the semi-arid environment is a
mechanistic understanding of how biological and -bhmtogical processes influence
water loss in agroecosystems. A field trial wasigiged to better understand how
evapotranspiration is partitioned into its compdsenf soil evaporation and plant
transpiration. Evapotranspiration and transpirataere measured from bare soil
treatment and gravel mulch treatment respectivEhe research was conducted at the
Field Research Facility of the University of thee&r State at Kenilworth near
Bloemfontein. The experiment was laid out as a gbiit design with two soil forms and
two treatments replicated three times. Canola Marg¢d on 30 May and harvested on 16
November 2007. Irrigation was applied weekly thtowgsurface drip system and daily
through sub irrigation from a constant water taBleil water content was measured three
times a week using the neutron soil water meterraadually on weekdays from under
the underground chamber of the lysimeter. The watker balance equation was used to
calculate evapotranspiration from bare treatmernt @anspiration from gravel mulch
treatment before evaporation could be determined tlas difference between
evapotranspiration and transpiration. Results fledethat the difference between plastic
and gravel mulches in reducing evaporation is betw2 and 3% in a controlled
environment which proved that gravel mulch can beduin place of plastics and is as
effective in reducing evaporation as plastic multhirty percent of the total productive
water loss was converted to grain yield, while 7@% productive water loss was
converted to crop biomass. Analysis of water ussetheon soil forms and treatments
revealed that Canola grown on Clovelly soil usedamnwater than those on Bainsvlei soil

and bare surface treatment also recorded more wseethan gravel mulch treatment.

Keywords. Evapotranspiration; partitioning; soil water balansemi-arid.
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3.1 Introduction

In most arid and semi-arid regions of the worldréhis increasing pressure to improve
the efficiency of irrigation farming with regard weater use. A crucial issue in this matter
is a better understanding of the evapotranspirgtdr) process. This process resulted in
water loss from soil through evaporation (E) amahfrplant through transpiration (T).
The former is not essential for plant growth andusth be minimized if its contribution to
ET is significant. Therefore it is of ultimate imp@ance to determine the contribution of
individual component of E and T.

Most often, transpiration is estimated from evagapiration measurements using
indirect methods: (i) subtraction of an estimatedudtially assumed to be a seasonal
constant from the measured seasonal ET as sugdastddnks and Shawcroft (1969);
(i) daily soil water balance simulation using enngal functions to separately calculate T
from daily measurements or measurements of ET ysarg parameters such as leaf area
index or ground cover (Ritchie, 1972; Tanner, 198anks, 1985; Howeltt al., 1995);
(iif) measuring E and subtracting it from measurete®f ET (Lascanet al., 1987).
Probably the most accurate and direct method okuareay soil water balance is the use
of a lysimeter (Wright, 1991). Although large weiigip lysimeters involve considerable
expense, they can give very precise measurememtselHet al., 1995). An excellent
review of the use of weighing lysimeters is givgnHowell et al. (1991). Careful design,
installation, and operation will overcome many bé tserious problems reported with
some lysimeters. Areas that need attention aredssiiirbance during initial preparation
of the profile (less with monolithic lysimeterspterruption of deep percolation and
horizontal flow components and uneven managemehtsoheters compared with field
soil (Grebet and Cuenca, 1991, Ritchial., 1996). Microlysimeters are small enough to
be installed and removed by hand for weighing dallymore often as illustrated by
Hoffman (1997). They can give good precision b sensitive to spatial variability.
Lascano and Hatfield (1992) showed that 182 misiotgters were required to measure
field average E with precision of 0.1 mrit dt a 90% confidence level when the soil was
wet; but only 39 when dry. This was due to the gnewariability of E for wet soil. The
field lysimeters of Ehlerst al. (2003) used for this study are large (2500 ligrash) but

simple to manage and monitor. The main advantafjfeedield lysimenters are that the
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water table can be manually controlled, runoff barcontrolled through the use of rims,
influence of rain can be controlled using a movakdén shelter and soil water
measurements can be taken with the neutron water me desired. The main problems
of the field lysimeters are high cost of procuretnand installation. The problem of
uneven distribution of irrigation has been elimethby surface drip irrigation system.

A few studies have been conducted to determineetfest of plastic film, straw and
gravel mulch on wheat production (Li and Lan, 198 et al., 1998; Liet al., 2004;
Xie et al., 2004). These studies showed that mulched wisatted in higher grain yield
than unmulched wheat. The main causative reasansdtch increasing yield are soil
and water conservation, improved soil physical ehdmical properties, and enhanced
soil biological activity (Tumulhairwe and Gumbs, 83 Tindallet al., 1991; Dengt al.,
2006; Ramakrishnet al., 2006).

Research on ET partitioning of canola is scarc#) bmcal and international. Waltost

al. (1999) reported that total ET varies from 160 8) Inm in low rainfall areas and
from 400 to 500 mm in high rainfall areas. Accoglito Tesfamariam (2004) who
conducted field trials in Pretoria, ET of canolagad from 238 mm to 438 mm for the
water stressed treatments in 2002 and from 552 on#0® mm in 2003 for the water
unstressed treatments. None of these researchesslered the partitioning aspect of ET,
hence the importance of this study to partitionieid its components of evaporation and
transpiration in order to ascertain individual prdpn in terms productive and
unproductive losses.

Apart from Seetseng (2009) who used Hanks (1992)hadeto separate ET by
incorporating the value, no other work on separating ET on canotaldeeen found.

One of the most important challenges of transminagfficiency studies is to design the
experiment in such a way that evaporation fromdboi is approximately zero during
transpiration. In most transpiration studies thdame area of the soil is covered with
plastic to restrict evaporation, but there is alsvayrisk of interfering with gas exchange
between the soil-root system and the atmospherereldre it was argued that gravel
mulches will not impede gas exchange and hendecHn restrict evaporation from the
soil to negligible levels then it can replace tlhespc cover on the surface. Hence the first

objective of this study was to test whether gramelch is as effective as plastic mulch in
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reducing evaporation from the soil so that it cae bsed with confidence in
evapotranspiration partitioning studies. A secobgective was to determine the yield,
water use and water use efficiency of canola undgation with and without a gravel
mulch for the ultimate partitioning of the crop’sater use into transpiration and

evaporation.

3.2 Materials and methods

3.2.1 Lysimeter unit

The lysimeter unit described earlier (Section 2.2ds used also for this study. This unit
comprises 30 lysimeters whereof half are filledrwat sandy Clovelly (Cv) soil and half
with a sandy loam Bainsvlei (Bv) soil. Only 6 oktlysimeters were used to achieve the
first objective (Experiment 1), while 12 of the ilyeters were used to achieve the second
objective (Experiment 2). The remaining 12 lysimeterere used for an experiment on

wheat which will be dealt with in the next chapter.

3.2.2 Experiment one

Three surface treatments were applied to eachwatbibut any replication. They were (i)
no cover at all to obtain evaporation from bard, o) a 50 mm thick gravel mulch
(dolerite with a mesh size of 10 mm) uniformly spteover the soil surface and (iii) a
white plastic that covered 100% of the soil surf@€igure 3.1). This plastic was mounted
on a frame which was installed 100 mm above thessioiace. The experiment started on
3 August 2007 and ran for 120 days until it wasnieated on 30 November 2008.
During this period the soil water balance compos@nthe lysimetersjiz. change in soil
water content AW), irrigation (l), precipitation (P), evaporatiqik) and drainage (D)
were determined as described in Section 2.2.4.2. ifflgation through surface drip to
create drying circles in the unsaturated zone eflysimeters was at a longer interval,
namely every fortnight instead of weekly. Howevegharging of the water table in the
lysimeters through sub irrigation was still dailyranspiration was zero in this
experiment because no plants were allowed to grnowthe lysimeters. Therefore
evaporation from the lysimeters was calculated betwsoil water measurements with

Equation 3.1.
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E=(AW)+1-D (3.1)

Analysis of variance on evaporation from the dgfdr treatments was impossible
because there was no replication. Comparison gbaation between treatments was
thus based on cumulative water losses over a lengg by expressing the evaporation

from either the plastics or gravel mulch treatmeagsa percentage of the bare soil

treatments.

Figure 3.1 lllustration of the surface treatments on the E€lysoil of experiment one,
viz. (A) the bare soil surface for the reference evapma(B) a 50 mm thick gravel
mulch (dolerite with a mesh size of 10 mm) and d@hite plastic for 100% soil surface
cover, all equipped with neutron probe access tabesa surface drip irrigation system.

The same layout was repeated for Bainvlei soil.

3.2.3 Experiment two

In this experiment canola was planted in 12 lysergetising a split plot design with three
replications. Two soil surface treatments were igppbn each of the Cv and Bv soils.
They comprised of (i) a bare soil for measuringdhtial evapotranspiration and (ii) a 50
mm thick gravel mulch to prevent evaporation andstlobtaining transpiration. The
gravel mulch was similar for experiment 1, but &xphafter the crop was established.

In the lysimeters and adjacent field (northern sodelysimeters) similar agronomic
practices were used as described in Section 22c&pt that the canola was planted on
30 May 2008 and harvested on 16 November 2008.

The water balance components were measured ashaesor Section 2.2.4.1. ET from
the bare surface treatment between soil water memsmts was calculated with

Equation 3.1, where E was replaced with ET on #fe dide of the equation. This
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equation by replacing E with T was also used t@wate T from the gravel mulch
treatments between soil and water measurementhidicase it was assumed that E is
negligible as shown in Section 3.3.1. SeparatioB Dinto E and T was thus possible by
subtracting transpiration (measured on the gravellcim treatment) from
evapotranspiration (measured at the bare surfaatnient).

The soil water management boundaries was simitbetermined and used as described
in Section 2.2.4.2.

The canola was harvested 168 days after planticPJCby cutting all plants in each
lysimeters at their base. Pods were then remowad the plants and both were oven
dried for 72 hours at 86 before weighing. The pods were threshed and seeighed to
obtain seed yield. Then total biomass yield wasutated by summation of the plant, pod
and root masses. Root and leaf samples were adlett57, 93, 121, and 154 DAP in the
area adjacent to the lysimeter unit for the deteaton of root mass and leaf area index
(LAI) as described in Section 2.2.4.3. The harwedéx (HI) was expressed as the ratio
of the seed yield to total biomass yield.

WUE = Y/ET (3.2)

Where Y is either total biomass (TB) or seed vyield (S) &0 water loss through
evaporation (E) from the soil surface and transipna(T) through stomata of the plants.
This most frequently used relationship by reseaschecording to Tanner and Sinclair
(1983) is traceable back to de Wit (1958) as ditgtHanks (1983) who showed that plant
yield and transpiration are linearly related inaarevith high solar radiation. For this

study, Equation 3.2 was rewritten to Equation 3.3.4 depending on the treatment:

WUE = Y/WUg (3.3)
Where WU is water use on bare surface treatment.
WUE = Y/WUg (3.4)

Where WL is water use on gravel mulch treatment.

Analysis of variance was conducted to establismiogint differences among the
treatments using the GLM Procedure of SAS Systeatdl, XP_PRO) (SAS Institute
Inc., 1999). Variables such as water use, seed,yietal biomass yield, harvest index
and water use efficiency were statistically testead Fisher’s least significant difference

(LSD) procedure for means comparison was applieshéf, 1935).
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3.3 Results and discussion

3.3.1 Experiment one

The cumulative evaporation over 120 days from téwebgravel and plastics treatments
are presented in Figure 3.2a for the Cv soil andrigure 3.2b for the Bv soil. In
comparison to the bare treatment, the white plastitch reduced evaporation by 80%
and 81% in Clovelly and Bainsvlei soils, respedtiv&vaporation from the gravel mulch
was only 3% higher than from the plastic mulchgespective of soil types. Similar results
were obtained for example by Xiet al. (2004) in comparing different mulching
techniques in China. They stated that gravel mudclas good as plastic mulch in
reducing evaporation from agricultural fields. Hoeg the benefit of gravel mulch is
low because it is labour-intensive to apply and ntzn on large areas. They
recommended plastic mulching techniques which abegrto them is easy to apply and
maintain. According to Hide (1954), Adams (1966girBorn (1973), Kempeet al.
(1994), Poesen and Lavee (1994), van Wesestagl (1995), Roundyet al. (1997),
Nachtergaelet al. (1998) and Lkt al. (2000), gravel mulch was effective in reducing E

and runoff, improving infiltration and soil tempéwee and maintaining soil fertility.
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Figure 3.2 Cumulative evaporation from (a) the Clovelly (Gwd (b) from the Bainsvlei
(Bv) soil with bare surface (Bare), plastics (Plasyl (Grav) gravel mulch as treatment.

Thus, it can be concluded that the results in Eg8r2 concurs with international

literature and that gravel mulch is as effectiveplsstic mulch in reducing evaporation
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from the soil. The implication is that plastic mlevhich is usually placed between crop
rows to prevent evaporation in transpiration stsidi@gindo and Walker, 2004) can be
substituted by gravel mulch. One of the disadvargagf using plastic mulch is its
potential threat of reducing gas exchange betwaenatmosphere and the soil. The
gravel mulch will not interfere with gas exchangecéuse the soil and atmosphere are
connected by pores.

3.3.2 Experiment two

The analysis of variance revealed no significatéraction between soils and surface
treatments for any of the variables measured, betet were significant differences
between soils and also surface treatments. Théfeeetices are summarized in Table 3.1
for the variables associated with irrigation, waiee, yield and water use efficiency and

will be discussed in the following sections.

3.3.2.1 Managing irrigation to avoid water stress

The way in which irrigation was managed led to alaleé amounts of water applied to
either the soil and surface treatments (Table Eagh lysimeter received a total of 408
mm water through surface drip since a fixed amavat applied every week to wet the
unsaturated zone. Water used from the water tahterecharged by sub irrigation on a
daily basis. Substantial amounts were applied whkianed between 42 and 45% of the
total irrigation. Very stable soil water contenteree measured during the season as a
result of the irrigation scheduling approach udddan soil water contents were 392 mm
for the Cv soil and 448 mm for the Bv soil with fo®ents of variation of 3.8 and 6.9%,
respectively. The mean soil water content was 412 (@V = 7.7%) for the bare soil
treatment and 421 mm (CV = 5.7%) for the gravelahuteatment. From these statistics
it is clear that the soil water content to 1800 depth never drops below the pre-selected
allowable depletion values in any of the treatmemte preselected allowable depletion
values were 233 mm per 1800 mm for the Cv soil 2l mm per 1800 mm for the Bv
soil. Thus, it is highly unlikely that the canoleop could have experience water stress
under such high soil water levels. On the othedhé&me water levels were never so high

that it moves beyond the pre-determined drainecujupits of both soils.
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Table 3.1 Means of irrigation, water use, seed yield (Skyltbtomass yield (TB), harvest
index (HI), water use efficiency (WWgeand water use efficiency (WYE) for soil and
surface treatments.

Soil Surface treatment
Variable LSD LSD
Cv Bv Bare Gravel
Surface drip (mm) 408 408 nd 408 408 nd
Sub irrigation (mm) 339 298 nd 362 275 nd
Total irrigation (mm) 747 706 nd 770 683 nd
Seed yield (kg h8 2516 2670 155 2449 2737F 155
Total biomass (kg h9 7965 8605 652 8034 8536 652
Harvest index 0.31 0.37 0.011 0.30 0.32 0.011
Water use (mm) 767 758 24 808 717 24
WUEs (kg ha'mm™) 3.28 352 0.71 3.08 3.82 0.71
WUErg (kg ha'mm™) 10.46 11.4F 1.04 9.94 11.97 1.04

Means in any one column followed by the same Igtee not significant at P = 0.05.
LSD = least significant difference.
nd = not determined

According to Ehlerset al. (2003) the optimum water table depth for thedés $8 1200
mm for most field crops. Waterlogging is associatétth water tables shallower than 500
mm (Lal and Shukla, 2004; Surghal., 2006). It is against this background that it ban

assumed that such a risk is implausible.

3.3.2.2 Yieldsand harvest index

With respect to the analysis of variance on graeidy total biomass yield and harvest
index (Table 3.1), the effect of soils and surfaeatments were inconclusive. On the one
hand, there is a trend that the variables are géwndrigher in the sandy loam soil (Bv)
than in the sandy soil (Cv), which is difficult &xplain from an irrigation perspective.
Seed and total biomass yields in the Bv soil werth 3% higher than Cv soiDn the
other hand, there is a trend that the variablesgareerally higher in the gravel mulch
treatment than the bare surface treatment, buetteet was only significant for seed
yield. Seed and total biomass yield for the gramelch treatment were respectively 6
and 4% higher than the bare surface treatment. rfiltan seed (2593 kg faand
biomass (8285 kg Fa yields of the experiment are within the rangevalues reported
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by other authors. The Canola Council of Canadagp@&ported a seed yield of 2463 kg
ha' and for total biomass they reported 9587 and 8@834" for the two cultivars tested
under full irrigation. Seed yields of 2233 and 2%@7ha" were also reported by Faraji
al. (2008). In Bloemfontein, Seetseng (2009) repoaested yield of 2554 kg hand a
biomass yield of 5838 kg Ha Tesfamariam (2004) reported seed yields of 26&2 a
3831 kg h# in Pretoria. The mean harvest index of 0.31 farota in this experiment
falls also in the range reported by other reseasctwe different species and cultivars of
this crop. Rao and Mendham (1991) reported HI \&ahfe0.28 to 0.33, while values of
0.16 to 0.22 were reported by Richards and Thullir®y 8).

3.3.2.3 Root and leaf characteristics

The results on root development of canola as degiict Figures 3.3 and 3.4, reflect the
general perception that the crop has a well deeelopoting system. Roots were
sampled in the 1500 — 1800 mm soil layer as ealyp’a DAP, which gives a mean
vertical penetration rate of 28 mm day This is higher than the rates reported by van
Antwerpen (1988) for groundnuts (14 mm daywheat (17 mm daf) and maize (24
mm day') under local irrigation conditions, probably besatthe plant has a tap root
system. According to the root length density (RIt&jults, the roots proliferated well in
the profile with values as high as 3 mm @0° in the topsoil (150 mm) and 0.2 mm
mmi*x10° in the deep subsoil (1650 mm). This root lengthsity distribution profile
compares well with crops known for their proliféeoat abilities such as groundnuts. The
general root growth pattern measured in the exmariroorresponds with that reported by
Grimes and El-zik (1990), Ashraf and Ahmed (1998)l #shoket al. (1999), namely
that the onset of flowering is the point that rgodwth starts to decline.

A deep and conductive root system is crucial fptaat's ability to transport water to the
leaves for maintaining water status. Thus thedten a relationship between root length
index (RLI, mm mrf) and LAl (van Rensburg, 1996), as indicated bytteads of the
two parameters in Figure 3.4. The RLI increased tive season and reached a peak of
260 mm mrif at 121 DAP, whereafter it declines to 224 mm farikewise, the mean
LAI followed the same trend as the roots and peaked21DAP with an index of 3.8

and then declined to an index of 2.6. A highly pesi coefficient of correlation
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(r = 0.97) was obtained between the two parametéisvalues from this experiment are
consistent with values reported in other experime@tarke and Simpson (1978) reported
that crop growth rates were related to a LAI ot misove 3 which corresponds almost to

full interception of radiation.
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Figure 3.3 Root length densities (RLD) of canola at differsoil depths
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Figure 3.4 Root length index (RLI) and leaf area index (LA¢)ationship

Seetseng (2009) reported an average LAI of 3.6uiband moderately irrigated canola
fields in Bloemfontein. According to Waltaoat al. (1999), a leaf area index of 3 to 4 is

required for the crop canopy to intercept about @%e incoming solar radiation.

3.3.2.4 Water useand its efficiencies

Analysis of variance revealed that the two soilghee influenced water use nor water
use efficiency (Table 3.1). However, both variablese significantly influenced by the

surface treatments. The water use of canola frenbéine surface was significantly higher

than from the gravel mulch. This can be explaingdtlbe gravel suppressing the
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evaporation component of evapotranspiration. lhnsethat water conserved this way has
led to significantly improved water use efficiergias indicated by WUEand WUEsg.
The mean water use efficiency of the experimért,3.19 kg seed Ffanm™* and 10.85 kg
biomass hamm™ compare well with values of other studies elseehdmyloret al.
(1991) reported a WUE of 4 to 7 kg biomass' hem™ in South-eastern Australitn
Canada, Johnsoet al. (1996) found a WUE of 8.3 to 11.4 kg biomas&rhen™. Grey
(1998) reported a WUE of 2 kg seed’am® and 10 kg biomass fimm?® in the
Victoria, Australia. In the semi-arid zone of nedhst Colorado a WUE of 7.73 kg seed
ha' mm™* was observed by Nielsen (1996). Water use effié=nof between 6.4 and
6.62 kg biomass Hanm™ were reported by the Canola Council of Canada p00
Seetseng (2009) found in Bloemfontein a WUE of leetw9.3 and 12.7 kg total biomass
ha' mm™. According to Nielsen (1997), WUE is partly a ftioo of canola adaptation to
environmental conditions, so favourable agronomanagement practices are of great

importance.

3.3.3 Partitioning of water use (ET) into evaporation (E) and transpiration (T)

The water used by canola in the gravel mulch treatsrcan be attributed solely to
transpiration (T) as evaporation (E) was insigaifit This was proved by Experiment 1,
the results of which are presented and discuss8ddtion 3.3.1. However, water used by
canola in the bare surface treatments resulted ®wapotranspiration (ET). Thus by
subtracting canola’s water use in the gravel mtieatment from that in the bare surface
treatments evaporation was obtained. The resuttdch soil are summarized on a
weekly basis in Table 3.2. The weekly water use) (&T both soils demonstrates the
crops water demand in semi-arid regions like Blastdin. In weeks, it starts with an ET
of 27 mm week in the Cv soil and 32 mm weékn the Bv soil. Then ET increases
gradually to a peak in week 26z 73 mm weeR in the Cv soil and 61 mm weéln the
Bv soil. Thereafter ET ranged from 44 to 60 mm vkikthe Cv soil and 37 to 64 mm
week! in the Bv soil. The total water use was about lsinfor both soils and amounted
to 767 mm for the Cv soil and 758 mm for the B\.sbianspiration was 719 mm on the
Cv soil and 716 mm on the Bv soil and accounteddfi7 and 94.5% of the total ET,

respectively. It means that the evaporation compbowas less than 7% of the total ET.
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Table 3.2 Weekly partitioning of water use (WU, mm) or evapaspiration (ET, mm),
transpiration (T, mm) and evaporation (E, mm) fana@a grown on the Clovelly and
Bainsvlei soils.

Weeks Clovelly (Cv Bainsvlei (Bv)
after WU or WU or
planting | ET (mm)| T (mm) % T | E(mm) %E[ ET(mm)| T(mm) % T E (mm) %H
5 27.3 23.9 87.7 3.1 11.2 32.0 29.4 92.0 2.4 8]0
6 28.8 25.6 89.1 3.1 10.4 36.1 33.1 91.8 3.4 8|2
7 39.1 36.7 93.7 2.5 6.3 34.8 32.4 935 2.3 6|5
8 32.7 29.2 89.3 3.1 9.5 38.3 35.9 936 2.4 6|4
9 41.8 38.9 93.1 2.9 6.9 41.4 38.4 931 2.4 5{9
10 30.7 28.6 93.0 2.1 7.0 41.3 39. 94.6 2.4 5|4
11 31.9 29.5 92.6 2.4 7.4 32.3 30.( 929 2.3 711
12 42.7 39.8 93.2 2.3 5.4 35.2 32.4 9.6 2.3 615
13 52.3 49.7 95.0 2.6 5.0 50.0 47.3 94.6 2.4 5|0
14 51.3 48.5 94.4 2.5 4.8 48.6 46.] 95.0 2.4 5|0
15 72.6 69.3 95.5 3.1 4.2 61.0 58.4 94.0 2.4 40
16 52.0 49.7 95.7 2.3 4.3 47.0 44 .4 94.6 2.5 514
17 48.4 45.2 93.4 3.1 6.4 39.4 37.1 94.3 2.4 5|7
18 59.7 56.7 94.9 3.0 5.1 61.2 58.4 94.5 2.4 42
19 54.8 51.5 94.0 2.3 4.2 64.2 61.1 94.1 2.4 319
20 56.7 53.5 94.4 3.2 5.6 58.1 56.] 94.6 2.4 314
21 44.2 41.7 94.3 2.5 5.7 37.0 34.1 93.7 2.3 6|3

By disaggregating total evaporation into weeklyparation shows that its contribution
to evapotranspiration decreased for the Cv anddds fom 12% and 8% in week 5 to
5% for both soils in week 13 just prior to when lpgater demand started. This decrease
in evaporation is due to leaf shading of the soiface by the crops with a high LAl
which reduced the energy reaching the soil sufa@ insignificant levelFurthermore,
during peak water demand the contribution of evafpam to evapotranspiration remained
at this level. This is probably due to the wettioigthe soil surface during irrigation.
Following several rain events, Dugetsal. (1996) found that T/ET ratios ranged from
40 — 80% over several different chihuahuan shrtés sh New Mexico which translates
to 20 - 60% losses as evaporation. In their figljdeeiment with sprinkler irrigated maize
in Kansas, Klockeet al. (1985) found that as much as 20 - 30% of total
evapotranspiration is due to evaporation from thié surface. They also demonstrated
that crop residues reduced evaporation from soilalf. Hatfieldet al. (2001) found in
the USA that mulching of the soil with wheat regduodified the microclimate, which

increased transpiration to 79% and reduced evaporato 21% of the total
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evapotranspiration. Fereres and Villalobos (198@nftheir tomato experiment in Spain

found that evaporation losses contributed 15 - b7 %T .

3.4 Conclusions

The results of two experiments were reported. &fitst experiment the effectiveness of
white plastic mulch and dolerite gravel mulch ireyenting evaporation from a sandy
Clovelly soil and a sandy loam Bainsvlei soil wastéd. The white plastic mulch
reduced evaporation by 80% from the Clovelly soit 81% from the Bainsvlei soll
when bare soil surfaces served as reference. Eatapofrom the dolerite gravel mulch
was only 3% higher than from the white plastic rhulcespective of soil. Thus dolerite
gravel mulch can be used with confidence to redew@oration in evapotranspiration
partitioning studies.

In the second experiment the yield, water use asgmuse efficiency of irrigated canola
with and without dolerite gravel mulch were meaduf@ partitioning the crop’s water
use into evaporation and transpiration. The yid¢ldamola on the Clovelly and Bainsvlei
soils were similar. A slightly higher yield was nseged on the gravel mulch treatments
than on the bare surface treatments. Canola’s watefrom the bare surface treatments
was significantly higher than from the gravel mulcddatments. This is because the gravel
mulch prevented water loss through evaporationp&ration contributed in the Clovelly
soil between 4% and 12% and in the Bainsvlei salwkeen 4% and 8% to
evapotranspiration. This contribution declined f&s growing season proceeded because

of better shading.
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Chapter four

Effect of seasonson the transpiration efficiency coefficient of irrigated
wheat

Abstract

Wheat is one of the most important grain cropsaantB Africa. The crop responds well
to irrigation but this is mainly practised in seamied zones where there is a chronic
scarcity of water due to harsh weather conditidiese conditions have a huge impact
on soil water evaporation (E), transpiration (T arain yield, which relates directly to
water use efficiency (WUE). Therefore, an experitmeas laid out in the field lysimeter
unit at Kenilworth over two wheat production seasdi2007 and 2008) with the
objectives: (i) to evaluate the effect of soils @eésons (weather) on E, T and yield, and
(i) to relate these variables to transpirationcgfhcy coefficient. A split plot design was
used with two soils (sandy and sandy loam) and swdace treatments (bare soil and
gravel mulch), replicated three times. Irrigatioasnapplied weekly through a surface
drip system and daily through a sub irrigation egst Soil water content was measured
three times a week using a neutron soil water mé&tex water balance equation was used
to calculate evapotranspiration from the bare serfaeatment and transpiration from
gravel mulch treatment. Expressing T and E as eep¢aige of ET revealed that neither
soils nor seasons are important determinants inp#rationing of ET since T varied
between 74 and 76% of ET and E varied between 84686 of ET. The two soils did
not influence any vyields in both seasons. Surfasatments caused significant
differences in grain yield in both seasons and egmund biomass in 2008. Seasons
affected the mean grain yield, but not above-grohimiass yield. Grain yield in the
2008 season was severely hampered by frost thatredcin the early reproductive stage.
This effect was transferred to the correspondirandpiration efficiency coefficient

values.

K eywords. Evaporation; transpiration; water use efficiencgnspiration efficiency coefficient.
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4.1 Introduction

Wheat {riticum aestivum L.) is the second most important field crop growmnSouth
Africa and is used for a variety of purposes. Thgetwith secondary processing
industries it provides a large number of job oppoities. Statistics obtained from the
National Department of Agriculture (2007), reveathdt the industry has approximately
3800 to 4000 commercial wheat growers, providingkaapportunities to about 28000
people. Accordingly, South Africa consumes aboumiBion tons of wheat per year of
which 2 million are grown locally and the other limih imported. In large parts of the
country, water is the most important limiting factor wheat production in this region
and to achieve higher grain yields, farmers relyniany instances on irrigation to grow
wheat (Benniest al., 1997). Approximately 80% of wheat is currentipguced under
dryland and 20% under irrigation conditions (NagibDepartment of Agriculture, 2007).
Conversely, irrigation is mainly practiced in seanid zones that chronically experience
water scarcity due to harsh weather conditions s&tmnditions are caused by low and
erratic rainfall together with high atmospheric poative demand. As a result weather
has a huge impact on water losses such as soit eesporation (E) and transpiration
(T). These losses need to be quantified in ordeletermine the impact thereof on water
use efficiency (WUE) of wheat. The problem is thais difficult to measure the sole
effect of E and T under field conditions.

Many studies from different parts of the world slealwthat the relationship between
seasonal ET and wheat vyield is linear, provided tha bio-physical conditions were
optimal (Singh, 1981; Mogensa al., 1985; Steineet al., 1985; Musicket al., 1994;
Zhang and Oweis, 1999; Zha#dial., 1999). These relationships, also referred torag-
water production functions (CWPF), were very popufathe eighties and nineties in
South Africa. During this period they were usedd&iermine the seasonal crop water
demand for a specific target yield. For examplenrBe et al. (1988) established the
following relationship on farms in the Sandvet, Rdmand Vaalharts Irrigation schemes:
Y = 11.38X -340 (4.1)

where Y is grain yield (kg i3 and X the evapotranspiration (ET, mm).

It was argued that the slope of the line represevdater use efficiency (WUE) or

transpiration efficiency (TE) of the crop, whilestpoint where the line crosses the x-axis
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represents the total soil water evaporation (Bhefseason (Hanks, 1978he WUE of
wheat is therefore, 11.38 kg henmi* and the total or seasonal evaporation is 30 mm
(340/11.38, where y = 0).

The CWPF in Equation 4.1 was evaluated by Beanab. (1997) at the experimental site
of the University of the Free State at Kenilwortdan Bloemfontein. They found that
both the slope and the intercept differed signiftga from that of Equation 4.1.
Accordingly, the CWPF should have a 23% greatepesldrhe estimated cumulative
evaporation amounted to 190 mm in this study. Frin@ aforementioned, it was
concluded that the CWPF is an empirical functionclwhmight differ from season to
season and from place to place, depending on tlahereconditions and agronomical
practices. Similar conclusions were made by Freamath Schultz (1984). The outcome
was that the CWPF'’s in both the BEWAB (Benmieal., 1988; van Rensburg and
Zerizghy, 2008) and SWAMP models were replaced &ito called universal approach
captured in the Doorenbos and Kassam (1979) equatio

1-(Yae/Y mg) = B(1-(ET/ETw)) (4.2)

Where Y, represents the actua) biomass yieldd) in kg ha', Y, is the maximum,)
biomass yield (kg hY, ETs is the actual evapotranspiration (mm) andy,E3 the
maximum evapotranspiration (mm).

According to Hanks and Rasmussen (1982), Equati®rtdn be rearranged so that,ET
can be apportioned into its components of actudlveter evaporation (§ and actual
transpiration (7) if the -value is known:

Ea= (1-(1B))ETa (4.3)

T. =ETJB 4.4)

De Wit (1958) as cited by Hanks (1983) proposed thare is a linear relationship
between transpiration (T) and biomassady) production and the slope of the line
represents the so called crop coefficiemtv@alue) that gives the transpiration efficiency
(TE) of the crop:

Y1s =m(T/E) (4.5)

Tanner and Sinclair (1983) modified Equation 4.5¢omalize the evaporative demand
by replacing BEwith the vapour pressure deficit:

m= (Yrg/T)e* - e (4.6)
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Where e* is the saturated vapour pressure deficitesan temperature and e is the vapour
pressure and tha value was renamed as the transpiration efficieafficient (TEC) in
this study. Wheat'sn or k values used in the SWAMP model were adapted fr@ankil
and Rasmussen (1982) and those values were notalimethto vapour pressure deficit as
is the case with TEC. At that stage it was not ipdsgo evaluate the TEC value because
of the lack of a lysimeter unit. A field lysimetanit erected by Ehlerat al. (2003) is
now available for this purpose.

Therefore, an experiment was laid out in the flgtimeter unit with the objectives: (i) to
evaluate the effect of soils and seasons (weatimef, T and yield of wheat, and (ii) to

relate these variables to the water use efficiemzytranspiration efficiency coefficient.

4.2 Materials and methods

The lysimeter unit erected by Ehlatsal. (2003) was described in Section 2.2.1. For this
study wheat was planted in 12 of the 30 lysimetknsng the 2007 and 2008 seasons.
Half of the lysimeters were filled with a sandy @ty (Cv) soil and the other half with

a sandy loam Bainsvlei (Bv) soil. Thus, the expenimwas laid out as a split plot design
with two soils and two surface treatments, repéidahree times. The surface treatments
comprised of (i) a bare soil for measuring the alcavapotranspiration and (ii) a 50 mm
thick gravel mulch for preventing evaporation aadbtain transpiration. The gravel was
applied four weeks after planting when the planésenalready established. During rain
events the lysimeters were covered by the raintesh@figure 4.1) which was removed
just after rain events to ensure as far as pos8adtk conditions. Wheat was planted in
the field adjacent to the lysimeter, except inrtbehern side where canola was planted.
In the lysimeters and area adjacent to them sinaitaonomic practices were used as
described in Section 2.2.3. The wheat was plante8®May 2007 for the first season
and 24 April 2008 for the second seasons. In thielgters, prior to planting a 4:2:1 (28)
fertilizer mixture was manually broadcast at a @ft800 kg h& and then mixed with the
soil to 200 mm depth using a spade. Thereafter whea: SST 826) was manually
planted at a rate of 100 kg seed'frmaa row width of 300 mm, resulting in a final ptan
density of about 200 plants‘m
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Figure 4.1 Wheat under the movable shelter (30ng,l@0 m wide and
4 m high), covering the lysimeter unit to prevdr influence of rain.

After the plant established, urea was applied atrgie of 220 kg haresulting in a total
fertilizer application of 229 kg N Ha 64 kg P hd and 32 kg K ha The same wheat
variety was plantech the area adjacent to the lysimeter unit withrecision planter at a
rate of also 100 kg Ha In this case the 4:2:1 (28) fertilizer mixture sMaand placed
during planting with the precision planter. Theaureas still manually applied after plant
establishment. Fertilization rates in this adjacamta were similar to that in the
lysimeters. Weeding was done manually with handsheo®l no pests or diseases were
observed in either the lysimeter unit or field plot

The water balance components were measured ashaesor Section 2.2.4.1. ET from
the bare surface treatment between soil water me@s&mts was calculated with
Equation 4.7:

ET = (AW) +1-D 4.7)

Where AW is the change in soil water content, | is irrigatand D drainage. This
equation by replacing ET with T was also used ticuwtate T from the gravel mulch
treatments between soil water measurements. Incdse it was assumed that E is
negligible as shown in Section 3.3.1. PartitionafdET into E and T was thus done by
subtracting transpiration (measured on the gravellcim treatment) from
evapotranspiration (measured at the bare surfaa@nient).

The water contents for the soil profiles that cepand with the pre-selected allowable
depletion level (ADL) and drained upper limit (DUljere obtained in a similar way as
described in Section 2.2.4.2.

The wheat in the lysimeters was harvested on 2lehdwer 2007 for the first season and
on 23 October 2008 for the second season by cutiaglants at their base. All heads

were removed from the plants and then dried &E66r 72 hours. The dried heads were
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counted and threshed whereafter the grain and hesadue were weighed separately.
Other plant residuesjz. leaves and stems were also dried aC6fer 72 hours before
being weighed. Grain yield (GY) and above-grounohiass (AGB) yield (grain plus all
remains) were then calculated.

The harvest index (HI) was expressed as the rdtithed grain yield to above-ground
biomass yield.

Data on precipitation, evaporation and temperafare2007 and 2008 were obtained
from the automatic weather station about 300 m fthenlysimeter unit that has records
only since 1998. Therefore long-term data of thasure was extracted from a climate
report by Botha (2006). This report is based ora dditthe weather station at Glen that
has records for more than 80 years. The distanteeba the two weather stations is
about 30 km.

The water use efficiency (WUE, kg hanm?) of wheat in the lysimeters was calculated
with Equation 4.8:

WUE = Y/ET (4.8)

Where Yis either in grain or above-ground biomass yieldisTequation by substituting
ET with T was used also to calculate WUE of whaahk lysimeters with gravel mulch.
Likewise, the transpiration efficiency coefficigftEC, g kPa mm) was calculated with
Equation4.9:

TEC = Y/ET(VPD) (4.9)

Where VPD is vapour pressure deficit which was wdated as described in Section
2.2.4.4 using data from the nearby weather stafibis equation by replacing ET with T
was used also to calculate TEC of wheat in therlggers with gravel mulch. The mean
VPD was 1.16 kPa for the 2007 season and 0.98&P2008 season.

Analysis of variance was conducted to establisimiognt differences amongst soils,
surface treatments and years using the GLM ProeeafuUAS System (Local, XP_PRO)
(SAS Institute Inc., 1999). Variables such as gnaeid, above-ground biomass yield,
harvest index, water use, water use efficiency wmadspiration efficiency coefficient
were statistically tested and Fisher’s least sigaift difference (LSD) procedure for

means comparison was applied (Fisher, 1935).
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4.3 Resultsand discussion

4.3.1 Meteorological conditions

The weather during both the 2007 and 2008 wheaduyat®mn seasons was favourable
when the long-term climate serves as a referenedl€T4.1). For example the mean
aridity index (Al) for June to November is 0.14.€TAl for the same period was 0.24 in
the 2007 season and 0.39 in the 2008 season.

Table 4.1 Long-term monthly and annual climate data from Glexteorological station
(ARC-ISCW); rain and temperature 1922 — 2003; evafpan 1958 — 2000 as reported
by Botha (2006). Weather data (rain, temperatudeesaporation) for the 2007 and 2008
growing seasons was obtained from the Kenilwortteomlogical station (ARC-ISCW).

Measurement period

Variable| Period| Jan | Feb | Mar| Apr Dec | Mean
total
Max. 30.8| 295 274 239 205 179 178 2q.@4.4 25.28.3 | 30.2| 248

LT
2007 | 32.3] 32.9] 289 24p 20 145 175 21.0 474 243 37.25 p825.2

(°C) 2008 | 29.6] 29.7] 26.0 238 20 171 17.8 194 2435 29.0 28.6 2 B124.6
153 | 148| 1249 7.8 2.8 | -1.1| -1.6| 09| 52| 92| 12 149 75

Temp.

©

N

Min. LT
Temp. B

2007 | 15.3] 15.6] 124 10.p 3. 16 24 312 92 1M1 116 1347 0.3
(°C) 2008 | 16.2| 16.1] 134 7.7 8.7 3p 22 29 {2 115 1B.7 15.5 D.6
Mean LT 23.0| 22.1| 199 154 11.6| 8.2| 8.1 | 10.7| 1494 17.% 201 22D 16.2
Temp.| 2007 23.8] 243 20Jy 175 123 91 1p.0 1.1 183 [7.74 R16| 17.2

(°C) 2008 | 22.9] 22.9] 19.y 158 142 142 10.0 11.2 144 203 21.2 4 p317.1
834 | 77.6] 80.1 493 199| 90| 81| 11.6| 19.3 49.0 68.3 66.p542.7

LT
Precip.| 2007| 31.9| 8.8 | 36.4 17.3 120 486 428 117 2p.7 10.7 7D.2 42356.2

(mm) | 2008 11.1| 71.3] 59. 673 679 202 213 344 2B6 6.9 4.4 P.392.6
276.5| 207.7 1771 126{1110.6] 81.9] 93.5( 140.q 197.p 239|1 256|0 291.8198.2

LT
Evapo.| 2007| 121.2| 102.0 258.8 260J4 234.7 208.9 146.7 132.0 $2.0 114.0.114170.0] 1981.0

(mm) | 2008 | 147.5] 80.0] 106.p 96.9 10116 128.2 98.0 41.7 ¢7.1 T9.5 106.8.012176.7]
0.30| 0.37| 0.46| 0.39] 0.1 0.110.09| 0.08{ 0.1 0.21 0.2] 0.2B 0.25

LT
Aridity | 2007 | 0.26| 0.09] 0.14 0.03 0.0p 0.23 0.p9 0pP9 025 0Q.10.50] 0.25] 0.19

index | 2008 0.08/ 0.89 0.5p 0.70 0.47 OJf6 022 090 ¢.35 D.0D4 p.0.02| 0.39
LT = long term; Max = maximum; Mig minimum; Temp = temperature; Precip. = precipitatiBvapo =
evaporation. Aridity index = precipitation / evapton.

This suggests that growth conditions were betterth@ second than first season.

However, rainfall amounted to 207 mm in the 200Z&ssa and 177 mm in the 2008
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season. This rain had no influence on the whe#tenlysimeter unit as it was covered
with a rain shelter during rain events (Figure 4There was one incidence on 1 May
2008 when it hailed that the shelter failed to cottee unit. However, the plants
recovered fully because it occurred in the platal@dshment phase of crop development.
Temperature probably affected the yield in the 288&son. The mean temperature in the
2008 season was@ lower than in the 2007 season namely A3 Mersus 14.€. There
was also on 6 August 2008 severe frost during épeoductive phase which damaged
some of the ears. Thus, it can be concluded tleivather differed between the two
seasons which provides a platform to evaluate fileetethereof on wheat'’s transpiration
efficiency for which it is often hypothesized tlvetather has no influence (Botha, 2006).

4.3.2 Irrigation management

The total amounts irrigated in the 2007 and 20@8vgrg seasons via either surface drip
or sub irrigation and the resulting measured mednnater contents (SWC) for the two
soils and their two surface treatments are summaiiz Table 4.2. Comparing the total
water application in the 2007 with that in the 2@@&son confirms the effect of weather
described in the previous section. The atmospldginand was considerably higher in
the 2007 season than the 2008 season, hence éxglainy irrigation in the 2007 season
was on average 113 mm more than in the 2008 seBadtitioning of total irrigation into
the contribution of the two methods revealed furttiat the 2007 season received on
average 97 and 16 mm more water through the sudapeand sub irrigation systems,
respectively, than the 2008 season.

Surface treatments affected the total water appliedspective of soil types. Total
irrigation on the gravel mulch treatment was onrage 22% lower than the bare surface
treatment. This aspect will be dealt with in moegadl in the following sections.

The water management approach adopted in this séstdjted in very stable SWC in the
profiles as indicated by very low coefficients ariation (CV's). A mean SWC over
both growing seasons of 411 mm per 1800 mm (CV 3 féfothe Cv soil and 425 mm
per 1800 mm for the Bv soil were recorded (CV =@)4Further analysis indicated that
the mean SWC were more stable in the 1200 — 180Gatunated zone (Cv soil: SWC =
205 mm and CV = 0.4%) and Bv soil: SWC = 207 mm @wl= 0.5%) than in the 0 —
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1200 mm unsaturated zone (Cv soil: SWC = 206 mmGWd 2.5% and Bv soil: SWC

= 223 mm and CV = 8.6%). This phenomenon can lviatitd to the daily recharge of
the water table. Based on the mean SWC of thelgsoéind their low variation over
seasons it can be stated that with the irrigatareduling approach SWC was managed
within the pre-selected drained upper limit andw#ble depletion level values. The
DUL and ADL were 425 mm and 255 mm per 1800 mntHerCv soil and 468 mm and
310 mm per 1800 mm for the Bv soil, respectively.

Table 4.2 Mean seasonal irrigation and soil water contentGbovelly (Cv) soil and
Bainsvlei (Bv) soil under bare and gravel mulchface treatments for 2007 and 2008
seasons.

Variables Year Clovel Bainsvlei

Bare Gravel Bare Gravel

2007 471 471 471 471

Surface drip 2008 374 374 374 374
(mm) Mean 423 423 423 423

2007 340 170 275 148

Sub irrigation 2008 314 140 294 118
(mm) Mean 327 155 285 133
2007 811 641 746 619

Total irrigation 2008 688 514 668 492
(mm) Mean 750 578 707 556
Soil water content 2007 197 221 224 248
funsat zone 2008 198 207 191 228
0-1200 (mm) Mean 198 214 208 238
Soil water content 2007 204 204 208 206
Osat zone 2008 204 206 205 206
1200-1800 (mm) Mean 204 205 207 206
Soil water content 2007 401 421 416 454
Total profile 2008 403 419 396 434

0 - 1800 (mm) Mean 402 420 406 444

Bennieet al. (1994) and Ehleret al. (2003)showed that irrigated wheat on similar soils
does not experience water stress if the soil watesl remains between ADL and DUL.
According to Ehlerst al. (2003)the optimum water table level for these soils i9A.2
mm for most field crops. Waterlogging is associaigth water table levels shallower
that 750 mm (Lal and Shukla, 2004). Thus, it carcdxecluded that it is highly unlikely
that the plants could have experienced water omgemystress during either of the

seasons.
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4.3.3 Partitioning of evapotranspiration

The measured seasonal water use, namely mean ersggmwtation (obtained from bare
surface treatment), transpiration (obtained fromwvgl mulch treatment) and evaporation
(obtained by subtracting T from ET) for the 200as® and the 2008 season are
summarized per soil type in Table 4.3. Based ordtfierences in the weather between
the two seasons, the slightly higher ET (3%) in2B87 season than the 2008 season was
expected. Interesting results were obtained ama@ullst, where the ET values of the Cv
soil were consistently higher than that of the Bif B both seasons. A closer evaluation
revealed that the differences were not induced lytErather T since E was similar for
the two soils in both seasons while T was higheittie Cv soil than the Bv soil in both
seasons.

Expressing T and E as a percentage of ET revehldneither seasons nor soils are
important determinants in the partitioning of Eficg T varied between 74 and 76% of
ET and E varied between 24 and 26% of ET, irresgecf soils and seasons (Table 4.3).
Unfortunately, no other partitioning research oe twheat's ET could be found for
comparison. The contribution of E to ET for wheaems high as it was only 7% for
canola (Chapter 3). On the other hand, Kloekal. (1985) measured comparable E
losses (20 to 30% of ET) for sprinkler irrigatedineain Kansas, USA. Similarly, E was
also between 15 and 17% of ET for tomatoes in Siareres and Villalobos, 1990).
Data sets for seasons and soils were pooled beceause of them affect the relative
contribution of either E or T towards ET. As a fgsthe mean weekly ET, T and E
values measured (data not shown) were expressativeeto the maximum weekly ET
which was 49 mm weék The resulting values were depicted in Figureagainst the
background of the four major growth stageg, the plant establishment stage, vegetative
stage, reproductive stage and physiological majusitage. This figure shows a close
relationship between E, T and ET within growth stagrhey all increased gradually in
the vegetative stage and reached a peak duringeiteductive stage, whereafter they
gradually declined in the maturity stage.
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Table 4.3 Partitioning of seasonal evapotranspiration (ET,)nmto its components of

transpiration and evaporation for wheat grown oovElly (Cv) and Bainsvlei (Bv) for
the 2007 and 2008 seasons

Season Soil ET (mnp) T(mnf) E T E

(mm) (%) (%0)

2007 Cv 715 536 178 75 25
Bv 644 479 166 74 26
Mean 680 507 172 75 26

2008 Cv 691 523 168 76 24
Bv 635 470 165 74 26
Mean 663 497 167 75 25

Mean (2007&2008) 671 502 169 75 25

This demonstrates further that transpiration nesteps until the crop is harvested and
amounted to between 70 and 80% of the total evapsgpiration. From a management
point of view, literature generally suggests thatc&h be reduced during the plant

establishment and the early vegetative stage thraug increased plant population
(Bennieet al., 1997).

—ETrel = ——Trel - - - - - Erel

1.0

09, M
(W0} 0.7 \
o3 PR ~N —_—
— 0.6 _-1 ~-.-~ S~
— - S
0.5 N —
o -~ .
=
< 0.4+ Reproductive stage Physiological
© maturing stage
c-. fr e

024 17 1 et T T e e

ol L

0:0 T T T T T T T T T T T T T T T T T

47 54 61 68 75 8 8 96 103 110 117 124 131 138 145 152 159 166
Days after planting

Figure 4.2 Mean relative evapotranspiration, relative traregwn and evaporation for
the combined seasons. The values were expressedadi® to the maximum ET value
(49 mm weeR) obtained during the season. PES is the planblestienent stage.
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This is because a higher plant population will eascovering of the bare soil and
therefore reducing direct radiation. Radiation msiaportant driver of evaporation in
semi-arid environments. Despite the shading of ldaves, the results in Figure 4.2
suggested that a significant amount of water svaporates during the vegetative,
reproductive and maturing stages. This is probduly to the wetting of the soil surface
during the weekly drip irrigation. Benniet al. (1997) demonstrated the effect of
irrigation frequency on ET for maize, wheat, peas @otatoes. They found that ET
increased with an increased number of irrigatioenés. The higher ET values were not
always accomplished with higher yields. Therefdreytconcluded that it was rather an
amplification of E and not T.

4.3.4 Grain yield, above-ground biomassyield and harvest index

Analysis of variance on grain yield, above-groundniass yield and harvest index
indicated no significant interaction between saoitl surface treatments. Therefore only
the means of the main effects are given in Table3oils did not affect either grain yield
or above-ground biomass yield in both seasons. Mervé 2008 the HI of wheat on the
Cv soil was significantly lower than on the Bv sdihis can be attributed to frost which
lowered the grain yield, but not the above-grouraimass yield. It is not clear why the
plants on the Cv soil experienced more frost danthge on the Bv soil. The average
grain yield for both seasons was 1443 kg ba23% higher on the gravel treatment than
on the bare surface treatment. A smaller differd6e6% or 3395 kg h8 was observed
in the average above-ground biomass of the sedsptige gravel treatment compared to
the bare treatment. This is due to the fact thavedground biomass yield was only in
2008 significantly higher in the gravel surfaceatreent. As a result of this the HI was
also only significantly higher in the 2008 seastirseems thus that the gravel mulch
induced generally a higher grain yield which caabably be ascribed to better growing
conditions during the reproductive stage. The bejt®ewing conditions resulted not
necessarily from better water regimes because g@daiegd in Section 4.3.2 the
probability for water stress in the bare surface wenimal. However, a more favourable
temperature in either the soil or plant canopy ddwdve played a role. Gravel mulch is

known to influence temperature regimes within abdva the soil (Van Rensbuggal.,
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2003). This aspect warrants research in the futudarify the higher grain yield under
gravel mulching. Analysis of variance revealed tiet average grain yield and harvest
index in the 2007 season was significantly highantin the 2008 season.

Table 4.4 Meansof grain yield (GY), above-ground biomass (AGB)rvest index (HI)
for bare and gravel mulch treatments on Clovelly)(€oil and Bainsvlei (Bv) soil for
2007 and 2008 seasons.

Variable Year Soil Surfaceatreent Mean
Cv Bv Bare Gravel
Grain yield 2007 8925 9335 8316 0944 913¢
(kg ha) 2008 4553 5188 4247 5498 4870
Above-ground biomas$ 2007 | 20654 21733 19873 22518 21196
(kg ha®) 2008 22318' 24069" 21122 25265 23194
2007 0.448 0.4%8 0.4% 0.44 0.4%
Harvest Index 2008 0.20 0.27 0.20° 0.27 0.27

Means for soil and surface treatments in any one fallowed by the same letter (e.g. a) are not
significantly different at P = 0.05. Means for se@sin the last column followed by the same lgiteg. z)
are not significantly different.

The difference in grain yield was 4260 kg'hahich is a clear indication of the frost
damage during the early reproductive stage of 0@ Xeason. In the 2007 season, an
average grain yield of 9130 kg haealized with no environmental stress. This grain
yield compares well with the mean grain yield 000%g h& measured by Ehles al.
(2003) in the same lysimeter unit during the 1968ssn. Similarly, the 2007 season’s
above-ground biomass yield compared also well with mean above-ground biomass
yield of 25138 kg h& of Ehlerset al. (2003). Nulsen and Baxter (2004) reported above-
ground biomass yield of 28200 kg hfor wheat in Western Australia. The HI values
obtained in this study especially in the 2007 seam® close to the ones reported by
Zhang et al. (1998) and Solomon and Labuscheagne (2003), yatél and 0.39
respectively.

4.3.5 Water use and water use efficiencies
The analysis of variance on water related variaWsl, TE and TEC) suggested no
significant interaction between soil and surfaeatments (Table 4.5). From the results it

is clear that the soil treatments did not influeh@ny of the variables significantly.
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Hence, the discussion will focus on the surfacattnents which influenced the variables
significantly (P = 0.05).

Water use from the gravel mulch treatment (T) wadoth seasons lower than on the
bare surface (ET) treatment, but it was only sigaiit in the 2007 season. The higher
water use from the bare surface treatment is atgbto the evaporation (E) as discussed
in Section 4.3.3. Water use efficiency based oningsaeld was in both seasons
significantly higher on the gravel mulch treatm#ren on the bare surface treatment. The
WUE based on above-ground biomass showed a sitrélad. The results demonstrate
the importance of reducing evaporation during atign practices. Similar results were
obtained for the TEC values, where the gravel matehtment outperformed the bare
surface treatment, irrespective whether it is basadgrain yield or above-ground

biomass yield.

Table 4.5 Means of water use, water use efficiency (WUE) @adspiration efficiency

coefficient (TEC) for the main treatmentgz soils (Clovelly, Cv and Bainsvlei, Bv)
(bare and gravel surfaces) for 2007 and 2008 seagba subscripts GY and AGB refer
to grain and above-ground biomass yields, respsgtiv

Variable Year Soil Surfaceatraent Mean
Cv Bv Bare Gravel

Water use 2007 644 578 724 408 611

(mm) 2008 697 635" 750° 5827 666

WUEgy 2007 13.86' 16.18' 11.48 19.96' 15.36

(kg ha' mmi?) 2008 6.53 8.17 5.6 9.448 7.45

WUEgs 2007 32.08 37.64 27.45 45.2% 3554

(kg ha' mm?) 2008 32.08 37.9¢" 28.18 4341 35.37

TECsy 2007 161 187 139 231 1.7¢

(g kPa mrif) 2008 0.64 0.8¢" 0.55 0.97 0.73

TECacs 2007 378 436" 3.18 5.24 417

(g kPa mrif) 2008 3.1% 3.71% 276 4.25" 3.47

Means for soil and surface treatments in any one followed by the same letter (e.g. a) are not
significantly different at P = 0.05. Means for se@sin the last column followed by the same lgiteg. z)
are not significantly different.

Comparing the mean TEC values for the two seasoggest that TEC based on grain
yield differed significantly which was probably ddwe frost damage during the early
reproductive stage in the 2008 season. Howevesgems that the weather is not of
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importance when TEC is based on above-ground bienigsd. Only the TEC values
from the gravel mulch treatment were of acceptaignitude. For TEC values from the
bare surface treatment to be of acceptable magmithd evaporation component must be
deducted. Weather had no influence on TEC valusgda&n above-ground biomass
yield. The mean TEGg of 5.24 g kPa mih for 2007 season and 4.25 g kPa Tnfor
2008 season compare well to othgrotbps cultivated in the semi-arid regions. Closter
al. (2001) reported TEC values of 4.12 to 4.56 g ka' for sugar beet. For groundnuts
under varying conditions of vapour pressure defitEC values of 1.50 to 5.20 g kPa
mm* were found by Mathewet al. (1988) and Azam-Alit al. (1989).

4.4 Conclusions

Three main conclusions can be drawn from the flgkimeter experiment on wheat
conducted over two seasons in a semi-arid envirohrk@stly, as expected from a semi-
arid zone the weather conditions (aridity indexyperature, occurrence of frost and hail)
differed enormously between seasons. Despite tfiexyehce, the results illustrates that
neither the two soils nor seasons (weather) ar@itapt determinants in the partitioning
of ET, since E varied between 24 and 26% of ET Bvdried between 74 and 76% of
ET over the two seasons. A detail analysis showet targe amounts of water
evapourates during the different growth stagesbatsty due to the wetting of the soil
surface during irrigations, and transpiration nes&sps until the crop is harvested.
Secondly, the two soils did not influence grairabove-ground biomass yields, water use
efficiency and the transpiration efficiency coeffiat of wheat. These results confirmed
that the method adopted for managing irrigationewatnsured that the crop did not
experience water or oxygen stress during any plathe season. For this reason the
method can be recommended for similar studies dihiseasons affected the mean grain
yield significantly, but not the above-ground bi@sayield. Grain yield in the 2008
season was severely hampered by frost that occurtbeé early reproductive stage. This
effect was transferred to the corresponding watee efficiency and transpiration
efficiency coefficient values. The TEC values foe 2007 season (5.24 g kPa Mrwvas
significantly higher than that of the 2008 seasdr2§ g kPa m). However, both

season’s TEC values fell within the range of TEQues reported for otherz&rops in
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the semi-arid environment despite some frost danmadglee 2008 season. Any practice
that reduces evaporation, runoff or other watesdesto ensure that more water is

available for transpiration will greatly increasmig yield in a semi-arid environment.
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Chapter five

Transpiration efficiency of irrigated lucerne under semi-arid conditions

Abstract

Lucerne is regarded as a luxurious water user l@schecessitates a water scarce country
like South Africa having proper knowledge of th@ms transpiration efficiency. The
main aim of this study was to quantify the transfan efficiency of lucerne for different
cutting periods during its first growing seasorel&ilysimeters filled with Clovelly and
Bainsvlei soils were used for the experiment whHa$ted from 13 March 2008 to 16
March 2009. The experiment was laid out as a pfaitdesign with six cutting periods as
treatments. In ensuring that the lucerne expertncewater stress surface drip irrigation
was applied weekly and sub irrigation applied dd&ityn a constant water table. Soll
water content was measured thrice a week using udrame water meter. Average
transpiration varied between 173 mm for cuttingqee and 210 for cutting period 2.
Likewise, the transpiration rate ranged from 1.1 dayi' during cutting period 5 and 9.1
mm day* during cutting period 3. This variation can berihtited to environmental
conditions like vapour pressure deficit as wellcasopy structure. A mean transpiration
efficiency of 2.81 g M mm' and a mean transpiration efficiency coefficien2d$4 g
kPa mm* were derived for the growing season. Both varilleclined however as the
growing season progressed. The transpiration effay coefficients for lucerne in this
study were consistent for that of othey&€ops such as canola, wheat, common bean and
groundnut. Future work should focus on whether hygical changes are responsible
for the declining trend in the transpiration ef#ficcy over the growing seasons.

Keywords: Soil water balance; transpiration efficiency; spination efficiency coefficient
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5.1 Introduction

Lucerne (Medicago sativa L.) is one of the most widely used perennial legsiner
grazing or hay and seed production in South AfrR@aduction statistics on the crop is
generally lacking, especially for grazing. Estimas by Gronunet al. (2000) revealed
that between 200 000 - 240 000 ha was used fophajuction in the nineties, giving a
mean yield of 3.8 million ton per annum. Over tlegipd 2002 - 2009, the South African
National Seed Organization (2010) estimated thatentban 3 million ton of lucerne
seeds was sold locally while about 200 000 ton wgsorted. The total market value
based on retail selling price was ZAR160 millionridg the period under review.
Comparing the statistics with that of the ninetiedicated that there was not much
expansion in the last decade. Thus, the seed wsisabg used to replant old fields
because lucerne is grown for 4 to 5 years undigaiion and 6 to 9 years under dryland
before it is replaced with other crops in the ciogpsystem. Despite lucerne’s high
adaptability to drought and hence suitability foyldnd farming (Carter and Sheaffer,
1983; Petersomt al., 1992; Koukouraet al., 1997), most of the hay (about 90%) is
produced under irrigation in South Africa (Gronemal., 2000). The crop is generally
perceived as a luxurious water usgz, 800 - 1600 mm per growing season (Doorenbos
and Kassam, 1979). This pressurized the alreadyesegater sources of South Africa.
Backeberget al. (1996) stated that the country had reached at pdiere there is no
further water available for irrigation expansiorsgite ample suitable soils. Situations
like this motivate research to ensure efficient ak@rigation water in especially semi-
arid areas. Unfortunately, water-related researshluzerne was severely neglected
during the past two decades in South Africa. Iragamal literature indicates that lucerne
has a high water requirement compared to othersc{gpogman and Hobbs, 1965;
Daiggeret al., 1970; Blad and Rosenberg, 1976).

According to Sinclairet al. (1984), biomass accumulation is “inextricablykkd to
transpiration”, and Cowan (1977) proposed thattplaynamically adjust their stomata
to maintain an optimal balance between photosyighesd transpiration. The point is
that although transpired water is not incorporated carbohydrates, consumption of

water inevitably accompanies photosynthesis. Hahéis (1969) argue that there exists a
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close relationship between dry matter yield andgpaation. This is especially true in
water-limiting conditions found in the arid and searnd environments.

A number of reports showed linear relationshipswkenh cumulative dry matter
production and cumulative water use for lucerneu(®m et al., 1987; Bolger and
Matches, 1990; Grimes and El-zik, 1992). Theseticglahips may vary from one
climatic region to another (Hikt al., 1983), from one season to another, and from one
harvest to another during the growing season (Myet., 1991). Water use efficiency
based on ET ranges between 11 and 23 kfrai* with greater values in the cooler
climates (Kisselbackhkt al., 1929; Stanhill, 1986; Bolger and Matches, 199fimes and
El-zik, 1992). Earlier studies of numerous spegesvn under screen shelters in large
containers (Briggs and Shantz, 1914; de Wit, 1958i®d by Hanks 1983) showed that
relative to crops such as small grains, lucernalywes less shoot biomass per unit of
water transpired. In other words, transpirationiceghcy (TE) for shoot biomass
production is low. This conclusion is supported Ty comparisons using data from
reports where lucerne and other crops were growsoasnunities in the field (Teaset

al., 1973; Hanks, 1983; Tanner and Sinclair, 1983sé&uand Baxter, 2004). Tanner and
Sinclair (1983) suggested that transpiration iuacfion of total biomass (roots plus
shoots) and integrated vapour pressure deficibtmalize the effect of weather.

Lucerne plays a significant role in the agronomistainability of irrigation schemes in
South Africa and probably in most other irrigatiosshemes in the world. Firstly, it
provides an economically viable opportunity to farsin breaching the undesirable
wheat-maize crop rotation system often used. Ségoad shown in a recent study at
Vaalharts and Riet River Irrigations Schemes (Vamg$burget al., 2010), through its
well developed rooting system and apparently higikewuse it helps to control the level
of shallow water tables in these schemes and hanesent waterlogging. It is impossible
to sort out the water balance components undeloghalater table conditions, especially
transpiration when there is constant recharge efatater table from other water sources
than irrigation. A reliable transpiration efficigncoefficient (TEC) value is required so
that transpiration could be estimated from the meskbiomass. Such a coefficient will
enable the SWAMP and other models (Berabi@., 1998) to simulate the contribution of

lateral inflow towards transpiration under watdbléaconditions. The aim of this study
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was to quantify the transpiration efficiency andnsgpiration efficiency coefficient of

lucerne for different cutting periods during itsstigrowing season.

5.2 Materials and methods

The experiment was conducted at the lysimeterdestribed in Section 2.2.1. This unit
consists of 30 lysimeters whereof 15 of them dtedfiwith a sandy soil (Clovelly, Cv)
and the other 15 with a sandy loam soil (Bainsvar). Only 12 of the lysimeters,

namely six from the Cv soil and six from the Bviseere used for this experiment.

Figure 5.1 Lucerne under the movable shelter (36ng, 10 m wide and
4 m high), covering the lysimeter unit to prevére influence of rain.

The surfaces of all 12 lysimeters were covered wi80 mm thick dolerite gravel mulch
to restrict evaporation to the minimum during tigiretion. The experimental layout was
based on a split plot design with two soils (Bv &\ and six cutting periods (CP) for
lucerne, (CP1 = 188 -216 DAP, CP2 = 217 — 249 DBP3 = 250 — 277 DAP, CP4 =
278 — 307 DAP, CP5 = 308 — 340 DAP and CP6 = 3468 DAP). These cutting
periods represent the intervals between biomasglsaga (15 September, 15 October,
17 November, 15 December, 15 January, 16 Februaatyl& March) during the first
production season of 2008/2009.

Prior to planting a fertilizer mixture with a congon of 4:2:1 (28) was manually
broadcast at a rate of 600 kg'hmgether with 2000 kg Hasuperphosphate, resulting in
an application of 96 kg N Ha 258 kg P ha and 24 kg K ha The fertilizer was mixed
with the soil to 200 mm depth using a spade. Luedmar: SA Standard) was planted
manually at a rate of 20 kg h@n 13 March 2008 in a row width of 300 médter the
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plants established, the soil surface of all themgsers were covered with 50 mm thick
gravel mulch. This variety was also planted inmailgir manner adjacent to the lysimeter
unit on a 20 m x 20 m area for root sampling. Weedse manually controlled with
hand-hoes and there were no pests or diseaseg dharexperiment period in both the
lysimeter unit and field plot. Lucerne was irrightence a week with a sprinkler
irrigation system and was used specifically fortnmeasurements.

Measurements and calculations for obtaining theveatier balance components were the
same as described in Section 2.2.4.1 and therefoterepeated here. In this study
however the lysimeters were covered with gravelamuhnd hence evaporation was
assumed negligible as shown in Section 3.3.1. Ttarspiration (T) was calculated as
follows:

T=(AW)+1-D (5.1)

WhereAW is change in soil water content, |, irrigatiorddd, drainage.

The allowable depletion level, drained upper ligiXUL) and the lower limit (LL) of
plant-available water were obtained in a similay\aa described in Section 2.2.4.2.
Root samples for mass determination were manuallgated from the area adjacent to
the lysimeter unit at the same time when lucerns wa#. The procedure applied was
exactly as described in Section 2.2.4.3.

Above-ground biomass was determined when the lecesas 50% in flowering. Plants
on an area of 2.5 fnper lysimeter were cut at their base, oven drieg8B%C for 72 hours
and then weighed.

Weather data was extracted from the records oathematic weather station located at
Kenilworth research station. Calculations were dosig the relationship described in
Section 2.2.4.4.

For every cutting period the transpiration effidgn(TE, g n?) and transpiration
efficiency coefficient (TEC, g kPa nith of lucerne were calculated respectively with
Equation 2.7 and Equation 2.10 as described inid®de@.2.4.5. A calculation of both
variables was based only on above-ground biomasg#&sons given earlier. The vapour
pressure deficit values used in the calculatiom®B€ were 1.10, 1.18, 0.86, 0.96, 0.99
and 0.96 kPa for cutting periods 1 to 6, respelytive

Analysis of variance was conducted to establishiognt differences between soils and
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cutting periods using the GLM Procedure of SAS &yst(Local, XP_PRO) (SAS
Institute Inc., 1999).Variables such as above-gddoiomass, transpiration, transpiration
efficiency and transpiration efficiency coefficiemere statistically tested and Fisher’s
least significant difference (LSD) procedure foramg comparison was applied (Fisher,
1935).

5.3 Resultsand discussion

5.3.1 Impact of irrigation strategy on soil water regimes

Results on irrigation application (a) and soil watentent (b) are presented in Figure 5.2
for the Cv soil and in Figure 5.3 for the Bv sditigation through surface drip (IRsd)
amounted to a total of 79 mm per cutting periodath soils, i.e. one application per
week over four weeks. These fixed or main irrigatevents were supported by smaller
sub irrigations (IRs) to ensure that daily watemdad of the crop is met. The daily
amounts irrigated this way varied between 1.7 ar®l m over the season. This
approach resulted in a variable total irrigatidRgd + IRs) for cutting periods that ranged
from 168 mm in CP4 to 201 mm in CP2.

Another feature of the adopted irrigation approashthat it resulted in very low
fluctuation of soil water contents (SWCs) over thitting treatments for both soilgz
between 374 and 407 mm for the Cv soil and betwi8 and 460 mm for Bv soil.
Further analysis showed that the variation of tMéCS of the unsaturated and saturated
zones irrespective of soil type were both very low, <4% in the unsaturated zone and
<2% in the saturated zone. This phenomenon carttideuged to the irrigation methods
followed. The sub irrigation method influenced 8M/Cs of the saturated zone directly,
as it was recharged on a daily basis. This dadhaeging of the saturated zone indirectly
stabilized the SWCs of the unsaturated zone thraaghilary supply. Ehlerst al. (2003)
estimated that the capillary rise above the watbletis 659 mm in the Cv soil and 822
mm in the Bv soil. Hence, the observed variatiorthiea SWCs of the unsaturated zone
can be attributed towards the surface drip irr@gatnethod, which allowed the topsoil to
dry between the weekly irrigations. Overall, it daconcluded that the combined effect
of irrigation method and irrigation frequency iretliexperiment had led to very stable
SWC of the profiles.
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Figure 5.2 Soil water balance components during six cuttingogls of lucerne on the
Clovelly soil: (a) irrigation (IR), (b) soil waterontent (SWC), (c) transpiration rate (TR)
and (d) cumulative transpiration (CE} = surface drip; s = sub irrigation; uz = unsated zone;

sz = saturated zone; tp = total profile.
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Taken into account that the total soil water cotstemere never near the pre-selected
allowable depletion values of 233 mm per 1800 mntHe Cv soil and 313 mm per 1800
mm for the Bv soil, reveals that there was no agklant water stress during the season.
The risk of oxygen stress caused by poor manageoiethie water table levels can be
excluded in the experiment. Lal and Shukla (200%) Suryaet al. (2006) demonstrated
that water tables shallower than 500 mm result atewwogging that is restrictive to root
respirations. The stable water contents of theratd zone over the season in both soils,

confirm the effort made to control the water taBheels in the lysimeters.

5.3.2 Contribution of unsaturated and saturated zonesto transpiration

The daily (c) and cumulative (d) transpiration dgrieach of the six cutting periods are
plotted in Figure 5.2 for the Cv soil and in Fig&e& for Bv soil. Within the entire soil
profile (O - 1800 mm), transpiration over the augtiperiods ranged from 1.2 to 9.1 mm
day* for Cv soil and from 3.4 to 9 mm dafor the Bv soil. Cumulative transpiration was
from the unsaturated zone 56% and from the satlizatre 44% of the total transpiration
in the Cv profile and Bv profile. This phenomenande attributed to the irrigation
management strategy used which exploited both db&ng characteristics of the crop
and capillary forces of the soils.

Lucerne is renowned for its deep taproot systent phaliferates well over depth
(Metochis, 1979Gherardi and Rengel, 2003) as confirmed by the lsvgth density and
mass results of the six cuttings (Figure 5.4).hibidd be kept in mind that the rooting
pattern reflects on the plot adjacent to the lysenel herefore, root distribution in the
lysimeters was probably restricted to the unsatdratone (0 — 1200 mm), as it is
documented that roots do not grow within saturataaes under field conditions (Ehlers
et al., 2003). Converting the rooting density (mm rxh0®) data into total root length
per unit area (mm mA) indicates that the roots below 1200 mm depthridmurted only
28% towards the total root length (11 mm ®)nor 6% of the total root mass. Thus,

emphasizing the role of roots in the unsaturatedt 2o supplying water to the canopy.
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Figure 5.4 Root distributions expressed in (a) mm Hxh0?) or root length density
(RLD) and (b) in g nf, measured in a field plot adjacent to the lysimeteit. CP =
cutting period.

Doorenbos and Kassam (1979) also stated that leickas a deep rooting system
extending up to 3000 mm in deep soils and thatrthgimum root depth is reached after
the first year. They are of the opinion that thepccan draw water from a great soil depth
and little responses to irrigation have been shawtin groundwater tables at 2000 mm or
shallower. Estimations made with the capillary heigredictive equation of Ehlees al.
(2003) suggested that the capillary fringe reasteescal distances of 659 mm above the
water table in the Cv soil and 822 mm in the BW.sbhus, a large section of the
unsaturated zone (0 — 1200 mm), especially in thesBil could be supplied by
recharging of the water table. The effect was thatsurface drip irrigation supplied on
average 78 mm and the sub irrigation 106 mm ofctlop water demand per cutting

cycle.
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5.3.3 Effect of cutting periods
Analysis of variance revealed that the two soiltuenced neither biomass yields nor
any transpiration efficiency variables. Therefotee two soils were regarded as

replications for the purpose of comparing the sitting periods (Table 5.1).

5.3.3.1 Biomass production

Above-ground biomass yield decreased significafRly: 0.05) from 615 g thin CP1 to
413 g n? in CP6. Thus CP1 produced 20% and CP6 13% of dte¢ above-ground
biomass that amounted to 3064 &.nA similar trend was described Bynduezaet al.
(1999) who reported cumulative above-ground bionyassls of between 231 and 3@4
m? in Zaragoza, Spain. Contreras-Gowetaal. (2008) observein the Southern High
Plains, USA mean above-ground biomass yielflg¢03 and 406y m? per cutting for
2007 and 2008 seasons, respectively. Martinietllal. (1996) reported in Italy above-
ground biomass yields of 260 to 289m? per cutting. Doorenbos and Kassam (1979)
obtained 200 to 250 g frper cutting period of 25 to 30 days in Davis, @afia, USA.

The differences in above-ground biomass yieldshia study and other studies can be
attributedinter alia to environmental and experimental conditions th#iered. Another
contributing factor could be the kind of cultivasad. h general, annual yields of lucerne
decline with age of stand. This decline is accédeteby factors such as winter and
summer damage, pests and diseases, and mismanag€orégitoet al., 1994).

Root mass over the profile varied from 0.6 to 10# gbetween samplings (Figure 5.3b).
No particular trend was observed as for above-gtdninmass. However, the role and
function of lucerne roots have been explained bgn@&haw (1994) who stated that the
periods of storage and utilization of the carbolyelrroot reserves follow a cyclic
pattern. The percentage of total nonstructural aaybrate in the roots declines with the
initiation of growth after each cutting and increasas the re-growth approaches
flowering. The build up to the total root mass #grthe trend of non structural
carbohydrates reserves in the roots of lucernegiwisi used to produce new vegetative

growth and energy for many of the processes thatrogithin the plant.
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Table 5.1 Means of irrigation applications, above-groundniéss and transpiration
efficiencies per cutting periods.

Variable Cutting period LSD
CP1 CcP2 CP3 CP4 CP5 CP6
Surface drip (mm) 78.8 78.8 78.8 78.8 78.8 78.9 nd
Sub irrigation (mm) 100.3 121.9 103.0 89.6 114.] 1046 nd
Total irrigation (mm) 179.1 200.7 181.8 168.4] 193.9 183.4 d n

Above ground biomass (g 615" 56¢" 550 479 43¢ ud 76.70
Transpiration (mm) 175 21 178 187 1758° 17d° 9.20
TEags (g mi2mm?)” 35 | 271 | 318° | 267 251 2.37 053
TECyes (g kPa miit) 3.86 320 27 | 25F 250 2.2% 0.51

Means in any one column followed by the same Ilethee not significant at P = 0.05.
LSD = least significant difference

” TE & TEC based on above-ground biomass.

nd = not determined

The current experimental set up where lysimetersuaed for determining above-ground
biomass and a field plot for studying roots areidetl to capture the delicate exchange
of carbohydrates between roots and shoots duritigigiperiods. Therefore because of
the high coefficient of variation of total root nsaamongst samplings (22.8%) it was
decided not to calculate total biomass. Additionatbot growth and development are
influenced by many factors such as climatic condsi soil environment, plant species,
etc. (Gramshaw, 1994; Assednl., 1998; Xueet al., 2003).

5.3.3.2 Transpiration efficiency

The TE values for above-ground biomass decreaseu 3t51 g if mm™ in CP1 to 2.32

g m?mm* in CP6 (Table 5.1). This phenomenon is probabhahse of better growing
conditions in the beginning of the season and titertial to use stored carbohydrates in
the roots (Gramshaw, 1994). The average TE valee twe six cutting periods was 2.81
g m?mm™. This value is found to be within the range ofues reported by other authors.
For example Tow (1993) found that the TE of luceraeged in New South Wales,
Australia from 1.7 to 3.1 g foamm™. (Singhet al., 2007) observed in Central India TE

values of 0.9 to 2.5 g famm? for lucerne. Thus, TE values of lucerne can vary
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considerably during the season like in this studg also between growing cycles and
years as in other studies due to variation in vapoessure deficit and canopy structure.
Analysis of Tanner and Sinclair (1983) indicateattthe upper limit of transpiration
efficiency is genetically and environmentally detered with the environmental limit

being a function of the integrated vapour pressigfecits over the growing season.

5.3.3.3 Transpiration efficiency coefficient

As suggested by Tanner and Sinclair (1983), vapoessure deficit (VPD) values were
used in normalizing the weather and the resultififC Tvalues for different cutting
periods are summarized in Table 5.1. TEC valueedam above-ground biomass
revealed significance differences (P = 0.05) betwegtting periods. As in the case of
TE, TEC decreased from 3.86 g kPa thim CP1 to 2.22 g kPa nihin CP6.

Barnardet al. (1998) working on legumes (lucerne, soybean, learg and cowpea)
determined TEC values ranging from 2 to 2.5 g kiPa'mAlthough the mean TEC value
of the six cutting periods (2.84 g kPa fnis in the same category as that reported by
Barnardet al. (1998), the study showed clearly that TEC dedimgadually as the
growing season progressed. The reason for thisapiplies in the roots which can either
be a sink or source of carbohydrates. This asprdtimot be determined in the current

experiment due to facility constraints, but warsafiorther research.

5.4 Conclusions

This study on lucerne in lysimeters filled with andy Clovelly soil and a sandy loam
Bainsvlei soil entailed detailed measurements ef 4bil water balance to quantify the
efficiency of transpiration of the crop. It can bencluded that irrigation scheduling
played a significant role in creating optimum cdiwtis for the crop to thrive well
throughout the season. Lucerne grown in the lysmsealthough individually irrigated
could transpire optimally without any water or ogrwgstress which attests to the
effectiveness of irrigation scheduling. The unsatiesl and saturated zones contributed
56% and 44% respectively of the total transpiratroespective of soil. During the first
growing season lucerne’s transpiration efficienoy &anspiration efficiency coefficient

decreased over time. This is due to progressivelyel above-ground biomass
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production. No explanation could be given for whgre is disparity in terms of biomass
production as all cutting periods were treated #guihe mean transpiration efficiency
(2.81 g m? mm™ and transpiration efficiency coefficient (2.84 gakmm?) for the six
cutting periods compares well with values repoivgdresearchers elsewhere. Lucerne
grown under semi-arid conditions should be irridataore frequently with smaller
amounts of water to attain high transpiration é&fcies that coincide with high yields.
The transpiration efficiency coefficient obtained this study is consistent with values
reported for other £crops and can therefore be used in separatingoeagpiration
into its components. Further research is suggdstethrify the decline of above-ground

biomass production as the growing season progressed
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Chapter six

Summary, recommendations and further studies

6.1 Summary

As can be derived from the title of the thesis, ttheme or broader application of the
study is centered on the soil water balance wigham of improving water management
of field crops. The focus of this study, howeveaswn the determination of transpiration
efficiencies, specifically the transpiration eféacy coefficient (TEC). TEC is a very
important variable that relates to the efficienéyvater management to crop production.
It is defined as the ratio of seed or biomass yteldhe product of transpiration and
vapour pressure deficit. That's why it is of utmiogportance to measure these variables,
of which transpiration is the most difficult to @bt under field conditions. Transpiration
is often given as an integrated component of evapsporation (ET), the sum of
evaporation from the soil (E) and transpiratiomirthe plant (T) in soil water balance
studies:AS =1 + P — R — D - ET, wherAS is the change in soil water content, | is
irrigation, P is precipitation and D is drainageenide, the main aim of the experiments
conducted for this study was to partition ET irteodomponents of E and T.

There are indirect and direct methods available partitioning ET. Most researchers
resorted to the use of micro-lysimeters for meaguthe E component of ET. The
disadvantage of the method is its sensitivity tatigp variability, especially when the soll
is wet. Another method is the use of weighing lystiens where the crop is planted in a
large volume of soil (more than 1°jrand water losses can be controlled and measured
on a mass basis using load cells. However, the rdmadvantage is the high cost
associated with the equipment, installation andhteaiance of such systems.

In this study, the well established non-weighingiryeter unit of the University of the
Free State at Kenilworth near Bloemfontein was usedconducting experiments with
canola, wheat and lucerne (Table 6.1). It coversxgerimental area of 70 m x 35 m. In
the center of the area, 30 round plastic lysime{&r8 m diameter and 2 m deep) are
buried in the soil in two parallel rows of 15 eaefith their rims 50 mm above the

bordering soil surface. One row of lysimeters willsd with a sandy Clovelly Setlagole
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(Cv) soil and the other row with a sandy loam Beligis Amalia (Bv) soil. An
underground chamber (1.8 m wide, 2 m deep and 3nhg) allows access to the inner
walls of the lysimeters with an opening at the dmttof each lysimeter connected to a
manometer and a bucket used for recharging therwaltdes on a pre-selected level.
Each lysimeter is equipped with two neutron probeeas tubes. A movable shelter (30
m long, 10 m wide and 4 m high) is available toarothe lysimeter unit to prevent any
interference by rain. In this unit, changes in sadter contents were measured with the
renowned Campbell Pacific Neutron Water Meter iadtef load cells.

Irrespective of the use of weighing or non-weighiygimeters, the problem of separating
E from ET requires the minimizing or ultimately th@evention of E during the
evapotranspiration process. In most ET partitiorfialyl experiments, evaporation from
the soil is minimized by covering the exposed soifface with plastic sheets. The use of
plastic cover has a risk of interfering with gastenge between the soil-root system and
the atmosphere. Therefore, an alternative way sfricing E without impeding gas
exchange was introduced. The method involved thegphent of a 50 mm thick dolerite
gravel mulch (mesh size of 10 mm) on the surfacehef lysimeter with the aim of
evaluating the effectiveness of gravel mulch tosftcamulch in reducing evaporation.
The experiment reported in Chapter 3 revealed ¢kaporation from the gravel mulch
was only 3% higher than from the plastic mulchspective of soils. It was concluded
that the gravel mulch can replace the plastic sheetthe soil surface of the lysimeters
for studying the TEC of crops. Crop water use cewvgr mulched lysimeters, therefore,
represents transpiration.

Based on above findings, two experiments were ddtiethe aim of partitioning ET of
canola (Chapter 3) and wheat (Chapter 4) into @sponents using the soil water
balance. These experiments were based on a spjtvath two soils (Cv and Bv) and
two surface treatments which comprised of (i) a ebasoil for measuring
evapotranspiration and (ii) a 50 mm thick gravellechufor measuring transpiration.
Gravel mulch was applied after establishing the twops. The soil water balance
components measured were ET from the bare sunfaagrtent, T from the gravel mulch
treatment and E was derived by subtracting T froimEhe main results on ET, Eand T

of the experiments (canola 2007 and wheat 20072808) are summarized in Table 6.1.
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From these results it was clear that soils hadffezteon these variables, mainly because
of the careful management of irrigation. The petaga of evaporation in relation to total
evapotranspiration differed markedly amongst carid2?o of total ET which was 809
mm) and wheat (27% of total ET which was 639 mrwas similar for transpiration,
where canola transpired 718 mm or 88% of total B wheat 489 mm or 63% of total
ET. Thus, it is clear that the two crops shouldriamaged differently with respect to their
individual irrigation water demands.

The remaining part of the study centered on waser efficiency and specifically the
determination of the TEC of selected €ops (plants that form a pair of three carbon-

atom molecules during the first steps in £&ssimilation), namely canola, wheat and

lucerne. The experiments can be grouperd where the TEC values were determined for
growth periods (canola 2006, Chapter 2), as argiated value for the season (wheat
2007 and 2008, Chapter 4) and for individual cggiflucerne 2008/09, Chapter 5). Due
to the different aims, the experimental designgetbl somewhat. However, in all of
them the soil water balance was measured in lysisetvhere T was obtained from
gravel mulched ones. Details of the experimentgués and treatments are summarized
in Chapters 2, 4 and 5 for canola, wheat and leeasspectively. TEC can be expressed
either as grain (G) or seed (S) yield, above-grdoindhass yield (AGB, which includes
grain or seed plus all the remaining aerial pats) total biomass (TB, which includes all
above-ground parts plus roots). The results on T&Gvheat, canola and lucerne are
summarized in Table 6.1. TEC values for canoleed#l significantly amongst growth
periods but not between soils. Both T&g€ and TEGg increased from GP1 (84 — 98
DAP) to GP2 (98 — 112 DAP) and then decreased té GP6 — 140 DAP). The lower
values of TEC at GP4 were attributed to lower edficies associated with leaf
senescence and transpiration by either green postems. For growth periods, Tkée
varied between 3.82 and 4.95 g kPa mhile TEG fluctuated between 3.94 and 5.04
g kPa mrit. These values compared well with that of other cfops reported in
literature.

Comparing the mean TEC values for the two wheat®easuggested that TEC based on
grain yield was significantly affected by seasomsbably due to the impact of frost

during the early reproductive stage in 2008. Howeiteseems that weather is not of
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importance when TEC is based on above-ground biemsiase it was quite similar for
the two seasons. The mean TEQ.62 g kPa mm) and TEGgs (4.75 g kPa mif) for
the two seasons compare well to TEC's of otheerGps cultivated in semi-arid areas.
TEC values based on above-ground yield of luceewealed significance differences
(P = 0.05) between cutting periods. TEC decreaserh 3.86 g kPa mihin CP1
(188 — 216 DAP) to 2.22 g kPa riinn CP6 (341 — 368 DAP). Although the mean TEC
value of the six cutting periods (2.84 g kPa Miis in the same category as that reported
by other authors, the study showed clearly that Te€lined gradually as the growing
season progressed.

The experiments also provided additional infornmatigth respect to water management
in lysimeters and the contribution of water talitesards total transpiration.

Water management in lysimeters: An important fatiat can affect TEC determinations
is undesired plant water stress induced by podation management. Water stress in
plants can influence the TEC's of crops and fos tieiason it is of utmost importance that
the soil water contents are managed in such a hatyplants do not experience water
stress during any part of the growing season. Hetwe irrigation methods were
introduced to ensure that soil water content neveps below 50% of the plant-available
water level, also called the allowable depletiovele During the growing seasons, the
top-soil was irrigated with a surface drip systam ¢he water table was recharged with a
sub irrigation system. Both systems were manuaihtrolled and irrigation timing (not
amounts) was fixedyiz. weekly for surface drip and daily for sub irrigat Sub
irrigations were aimed at keeping the water tabke @onstant level of 1200 mm from the
surface. Managing of irrigations according to thpaaciples resulted in very stable soil
water contents in both soils. Water contents weeasured with a neutron soil water
meter in 300 mm depth intervals over the total iprpthree times a week. Evidence of
the stable water contents can be seen in the cwmeffi of variation (CV) of these
measurements for the total profile (PRO, mm/1800 )monsaturated zone (UZ,
mm/1200 mm) and saturated zone (SZ, mm/600 mmabieT6.1 for all experiments.

The results indicated that the soil water contezxen dropped below the allowable
depletion levels in any of the experiments (resatisshown here), neither did the water

table height induce any oxygen stress to cropsatstage. From these results it can be
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concluded that the irrigation approach was effeciiv preventing water stress and is

therefore recommendable for experiments using neigiving lysimeters.

Table 6.1 Means of soil water content (SWC), water use (WABter table contribution
(WTC), yields and transpiration efficiency coefénis (TEC) for canola, wheat and
lucerne for 2006 to 2009 respective seasons.

Canola Wheat Lucerne
2006 2007 2008/2009
Variable Growth period Cutting period
1 2 3 4 | Meap C 20071 2008 Meagn Qv 1 p B l b 6 Mgan |CV

PRQ 367 379 381 378 375 B 440 41f 411 411 ]0.0 |395 |386 | 379] 389 389 400] 3§9 2.0

SWC| Uz| 176] 184 187 18 183 B 200 20p 245 205 ]0.3 RO5 |205 | 205| 205] 204 205| 206 0.0

(mm)| SZ| 191 193 194 191 192 R 240 20Pp 2043 206 2.2 [190 |181]174) 184 18Q 195 184 4.2

ET 809 | 644 633 639 0

WU | E 91 172 167 170 0.p

(mm)| T | 53| 139 236 34p 19p 45 718 50y 470 489 (0.1 |88 [103 |88 | 94| 84] 89 | 89] 8

)| T | 42| 53| 55| 54 51 1 40 33 28 3] 2 46 41 K3 [39 |51 |43 |44 | 10

T

Yield |G/ 9 2593 913(Q1 487 7000 43

(gn?,|AGB| 251] 281] 297| 231 265 Fo 615| 568 550 479 43P 413 511 16

kgha') TB | 260 286] 302 236 27] 49 8245 211p6 23193 22195 7

TEC |G/ 2.3 0.9 1.6 | 571
(kP AGH 3.8 5q 42 3B 4p 13 40| 3.3 29 21 24 2B 29 11
mmY)| 78| 39| 5.0 43| 44 44 1p 5.2 4.3 4.4 |4

Contribution of water tables: The results showeat ghallow water tables contributed
significantly to total transpiration but the amasinaried between crops. In the 2006

canola experiment, the water table contributed 5if%otal transpiration during the
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reproductive stage with a CV of 12% over the forowgh periods. For the 2007 canola
experiment, the contribution was 40% of total tpration and 45% of total
evapotranspiration. In the case of the two whepesments (2007 and 2008), the mean
contribution from the water tables to total tramapon amounted to 31% and to total
evapotranspiration 44%. For lucerne, the water etabbntributed 44% of total

transpiration with a CV of 10% for six cutting paals, irrespective of soils.

6.2 Recommendations

» Non-weighing field lysimeters are useful tools &udying crop water relations,
provided that the soil water content can be acelyaheasured with instruments
such as the Campbell Pacific Neutron Water Metee dombination of the two
methods of irrigation; surface drip and sub irigai and the frequency of
application as used in this study are recommendethé determination of TEC
of crops in field lysimeters. The irrigation schédg approach ensured that the
crops had a water and oxygen stress free enviranmen

* The partitioning of a soil profile into unsaturatedd saturated zones is also
recommended to ascertain the contributions of idd&f zones towards T or ET.

* The results showed that plastic mulch can be regladgth gravel mulch (50 mm
thick and 10 mm mesh size) in TEC experiments whaseof utmost importance
to obtain transpiration. Gravel mulch is therefceommended for studies of this
nature.

» Effective mulching is crucial towards restrictingaporation in a crop field to
improve water use efficiency. More research on malg is recommended for
achieving effective water management in semi-agas

* Itis also recommended that for TEC values to bgrehter value that they are
guantified for the different growth stages of crops

» The TEC values estimated for canola, wheat andriecen this study are
consistent with reported values for othey €€ops in the semi-arid environment

and are therefore recommended for use in models.
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6.3 Further studies

Further studies should be undertaken in quantifyimg transpiration efficiency and
transpiration efficiency coefficient of otheg Crops like peas, oats, barley and some C
crops such as maize, sorghum and millets to preffenparative analysis fors@nd G
crops.

Physiological proof must also be found for the mgireanon that morphological changes
caused variations in TEC values during the reprodeistage of canola.

Effective, affordable and sustainable mulching make are important in semi-arid
environments and therefore warrant proper investiga It will be of scientific and
global importance to study the effect of climatamte on gand G species in semi-arid

areas.
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