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Abstract

ABSTRACT

Soil water content varies spatially and temporalty landscapes due to various
processes including water loss by evapotranspiratiel). When rainfall is not
sufficient to meet water demand caused by ET lofses crop fields, irrigation
becomes necessary to maintain sustainable cropugeidy. More efficient use of
water from rainfall and irrigation is required detfield scale through improved
irrigation scheduling to improve our understandaigrop response to water deficit

stress.

Most of the previous research in spatially vaealstop production has
focussed on variable rate fertilizer and chemigadliaation. The research reported
here is aimed at extending precision farming cotxefp precision water
management to ensure water is applied in the plitte, in the right amount, and at
the right time, to optimise production and effiatgn In order to determine the
feasibility and applicability of precision water nmagement, experiments were

undertaken to:

1. test and evaluate the performance of a load-cskkdanini-lysimeter inside a

glasshouse to determine evapotranspiration losgbswgh precision;

2. test the prospects of thermal sensing of crop plath a thermal infrared
camera (infrared thermography) to identify the tietsship between canopy
temperature and soil water including the physiaabibasis of crop water

deficit stress;

3. examine the spatial variability in soil water carttewith electrical
conductivity measurements with EM38 (based on tlhect®magnetic

induction technique).

Field and glass house experiments were conducitdcatton Gossypium
hirsutum L.) and wheat Triticum aestivum L.) crops using a self-mulching, black
vertosol soil. All experiments consisted of fourgation treatments (either based on
irrigation when soil water content was depleted tonown percent of plant available
water capacity (PAWC) or field capacity (FC). Aitperiments used a randomized
complete block design involving 3 to 5 replicatioofs each irrigation treatment.
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Irrigation treatments (T50, T60, T70 and T85) ie field were designed to allow
soil water depletion to 50%, 60%, 70% and 85% ef BAWC in the soil for both
wheat and cotton crop. Irrigation treatments usadtiie glasshouse experiment
included: T80 — 80% of FC, T70 — 70% of FC, T500%bof FC and T40 — 40% of
FC. Frequency of irrigation in all experiments edriover time to allow the soil
water deficit to develop as required for the irtiga treatments. Two field (2007-08,
2008-09) and one glasshouse (2008) experiments eogr@ucted for cotton, while
one field (2008) and a glasshouse experiment (28@8)conducted for wheat.

Measurements in all experiments included essentédther data (rainfall,
relative humidity, solar radiation, and maximum améhimum air temperature),
volume of irrigation and drainage (for glasshougg@eeiments only), soil water
content, yield and biomass of the crops. On salesteasions, thermal images were
taken with an NEC TH7800 infrared camera beford@mafter irrigation both in the
field and glasshouse experiments. Canopy temperatas derived from processing
of the thermal images. Leaf water potential wassuesd with a pressure chamber
and stomatal conductance of leaves measured wstkaaly state porometer at the
time of thermal imaging. All measurement positiomghe field were recorded with a
hand-held GPS. Images of wet (leaf covered witlemai both sides of the leaf) and
dry reference (leaf covered with petroleum jellgaves were taken for each
irrigation treatment at the time of image acquisitiof normal leaves. The
temperatures of normal, wet and dry reference eawgre used in the calculation of
crop water deficit indices such as ICWSI (Impro&op Water Stress Index) angl |
(Index relating to stomatal conductance). For theddf experiments, apparent
electrical conductivity (E¢ was measured on the same day as the other
measurements with the EM38 equipment in both \arénd horizontal modes on
the ground as well as 0.1 m and 0.4 m above thengtdSoil temperature within O-

25 cm depth was recorded with a resistance temperdetector (RTD) probe.

Results indicated the ability of thermal imagingdmnsistently distinguish
water deficit in crops for the most frequently gated treatments (i.e. T50 in the
field and T80 in the glasshouse) from the leasjUestly irrigated treatments (i.e.
T85 treatment in the field and T40 in the glasskuBue to the strong dependency
of canopy temperature on water relations of ledhs=d water potential and stomatal

conductance); it was possible to ascertain thenextiesoil water availability within



Abstract

the root zone of crops to maintain an optimum faason rate in leaves of the
studied crops. The relationship between crop waédicit indices (i.e. ICWSI and
Ig) and soil water within the root zone were alsolergal. Maps of spatial variations
in canopy temperature for the entire field matchedl with soil water maps. Due to
the close correspondence between soil water deifindt canopy temperature, these
maps are expected to be useful for precision tingaThe trends between thermal
data and other indicators (leaf water potentiaimsttal conductance and soil water)
suggest that thermography is a rapid and convemigptoach to detect crop water
deficit stress in the field, when soil water ddfitiay vary randomly due to existing

variation in soil and/or landscape properties aatewmanagement.

Measurement of EQwith EM38 equipment was also found to be useful in
assessing spatial distribution of soil water contemd water deficit stress in crop
fields. Since Egis a complex function of several variables inchgdiemperature,
absolute quantities of soil water can be prediatedrop fields with only moderate
accuracy, however wet and dry areas within thel fegn be easily identified. It is
clearly possible to incorporate information on ggatwariability in soil water
content/deficit in the field directly with EGnaps and/or with thermal imagery (as a
crop property affecting transpiration) to improve teffectiveness of irrigation by

irrigating spatially variable fields at a high pison.

With the mini-lysimeter system described in thisrkyoit is possible to
measure ET losses from crops at a resolution &70rm with a time interval of
approximately 10 min, which is ideal for studyingaial and temporal variability in
growth and performance of irrigated crops.

An irrigation strategy is considered effectivetifdoes not cause significant
yield reduction while allowing highest possible ematuse efficiency to be
maintained. Analysis of yield and ET data for cotend wheat indicates that both
crops should be irrigated when soil water contamletes to 60% of PAWC in the
field or 70% of FC in the glasshouse. Since soitewaontent and its spatial
distribution can be estimated in the field with rthal imagery or EM38
measurements, irrigation can be applied to mairgaihwater content above these

limits throughout the field.
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Chapter 1
INTRODUCTION
1.1 Background

Agricultural fields are usually managed on the badiaverage information about the
soil and crop (except for crops managed under gigatiagriculture). This requires
uniform application of all inputs despite some @egof heterogeneity in soil and
other landscape characteristics that may existimgus®me variation in growth and
yield. In regions where rainfall is inadequate oewen during the year, irrigation
becomes a necessity for high value crops requaptgmal management of the water
input. Evapotranspiration (ET) represents the mamrsumptive use of irrigation
and rainfall water in agricultural land (Burt et,&@005). There has been considerable
research to define ET for various crops to undedstae relationship between ET
and crop yield (DeTar 2008; Kirda et al., 1999;d€&r2000; Ko and Piccini, 2009;
Liu et al., 2002). Due to increased competitionviater, it is important to search for
new ways to conserve water or to use it more effity (Fereres and Soriano, 2007;
Hsiao et al., 2007). Irrigation scheduling is aniar level decision process which

includes when to irrigate and how much water tdyafpa crop field.

Irrigation scheduling is conventionally based eithon ‘soil water
measurement’ or on ‘soil water balance calculatioAspotential problem with all
soil-water based approaches is that many featdrége @lant’s physiology respond
directly to changes in water status of the plassues, whether in the roots or in
other tissues, rather than to changes in the hailkwsater content (Jones, 2004a).
The plant response to a given amount of soil mmstinberefore varies as a complex
function of evaporative demand. As a result it b@sn suggested (Jones, 1990a) that
greater precision in the application of irrigaticam potentially be obtained by a third

approach, the use of ‘plant stress sensing'.

Over decades of irrigation research (ldso et1#81; Yuan et al., 2004), a
number of stress indices have been proposed figation scheduling based on
indirect measures of water stress, such as camopyerature. Infrared thermometry
and thermography are based on the fact that vammtin temperature within a

typical canopy, as stomatal conductance changes|dwae expected to increase
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approaching stomatal closure (Fuchs, 1990). Caneypperature can be measured
rapidly with non-contact, infrared sensors thabwllcalculation of an index (e.g.
crop water stress index, CWSI, Idso et al., 19&l)ch indices measured using
infrared sensors appear to perform better in arctlsemiarid areas than humid areas
because of lack of discrimination between leaf atiter plant parts during the
measurement of reference temperature. Recent udbeahal imaging of crop
canopies with infrared cameras has overcome thdation of CWSI and has
demonstrated its full potential as a practical toolremote sensing of water deficit
in crop fields (Fuentes et al., 2004; Jones eR@DY2). Information on a crop’s water
status, which is required when planning irrigagpyograms, is best provided by crop
physiological indicators (Remorini and Massai, 200Bhermal imaging has the
potential to provide a more robust measure of ttop avater status along with

measurement of leaf water potential and stomatadwctance.

Spatial soil variability in the field can reducevesall efficiency of the
irrigation system. Any inefficiency with water apgtion can cause reductions in
yield and quality of the crop, and contribute tefficient use of fertilizer and other
inputs lowering overall water use efficiency (Saisdet al., 2000). Water use
efficiency is defined as crop yield per unit of eause (Sinclair et al., 1984). In
order to increase water use efficiency, thereneed to measure spatial variability in
farms and identify if it is associated with onenoore soil properties. Intensive soil
sampling is the most effective way to quantify gdatariability in a field (Havlin et
al., 1999), but it demands considerable effortetiamd cost. Therefore, there is a
need to develop methods that enable rapid measatemkspatial variability in soll
and/or crop properties.

As a rapid, non-invasive method, electromagneiiiction (EMI) technique
is commonly used to measure apparent electricalwiivity (EG) to complement
traditional soil surveys allowing extraction of anmation on spatial variation in soil
moisture and texture (Dalgaard et al., 2001; Eldedl., 2001; King and Dampney,
2000; Waine et al., 2000). Using the EMI methodwtite EM38 sensor, (Sudduth et
al., 1999) have demonstrated the usefulness ofteéblsnique for investigating soil
variability and using the information to practicariable management of soils with a
clay-pan. Use of EM38 early in the growing seaslows the data to be used to
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make a management decision about application aftsp@t a time when input rate

influences yield.

Main causes of crop yield variability in the fiedde due to nutrients, soil and
landscape factors (soil texture, structure, degalinity, organic matter, field slope
and aspect), water, weather and some other fagtieis as competition from weeds,
pesticide damage, inconsistent seed germinatiodging, and hail damage.
Although there are many factors that contributgaoation in yield, the single most
important factor is too much or too little water ¢Btide, 2003). Experience with
yield maps has convinced many researchers andufigrists that water availability

could be an important factor influencing spatialgipatterns in the field.

Spatially variable management of the crop allo@sowus agricultural inputs
to be applied at spatially variable rates to impretficiency of input use and reduce
environmental impacts. However, most of the previoesearch and commercial
developments in spatially variable crop productioave been concentrated on
variable rate fertilizer and chemical applicatiofoire-Neto et al., 2001). Thus it
makes sense to wuse precision farming concepts foigation water
management/scheduling (called ‘precision irrigdtiét), to ensure water is applied
in the right place, in the right amount, and atrigét time (Sanders et al., 2000), for
optimum production and efficiency. PI is still inet development stage and requires
a lot of experimental work to determine its fedgypiand applicability. Pl is also
sometimes referred to as “variable rate irrigatiqivRI1). Both Pl and VRI are
excitingly new aspects of site-specific farmingtttgjust beginning to be explored

and is still very much a research issue (Al-Karatisét al., 2002).
1.2 Research hypotheses

 Uneven crop water deficit can be detected in theldfiwith plant
physiological measurements such as leaf water pateand stomatal

conductance.

* Thermal sensing of stomatal closure to indicateewstress in crops can be
used as a plant based sensing method for irrigatibaduling.
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» Spatial variation in growth and yield of crop plknt a field at any given
time is a function of the nature and scale of spatriation that exists in the
field.

1.3 Obijectives

e Testing and evaluation of the performance of a -loeltbased lysimeter
system for measurement of daily and seasonal enzagspiration (ET) for
accurate estimate of water deficit in irrigatedpsranside a glasshouse.

» Evaluate the prospects of proximal thermal sensihgrop plants with a
thermal infrared camera (thermography) to identify relationship between
physiological aspects of crop water stress andvgatier availability.

» Identify spatial variability in crop water deficeitress and soil properties
under field conditions with the help of electromatyninduction technique.

* Quantify the impact of spatial variability in seilater deficit in the field on

crop response under a range of irrigation manageamions.

1.4 Outcomes of the study

» Strategies and recommendations for the implememtatf precision

irrigation on fields with spatially variable wateontent.

« Evaluation of tools and technology to obtain spatiformation on soil or

crop properties to assist irrigation decisions.

As a result of the adoption of the above outcorrids, expected that water
use efficiency will improve and risk of contamirwati of the ground water from

fertilizers and other agrochemicals will reduce.

1.5 Structure of the Thesis

This thesis contains seven chapters including itisoduction chapter. A brief

summary of each chapter is outlined below.

Chapter 1 gives a brief outline of the overall backgroundhts research, research
hypotheses and objectives. It also includes theoomes of the research project

followed by a brief overview of the structure oéttlissertation.
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In Chapter 2, a comprehensive literature review related to linead aims of
research is presented. This chapter includes d bvierview of techniques for
measuring evapotranspiration (ET), an introduction the use of infrared
thermography and thermal indices to identify cragdewr stress and the usefulness of
EM38 for the study of spatial variability in cropeltls. All these are essential for

improving the precision of irrigation scheduling.

In order to achieve objective 1, glasshouse exparisfor cotton and wheat crop
were conducted at the University of Southern Queeds Toowoomba, Australia.
Chapter 3 includes the details of the experimental desigduthe set up for a load
cell based mini-lysimeter system inside the glagshp management of crops and
irrigation treatment and procedures used for thkecton of data from these
experiments are explained. Sensitivity of the lydien and its performance in

estimating ET under various irrigation treatmemtd aerops are also discussed.

In addition to the glasshouse experiments desciibbé&thapter 3, field experiments
were conducted with cotton and wheat crops at thee@sland Primary Industries
and Fisheries (Department of Employment, Econoreietbpment and Innovation)
experimental station near Kingsthorpe to accompljective 2. These are
described in two separate chapters (Chapters 4patitht include the experimental
set up, crop and irrigation management in the feeld details of procedures used for
all measurement£hapters 4and 5 describe how thermal imaging can be used to
determine spatial variation in canopy temperatheg may exist within a crop field
when plants are exposed to varying irrigation treatts. A comparison between the
response of crops (cotton and wheat) to irrigatr@atments are examined. These
chapters also explore the relationship between patemperature and soil water
within the root zone. In addition, thermal indicéir relationships with soil water
within the root zone and implication to irrigatisnheduling of crops have been also
discussed in these chapters. Relative performahpkaot physiological parameters
(leaf water potential and stomatal conductanceuiantifying water deficit in plants
and their relationships with canopy temperatureatése described in these chapters.

The suitability of thermal imaging for irrigatioelseduling is also discussed.

The effects of variation in soil water and soil/@mperature on apparent electrical
conductivity of soil (EGQ measured with EM38 for both vertical and horizbnt

mode in the field is explained @hapter 6. Measurement of E{at various heights
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above the ground and the effect of height o &€ also discussed here along with a

brief description of mapping of E@ata for precision irrigation.

Finally, Chapter 7 presents a discussion of results from all previockapters to

derive specific conclusions from this research gubjwith recommendations for
future research in this area. Further informationspecific experimental results,
material data and other information not relevaneatly within a chapter is included

in theAppendices
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Chapter 2
REVIEW OF LITERATURE

The major driving force to develop effective irriga technology in many countries
around the globe is water scarcity. For countrigshsas Australia, which is one of
the driest continents on earth, improvement in dffeciency of crop water use is
essential (Fuentes, 2005). Therefore an understgmdiwater needs in agriculture is
critical for maintaining a stable production systand ensuring availability of water
in the future since agricultural irrigation accauor 65% of fresh water extracted
(Fig. 2.1, ABS, 2006). In this chapter, informati@nprovided on previous studies
which focused on principles, methods and technigisesl to increase the efficiency
of crop water use to help meet the research obgscstated in Chapter 1.

2.1 Crop Water Deficit and Irrigation scheduling

Mean global temperatures is expected to rise dwenext few decades, which will
increase evaporation and evapotranspiration ratesthe possibility of expansion of
arid regions. Thus water availability will be a malimitation to plant growth in the
future (Houghton et al., 2001). As a result, irtiga of crops will become an
increasingly common practiceEvapotranspiration (ET) represents the major
consumptive use of irrigation water and rainfall agricultural land (Burt et al.,
2005). ET from crop fields is an important factéfeating water deficit, growth and
yield of crop plants. Accurate estimation of ETarsimportant step to manage water
efficiently because it provides the information losses of water from the system
that is essential in maintaining productivity (Tyagjal., 2000). Inaccurate estimates
of ET can lead to poor assessment of water defi@top plants reducing our ability
to interpret variation in growth and yield of crofpst may lead to inefficient use of
water. Efficient use of irrigation water has becoveey important due to the lack of
adequate water resources combined with high codentifizers and other farm
expenses (De Azevedo et al., 2008). Thus, appteptianing and quantity of
irrigation-water application is vital for world agulture. Various methods used to
estimate water deficit and water use relating tigation scheduling of crop plants

are discussed below.
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Figure 2.1 Diagram showing percentages of water used by vargmctors in Australia
(ABS, 2006).

2.1.1 Estimation of evapotranspiration

Evapotranspiration is the combination of two sefgamocesses where water is lost
on the one hand from the soil surface by evaparaml on the other hand from the
crop by transpiration (Allen et al., 1998). Evapospiration (ET) is affected by
various factors such as weather parameters (datien, air temperature, humidity
and wind speed), crop factors (crop type, variety alevelopment stage) and
management and environmental conditions and oteors (ground cover, plant
density and soil water content). Therefore theee\arious methods of estimating
ET, such as hydrological approaches (e.g. soilm@kance and lysimeter methods),
micrometeorological methods (e.g. eddy covariaroergy balance or Bowen ratio
method and aerodynamic method) and plant physicdbgipproaches (e.g. whole-
plant enclosures or chambers and sap flow meth&kdBn( et al., 1998; Li et al.,
2008; Monteith and Unsworth, 1990). Eddy covariartbeory addresses the
turbulent transport of an entity in a body of flukbr the case of latent heat flux in

the atmosphere (Kizer et al., 1990):
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LE =pLwaq, (2.1)

where LE = instantaneous latent heat flux (Vf)np = instantaneous air density (kg
m3), L = instantaneous latent heat of vaporization vedter (J k&), w =
instantaneous vertical wind velocity (M)sand q = instantaneous specific humidity
(kg kg%). LE can be converted to water vapour flux by diing left hand side of
Eqgn. 2.1 by L and then evapotranspiration rategEstimated after dividing it with
the density of water. Eddy covariance method isthasn the assumption that the
instantaneous deviation of air density and latesat lof vaporization is zero and the
long term mean vertical wind velocity over a flamiform surface is also zero
(Baldocchi et al., 2000; Kizer et al., 1990; Le898; Massman et al., 2002). This
method requires accurate measurement of vapousyesand wind speed at
different levels above the surface limiting themagtical application (Allen et al.,
1998). Eddy covariance method is most applicabler dlat terrain, when the
environmental conditions are steady and when traenying vegetation extends
upwind for an extended distance (Baldocchi, 2088)wen ratio or energy balance
method has been also used to quantify crop ET sad indirect measuring method.
Bowen ratio technique was first proposed by Bow&s26) who defined Bowen-

ratio (3) as:
B = HAE =a(C,AT/AAE), (2.2)

where H is sensible heat flux (W AE is the latent heat flux (W ), a is the
ratio of the turbulent transfer coefficients fonsible heat and water vapour, i€
specific heat of air at constant pressure (3 RG?), AT is the air temperature
gradient (°C) between two heights above the susfacelatent heat of vaporization
(J kg*) andAe is the gradient of vapour pressure (kPa) ataheeswo heights as for

T under non-advective conditions. The surface gnealpnce can be expressed as:
Rin—G-AE-H=0, (2.3)

where R is the net irradiance (W ), G is soil heat flux (W i) and H and\.E are
as defined for Egn. 2.2. Using Eqgns. 2.2 and 2@ swiving forAE yields the

estimate of evaporation:

AE = (R, — G)/(1+B) (2.4)
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Net radiation (R) and soil heat fluxes (G) can be measured or astithfrom
climatic parameters. H requires accurate measurnsnuérthe temperature gradient
above the surface. As evaporation is determinedidiyg both Bowen ratio and
energy balance approach this method is termed age®oatio energy balance
method. Bowen-ratio energy balance method is afsad because of the simplicity
of data collection. This technique has increasedapularity because of the recent
improvements in portable data acquisition systemndi¢ld studies and accuracy and
precision of sensors (Prueger et al., 1997). HoweBewen ratio method makes
several critical assumptions which rely heavily thie precision of net radiation
measurement, and has limited application when dtie is —1.0. Surface renewal
(SR) method is another method for estimation of &R.method is simple in design
and is used for measuring sensible heat flux derisi} involving the use of fine
wire thermocouples to monitor high frequency terapge fluctuations (Paw U et
al., 1995). The SR method has the advantage timget@ture or wind speed profiles
and corrections for atmospheric stability are ueseary. However, the major
problem with the SR method is due to the need tibrede ana factor using an

independent measurement of H or LE (Snyder e2@03).

Lysimeter is another direct method commonly usadtlie measurement of
ET. A lysimeter is defined as a container or tailed with soil, with bare or
vegetated soil surface for determining the ET @f@wing crop or for evaporation
from bare soils. Lysimeters can be classified imo categories: non-weighing and
weighing lysimeters. In weighing lysimeters the rofpa of weight provides a direct
and accurate measurement of the change of soil rwetatent over time
(Aboukhaled et al., 1982). In case of non-weigHysimeters, changes in soil water
content can be determined by soil sampling or usimgtron probes. The weighing
lysimeter represents the best available technologydetermining water use by
plants as it gives additional information on sodter balance (Hatfield, 1990; Xu
and Chen, 2005). Weighing lysimeters have beconasmdard tools for ET
measurements (Howell et al., 1991; Prueger efi@@7; Young et al., 1997) within
the soil-plant-atmosphere research community bec#lusse can directly measure
evapotranspiration (Van Bavel, 1961). Lysimetera & further classified into
monolithic or reconstructed soil profile when comdad with weighing, weighable or

non-weighing and gravity or vacuum drainage lysere{Tolk et al., 2005). Direct

10
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weighing lysimeters often use load cells of thenbea button type to carry the total
load of the lysimeter as well as to indicate angnge in load (Evett et al., 2009).
With increase in availability and affordability ofodern computers and data loggers,
continuous monitoring of weighing lysimeters is ealr possibility (Marek et al.,
2006).

Measurements of ET with various approaches destrdbove has enabled
understanding of seasonal pattern of variation i f& various crops and the
relationships between ET and crop yield (Karaml.et2@07; Kirda et al., 1999; Ko
and Piccini, 2009). As water is a finite sourceilade for irrigation of agricultural
crops (due to increased competition from otheragsyitit is important to search for
new ways to conserve water or use it more effitye(fiereres and Soriano, 2007;
Hsiao et al., 2007). Despite the constraints aasetiwith the water economics (the
cost and availability of water), irrigation scheidgl remains as a farmer level
decision that includes when to irrigate and how Imwater to apply to a crop field.
Irrigation scheduling is conventionally based othen when the soil is sufficiently
dry (reaching a critically low value as a ‘soil watontent measurement’) or drawn
down from a full irrigation (depleted to a low swihter content based on ‘soil water
balance calculations’). A potential problem witt sbil-water based approaches is
that many features of the plant’'s physiology respdirectly to changes in water
status of the plant tissues (either in the rootarmther plant tissue), rather than to
changes in the bulk soil water content (Jones, 200%he actual tissue water
potential at any time therefore depends both onstilemoisture status and on the
rate of water flow through the plant and the cqroggling hydraulic flow resistances
between the bulk soil and the appropriate plarstués. Plant response to a given
amount of soil water therefore varies as a complexction of the evaporative
demand of the atmosphere. As a result, it has baggested (Jones, 1990a) that
greater precision in the application of irrigaticem potentially be obtained by a third
approach, the use of ‘plant stress sensing’ condpart the conventional approach

of ‘soil water sensing’.

2.1.2 Plant stress sensing with infrared thermography

The most established method for detecting crop matess remotely is through the
measurement of a crop’s surface temperature (Jacks®32). The correlation

11



Chapter 2

between surface temperature and water stress iro@ mant is based on the
assumption that as a crop transpires, the evapovater cools the leaves below the
surrounding air temperature. When crops are expgrg water shortage,
transpiration from the leaves decreases which peerd to reduce both stomatal
conductance and water potential of leaves. A dsereatranspiration can also cause
insufficient cooling of leaf surface which will uttately lead to an increase in leaf
temperature (Jackson et al., 1981). Although othetors (e.g. air temperature and
relative humidity) affect actual water stress leweh plant, leaf temperature is one
of the most important factors (Jackson, 1982). tPtamopy temperature has been
used as an indicator of water stress since thdahidy of infrared thermometers
(IRTs) that made this measurement possible witpbysically contacting the plant
(Ehrler et al., 1978). Fig. 2.2 shows that the v@awvgth range of 1.3-2.um
(including mid and thermal infrared) are not infieed by chlorophyll or cell
structure but are influenced by the amount of watesent in the plant leaf because
the reflection is very low at mid and thermal im&éd wavelengths. Healthy plants
which are actively taking up water, release thigewan vapour form into the air

through transpiration which cools the leaves ofaaip
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Figure 2. 2Typical response characteristics of green vegetdttier Hoffer, 1978)

Infrared thermometers have been considered idwathe measurement of

crop temperature as they are reliable and nondwwaalthough the operator must

12
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assume uniformity of soil water content and of pleemopy for large areas (Cohen
et al., 2005) because crop temperature is usuafigdon a few point measurements.
In order to map variability in water status of amgrat an adequate resolution, a
network of many infrared thermometers is requirévahs et al., 2000). The
technological advances in remote thermal imaginfgrothe potential for the
mapping of canopy temperature variability over ¢aggyeas (Jones and Schofield,
2008). Thermal imagery is a viable alternative tinp measurements with infrared
thermometers, since the canopy temperature of ti@ewfield can be measured at
once and a map of the plant water status distohuih the field can be produced
(Cohen et al., 2005). The term ‘thermography’ ihablves the process of obtaining
thermal images (Jones, 2004b) theoretically oveesorthe limitations of most
studies on infrared thermometry. It is only relativrecently that thermography has
become affordable in many laboratories with theetlgyment of a new generation of
uncooled focal plan array of microbolometers asntia¢ detectors (e.g. Liddiard,
2004) in handheld, infrared cameras giving a théresolution of better than 0.1 °C
(Jones and Leinonen, 2003). Microbolometers arealdapof measuring energy
associated with the incident electromagnetic ramhaat high sensitivity as a small
change in temperature causes change in electesigkance that can be detected with
these devices (Wang et al., 2004). It has alsoeldetp propose thermal sensing of
stomatal closure as an indicator of water defitiess as a plant-based sensing
method for irrigation scheduling (Leinonen et &006), although most irrigation

scheduling remains to be based on measuremenesénation of soil water deficit.

The advantages of infrared thermometry in studieglant temperature
measurements include: lack of the need to makeyaigdl contact with the plant,
simple automation of data collection and non-paietisurements that accommodate
inherent spatial variability (Mahan and Yeater, 00The potential advantage of
thermal imagery (or its equivalent infrared thermagdny) over point measurements
with infrared thermometers is the ability of theaige to cover a large number of
individual leaves and plants at one time. Infrafegfmometers have a finite angle of
view so that it is common for these to include lggokind noise arising from soil or
sky within the field of view in addition to plantwopy which can introduce some
bias (Jones and Leinonen, 2003). The recent dewelop and commercial

availability of portable thermal imagers has gneatkpanded the opportunities for
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analysis of the thermal properties of plant caneprerelation to the growth and

development of plants (Jones, 1999a). Althoughrtie of other environmental

factors (especially radiation and wind) on stomatatiductance remains unknown,
Jones (1999a) pointed out that the mean canopyeiatyse not only increases as
the stomata close, but, in a canopy composed aforaly oriented leaves, the

variance of observed leaf temperatures also ineseachese observations indicate
that, it may not be practical to use conventionflared thermometry to study the
frequency distribution of temperature for large fn@m of leaves due to lack of

sensitivity of the method, but should be replaceth whermography (Jones et al.,
2002).

Thermal imaging is potentially more capable tHagrinometery to provide a
more robust measure of the crop water status. dhalge thermal imagers and the
associated image analysis software have overconseahthe problems experienced
with infrared thermometers. Availability of equipniefor digital thermal imaging
provides a unique opportunity to develop instantasespatial canopy stress indices
for use in precision agriculture (Chaerle and van 8traten, 2000). Grant et al.
(2006) described experiments in which irrigatiorhestuling is determined by
different methods, one of these being thermal imgagilone and should be tested.
Earlier studies which have used infrared methodgrigation scheduling are able to
indicate stomatal closure or evaporation rate hey tgive no information on the
amount of soil water available or needed at thaeti(Jones, 2004b). Rigorous
testing of thermal imaging against more traditiophysiological techniques under
field conditions is still desirable for differengges of crops due to the variation in
stomatal sensitivity to water deficit (Grant et, #2006) and extent of stomatal

regulation of transpiration.

2.1.3 Thermal Indices

Major interest in the application of thermal segsia irrigation of crops in the field
was with the development of indices of crop watkess as a guiding tool for
irrigation scheduling. Estimation of crop watertstausing thermal indices has been
shown to be very robust (Idso et al.,, 1981; Jacksbral., 1981) and allowed
mapping of plant water status in the field. An intpat milestone in the
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development of methods for using canopy temperaini@mation in irrigation
scheduling was the stress degree day (SDD) indigxedieby Idso et al. (1977) as:

SDD = (Tc - Ta), (2.5)

where T and T, are midday canopy and air temperatures (°C) oni.d8ignificant
elevation of canopy temperature above air temperatuas considered as an
indication of stomatal closure and crop water strés alternative approach based
on the temperature difference between the expetaheanopy and a comparable
well-irrigated crop (Clawson and Blad, 1982; Fuehd Tanner, 1966) has been also
used as temperature stress day (TSD) (Gardner,€t941). However, both SDD
and TSD approaches have been found to be somewbatisfactory because the
magnitude of indices such as SDD varies as a fomaf climatic factors, especially
atmospheric humidity (Jones, 2004b). Crop wat@sstindex (CWSI) is considered
as a key step in the development of thermal sen&ingrrigation management
purposes as introduced by ldso and colleagues, (1&82; Idso et al., 1981; Jackson
et al., 1981) as it was able to account for théatian in atmospheric humidity. Idso
and colleagues showed that{Fpy- T) was linearly related to atmospheric vapour

pressure deficit for well-watered crops which ledhe definition of CWSI as:
CWSI=[(Te- Ta)m— (Tc - T/ [(Tc - Ta)us — (Tc - Ta)is]- (2.6)

In Eqn. 2.6, T = canopy temperature (°C), ¥ air temperature (°C). The subscripts
m, LB and UB refer to the (IT,) values for the measured, lower baseline (non-
water-stressed) and upper baseline (non-transpirgspectivelyBecause it was not
usually possible to have an actual, non-stressgul aljacent to any field, a standard
relationship between Inopy- Tair) @and vapour pressure deficit was developed for
each crop to represent the non-water-stresseditasklso’s CWSI has been found
to work reasonably well in dry climates but stithch significant limitations when
applied to humid and maritime climates and in emwinents with substantial
climatic variability (Hipps et al., 1985). In humadimates, vapour pressure deficit is
usually low, which decreases the absolute diffezedetween leaf and air
temperatures causing a decline in the sensitivityC8/SI. To overcome this
deficiency, substantial efforts have been direttennprove the sensitivity of water
stress indices for humid environments (Jones, 199G use of specific reference
surfaces within the study area is probably the rposterful method to improve the
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sensitivity of thermal detection of stomatal clasuAn implication of this approach
is that canopy temperature measurements are prolbaist made at the scale of
individual leaves. The use of local and simultarseoeference measurements is
facilitated greatly by the use of thermography &etps overcome any short term
variation of equilibrium temperature (Jones, 2004W)sing single leaf
measurements, Jones (1999b) defined a stress IAWSI that is analogous to

Idso’s crop water stress index as:

where Tear is average temperature of normal leaf measurdd avitinfrared camera
(°C), Taryis theaverage temperature of the leaf covered with patraljelly on both
sides (°C) and Jet is the average temperature of the leaf spraydd waiter on both
sides of the leaf (°C). Jones (1999b) proposedrabwadternative formulations of
indices based on combinations afad Twer and Ty. Of particular interest is the

index k given by:
lc = (Tary - Tieat) / (Tieat = Twet) = & Gs, (2.8)

in which a is an empirical coefficient that depends only oimdvspeed and to a
lesser extent on air temperature. As stomata ctbgeform of the index has been
shown to be more stable than its reciprocal ICW&tanise it relates linearly to

stomatal resistance (Jones, 1999hb).

2.2 ldentification of Spatial Variability

It is convenient to apply irrigation water to a grieeld by treating the whole field as
homogeneous even if the soil may not be homogenieote entire field. If some
degree of soil heterogeneity is present in thalfisbme part of the field would be
under irrigated while the other part would be owggated. If both under and over
irrigated areas produce the same amount of yiedsh e area which is under
irrigated will have higher water use efficiencyththe over irrigated area. There is a
need to quantify spatio-temporal variability in prgields within a field by robust
methods to explain within-field variations in phyai and chemical properties of
soil, considered as crucial elements of precisigncalture (Bullock and Bullock,
2000). The ability to delineate geo-referencedasreithin a field that display

similar behaviour with respect to crop yield poiahis difficult due to the complex
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combination of edaphic, anthropogenic, biologi@ad meteorological factors that

affect crop yield (Corwin and Lesch, 2005).

There are many causes for crop yield to vary withifield that may include
nutrients, soil and landscape factors (soil textsteucture, depth, salinity, organic
matter, field slope and aspect), water, weatherather factors such as competition
from weeds, pesticide damage, inconsistent seechigaion, lodging, and hail
damage. Although there are many factors that dmuteito variations in yield but the
single most important factor is too much or totiditvater (McBride, 2003). Climate
and water availability have been reported to benttagor factors influencing corn
production (Morgan et al., 2003). Paz et al. (198¥)1) also found water stress to
be one of the greatest limiting factors in the ¢ief soybeans. Soil properties which
affect availability of water to plants include watelding capacity, infiltration rate,
texture, structure, bulk density, organic mattesil slepth, and the presence of

restrictive soil layers.

Measurement of these properties is expensive iamel ¢onsuming since it
generally involves in-field characterization by ited soil scientist requiring
collection of soil samples from various depths kwétions in the field, followed by
laboratory analysis. Because of this, quantifyind physical characteristics at the
scale required for accurate mapping of within-figlttiations has been impractical
(Sudduth et al., 2001). Yield maps alone do novigethe information necessary to
differentiate edaphic (i.e. soil related), anthrggoic (e.g., compaction due to tillage
or harvesting equipment), biological (e.g. incideraf disease or pests etc.) and
meteorological (e.g. humidity, rainfall, wind etéactors affecting spatial patterns in
growth and yield of crops within a field. Furthemapyield-monitoring over space
and time has not been developed for all crops (@oand Lesch, 2005). Therefore
development of inexpensive methods for measuringtiap variability in soil
properties is of great interest. One of the moseme and promising approach in
quantifying spatial variability is to measure arsgate soil property that depends on
and/or correlates with other soil properties, sashmeasurement of apparent soil
electrical conductivity (Eg. Non invasive measurements of £€an provide
detailed spatial information relatively rapidly awtieaply about soil-related and
anthropogenic properties that influence crop yaeid its spatial pattern. It has been
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suggested that E@neasurements may be a viable alternative whed-ygnitoring

data are not available (Corwin et al., 2003).

2.2.1 Apparent soil electrical conductivity (EC,)

A transmitter located at one end of an electromagn@lectrical conductivity)
instrument induces circular eddy current loopsha $oil. The magnitude of these
loops is directly proportional to the conductivity the soil in the vicinity of that
loop. Each current loop generates a secondaryreheagnetic field which is
proportional to the value of the current flowingthim the loop. A fraction of the
secondary induced electromagnetic field from eambplis intercepted by the
receiver coil and the sum of these signals is dmagliand formed into an output
voltage which is linearly related to depth-weightedil EG, (Rhoades, 1992).
Apparent soil electrical conductivity (EChas become one of the most frequently
measured soil property to characterize field valitgbalthough it has little direct
effects on crop growth and yield. Variation in H@&as been found to be correlated
with variation in several soil properties whichetitly affect crop productivity. In
general, Egcan be affected by a number of different soil prtips, including soil
water content (Kachanoski et al., 1988; Kachaneshkil., 1990), soil organic matter
(Banton et al., 1997), drainage conditions (Kravdee et al., 2002), salinity
(Williams and Hoey, 1987), soil texture (Bantonaét 1997; Williams and Hoey,
1987) and depth to claypan horizons (Doolittle let 994; Kitchen et al., 1999).
During an evaluation of ECto delineate a number of physical, chemical and
biological properties of soil related to yield aecdological potential, Johnson et al.
(2001) found E@ to be useful for separating distinct zones of eddht soil
conditions. As many of these factors relate diyeotl indirectly to crop yield, EC
measurements can be used for some soils as aaterrngasure of soil chemical and
physical properties therefore reducing cost (Hakset al., 2001). It is important to
understand the basic theories and principles qf B€asurement to appreciate their
application in characterizing soil spatial varidilfor site-specific soil and crop

management.

The electrical conductivity model suggested by &les et al. (1989)
indicates that ECmeasurement is a function of soil physical andrhal properties

such as soil salinity, saturation percentage, swisture content and soil bulk
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density. Since soil bulk density and saturatiorceetage are closely associated with
the soil texture and soil moisture, E@easurements in non-saline soils could be
primarily be used as indicators of soil texture arater content (Corwin and Lesch,
2003). Both soil texture and water content of sw# the primary driving factors
which affect soil water availability to crops. Besa soil water is one of the
essential factors affecting variation in yield, £F@aps can often exhibit similar
spatial pattern variation as yield maps. Thereftre,focus on spatial measurement
of EC, has increased as a potential measurement toaptaie spatial variability in
crop production. Although ground-truth soil samglis needed in conjunction with
EC, measurements, Edirected soil sampling can reduce the number oipdas to
the minimum necessary to describe spatial vartgbilithe field (Corwin and Lesch,
2003; Lesch, 2005). Thus, EGas become one of the most reliable and frequently
used measurements to characterize field variabibty application to precision
agriculture due to its ease of measurement anabikty (Corwin and Lesch, 2003;
Rhoades et al., 1999a, 1999b). There are two pyimathods of measuring EGhe
direct or contact method and a non contact metlhad wtilizes electromagnetic
induction (EMI). Contact methods use voltage betwelectrodes in contact with the
soil to directly measure the resistance of the &oilhe resulting current to derive

EC, as the reciprocal of electrical resistance.

2.2.2 Electromagnetic Induction (EMI)

Continuous proximal sensing, commonly referred soetectromagnetic induction
sensing (EMI) of the apparent electrical conduttiaf soil (EG), together with the
measurement position with a precise global posigprsystem (GPS) has enabled
accurate mapping of within-field soil variabiliti?lant, 2001). EMI is a non-invasive
technique that measures soil Hfy inducing an electrical field at the ground leve
The principle of electromagnetic induction usedneasure ECis shown in Fig. 2.3.
Kachanoski et al. (1988) found that the spatialateom of soil water content in the
top 0.5 m measured by time domain reflectometr2atites in a 1.8 ha field in
Canada was highly correlated with EMI readings. dyeand Scanlon (2003)
indicated a similar success with EMI during a dethievaluation of spatial and
temporal variability in water content (in the upfded m of the soil). These studies
show that EMI could be a useful technique in soiveying by locating boundaries
between soil types more easily and accuratelyeatity distinct management zones
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within a field. These data could be also integratgith the sequential analysis of
yield map to hydrologically manage different areaa field prone to either drought

or water logging (King and Dampney, 2000; King let2001).

Pathways of Electrical Conductance
Soil Cross Section

=y =, <3 :{‘- 7o

Solid it Liquid Kby

Figure 2. 3Three conductance pathways for the, Bi@asurement (Modified from Rhoades
et al., 1989).

EMI technique is currently available as commdreguipment to measure
EC, directly during tillage with two soil cutting discas Veris System (Veris
Technologies, Salina, Kansas, USA), or indirec8ing a non contact EMI probe as
EM38 (Geonics Limited, Mississauga, Ontario, Cafa8ace Veris is restricted to
tillage operation, EM38 is better suited to theexpents described in the later part
of this thesis. Thus, more detailed information the range of application and

sensitivity of EM38 have been sought and discubsséaiv.

2.2.3 EM38

The EM38 instrument uses a spacing of 1 m betweganamitting coil located at
one end of the instrument and a receiver coil & tther end using an
electromagnetic signal frequency of 14.6 kHz. EM38 be operated in one of the
two measurement modes. The vertical dipole modeviges an effective
measurement depth of 1.5 m and the horizontal dipubde provides an effective

measurement depth of 0.75 m (Sudduth et al., 2EM8 has considerably greater
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application for agricultural purposes because #yetld of measurement corresponds
roughly with the root zone of most agricultural gso(i.e., 1.5 m), when the
instrument is placed in the vertical coil configuwa (Corwin and Lesch, 2005).
Sensitivity of the equipment in the vertical dipaleode is relatively low, but
increases with depth, with maximum sensitivity Bbat 40 cm depth below the
instrument (Fig. 2.4). In the horizontal dipole repthe sensitivity is at maximum at
the soil surface and decreases exponentially wapthd (McKenzie et al., 1989;
McNeil, 1992). Measurement of E@ith an EM38 provides the average response
within an area that is approximately equal to treasurement depth. The principle
of operation of EM38 probe is shown in Fig. 2.5eTihstrument’s response to soll

conductivity varies as a nonlinear function of dept

Relative Response

1.0 15 2.0
| T L____l——'"]

Vertical Response

d(Z) = (4Z)(422+1)32

- — = Horizontal Response
du(z)=2 - (4z)(422+1)'2

Distance Below Sensor (m)

Figure 2. 4 Relative response of EM38 as a function of distafackpted from McNeill,
1992)

Equipment similar to EM38 has been also used tectispatial variability of
salt and clay contents (e.g. Geonics EM 34/3 a@etaignetic conductivity meter by
Williams and Hoey, 1987). Soil water content hasrbeeported to be the single
most important of the four commonly cited factonfiuencing ECa (soluble salts,
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clay content and mineralogy, soil water content smitltemperature) in determining
EC, (Brevik and Fenton, 2002).

Control panel Carrying handels

R, Receiver

H Reinforced
magnetic ield
H +H,

RO — .,.-i:
T R I: Induced secondary

i ]
H_ Primary magnetic ficld

magnetic field Current loops in the

ground created by H
LR

Figure 2. 5Diagram of EM38 meter showing the principle of giem (Lesch et al., 2005).

In a 1.8 ha field near Brantford (Ontario, Canadaghanoski et al. (1988)
found spatial variation in soil water stored withine top 0.5 m to be highly
correlated with the spatial variation in bulk selectrical conductivity measured
with EMI meters (i.e. EM38 and EM31). In anothardst 50 km west of Saskatoon
(Saskatchewan, Canada) Kachanoski et al. (199@)dfthat the bulk soil electrical
conductivity could explain more than 80% of theia@on in soil water storage in
the top 1.7 m of a moderately fine-textured, motidyacalcareous soil along a 660
m transect. Sheets and Hendrickx (1995) conductstndar study that used 65
neutron probe access tubes at 30 m intervals amdpa®d water content
measurements with ECeadings using EM31 equipment along a 1950 m é&ciria
New Mexico for 16 monthly measurements. They fo@d@o of variation in soil
water content to be explained by F€adings that was lower than the value reported
by Kachanoski et al. (1988, 1990). Reduced perfacaaf EM31 could be due to
deeper penetration of the transmitted signal byB&1 meter (4 m) relative to the
depth of water content monitoring (1.5 m) and gealistance between the EC
measurements and water content measurements withetlitron probe (~ 10 m).
Reedy and Scanlon (2003) evaluated the water coptedictive ability of EMI
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measurements in the top 1.5 m of an engineeredebawil profile designed as a
prototype for waste containment. They monitoredewabntent in the top 1.5 m with
a neutron probe as well as a Geonics EM38 bulkededtrical conductivity meter.
They found a simple linear regression model todexjaate in predicting the average
volumetric soil water content within the profile aty location at any time (with a
coefficient of determination, = 0.80) and even for in predicting spatially agem
volumetric water content over the entire area gttame (R = 0.99). It may be noted
that the coefficient of determination for a regressindicates how well the
regression equation is able to account for theabdiy in the data set used for

regression.

EM38 has been also found useful for investigasog variability and its
application to variable management of clay-panss@udduth et al., 1999). Lesch
et al. (2005)’s study demonstrated the use of EBLB&ey for precise mapping of
soil texture under non-saline conditions and tocigedy locate the positions of
buried tile drainage lines in the field. Kitchen &. (2005) concluded that
productivity zones can now be delineated by meagUeG, and elevation data with
EM38 and real time kinematic GPS, respectively uthe good agreement between
EM38 data and productivity zones delineated fromldyimap data. Similar good
results have been obtained in characterizing dpatréability of soil properties and
delineation of soil management zones for site $pethanagement of potato
(Cambouris et al., 2006). These studies demonsthateEM38 can be used in a
number of ways, e.g. in reconnaissance mode taceedost of soil sampling, to re-
define boundaries of sparsely sampled co-regiorath dand as a surrogate
measurement for soil properties which are ofteneagwe and time-consuming to

measure.

2.3 Summary

In this chapter, the principles of various methads techniques to measure and/or
estimate evapotranspiration were discussed forptmpose of quantifying water
deficit in a crop field to assist irrigation schédg. Since evapotranspiration (ET)
combines evaporation from soil surface and traasipm from plant surfaces
(essentially leaves), it represents the greateash fof all losses of the applied
irrigation water to a crop field. Weighing lysimetehave been considered in this

work (in later chapters of this thesis) as a dimudl potentially the most accurate
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method to measure ET and to determine crop waterUse reviewed literature in
this chapter suggests that infrared thermograpldcoe useful for early detection
of water deficit in crop plants to assist decisiams timing of irrigation. The
application of this technique in detecting spatatiability of crop water deficit in
the field will be shown in a later chapter of thigsis. The capability of the EM38 as
a non-invasive tool to characterise spatial valitghin the field has been discussed
in this chapter as background information to suppdM38 measurements described
in a later chapter of this thesis to test the ¢$memtgi of this technique and its
usefulness to determine spatial variability in sedter content to develop precise

and effective methods of irrigation scheduling.
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Chapter 3

DESIGN AND PERFORMANCE EVALUATION

OF A MINI-LYSIMETER SYSTEM TO MEASURE

EVAPOTRANSPIRATION OF GLASSHOUSE-
GROWN PLANTS

3.1 Introduction

Evapotranspiration (ET) is an important hydrologipeocess that influences the
availability of water for functioning of all vegdian on natural landscapes. It also
represents the major consumptive use of irrigatvater and rainfall on agricultural
land (Burt et al., 2005). There has been considenasearch in the past decade to
define ET for various crops to establish the relathip between ET and crop yield
(DeTar 2008; Karam et al., 2007; Kirda et al., 1;988da 2000; Ko and Piccini,
2009; Liu et al., 2002). Due to the world-wide ghge of water in some regions and
competition for water from other sectors, theramsimpetus to find new ways to
conserve water or use it more efficiently (Fereaad Soriano, 2007; Hsiao et al.,
2007). Irrigation scheduling is a farmer level d&mn that requires information on
crop ET in order to decide when to irrigate and houch water to apply to a crop
field.

A lysimeter is essentially a container or tankanich plants are grown that
allows various input and output components of thikveater balance to be measured
directly. ET is an important component of the sawter balance that can be
measured directly with lysimeters when other inpatl output terms of the soil
water balance are known. Since ET can be measa¥draestimated in a number of
ways, most research on crop water use tend to foousysimeters so that ET
measured with other methods can be compared (espktérab et al., 1994).
Lysimeters allow determination of ET by direct waigg and since 1970s; it has
involved the use of load cells to determine toyalrheter mass with an accuracy of
0.05 mm of water (Malone et al., 1999).

All load-cell based lysimeters require calibratiand frequent calibration

may lead to excessive workload, although a sendélel of quality control is
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warranted (Malone et al., 1999). In previous stsidibe need for testing load cells
for linearity, repeatability, thermal shift and epehave been considered as important
component of measuring the performance of lysirseflartin et al., 2001). Since
data loggers and multiplexers are often involvethwhe collection of lysimetric
data, these can affect the accuracy and resolutiblysimeters (Evett et al., 2009).
Therefore experiments were carried out inside thessppouse for testing and
evaluation of the performance of a load-cell bas&ui- lysimeter system for long-
term monitoring of evapotranspiration in controlledvironmental conditions (i.e.

glasshouse).

3.2 Materials and Methods

3.2.1 Measurements

An aluminium frame with adjustable feet (Fig. 3wlds constructed in a mechanical
workshop to mount 12 load cells (Fig. 3.2), arrahge a 43 grid. A circular
aluminium plate (Fig. 3.1) was attached to eacl logl that allowed experimental
pots filled with soil to be placed over it for maming of pot weights at short time

intervals.

Plates to
support
pots

Load cell
cables

Adjustable
foot

Aluminium
frame

Figure 3. 1 A mini-lysimeter system consisting of an aluminifimame fitted with 12 load
cells (each located under a circular aluminiume)latrranged in ax8 grid to represent 12
weighing lysimeters.
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For the mini-lysimeter system, aluminium, singl@ir, load cells (Model
PT2000, PT Limited, Australia) of 20 kg capacityttwan expected resolution of 0.1
g were used (Fig. 3.2). Specification for a typit@hd cell from its calibration
certificate is given in Table 3.1 with the indicati of parameters which varied

slightly with each load cell.

Load cell Wheatstone Strain Position to
cables bridge gauge attach plates

Figure 3. 2Samples of load cells used for the min-lysimeysiem.

Table 3. 1Specification of a typical load cell used for thinirlysimeter system. Parameters
shown with an asterisk varied between load cells.

Parameters Value
Capacity (kg) 20 kg
Serial Number* 3184042
mV/V* 1.982

Full scale output (mV/V)* 1.982
Zero load output (mV/V)* -0.825
Non repeatability (% FS) <0.015
Non linearity (% FS) <0.025
Creep (% FS in 30 min) <0.05
Combined error (% FS) <0.03
Recommended excitation (V) 10
Operating temperaturéQ) -30to 70
Thermal zero TC (%FSC) <0.01
Thermal span TC (%F3Z) <0.003
Input resistance (Ohm)* 426.97
Output resistance (Ohm) 352.2

Insulation resistance (MOhm @50 V) > 5000
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Each load cell had 4 holes: 2 holes at the botiagh another 2 holes at the
top situated at the opposite ends of the load Tek holes at the bottom of a load
cell were used to mount the load cell on the aliwnmframe. A circular aluminium
plate (20.5 cm in diameter) was fixed to the topeath load cell through the two
holes at the top. PVC pots (with a drainage distherneath) could be placed over a
designated load cell (Fig. 3.3) so that any varatn pot weight could be monitored

over time.

4 R —
f i 2L

Figure 3. 3An irrigation experiment with wheat in the glasske consisting of 4 irrigation
treatments arranged in a randomised block desidpe ffont four pots represents one
replicate (block) of four irrigation treatments athg front three rows of pots represent the
mini-lysimeter system used.

The Wheatstone bridge of each load cell had glesishielded cable that
enclosed four individually insulated signal cableslour coded to represent
excitation voltage (+ve with red and —ve with blpekd signal voltage (+ve with
green and —ve with white). The cable from each loall was connected to a
differential channel of an AM16/32B analogue relayltiplexer (Campbell
Scientific, Townsville, Australia). Each differeati channel represented two
consecutive odd and even, single ended channdlsdhfd be switched to high (H)

and low (L) with a programmable delay period tovyide excitation voltage to the
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load cell and collect signal data from the load. &sfter connecting all 12 load cells
to the multiplexer, the multiplexer was connected @ CR1000 data logger
(Campbell Scientific, Townsville, Australia). Theatd logger and multiplexer
connections are shown in Fig. 3.4. The CR1000 tager consists of a 16-bit
microcontroller with 32-bit internal CPU architexduthat allows 13-bit analogue to
digital conversions with a single DAC (Digital tonAlogue Converter) for both
signal excitation and measurements essentially knasvratio-metric measurements
of signal. Power to the data logger was suppliechfa deep cycle, 12 V battery. A
replacement battery was used when the batterygeldaopped below 12 V. Typical
excitation voltage supplied to each load cell was@ mV to make a full bridge
measurement. On most occasions, output signal fhendata logger was sampled
every minute and then averaged over 10 min. Siyoal the twelve load cells were
sampled with a one-second delay due to the udeeaktay multiplexer with a single

data logger.

Figure 3. 4 The connections between relay multiplexer (on) lefth the data logger (on

right) shown for the mini-lysimeter system.
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3.2.2 Sensitivity of lysimeters to operating environment

Collection of long-term data from load-cell basgdirheters requires consideration
of the adequacy of the data logging system to rasird consistent performance. It
has been noted that when CR1000 data logger isinsedridge measurement that
involves switched voltage excitation, it requiresedtling time for the signal to reach
its stable value. Sample load cells were subjesketting times within the range of
100-2000us to determine appropriate settling time that cduédused for signal
sampling. During testing for settling time, eachnsil measurement was repeated 10
times at the selected settling time. The relay mpleiter used with our lysimeter
system can also induce a voltage drop that mayceethe excitation voltage at the
Wheatstone bridge of the load cell. In order ta tiegoltage drop has any effect on
signal an additional AM16/32A multiplexer was ugedbypass the signal relaying
multiplexer to provide power for signal excitatiorhis setting was used to compare
signal measurements with and without excitation pensation. For this
measurement, unloaded load cells were used foralsigollection at 1-minute
interval and signal was averaged over a periodrairt For a given load cell, 4-min
average signal was collected 14-15 times by extgnthe signal collection period
tol h.

Sensitivity of load cell to variation in tempereguwas evaluated over a
period of 1 week to capture the range of tempeeatariation expected within the
glasshouse. Since all components of the mini-lygmsgystem including load cells
were aluminium, there was a possibility of paréxiposure of aluminium plates
(with or without significant load) affecting signsilability. Thus, an experiment was
conducted by randomly selecting four lysimeters rgglicates) to allocate three

treatments to determine temperature sensitivityometers (Table 3.2).

Table 3. 2Treatments used for evaluation of temperaturectsffen the performance of load
cells. Lysimeter plates used for testing are shbwplate nos. 1...12.

Treatments Plates used for testing  Load (kg)
Zero load + zero shade P2, P4, P5, P11 0

Small load + full shade P1, P7, P10, P12 0.1
Large load + full shade P3, P6, P8, P9 7.4

Variation in air temperature during the experinaémngeriod was measured

within a distance of 2 m from the lysimeter systesing a HMP50-L Vaisala
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Humitter temperature and relative humidity probart@bell Scientific, Townsuville,
Australia) mounted within a radiation shield. THéets of hysteresis in load-cell
based lysimeters can arise if signal at a gived teviates significantly from its true
value when the load cell is subjected to increasingecreasing load. To test any
effect of hysteresis, five load cells were selegetiomly to measure the variation
in signal to loading and unloading conditions. Hyssis tests were conducted for a

set of six loads (including a zero load) in thegawf 0-15.7 kg.
3.2.3 Calibration of lysimeters

The signal measured with a load-cell based lysinretguires calibration in order to
convert signal (mV V) data into actual load or weight. Here weightsediinstead
of mass because load cells need to be subjectaxweto cause a variation in load
cell signal. Before placing any experimental potsrathe load cell plates, all load
cells were calibrated using a set of four loadsl@iding a zero load) within the range
of 0-8.5 kg. Later the calibration was expandethttude a wider range of loads (0-
14.9 kg) to combine with the data used for sengytiests of load cells to hysteresis.
During calibration of lysimeters, the weight of ttesired load was first measured
with a pre-calibrated electronic platform balané&® kg capacity (£ 0.01 g). For a
given load, the load cell signal (mV™ was captured at 1 min intervals over a
period of 5-10 min. Then the signals were averageer 5-10 min and plotted
against load (g).

3.2.4 Analysisof calibration data

The deflection behaviour of a proving ring as usedclassical mechanics is
analogous to the stretching behaviour of a straigg under load within the elastic
range of deflection or deformation. The spring ifoicase of a load cell the strain
gauge) has a stiffness constant that relates tbribar deflection behaviour under a
set of loads (Fig. 3.5). Bis considered as the measured signal (in iy When the
load cell is under a given loaw/( g) andS, the signal (mV V) at zero weight\/ =

0 g), then

S=S + WK, (3.1)
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where k = stiffness constant of the load cell (mV §%). Rearrangement of the

terms in Eq. (3.1) gives

W=k (SS) (3.2)

When a load cell is subject to zero load, includimg situation when a plate is fixed
to the load cellW =W, = 0 andS = &. Similarly, at a maximum loadV = Winax and

S = Snax

The stiffness coefficient (k, mV Vg?) is the slope of the line joining the points
(Wo, S) and Vmax Snay). Thus,

k - max = Smax - SO (33)

becausé\, = 0 g.

This is the basis of a 2-point calibration of adocell that can be used to
determine k for prediction of weight\f, g) within the range oW and Wmay for
unknown measured signal within the rang&aindSyax Although statistical fit of a
linear relationship betwee® and W is usually good and has a coefficient of
determination for the regressiorf R 1, the fitted line describes a load-cell resgons
to minimise the deviation (measured weight — edmhaweight) at each
measurement point. This deviation can be manipdiltdesome degree if it is not
within acceptable limits of predicted weight.

S(mvVv V1

v

W(g)

Figure 3. 5Linear behaviour of signag( from a load cell as a function of increased load.
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3.2.5 Experimental set up for lysimeter evaluation

Glasshouse experiments for whedtificum aestivum L.) and cotton Gossypium
hirsutum L.) crops were conducted in a glasshouse of thevédsity of Southern
Queensland, Toowoomba, Australia using the soihftbe top 15 cm depth of an
experimental field at Kingsthorpe research sta(ipn°30'44"S, 151°46'55"E, and
431 m elevation) of the Queensland Primary Indestand Fisheries (now referred
to as Department of Employment, Economic develograad Innovation). The soil
at this experimental site was a haplic, self-mulghiblack vertosol (Isbell, 1996).
This soil is a medium to heavy, cracking clay sath 76% clay, 14% silt and 10%
sand in the surface horizons. The organic carbareot of the soil was 1.3%, pH
7.2, EC 0.35 dS thand CEC 86 cmglkg™ (Foley & Harris, 2007; Ghadiri et al.,
1999). Field bulk density of this soil was 1200rkg.

Sufficient soil (approx. 360 kg) was collectednfrghe top 15 cm depth of
the experimental site when the ground was moderaligl and then transported to
the laboratory. Large aggregates were broken by bad stones and other organic
debris were removed. Then the soil was sieved teatoaggregates of <9.5 mm
size. Soil retained over the sieve was further &nottown with a wooden hammer to
increase extraction of soil of <9.5 mm size. Afsgeving, the soil was stored in
several air tight plastic containers to reduce loismoisture and its variation over

time.
3.2.6 Preparation of pots

The drainage holes of pots used for the experimené first sealed with a porous,
pot lining material to prevent soil loss from thetg during drainage. Then the
weight of each pot and its drainage dish was takéh an electronic platform

balance of 32 kg capacity (+ 0.01 g). Soil was trenoved from the plastic storage
containers and mixed before being packed into s&¥rC pots (25.2 and 16.7 cm,
top and bottom diameters respectively, and 23.2eight) to achieve a bulk density
of 0.89 g cni. This bulk density was close to the soil bulk dgnseasured at the

field site. Soil was compressed with a wooden plateseveral layers of 4.5 cm
thickness to achieve uniform compaction. The serfaiceach compacted layer was

slightly disturbed with a spatula before packing tiext layer to reduce soil layering.
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The final depth of the compacted soil in each pas W9.2 cm. During packing of
each pot, a sample of soil was put aside to deterrfie initial moisture content of
soil in each pot. Soil was compacted in 31 potstifier experiment. The weight of
each pot was measured with the electronic platfioalance to estimate the amount
of air-dry soil in each pot. Soil samples takendach pot during packing were dried
in a convection oven for 2 days at 105 °C and syesetly weighed to estimate the
moisture content of soil to estimate its oven drgsmin each pot at the time of
packing. Of the 31 pots, 28 pots were used for grgwlants and the remaining 3
pots to measure the field capacity (FC) of soil. gpdts were placed inside a well

ventilated glasshouse.
3.2.7 Irrigation treatments

Twenty eight pots were used to randomly allocate foigation treatments to each
of seven blocks (replicates). Twenty pots were uded non-destructive
measurements on plant and soil and the remainingo®& for destructive
measurement. Irrigation treatments were basedefigld capacity (FC) of soil. FC
is defined as the water retained in soil on a vetrim basis when it is saturated and
allowed to drain over time (in absence of evaporgtiuntil drainage becomes
negligible. In order to determine FC, soil in 3puotas fully saturated with tap water
until free drainage was visible and continued fdew minutes. Then irrigation was
discontinued and each pot was kept covered onognevith cling wrap and plastic
bags to minimise any exposure of soil to radiaaowl soil evaporation. Pots were
kept inside the glass house under the same comdisadhe other pots to allow soil
water redistribution within each pot for 2-3 daysen the soil from each pot was
removed and placed in large metal trays for dryahd 05 °C over 2-3 days. The
weight of oven-dry soil was measured with a balattcestimate gravimetric soll
moisture content at FC at the bulk density usedtiier pot experiment. Other
experimental pots were irrigated in the same waytles pots used for FC
measurement. Irrigation treatments used for themxent included: T80 — 80% of
FC, T70 - 70% of FC, T50 - 50% of FC and T40 - 46P4-C. Irrigation was given
to a pot when its weight (or volumetric soil watemtent) dropped to these percent

of FC values.
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Of the 28 experimental pots, 12 pots (representimge replicates of four
irrigation treatments) were placed over the misgifyeter system for monitoring of
pot weights over time. All experiments in the glamsse with cotton or wheat were
based on a randomised block design involving thigation treatments described
above. Since the regression of load (g) againstasigmV/V) for all 12 load cells
was linear with a coefficient of determination?(R 0.99 and P<0.001), slope and
intercept parameters of the regression equatiorre weed in developing a data
logger program that provided estimates of pot we{gh at 10 min intervals each
day during crop growth experiments for wheat antioco On a few occasions, pots
were removed from the mini-lysimeter system templyréo measure their weights
with a pre-calibrated electronic balance for congmer with the mini-lysimeter
output. In each experiment, 16 pots (4 treatme&ndsreplicates) were placed on a
bench adjacent to the mini-lysimeter system infiideglasshouse at the same height
as the lysimeter pots. A portable weather stati@s wounted on the glasshouse
bench adjacent to the pot experiment at approx.hkeight to record air temperature
(°C), relative humidity (%) and solar radiation (#W? or MJ m?. During the
experimental period both air temperature and redatiumidity were measured with
a HMP50-L Vaisala Humitter temperature and relativenidity probe (Campbell
Scientific, Townsville, Australia) mounted withinradiation shield. Solar radiation
was measured with SP110 Apogee silicon-cell pyratemlevelled with AL-100
Apogee PYR-P-L pyranometer levelling base.

3.2.8 Wheat

An irrigation experiment with wheaT(iticum aestivum L., cv. Lang) was conducted
within the glasshouse from 3Duly 2008 to % December 2008. Daily maximum
and minimum air temperature during the experimep&alod was in the range of
12.6-41.8 °C and relative humidity 22 — 81%. Seueiform sized wheat seeds
were planted in each pot at 4-5 cm depth of soiB#hJuly 2008. After planting,
each pot was brought to FC by adding tap wateretp germination and seedling
establishment. After irrigation each pot was fex#itl with 0.94 g of Urea (equivalent
to 100 kg N ha in field) and 3 g of Super phosphate (equivalens@ kg P hdin
field). Additional 0.94 g of Urea was applied td thle experimental pots at 60 days
after planting. About 90% of plants emerged witBidays after planting (DAP) and
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subsequently thinned on 2August 2008 (21 DAP) to leave 3 plants per pot. Si
drops of Yates product confider (active ingredigindacloprid) was diluted to 1 litre

and was applied orf"6and & of October to control aphids on wheat plants.

All pots remained under the same soil water degipito 55 DAP. The timing
and frequency of irrigation for various pots varggdter this time to allow a range of
soil water deficit to develop in the pots. Thegation treatment was imposed by
checking the weight of pots from the load cell datad also by weighing the
remaining pots with an electronic platform balamgéh a resolution of + 0.01 g.
Irrigation was applied to each pot when its weigdached 40 — 80% of its weight at
FC. Irrigation was applied 2, 5, 10 and 15 occasitor T40, T50, T70 and T80
treatments, respectively during 56 -107 DAP. Beforgation was applied, the
weight of each pot was also measured with the belam determine the amount of
water deficit present and the amount requiredrtgate each pot. During irrigation,
tap water was added slowly at the centre of thetgeinsure that it was distributed
through the soil in the pot while avoiding wateswl along the soil-pot interface.
Irrigation was suspended after 107 DAP. The volwhierigation water applied and
drainage collected in the drainage dish was medsiareeach pot throughout the
experiment. Net amount of irrigation water retaimedoil during an irrigation event
was measured by weighing each pot before irrigadimh2-4 h after irrigation (when
drainage ceased) with the electronic balance. 437@.2, 312.3 and 210.2 mm of
irrigation was applied for T80, T70, T50 and T4figation treatments, respectively

for the wheat crop.
3.2.9 Cotton

An experiment similar to wheat was also conducteith veotton Gossypium
hirsutum L.) using the same set up inside the glass hoase 3" December 2008
to 4" June 2009 (Fig. 3.6). Bollgard Il cotton varietgé&a 60 BRF was used in this
experiment. Daily maximum and minimum air tempemtduring the experimental
period was in the range of 11.6 — 44.4 °C and ivgatumidity 20 — 85%. Three
uniform sized cottonGossypium hirsutum L.) seeds were planted in each pot at 4-5
cm depth of soil on 2 December 2008. After planting, each pot was brotigh
field capacity by adding tap water to help germoratand seedling establishment.

Each pot was fertilized with 0.56 g of Urea (i.quivalent to 126 kg hhof Urea in
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field) on 17" December 2008 (5 DAP). All plants emerged at 5 DARI
subsequently thinned to 1 plant per pot ofi Becember 2008 (18 DAP). In order to
control an infestation of mite on the cotton crapidg 13-23 February 2009 (63-73
DAP) a systemic insecticide ROGOR 100 (constitueDimethoate) was sprayed
twice after mixing 1.5 ml of the insecticide wittblitre of water. At 70 DAP (20
Feb 2009), an additional 0.84 g of Urea (i.e. eafeint to 190 kg ha of Urea in

field) was applied to each pot.

Figure 3. 6 An irrigation experiment with cotton in the glassise consisting of 4 irrigation
treatments arranged in a randomised block desidye ffont four pots represents one
replicate (block) of four irrigation treatments ath front three rows of pots represent the
mini-lysimeter system used.

All pots were maintained under the same soil wdgdicit up to 100 days
after planting. After 100 DAP, irrigation frequentyr each pot varied over time to
allow cotton plants to experience a range of satew deficit as required for the
irrigation treatments T40...T80, that was describ@dwheat. The weights of pots
derived from the load cell data were supplementitdl manual weighing of the pots
with an electronic balance. Irrigation was appld}, 10 and 14 occasions for T40,
T50, T70 and T80 treatments, respectively from i®152 DAP. All procedures
used for irrigation application and measurementsaf water deficit, volume of
irrigation and drainage remained similar to thasaded for wheat. 614.9, 585.9,
514.3 and 417.5 mm of irrigation was applied foO;T870, T50 and T40 irrigation
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treatments, respectively for the cotton crop. Tabk shows the various irrigation
treatments allocated for 12 load cells (numbere@Xhs.P12) for wheat and cotton

crop.

Table 3. 3Irrigation treatments assigned to 12 load cellthef mini-lysimeter system used
for the wheat and cotton experiments.

Irrigation treatments  Load cells

T80 P3, P6, P12
T70 P2, P5, P9

T50 P1, P8, P10
T40 P4, P7, P11

3.3 Results and Discussion

3.3.1 Effects of operational environment on lysimeter performance

Variation in load-cell signal over a range of setfltime is shown for a typical load
cell in Fig. 3.7. Since, the average signal valitié (small SE) at any of the settling
time used and the signal did not vary much overrémge of settling time used, a

default settling time of 45Qs was used for all signal collections.

0.150
0.148
 co000o0 o o o o o

0.146

0.144 -

Signal (mV V™)

0.142 -

0.140 1 1 1 1 1 1 1 1 1 ]
0 400 800 1200 1600 2000

Settling time ( us)

Figure 3. 7 Effects of signal settling time on load cell sindoen it is loaded with a small
load (~0.9 kg). Vertical bars over mean valuesdatt standard errors (Skx 10).
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Voltage required to excite load cells may afféet measured signal when the
required voltage is supplied via a multiplexer. dozell signals measured at zero
load with and without any compensation of excitatiwltage were measured for
each of 12 load cells. These data are presentedign 3.8 which showed no
significant differences arising from compensatidrexcitation voltage. Variation in
ambient temperature may cause a thermal shiftad tll signal although it appears
to be of minor importance (Martin et al., 2001).this study, a separate experiment
was conducted to study variation of signal for skmpad cells over time when
some of the load cells were continuously shadel aritwithout a significant load or
remained unshaded without a significant load (T&x@. Variation in signal and air
temperature over time is shown in Fig. 3.9. AlthHowr temperature fluctuated
within the range of 6-24C, signal remained more or less constant over tirhes
suggested that thermal shift in the load cell digves not likely to influence long

term measurements.
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mEC
0.06
a
>
>
£ 0.04
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)
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PL P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
Load cells

Figure 3. 8 Effects of voltage excitation compensation on roead signal from unloaded
load cells. NC and EC respectively refer to uncamspéed and compensated situations for
the excitation voltage supplied to the load ceéllsrtical bars over mean values indicate
standard errors (SE) for 14-15 repeated measurement

Performance of load cell based lysimeters cannflaenced by hysteresis
when these are exposed to an increase in loacex@mmple during irrigation) or a

decrease in load (as during evapotranspiratiorg.difierence in signal measured by
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a load cell at a given load due to an increasead from a low load or a decrease in

load from a high load is referred to as hysteresis.

Table 3. 4Effects of shading and loading on load cell sigivdan value and standard error
(SE) for signal is based on four separate load el 4).

Treatments Signal (mV V) + SE

Zero load + zero shade  0.0425 + 0.000018
Small load + full shade 0.0445 + 0.000019
Large load + full shade 0.7679 + 0.000025

Five separate load cells were used to investithateffects of hysteresis over
six separate loads covering a load range of 0-ié. Regression lines were fitted to
these data in a way similar to that shown by Pagmia Irmak (2008). Since there
was no significant difference in signal during lsadand unloading conditions for
these five load cells, there was an overlap ofeggjon lines fitted to signal vs. load
data (graph not shown). Regression coefficienter@ept and slope parameters) and
other statistical parameters are presented in TableAll parameters shown in Table
3.5 were compared with a t-test that indicatedigoifscant difference between load
cells due to hysteresis.

Table 3. 5The effects of loading and unloading of load celisthe parameters of a 6-point
calibration equatioW = & + by S whereW andS respectively refer to fixed load on the
load cell (g) and measured signal (m#)Vintercept and slope parameters of the calibmatio
equation were ;aand h, respectively. Coefficient of determination®(Ror all regression
equations was 1.00 and P-value of the fitted resgrasvas<0.001. Standard errors (SE) of
the fitted parameters are showr=6).

Load cellno. a(q) SEofa bi(@gmV'V) SEofh
Increased loading of load cells from zero load

1 -505.46 1.49 10002.33 1.59
4 -587.01 0.84 10230.93 0.91
6 -389.59 4.92 10015.72 5.31
8 -404.84 0.87 10325.66 0.96
11 -348.33 1.45 10436.40 1.64
Decreased loading of load cells from a maximum load

1 -521.07 2.47 10010.84 2.63
4 -593.70 0.68 10236.07 0.74
6 -384.36 1.39 10018.47 1.50
8 -413.03 0.57 10331.27 0.63
11 -343.22 1.56 10433.87 1.75
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Figure 3. 9 Simultaneous variations of (a) load cell signal dm) air temperature over time.
A plot of signal against temperature is shown (c).
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3.3.2 Calibration of lysimeters

Table 3.6 shows the results of a 4-point calibragquation with a linear regression
used to represent the variation in sigr&lnV V%) with load ¥V, g). The slope and
intercept parameters shown in this table indicéitedl all 12 load cells had a unique
slope of 0.0001 mV V g* with R? = 1, except for a limited number of load cells
(numbered as 4, 5 and 6) for which Ras <1. Although it is relatively easier to
predictW from S by rearrangement of terms in the equaona + b, WasW = (S
&)/, the right hand side of this equation represemtgia of two random variables
(Sand b) that could introduce bias and there is no exaptession for its standard
error (P 171, Snedecor and Cocharan, 1989). Thissuseful to develop regression
equation by switching the variables. Table 3.7 shtlwe parameters of the 4-point
calibration equation assuming the dependend# oh S Some improvements in°R
can be seen in Table 3.7 compared to Table 3.@®uwgth data used for both
regressions were the same. It can be also seenTatte 3.7 that standard errors of
both slope and intercept parameters were muchrléogdéoad cells numbered 4...6

compared with the remaining load cells.

Table 3. 6 Parameters of a 4-point calibration equatibsr & + b, W, whereW and S
respectively refer to fixed load placed on the loall (g) and measured load cell signal (mV
VY. Intercept and slope parameters of the calibmagiquation are,aand h, respectively.
Coefficient of determination @R for the regression equation is shown. For alledit
regressions, $0.001.

Intercept Slope 2
Load cell no. (@, MV V) (b, mV V' g R
1 0.04830 0.00010 1.00000
2 0.03593 0.00010 1.00000
3 0.04947 0.00010 1.00000
4 0.05209 0.00010 0.99932
5 0.04246 0.00010 0.99984
6 0.04526 0.00010 0.99984
7 0.04931 0.00010 1.00000
8 0.03856 0.00010 1.00000
9 0.04104 0.00010 1.00000
10 0.03446 0.00010 1.00000
11 0.03499 0.00010 1.00000
12 0.03702 0.00010 1.00000

In order to select a method of calibration thatldosuit most load cells used
for the mini-lysimeter system, a comparison was enasing 4-point calibration with

42



Chapter 3

load increasing from zero (method 1), 6-point qalilon with load increasing from
zero (method 2) and 6-point calibration with loagtikasing from 15.7 kg as the
maximum load (method 3). A plot of the differenetvibeen estimated and measured
load with each method is shown as a function ofsues load (Fig. 3.10). It can be
seen from this figure that 4-point calibration (hwt 1) was unsuitable since the
deviation of the estimated load from true load w&6 g that was three times the
deviation achieved with methods 2 or 3. Thus, apcalibration was performed
for all load cells. The calibration results arewhan Fig. 3.11 and related data in
Table 3.8. It can be seen that the standard eflwogzarameters were reasonable for
all load cells except for the load cell no. 7 tbatised a maximum deviation of +80 g
(Fig. 3.12). In order to minimise this deviatid)( a 4" order polynomial function
(D = 25.8 - 0.03%V; + 1.3x10°Wy? - 1.87%10°W,3 + 7.7%10MW,*) was fitted as a
function of estimated weight\) that could be used to obtain a final estimate of
weight from signal after applying correction to first estimate of weight (using the
calibration parameters shown in Table 3.8). Theatfiof this correction on the
performance for lysimeter no. 7 is shown in Fig38which brought deviations for
all load cells to within £12 g of the measured lodging this calibration approach,

pot weights could be predicted well with the meadureight (Fig. 3.14).

Table 3. 7Parameters of a 4-point calibration equatirs & + b; S whereS andW, as
defined before in Table 3. Intercept and sloperpatars of the calibration equation wege a
and b, respectively. Coefficient of determination’Ror the regression equation is shown.
Standard errors (SE) of the fitted parameters hosvs f = 4). For all fitted regressions,
P<0.001.

Load cell intercept SE ofa Slope SEofh R

no. (3, 9) (bs, g mV* V)

1 -483.038 0.227 10001.236 0.471 1.000
2 -362.582 0.630 10092.370 1.350 1.000
3 -499.317 0.436 10093.380 0.918 1.000
4 -529.600 89.000 10206.000 188.000 0.999
5 -424.400 42.800 10008.300 89.600 1.000
6 -456.200 42.800 10090.200 90.200 1.000
7 -504.982 0.797 10241.650 1.690 1.000
8 -397.955 0.842 10321.350 1.830 1.000
9 -420.105 0.540 10237.240 1.150 1.000
10 -352.153 0.403 10217.709 0.874 1.000
11 -364.910 2.410 10429.410 5.340 1.000
12 -380.750 1.630 10284.230 3.540 1.000
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Figure 3. 10Variation in deviation of estimated load from maasl load for selected load
cells as a function of measured load with threehous of estimation. Dashed line indicates
the upper and lower boundaries of the deviatioloadl as a function of measured load for
method 1 and the solid line shows the boundarieowotbined deviation for methods 2 and
3.
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Figure 3. 11Joint variation in load and signal measured with@oint calibration method
for 12 load cells. Calibration equation parametigtesd to these data are given in Table 3.8.
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Figure 3. 12Variation in deviation of estimated load from measlload over the range of
measured loads for all load cells using a 6-pafibcation equation.

For lysimeters, the resolution often indicates aimmum increment of
measureable ET expressed in mm of water as loastefr and should also apply to
gain of water from irrigation. On many occasiortss ian indicator of the sensitivity
of the lysimeter as the interaction between lysanearea, weighing system
(mechanical or electrical device used) and datardéwg system can be quite
complex.

Table 3. 8 Parameters of a 6-point calibration equatibh a + by S whereW and S
respectively refer to fixed loads on the load ¢g)l and measured signal (mV')/ Slope
and intercept parameters of the calibration eqoatiere g and h, respectively. Coefficient
of determination (B for all regression equations was 1.00 and P-valfighe fitted
regression was0.001. Standard errors (SE) of the fitted paramseiez shownn(= 6).

Load cell intercept SE of a Slope SE of y
no. (2, 9) (bs, g MV* V)

1 -505.46 1.49 10002.33 1.59
2 -369.80 1.61 10097.97 1.79
3 -504.08 0.95 10103.12 1.04
4 -587.01 0.84 10230.93 0.91
5 -383.34 5.23 9947.36 5.72
6 -389.59 4.92 10015.72 5.31
7 -517.60 38.60 10312.50 43.30
8 -404.84 0.87 10325.66 0.96
9 -372.51 1.31 10262.97 1.48
10 -378.43 3.02 10221.60 3.40
11 -348.33 1.45 10436.40 1.64
12 -199.52 2.05 10292.36 2.36
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Figure 3. 13Variation in deviation of estimated load from maasuload over the range of
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Figure 3. 14 Application of final calibration equation to new asirements of load.
Variation in predicted pot weight over a range @asured pot weights is shown along with
a dashed, 1:1 line.

A review of the performance of various lysimetars terms of their
sensitivity is given by Payero and Irmak (2008yc®i the mini-lysimeter system
described here is able to measure a weight thaat@svirom the measured load by
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+12 g, this weight is equivalent to 0.027 mm of evadtased on the soil surface area
of 441.3 cm for the pots shown in Fig. 3.3. Although overedbkolution of a
lysimeter system is dependent on the capabilithefdata logger in terms of voltage
resolution and representation of significant digPawyero and Irmak, 2008), these
are not considered further as effective calibrateomd deviation minimisation
schemes described here incorporate these essésdiares of the measurement

system used.

3.3.3 Estimation of daily change in soil water from lysimeter
measurements

Fig. 3.15 shows plotted values of variation in stbsoil water, mm) as a function
of time (date, hour) during the year for variousgation treatments applied to the
wheat crop during the experiment. For each redigat (lysimeter) of the irrigation
treatments used, values of stored soil water ayenstat 10 min interval for each day
in Fig. 3.15. In order to calculate stored soil @vathe weights of the lysimeter pots
were collected from the data logger to estimatevigretric soil water content. The
gravimetric soil water content was then multipliegthe bulk density of soil in the
pot to obtain an estimate of volumetric soil watentent 8, m® m*>). Finally, 8 was
converted to mm of water by multiplying it with tleéfective depth of soil in each
pot (i.e. 192 mm). It can be seen from Fig. 3.1 tip to 55 days after planting (i.e.
25" September 2008), there was a steady decliefon all irrigation treatments as
no irrigation treatment was imposed. After 55 DABI|l water values changed over
time for each irrigation treatment depending on fitegluency of irrigation. Since
pots under T80 irrigation treatments were more desdly irrigated than T40
irrigation treatment, changes i reflected the cyclic behaviour in relation to
irrigation treatments imposed (Fig. 3.15). The vatar of replicate pots (load cells)
of each irrigation treatment was similar. Plottedues of variation ir® at 10 min
interval for various irrigation treatments giventtee cotton crop in the glasshouse
are shown in Fig. 3.16. Stored soil water for aoticas calculated in the same way
as described for wheat. It can be observed from Fitp thato fluctuated initially
with time for all the irrigation treatments duridg™ December 2008 to 32March
2009 as all pots were irrigated with the same feegy until specific irrigation

treatments were imposed.
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Figure 3. 15Daily changes in stored soil watéy, (nm) for the wheat crop as a function of
the time (date, hour) of the year for (a) T80, 0, (c) T50 and (d) T40 irrigation
treatments. Separate lines indicate replicateswithigation treatments shown as lysimeter
plates by number. Total number of data (n) plotted 13232.
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Figure 3. 16Daily changes in stored soil watdy, fnm) for the cotton crop as a function of
the time (date, hour) of the year for (a) T80, 0, (c) T50 and (d) T40 irrigation
treatments. Separate lines indicate replicatesmithgation treatments shown as lysimeter
plates by number. Total number of data (n) plotted 24723.
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3.34 Comparison of stored soil water between lysmetric and
nonlysimetric measurements

Stored soil water was calculated for all pots ia #xperiment in two ways: first,
from pot weights as retrieved from the data logdysimeteric measurements) and
second, from manual weighing of pots before anderafeach irrigation
(nonlysimeteric measurements). All nonlysimetricasierements were made with an
electronic platform balance after temporary remafgbots from the load cells used
for the lysimetric measurements. Stored soil wiemm) was calculated for both
types of measurements. A comparison of stored wa@ter with these two

measurements for wheat and cotton are shown iné3gti17 and 3.18, respectively.
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Figure 3. 17 Variation in stored soil water{ mm) with lysimetric measurement as a
function variation in nonlysimetric measurementsvibeat.

Since® (mm) with lysimetric measuremen ) was slightly below the 1:1
line, it can be concluded from these figures thaerestimation of6 with
nonlysimetric measuremertt,() was due to the accumulation of biomass due tp cro
growth. Since nonlysimetric measurements are usuadlde at long time intervals, it
Is possible to correct ET for biomass accumulatising lysimetric measurements
by using equations 3.4 and 3.5, because at shuod intervals contribution to

biomass via crop growth is less than water use.(ET)
6 =0.980, — 2.1 (3.4)

0, = 0.960, — 1.4 (3.5)
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where,f, anddy, represents estimation of stored soil waien{m) from lysimeteric
and nonlysimetric measurements for wheat and cattop respectively.

1:1 Line
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Figure 3. 18 Variation in stored soil water{ mm) with lysimetric measurement as a
function variation in nonlysimetric measurementsdatton.

3.3.5 Estimation of evapotranspiration from lysimeter measurements

For both wheat and cotton, evapotranspiration (Eim) for a given day was
estimated by taking the difference between storeill water calculated from
lysimeter data at 24 h interval (i.e. 12 A.M. oéthlay to 12 A.M of the next day) of
time. Plotted values of ET (mm) against days afenting for various irrigation
treatments of wheat and cotton crops are shownigarés 3.19 and 3.20. These
figures show the variation in ET for various irtigen treatments during the entire
growth period for both crops. It can be seen fram B.19 that ET values gradually
decreased from T80 to T40 irrigation treatmentsT&) was more frequently
irrigated than T40. ET values varied from 0.2-12-02.3, 0.4-11.7 and 0.1-7.5 mm
for T80, T70, T50 and T4O0 irrigation treatmentsspectively for the wheat crop.
Seasonal ET varied from 478.2, 391.8, 338.4 and4288n for T80, T70, T50 and
T40 irrigation treatments, respectively for the aherop. Low values of ET for
wheat at the early period of growth and towardsehé of the crop growth period
due to maturity of the crop can be observed in &ig9. High values of ET for wheat
occurred during 75 to 95 days after planting fortla irrigation treatments. For the
cotton crop, ET values decreased from T80 to Tdéatmnent, but there was greater
temporal variation in ET values among the irrigattceatments than for wheat due

to the longer period of crop growth (Fig. 3.20).
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Figure 3. 19Evapotranspiration (ET, mm) estimated from lysimetata for (a) T80, (b)
T70, (c) T50 and (d) T40 irrigation treatments givi® wheat. Separate lines indicate
replicates within irrigation treatments shown asrheter plates by number. Total number of
data (n) plotted was 90.
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Figure 3. 20Evapotranspiration (ET, mm) estimated from lysimetata for (a) T80, (b)
T70, (c) T50 and (d) T40 irrigation treatments givi® cotton. Separate lines indicate
replicates within irrigation treatments shown asheter plates by number. Total number of
data (n) plotted was 171.
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ET values for the cotton crop varied from 0.4-1@@2-9.6, 0.8-9.3 and 0.2-
8.9 mm for T80, T70, T50 and T40 treatments respalgt Seasonal ET varied from
793.4, 770.8, 677.4 and 550.5 mm for T80, T70, @b T40 irrigation treatments,
respectively for the wheat crop. Temporal variationET was similar for all
irrigation treatments up to 100 DAP, but thereafidr values for T80 irrigation
treatments was mostly greater than T40 treatmeattalumore frequent irrigation of

cotton under T80 treatment.

3.3.6 Comparison of ET estimates between Iysimetric and
nonlysimetric measurements

Pot weights taken just before and after irrigataoxd drainage for each irrigation
event was used to estimate ET. These are refesrad honlysimetric measurements
because of the longer time duration used for esitbmaf ET compared with ET
estimates obtained from mini-lysimeters. For botkirheteric and non lysimetric
measurements, ET estimates were derived as diffesan stored soil wate®,(mm)
between consecutive irrigation events. Figured &2d 3.22 show the comparison
of ET values between lysimetric and non lysimetrieasurements for wheat and

cotton, respectively.
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Figure 3. 21Variation in evapotranspiration (ET, mm) with lystric measurement as a
function of variation in nonlysimetric measuremefoiswheat.
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It can be observed from these figures that ET oreasents from these two
methods fall on 1:1 line for both crops. Good agreet between both methods was
due to the longer period of estimation used for éMmpared to that used for
estimation off. These results suggest that for glasshouse grdamtspaccurate
measurements of ET over a long period is possibte Wwad-cell based mini-

lysimeters.

ET from lysimeter data (mm)

10 T T T T 1
10 23 36 49 62 75

ET from non lysimeter data (mm)

Figure 3. 22Variation in evapotranspiration (ET, mm) with lysitric measurement as a
function of variation in nonlysimetric measuremeiisiscotton.

3.4 Concluding remarks

The design of mini-lysimeter system based on twébael cells (of 20 kg capacity)

was found to be adequate for continuous measureofeenapotranspiration from

plants growing in twelve separate pots in the ¢lagse. A single data logger-
multiplexer combination used to connect all loadlscand collect output signal

following full-bridge excitation mode of measurem@novided sufficient resolution

for estimation of ET via calibration. Initial testj of load cells examining the effects
of signal settling time, excitation compensatioysteresis and variation in ambient
temperature suggests that the performance of alll loells were similar and

satisfactory. Final calibration of load cells impea prediction of pot weights to +12
g which is expected to provide prediction of sodter and ET over time with good
accuracy and adequate resolution. Since the cd&t5@ of the mini-lysimeter

system is not excessive, the results indicate ithas possible to obtain good

lysimetric measurements of evapotranspiration éergiterm monitoring of water

use with reasonable accuracy and sufficient reoiut
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Chapter 4

USE OF INFRARED THERMOGRAPHY TO
DETECT PLANT RESPONSE TO SOIL WATER
DEFICIT IN AN IRRIGATED COTTON CROP

4.1 Introduction

Mean global temperature is expected to rise overriéxt few decades which is
likely to increase evaporation rate and cause garesion of arid regions. Thus
water availability will be a major limitation to gt growth in the future (Houghton
et al.,, 2001). As a result, irrigation of cropsIviecome an increasingly common
practice. The Australian cotton crop occupies sd#&,000 ha, of which around
87% of the area is irrigated (Dowling, 2009). latign is essential to achieve
potential yield in cotton grown in eastern Aus@alas in-season precipitation is
inadequate to meet crop water demand (Tennakoorulfddlle, 2006). The entire
cotton crop in Australia consumes 1.8 million melitees of irrigation water

annually (ABS, 2006) which is around 16% of theatagricultural water use in
Australia. Therefore water use is a critical isémethe Australian cotton industry.
Water use is also important to the irrigator frohe tpoint of view of gaining

maximum return from a limited resource.

Although many factors can reduce the yield of @pcrthe major limiting
factor is plant water stress caused by insufficisapply of water (Wanjura &
Upchurch, 2000). Jones (1990a) suggested thategnecision in the application of
irrigation can potentially be obtained by the usipfant stress sensing’ because
crops respond to both soil and environment. Theeefbis necessary to quantify
water stress levels of crops so that this inforamatcan be used in irrigation
management for crops (Wanjura et al.,, 2006). Thetnestablished method for
detecting crop water stress remotely is throughntkasurement of a crop’s surface
temperature (Jackson, 1982). When crops are exyperg water shortage,
transpiration from the leaves decreases that i®a®d to reduce both stomatal
conductance and water potential of leaves. A dsereatranspiration can also cause
insufficient cooling of the leaf surface which willtimately lead to an increase in

leaf temperature (Jackson et al., 1981). Altholnginet are a number of factors which
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affect actual level of water stress in a plantf temperature is considered as one of
the most important factors (Petersen et al., 199@hopy temperature has long been
recognized as a good indicator of plant water sti@sd as a potential tool for
irrigation scheduling (Gates, 1964). Plant canopygerature has been used an
indicator of water stress since the availabilityirdfared thermometers (IRTs) made
this measurement possible without physically cdirigcthe plant (Ehrler et al.,
1978).

Most of the past studies on detection of wateesstrin plants have been
based on infrared thermometry which involves aatjaisof thermal signal from the
plant and its surroundings (Evett et al., 1996;td?idr. et al., 1983; Mahan and
Yeater, 2008). Crop temperature measurements wahmial infrared thermometers
are reliable and non-invasive, but they are usudlgsed on a few point
measurements and therefore depend on the assungbtiomformity of soil water
content and plant density over large areas. Inrotdemap crop water status
variability at an adequate resolution, many IRTech® be distributed over an area
(Evans et al. 2000). Thermography, on the othedhanthe process of obtaining
thermal image of an area controlled by the usee fttential advantage of thermal
imagery (also known as infrared thermography) ogemt measurements with
infrared thermometers, is the ability of the image cover a large number of
individual leaves and plants at one time at a hsglatial resolution. Infrared
thermometers usually have a finite angle of viewhsd it is common for the image
to include plant canopy as well as some backgrawisle arising from soil or sky
within the field of view. However, the bias intragkd by background noise can be
easily corrected during analysis and interpretatibtihe image (Jones and Leinonen,
2003).

Recent development and commercial availabilitpaftable thermal imagers
and the associated image analysis software hasawerthe problems associated
with infrared thermometers. Thermal imaging has pgbéential to provide a more
robust measure of the crop water status. Availgtli equipment for digital thermal
imaging also provides a unique opportunity to depehstantaneous spatial canopy
stress indices for use in precision agricultureg@&@te and van der Straten, 2000).
Thermal and visual imagery can be combined to edénthe canopy temperature

and identify plant stress in a number of crops, grgpe vines (Jones and Leinonen,
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2004) and cotton (Cohen et al., 2005). Thermahasille images of cotton canopies
have been used to estimate and map leaf watert@dt@Dohen et al., 2005; Sela et
al., 2007). The sensitivity of an unmanned air gkhiequipped with a thermal
infrared sensor has been also tested to measumreshense of cotton to irrigation
and crop residue management (Sullivan et al., 200@nt water stress in cotton at
full canopy can be detected by a number of spestnasors including hyperspectral,

multispectral and thermal infrared sensors (Detat.e2006).

Rigorous testing of thermal imaging against maealitional physiological
techniques under field conditions is still requiteddetermine the correspondence
between thermal emission characteristics and ploggaal response of plants to
water deficit for various types of crops (Grantakt 2006). Earlier studies which
have used infrared methods for irrigation schedulme able to indicate stomatal
closure or evaporation rate but they give no infation on the amount of soil water
available or that needs to be supplemented vigaition at that time (Jones, 2004b).
Grant et al. (2006) suggested that experiments hiclwirrigation scheduling is
determined by a range of methods, one of theselghoncdude thermal imaging.

Therefore, the experimental measurements repoeegivinere carried out to test:

=  Whether thermal imaging can be used to distingestion crops growing

under a systematic variation in deficit irrigatimaatments;

= |f there are any relationships between canopy af temperature with the

soil water within the root zone;

» The usefulness of crop water stress indices: onehaorresponds closely
with the stomatal conductance)land an improved crop water stress index
(ICWSI, suggested by Jones, 1999b) and their oglahips with soil water.

= The effects of plant physiological parameters andanopy temperature and

their relationship with thermal indices for thetoot crop.

4.2 Materials and Methods

Two field and one glass house experiments for ndfBmwssypium hirsutum L.) were
conducted at the Queensland Primary IndustriesFasiteries (now referred to as

Department of Employment, Economic development lmdvation) experimental
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station near Kingsthorpe (27°30'44"S, 151°46'5%ittl 431 m elevation) and at the

University of Southern Queensland, Toowoomba.

4.2.1 Experimental site

Solil at the experimental site was a haplic, selfeming, and black vertosol (Isbell,

1996). It is a self-mulching medium to heavy cragkclay soil with 76% clay, 14%

silt and 10% sand in the surface horizons. It heenbreported by Foley & Harris
(2007) and Ghadiri et al. (1999) that the soil Aasorganic carbon content of 1.3%,
pH 7.2, EC 35 mS thand CEC 86 cmgkg™. The field bulk density of the soil was
1200 kg i,

4.2.2 Experimental lay-out

The field experiment consisted of four irrigaticeatments with three replications
using a randomized complete block design. Mosjatron treatments were based on
plant available water capacity (PAWC) as definedbwe Plant available water
capacity (PAWC) is the difference between the uppater storage limit of the soill
and the lower extraction limit of a crop over thepth of rooting (Godwin et al.,
1984; Gardner 1985). Field determination of PAWQ@Quiees measurement of 2
parameters such as drained upper limit (DUL) asuihiger water storage limit and
crop lower limit (CLL) as the lower extraction litrover the depth of rooting. DUL
is the volumetric water content in the field aféesoil profile is thoroughly wetted
and then allowed to drain to a steady state candiinder the influence of gravity
(Godwin et al., 1984; Ratliff et al., 1983). CLLasmeasure of the extent to which a
particular crop can extract water when planted radicular type of soil. Both DUL
and CLL were determined in the field at 10 cm depitrements from the soil
surface down to 150 cm depth. The methods useétwrdine DUL and CLL were
similar to those described by Ritchie (1981) andlifRaet al. (1983). Irrigation
treatments used for this experiment were: T50 — B@fetion of PAWC, T60 —
60% depletion of PAWC, T70 — 70% of PAWC and T8B5% of PAWC. These
treatments were used to schedule irrigation of ifipgglots using measured soil
water for each plot with a neutron probe (detaN®ug later). All T85 treatment plots
were subdivided into solid (T85-Solid) and skip $¥Bkip) row planting. Here,
normal planting is referred to as solid plantingle/the skip row planting had one

row without plants between two adjacent rows ofarot
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The layout of the experiment is shown in Fig. 4here were altogether 12
experimental plots. Each replicate plot had a dsm@nof 20 m x 13 m, which was
separated from adjacent plots with 4 m wide budied an additional area of 7 m x
20 m was used for planting of a refuge crop. Botlgh cotton variety Sicala 60
BRF was selected for this experiment. Bollgard laigenetically modified variety of
cotton which is capable of reducing pesticide uge806% compared with the
conventional varieties of cotton. For refugee crapnon-Bollgard cotton variety
Sicala 41 RRF was used in this experiment. Refugpscare usually planted in

order to divert the attention of insects from trai@ard crop.
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Figure 4. 1 Experimental layout for cotton crop under variouggation treatments (T50,
T60, T70 and T85) at the field experimental sit&iagsthorpe
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4.2.3 Cotton (2007-08 season)

The growth period of the cotton was from™Rovember 2007 to 16May 2008.
Cotton seeds were sown at a depth of 5 cm dhN@ember 2007. Row and plant
spacing was maintained at 100 and 10 cm, respéctiairing sowing, a starter
fertilizer containing 10.5% N, 19.5% P and 2.2% &wapplied at a rate of 188.4 kg
ha' with further addition of 126 kg Haof urea. The target planting density for the
cotton crop was 11-12 plantsmMost of the crop emerged within 8 days after
planting (DAP) and the measured planting densitgragmergence was 10.9 plants
m™. For weed control, 1 kg Haof Roundup was applied with additional mechanical
cultivation in all the experimental plots off Becember 2007. Additional 190 kgha
of urea was applied 68 days after sowing. In otdecontrol the pest pale cotton
stainer, the insecticide Decis (Deltamethrin asattté/e ingredient) was applied at a
rate of 200 ml ha on 18" March 2008. Each replicate plot was irrigated viitire
water using a hand-shift solid sprinkler systengy(Bi2).

Figure 4. 2 Hand-shift solid sprinkler system used for appiara of irrigation water to the
cotton crop.
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Partial-circle sprinkler heads were used to awwigation of adjacent plots.
Three rain gauges were installed in each plot timese the amount of water applied
during irrigation. Irrigation treatment in variop$ots was imposed on 75 DAP and
continued up to 162 DAP. All replicates of T50, T&dd T70 treatment received
228, 82.8 and 82.3 mm irrigation water, respecyivBlue to the variation in rainfall
distribution over the growing season, T85 treatndidtnot receive any irrigation.
Since many cotton farmers monitor soil water withireir farm with neutron
moisture meters (Tennakoon and Milroy, 2000), reeufprobe access tubes were
installed in each plot to monitor the soil watestdbution over the growing season.
For T85-Solid and skip-row irrigation treatmentséutron probe access tubes were
installed at the centre of each plot. For T50, B®@d T70 irrigation treatments, 1
neutron probe access tube was installed in therecenft each replicate plot. A
neutron probe (503DR Hydroprobe, Campbell Pacificlsar Inc., Martinez, CA,
USA) was used to measure soil water content fraerstirface to a depth of 1.33 m
at 0.1 m depth increments. Standard reference doutite neutron probe was taken
in water prior to field measurements. Neutron coratio (n) was estimated by
dividing each neutron count for a specific soil hepith the standard reference
count taken in water. To calibrate the neutron pr@bsoil core was taken from each
irrigation treatment (T50-T85) during a time whehere were considerable
differences in water content among the treatmeértis. cores were divided into 10
cm sections and the moisture content and bulk tensiere determined
gravimetrically. This information was used to deyela relationship between
measured count ratios and volumetric soil contéhtre® m>). Neutron count ratio
was converted to the volumetric soil water conté®t m®> m®) by using the

calibration equation:

0=1.36n—0.44. (R=0.86, n=10, ®0.001) (4.1)

An automatic weather station was installed on éxperimental site to
measure rainfall (mm), solar radiation (W*mrelative humidity (%), wind speed
(km hr') and air temperature (maximum and minimum in °€)l & interval at
appox. 30 m distance from the edge of the plotgsinguthe growing season, daily

maximum and minimum air temperature was in the @éao§0.2 — 38.4 °C and
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relative humidity 20 — 100% for the experiment. dlatainfall during the growing

season was 272 mm.

4231 Measurements

Thermal imagery

Thermal images of plants located close to the peuticcess tubes were taken from
each plot with a thermal infrared camera (NEC TH¥&tbdel, NEC, Japan) which
operates within the waveband of 8-14 um with arntfarresolution of 0.1 °C to
acquire thermal images with spatial resolution 2® 8V) x 240 (H) pixels, where V
and H respectively refer to vertical and horizommections. This infrared camera
also captured visible image as well as the themage. Thermal images were taken
2 m above the ground for all the 12 plots throughtthwe experiment. Canopy
temperature (°C) was derived from each image vghhtelp of Image Processor Pro
Il software (Version 4.0.3, NEC, Japan). Since amssivity of 1.0 for plants have
been reported to induce an error of <1 °C (Jack882) and that the emissivity for
plant leaves varies in the range of 0.92-0.99 (lésoal., 1969; Rees, 2001;
Sutherland, 1986), the emissivity for the cottonagay used for this experiment was
0.97 (also used by Wittich, 1997). A rectangulaaawithin an image was selected
to enclose several leaves for the estimation ofraayee canopy temperature. A
detailed sensitivity analysis of image processindidated that error and bias
associated with the estimation of average canappéeature in this manner was not
significant (Appendix Al).

During thermal imaging the position of viewed avdthin the field of view
was recorded separately with the help of a hand-&PS (Model 72, Garmin,
Kansas, USA) to allow measurements of spatial tianain canopy temperature
within the experiment. Permanent markers were liestaat the time of first
measurement in order to use the same positionulosesjuent measurements. The
GPS unit had a wide area augmentation system (WAABability with an accuracy
of 3 m. All measurements were not influenced by gleceuracy of the GPS unit
greatly because of the use of permanent field-basadkers and fixed position of
neutron probe access tubes at the experimental Sitee the GPS recorded the

location of all measurements in latitude and landgt format (i.e. degree, minute and
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second), the recorded data were converted to gaatid northing by using a UTM

conversion excel spread sheet (Dutch, 2007).

Evaporation is only one of the many componentshef canopy energy
balance that affect canopy temperature. Factork agcradiation, wind speed, air
temperature, and humidity also have major effettmds, 1992). Without sufficient
information about these factors, measurements aff temperature alone are not
enough to determine estimates of the transpirat@te or infer the stomatal
conductance. One solution is to make use of "dng awvet’ reference surfaces,
where the observed leaf temperature is comparddtit temperature that the same
leaves would attain under the conditions of zerd araximum transpiration when
placed in the same environment (Jones et al., 189 @prlier studies, some artificial
reference surfaces were used, for example, wetdandilter papers (Jones et al.,
2002). The problem, however, is that the thermal adiative properties of these
surfaces may differ from those of the observedtplaso that their energy balance
differs from the real leaves (Leinonen and Jon&f42 Therefore, Jones et al.
(2002) proposed the use of leaves sprayed withrveestavet references and leaves
for which all transpiration was prevented by comgrin petroleum jelly as dry
references. Temperature of any pixels not fallinghiw the temperature range
defined by the references could then be elimindtedh the analysis on the
assumption that they would not include canopy (3@mel Leinonen, 2003).

Therefore cotton leaves were sprayed with watebath sides for about 1
min to simulate the condition of a fully transpgiheaf immediately before image
acquisition to estimate temperature of wet refezdraf (T.e). Additional reference
leaves were covered with petroleum jelly to simmlélhe condition of a non-
transpiring leaf for estimation of dry referencafl€Tqy). Images of wet and dry
reference leaves were taken for each irrigatioatitnent at the time of image

acquisition of normal leaves (Fig. 4.3).

The temperatures of wet and dry reference leaegs used in the calculation
of IcandICWS as detailed below.

The crop water stress index)is expressed as

Toy —Te

G = — y .

| 4.2)
T, — T
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whereTyy (°C) is thetemperature of the leaf covered with petroleunyjelh both
sides, T; (°C) is the canopy temperature of normal leaf mes with an infrared
camera and« (°C) is the temperature of leaf sprayed with waterboth sides of
the leaf. A modified crop water stress indé€W3) was also derived using the

following expression.

Tc _Twet

ICWS = .
T,

(4.3)

dry

Figure 4. 3Variation in the temperature of wet and dry refieesleaves for cotton. Numbers
in parenthesis are temperature (°C) for the theimage (left) and the corresponding visual
image (right). Red circle represents the leaf cederith petroleum jelly and blue circle

represents the leaf sprayed with water.

It can be seen from Egns. 4.2 and 4.3 thandICWS are inversely related
to each other. Grant et al. (2006) suggested himaaverage temperature of areas of
canopies containing several leaves is more usedul distinguishing between
irrigation treatments than the temperatures of viddial leaves, as average
temperatures over several leaves per canopy arcepto reduce the impact of

variation in leaf angles.

Soil water

Soil water content was measured with the neutrobemithin the access tubes (as
described before) on the same day as for thermahgimy to explore
interrelationships between canopy temperature &1d)soil water content within the
root zone. The effective root zone depth on thee daft thermal imaging was
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determined for each irrigation treatment by plajtihe volumetric soil water content
(0 in m*> m®) on Y-axis and soil depth (cm) on the X-axis (Figd). Effective
rooting depth was assumed to be the soil depthesedp the surface at which

temporal variation in successive water content megigible.

All data of measure@ was converted to mm of water for each depth df soi
and then soil water was accumulated up to the tefeecoot-zone depth on the date
of thermal imaging in order to relate it with th@hopy temperature (°C). Soil water
measurements were taken on the date of thermaingag well as before and after
the measurement of thermal images to determinefthetive root zone depth on the
date of thermal imaging. Thermal imagery measurésneere taken 6 times during

the entire cotton season (Table 4.1).

0.6
o 0.4
IE —&— 23-Jan-08
mE E —&— 25-Jan-08
~ —a&— 29-Jan-08
@ 0.2 -

00 T T T T T v T T T T T 1

0 30 60 90 120 150

Soil depth (cm)

Figure 4. 4Procedure used for the determination of effeatdw zone depth on the date of
thermal imaging. A soil depth of 63 cm has beersiered as the effective root zone depth
in this example.

Table 4. 1 Timing and measurement dates of thermal imagingotfon (2007-08) crop
during the experiment.

Measurement dates Time of measurement

(DAP)

74 10.39 AM. -11.10 A.M.
81 2.43 P.M. -3.32 P.M.
94 3.05 P.M. -3.35 P.M.
135 12.25 P.M. -1.20 P.M.
144 11.14 AM. - 11.58 A.M.
155 10.18 AAM. -10.49 A M.
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Leaf water potential

Since the development of pressure chamber, learvpatential ;) has become an
important tool to assess the water status of pl@aises, 1990b). Daily, measured
on the leaf of a plant reflects a combination ofngndactors: local leaf water
demand, soil water availability, internal plant hgdlic conductivity and stomatal
regulation (Chone et al.,, 2001). Therefo¥e was measured with a Model 1000
pressure chamber (PMS Instrument Company, Oreg8/) ldn selected occasions
to assist interpretation of water deficit withiretplant (Fig. 4.5)¥, was measured
on 2 occasions (74 and 94 DAP) during the cottdd72IB season after midday (i.e.
12 P.M.). For this measurement, the third leaf ftbmtop of the plant was selected.
Each leaf was cut with a thin-blade scissor andries into the pressure chamber as

soon as possible to reduce any changg.in

The cotton crop was harvested by hand pickingnduti3-16 of May 2008
and cotton yield was measured separately for egitate plot of various irrigation

treatments.

Figure 4. 5.Leaf water potential measurement for a typicatazoteaf mounted within the
pressure chamber. A leaf similar to the measurafl (eot for measurement) is shown
outside the pressure chamber.
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4.2.4 Cotton (2008-09 season)

For this cotton season, the site and plot charatitey remained unchanged from the
previous year. During this season, daily maximumeh @mimum air temperature was
in the range of 1.1- 40.1 °C and relative humidi®y— 100%. There was a total of

471 mm of rain received during the growing season.

All cotton seeds were sown at a depth of 5 cm®hNovember 2008. Row
and plant spacing was maintained at 100 cm andrl@espectivelyDuring sowing
urea was applied at a rate of 68 kg N'ha@he target planting density for the cotton
crop was 17 plants ™ Most of the crop emerged 8 days after sowing ted
measured planting density after emergence was Jfah#s m'. For weed control, 1
L ha' of Glyphosate was applied to all experimental piot 24" November 2008.
Additional 1.5 L h& of Glyphosate was applied on™5anuary 2009. Urea was
applied at a rate of 102 kg N hao all the plots at 70 days after planting (DAP).
Irrigation treatment was imposed 67 DAP onward ematinued until 136 DAP. All
replicates of T50, T60, T70 and T85 treatmentsivece214, 78, 58 and 23 mm of

irrigation water, respectively.

4241 Measurements

Thermal images were taken with the infrared canisiigC TH7800 model, NEC,
Japan) for 12 plots 2 m above the ground as destribr the 2007-08 season.
Canopy temperature was derived from the analysith@fthermal image with the
image processing software. Air temperature was alsasured during the time of
thermal imaging with an Omega type RTD (resistaleceperature detector) probe.
Images of wet (ley and dry () reference leaves were taken for each irrigation
treatment at the time of image acquisition of ndrfeaves. Detailed specification
about the infrared camera, emissivity for the aottcop, procedure for selection of
wet and dry leaves and calculation @f dnd ICWSI indices from the reference
leaves remained the same as described previous\2G067-08 season. During
thermal imaging the position of thermal imageryhe field was recorded separately
with the help of a hand-held GPS (Model 72, GarnkKansas, USA) to allow
measurements of spatial variation in canopy tempexawithin the experiment.

Thermal images were measured on 6 occasions (#adle
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Table 4.2 Timing and measurement dates of thermal imagingatfon (2008-09) crop
during the experiment.

Measurement dates Time of measurement of

(DAP) thermal imaging

62 9.24 AM. —9.40 A.M.
76 9.40 A.M. —10.02 A.M.
88 10.40 AM. -11.15 A.M.
125 11.17 AM. - 11.42 AM.
136 10.58 A.M. —11.26 A.M.
144 12.31 P.M. - 12.57 P.M.

Soil water content was measured with the neutroobe as described
previously on matching dates as for thermal imagmgxplore interrelationships
between canopy temperature (°C) and soil waterecwnivithin root zone. The
effective root zone depth was determined on thee d#t thermal imaging as
described in the previous section to relate tocdmeopy temperature (°C) with soil
water (mm).

¥, was measured with Model 1000 pressure chamber (PM8Bument
Company, Oregon, USA) on 4 occasions (Table 4.3hénsame manner as in the
previous section. Stomatal conductancg ¢f the leaves used for thermal imaging
was measured with a PMR-5 steady-state porometerSystems, Norfolk, UK)
under ambient light conditions (Fig. 4.6) on 5 @toas (Table 4.3). Cotton was not
harvested for this season due to severe damadpe afop from the herbicide 2, 4 D

at the flowering stage.

Table 4. 3 Timing and measurement dates for leaf water pakrflf) and stomatal
conductance of cotton crop during 2008-09 season.

Measurement datesTime of measurement &f Time of measurement of g
(DAP)

62 10.00 A.M. - 11.05 A.M. -

76 11.40 AM. -12.27 P.M. 10.52 AM. -11.29 A M.
88 12.15P.M. - 1.12 P.M. 11.20 A.M. —12.05 P.M.
125 1.15P.M. -2.07 P.M. 12.15 P.M. -1.07 P.M.
136 - 11.35 AM. -12.05 P.M.
144 - 1.30 P.M. - 2.15 P.M.
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Figure 4.6. Stomatal conductance measurement for a typictdreéeaf with PMR-5 steady-
state porometer.

4.2.5 Cotton (Glass house study)

The details of the soil properties, preparatiorpats for growing cotton plants and
irrigation treatments are given in Chapter 3. Sised for the glasshouse experiment
was identical to that used for the field experinsets mentioned before in Chapter
3, there were altogether 28 pots in this experimeptesenting 7 replicates of 4
irrigation treatments. Since 12 pots (4 treatmenBsreplicates) were placed on the
lysimeter system, the remaining 16 pots (4 treatsved replicates) were placed on
a bench adjacent to the mini-lysimeter system &gl glasshouse at the same
height as the lysimeter pots. Description of lydenesystem was explained in
Chapter 3. Experiment with cottorisgssypium hirsutum L.) in the glass house
continued from 19 December 2008 to"4June 2009 (Fig. 4.7). Weather parameters
for the experimental period of cotton have beercilesd previously in Chapter 3.
Crop and irrigation management for cotton plantside the glasshouse was also

explained previously in Chapter 3.
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Figure 4. 7.Cotton growing in the glasshouse pots. The frbred rows of pots are on the
mini-lysimeter system.

Thermal images were taken on 6 occasions forallirigation treated pots
with an infrared camera (Table 4.4). Detailed djpestion about the infrared
camera, emissivity setting for the cotton crop,cedure for selection of wet and dry
leaves and calculation of Bnd ICWSI indices from the reference leaves reethin
similar to that described for the field experimer@anopy temperature (°C) was
derived from the images with the Image ProcessorIPsoftware (Version 4.0.3,
NEC, Japan). Air temperature (°C) was also measdtethg the time of thermal
iImaging with an Omega type RTD (resistance tempesadetector) probe. In order
to relate the canopy temperature with soil watee, weight of the pots were taken
with the balance and then gravimetric water contesi$ estimated and multiplied
with the bulk density of soil in each pot to derim@umetric soil water content for
each pot. This volumetric water content was muégplwith the effective depth of
soil in each pot (i.e. 19.2 cm) to estimate soitavgmm) stored in each pot at the
time of thermal imaging. Stomatal conductancg ¢fthe leaves was measured with
PMR-5 steady-state porometer (PP Systems, Norfdk) on 3 occasions (Table
4.4). Porometer measurements were taken immediagétye acquisition of thermal
infrared image. The second leaf from the top ofglat was selected for stomatal

conductance measurements. All cotton plants wenehted on % June 2009.
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Table 4. 4Timing and measurement dates for thermal imagimty stomatal conductance

(gs) of cotton crop during the glass house experiment.

Measurement dates Time of measurement of Time of measurement of g
(DAP) thermal imaging

106 12.00 P.M. - 1.10 P.M. -

111 11.40 AM. -12.45 P.M. 11.21 AM. -11.35 A.M.
119 12.40 P.M. - 1.35 P.M. -

138 11.50 AM. -12.45 P.M. 11.34 AM. —11.48 A.M.
145 12.31 P.M. - 1.27 P.M. 12.11 P.M. - 12.23 P.M.
151 12.10 P.M. - 12.57 P.M. -

Data collected from all experiments were analyméth the analysis of
variance recommended for randomised block designedecor and Cochran, 1989).
Whenever a measured variable was found to be wgnify affected by irrigation
treatments (90.05), mean values were compared with an estimatdeast
significant difference (LSD).

4.2.6 Comparison of irrigation treatments

In field experiments, irrigation treatments weresdxh on plant available water
capacity (PAWC) whereas in the glasshouse expetinreigation treatments were
based on field capacity (FC). For determinationP#&WC two parameters are
required such as drainable upper limit (i.e. simitafield capacity) and crop lower
limit (i.e. considered as wilting point). PAWC iset difference between DUL and
CLL.

Here an example is provided to show the compargarmigation treatments
between the field and glasshouse studies. If weidenFC = 50% and wilting point
= 20%, then PAWC = 50% - 20% = 30%. In the fielol, T50 treatment, we allow
50% depletion of PAWC, i.e. allowing a drop in watentent of 30% x 0.5 = 15%.
Therefore, volumetric soil water contné) @t the time of irrigation would be 50% -
15% = 35%. Similarly, for the glasshouse experim@&b0 treatment required
irrigation when6 reached 50% of FC means wher 50% x 0.5 = 25%. Table 4.5
shows the comparison of irrigation treatments inegas the field and glasshouse. It
can be seen from Table 4.5 tiatvas in order of T50>T60>T70>T85 in the field
experiment, whereas it was in the order T80>T70>T3M in the glasshouse

experiment. Thus, T50 treatment plots in the fielere most frequently irrigated
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whereas T80 treatment pots were most frequentigabed in the glasshouse.
Similarly, T85 and T40 irrigation treatments wehe tleast irrigated experimental

units in the field and glasshouse experiments e&sgely.

Table 4. 5Comparison of various irrigation treatments fofdiand glasshouse experiments.

Field experiment Glasshouse experiment
Irrigation  Percentage of 0 (%) Irrigation Percentage of FC 6 (%)
treatments depletion of treatments

PAWC
T50 50 35 T40 40 20
T60 60 32 T50 50 25
T70 70 29 T70 70 35
T85 85 24.5 T80 80 40

4.3 Results and discussion

4.3.1 Field experiments

Fig. 4.8 shows a typical thermal image of plantoggnwith exposed soil surface
between adjacent rows of cotton in the field. ThErimage was analysed with
Image processor Pro Il software to derive the teatpee of plant and soil surfaces
separately. It can be seen from the Fig. 4.8 thétteamperature was appox. 20 °C
higher than the cotton canopy temperature. Fig.sh®ws the temperature of the
image when the processed area included both sdipEmt canopy. Thus, without
separate analysis of the canopy and the soil sjrthe canopy temperature would
be considered as 38.8 °C, which is almost 7 °C drighan the actual canopy
temperature. Therefore, a bias in estimating catempyperature would be introduced
due to the background noise arising from soil.

53.2C
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perature (52473 Canopy temperaiu

Figure 4. 8 Temperature of cotton canopy and adjacent sdlilivihe cotton field. Numbers
in parenthesis are temperatures (°C) for the theimage (left) applied to the corresponding
visual image (right). Rectangle(s) on the thernmahge (left) represent pixels used for
deriving average surface temperature.
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Correct analysis and interpretation of the thennmage of the canopy is only
possible with thermography, but not possible witlirared thermometers unless

several thermometers are placed very close tcetheek.
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Figure 4. 9 Temperature for the combined image of canopy aildthin the cotton field.
Number in the parenthesis for the thermal imagk) (tenotes temperature (°C) as applied
to the corresponding visual image (right). Note kwge rectangle on the thermal image
(left) that combines leaf and soil to derive averagrface temperature.

4.3.1.1 Effects of soil water on canopy temperatur e

Significant effects of irrigation treatments wefd on canopy temperature and
soil water within the root zone on 5 out of the @asurement occasions for both
2007-08 and 2008-09 seasons. Mean values of caeopyerature and soil water
within the root zone for these measurement pergwdshown in Tables 4.6, 4.7, 4.8
and 4.9. It can be observed from Tables 4.6 andtl¥a8 significant variation in
canopy temperature with irrigation treatments cdudddue to the variation in the
frequency of irrigation applied. Canopy temperatard50 irrigation treatment was
consistently lower than that for T85 treatment tiytoout the cotton season because
plants under T50 treatment were irrigated moreueedy than the plants under T85
treatment. Maximum difference in canopy temperatbetween T50 and T85
irrigation treatment was 7.1 and 4.7 °C for 2007-88d 2008-09 seasons
respectively. Table 4.7 and 4.9 indicate that mibeguently irrigated treatment
(T50) had significantly higher soil water contenthin the root zone than the least
frequently irrigated treatment (T85). Thus, plamtsen irrigated frequently are not
expected to develop high level of internal watefficite stress as soil water
availability to plants is not impaired. Lack of sificant internal water deficit stress

in leaves allow the plants to maintain high traretppn rate that reduces the canopy
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temperature due to cooling of leaves. Figures 4af8 4.11 show the canopy
temperature of cotton plants at 81 DAP for T50 ar&b irrigation treatments,
respectively. It can be observed from these figtinas the canopy temperature was
lower (26.8°C) for T50 irrigation treatment than that of T85 traant (33.1 °C).

Table 4. 6Effects of irrigation treatments on the canopypenature of cotton (2007-08) in
the field on selected measurement dates (indicagediays after planting, DAP). Mean
values with a different superscript are signifitamtifferent (*<0.05) when compared with
the least significant difference (LSD) followingaysis of variance.

Measurement Canopy temperature (°C) LSD
dates (DAP) T50 T60 T70 T85 (°C)
81 26.2 32.¢ 32.9 33.8 1.6
94 25.6 29.7 30.9 29.9 1.7
135 28.8 28.7 28.2 33.9 2.8
144 25.% 27.9 27.3 29.F 2.1
155 26.8 30.F 28.6 31.4 1.7

Table 4. 7Effects of irrigation treatments on soil water witinoot zone of cotton (2007-08)
in field on selected measurement dates (indicagethgs after planting, DAP). Mean values
with a different superscript are significantly @ifént (K0.05) when compared with the least
significant difference (LSD) following analysis wériance.

Measurement Soil water within root zone (mm) LSD
dates (DAP) T50 T60 T70 T85 (mm)
81 335.8 250.7 245.F 2467 34.6
94 3388 201.3 261.6 2726 31.2
135 3164 3109 326 2647 308
144 431.8 3294 3453 321.7 481
155 3648 3036 3187 2936 36.8

Table 4. 8Effects of irrigation treatments on the canopypenature of cotton (2008-09) in
the field on selected measurement dates (indicagedlays after planting, DAP). Mean
values with a different superscript are signifitamtifferent (*<0.05) when compared with
the least significant difference (LSD) followingadysis of variance.

Measurement Canopy temperature (°C) LSD
dates (DAP) T50 T60 T70 T85 (°C)
76 27.2 27.6 28.2 28.4 0.6
88 27.7 29.0° 29.4 31.4 1.0
125 26.9 27.9 27.7 28.3 1.4
136 25.9 27.6 26.9 27.8 1.1
144 27.1 28.3 28.0° 28.4 0.8
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Table 4. 9Effects of irrigation treatments on soil water wiitinoot zone of cotton (2008-09)
in field on selected measurement dates (indicagedhgs after planting, DAP). Mean values
with a different superscript are significantly @éifént (R0.05) when compared with the least
significant difference (LSD) following analysis wériance.

Measurement Soil water within root zone (mm) LSD
dates (DAP) T50 T60 T70 T85 (mm)
76 266.2 2524 2343 2308 2138
88 253.9 2342 2202 205F 251
125 350.% 2688 3128 2643 56.1
136 363.8 2059 3399 2066 486
144 344% 2637 289.F 257.F 387

Figure 4. 10Temperature of the canopy of cotton plants for &Qation treatment at 81
DAP. Number in parenthesis on the thermal image (Ieffanopy temperature (°C) for the
corresponding visual image (right).
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Figure 4. 11Temperature of the canopy of cotton plants for F8gation treatment on the
same day as in Fig. 4.10. Number in parenthesthdascanopy temperature (°C) for the
thermal image (left) that corresponds with the aismage (right).

To investigate the effect of soil water on cand@yperature for the cotton
crop, canopy temperature was plotted against saiemwithin the root zone (Fig.
4.12). It can be concluded from Fig. 4.12 thatdhropy temperature of cotton crop
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decreased with an increase in soil water conterthinviroot zone. Canopy
temperature varied within 24.9-31.4, 27.3-33.2428.5 and 27.3-35.4 °C for T50,
T60, T70 and T85 treatments, respectively for thiésater range of 270.3-446.7,
219.4-347.2, 231.5-370.5 and 236.7-354.7 mm. Cantepyperature usually
depends on vapour pressure deficit (VPD), whictussally estimated from air
temperature and relative humidity (see p33-39, rAlE al., 1998). Due to the
unavailability of relative humidity data during thmeasurements of canopy
temperature, approximate estimates of VPD couldlb@ined by combining air
temperature measurements with relative humiditya dadbm the nearby weather
station for the measurement dates. Average VPDesgaht the time of canopy
temperature measurements at 74, 81, 94, 135, 1d4%H DAP were 1.53, 2.35,
1.01, 2.27, 1.70 and 1.24 kPa, respectively fotooo2007-08 season. Similar
relationship between canopy temperature and sdiénwaithin the root zone was
also found for cotton during 2008-09 season (Fig3%
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Figure 4. 12The dependence of canopy temperatugg ¢f soil water within the root zone
(6,) for various irrigation treatments of cotton fbiet2007-08 seasofi(= 612.136,%°% n
=72, R =0.83, R0.001).

Similarly VPD values were calculated for the cott®008-09 season and
average VPD values were 1.69, 0.41, 3.02, 1.78F ar®l 1.69 kPa on 62, 76, 88,
125, 136 and 144 DAP, respectively.iRdicates the extent to which the variation in
the plotted data is represented by the regresshole \the probability (P-values) of

the fitted coefficients (slope and intercept terrag obtained with the analysis of
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variance to represent the degree of confidence. dduetion fitted for canopy
temperature against soil water within root zone higkly significant (R0.001) and
also had high coefficients of determinatiorf)Ralue for both the seasons. Due to
the similarity in the regression equations usedeguationT, = 382.478,%%! can

describe the variation in canopy temperature wothvgater for the combined data.
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Figure 4. 13The dependence of canopy temperatuge @¢m soil water within the root zone
(6,) for various irrigation treatments of cotton ftiet2008-09 seasoif(= 152.814,°°%, n
=72, R =0.73, R0.001).

431.2 Effects of soil water on the difference be tween
canopy and air temperature (T —Tp)

An Omega type RTD probe was used for the measurteofieir temperature during
the time of thermal imaging in cotton 2008-09 seasaly. The difference of canopy
and air temperature (T, in °C) was plotted against soil water within tlo®trzone
(Fig. 4.14). The difference between canopy andemrperature was positive when
the soil water within the root zone was low. Th#edence between canopy and air
temperature for T50 treatment was negative at niosts because of frequent
irrigation keeping soil water deficit low. Low soMater deficit should allow plants
to maintain a high transpiration rate reducing gni@mperature to become similar
or lower than the air temperature. In case of |éagjuently irrigated treatment
(T85), the difference between the canopy and anperature was mostly positive
indicating insufficient cooling of leaves due talueed transpiration rate from leaves

as a result of frequent shortage of water withertbot zone. Greater scatter in these
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data compared with similar data in Fig. 4.13 intBdaan increase in errors when two

separate measurements were combined.
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Figure 4. 14The effects of variation in soil water within theot zone §,) on the difference
in canopy and air temperature.(F T,) for various irrigation treatments of cotton dgyin
2008-09 season.

4.3.1.3 Crop water stress indices and their implic  ations to
irrigation scheduling

Crop water stress indices (i.e. ICWSI anrgl for the cotton crop were calculated
from the canopy (J, wet (Twey and dry reference () temperature (°C) as
described in the materials and methods sectiorhiefdhapter. For calculation of
these crop water stress indiceswis measured for all the 12 plots wheregs and
Tary reference temperature was measured for one replgat of each irrigation
treatment. As the temperature of Twet and Tuy changed with a change in irrigation
treatment, more time was required for these cdioms. It would be ideal to
measure the wet reference temperature measureardaties from the wettest plot
(with highest soil water content) and dry referememperature measurement for
leaves from the driest plot (with least soil watentent). This would save some time
and it may even cover the leaves from plots witterimediate soil water content
because coefficient of variation in reference terapees was less than 5%. In order
to test the usefulness of these crop water strediseis for irrigation scheduling,
ICWSI and & were plotted against soil water within the rooheof cotton for
2007-08 and 2008-09 seasons (Figs. 4.15, 4.16,ahd7.18). It can be concluded
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from Figures 4.15 and 4.17 that ICWSI decreaseth wait increase in soil water
within the root zone. ICWSI values varied form 01b40.88 for various irrigation

treatments in 2007-08 season whereas the variatas 0.22 to 0.72 in 2008-09
season. Since ICWSI is low when crop water stief®w and vice-versa, occurrence
of consistently low ICWSI in T50 treatment indicdtdhat low canopy temperature

was due to low crop water stress.
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Figure 4. 15The relationship between soil water within roohed,) and crop water deficit
index, ICWSI for various irrigation treatments aftion in 2007-08 season.
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Figure 4. 16The relationship between soil water within rooted#h) and crop water deficit
index, k for various irrigation treatments of cotton in Z608 season.
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I indicated high values when the soil water withie toot zone was high
(Figs. 4.16 and 4.18). The magnitude @flas 0.83-6.22, 0.28-3.06, 0.21-4.65 and
0.14-2.10 for T50, T60, T70 and T85 treatmentyeesvely for cotton during the
2007-08 season and 1.29-3.62, 0.43-2.05, 1.10a2F6.38-1.94 during the 2008-
09 season. Values of Wvere generally higher for T50 than T85 treatmestdause of

increased frequency of irrigation.

1.0 -

© T50
0 T60
AT70
o T85

ICWSI

0.0 T T T T T T T T T 1
185 225 265 305 345 385

8, (mm)

Figure 4. 17The relationship between soil water within rooted#) and crop water deficit
index, ICWSI for various irrigation treatments aftion in 2008-09 season.
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Figure 4. 18The relationship between soil water within roohed,) and crop water deficit
index, k for various irrigation treatments of cotton in season.
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Fitted regression equations of ICWSI agdgainst soil water within the root
zone are presented in Table 4.10. All the fitteldles for these regression equations
were highly significant (R0.001). Coefficients of determination JRvalues for
these regressions were higher for cotton duringy ZL®season than 2008-09 season.
Although both indices relate significantly<®001) with soil water within the root
zone, ICWSI is thought to be superior thanfdr irrigation scheduling as it varies
within 0 to 1, whereas gldoes not have an upper limit to its variation. Mo®p
water stress indices based on canopy temperatoce tee relate water deficit in
leaves in response to atmospheric VPD. Little mnesiefforts have been made to
relate crop water stress indices with soil watdicdeBoth ICWSI and & estimated
in this work are the indicator of internal wateffidié in leaves not water deficit in
soil. No universal relationship between soil ananplwater deficit exists due to the
variable resistance to water flow with transportwater from soil to root, root to
stem and stem to leaf. Thus, these indices havieetinadvantage as they are based

on resistance to water flow between leaf and atimergponly.

Table 4. 10Regression equations and coefficient of determinati¥) for the relationships
betweenlCWS andls (dimensionless) and soil water within root zofig hm) for various
irrigation treatments of cotton during 2007-08 &08-09 seasons. No. of data points (n)
used for each regressions was 72 a0l G01.

Cotton season Thermal index  Regression equation ° R

2007-08 ICWSI ICWS = 6.603 0% 0.72
Is I = 0.006 &-01% 0.71
2008-09 ICWSI ICWS =248.640,***  0.60
I lc=0.0.014,— 1.4 0.61
4.3.1.4 Effect of leaf water potential and stomata |

conductance on canopy temperature

Fig. 4.19 illustrates the plotted values of leaftevapotential against canopy
temperature for the 2007-08 cotton season. LWRegdrom -1.37 to -2.90 MPa for
a canopy temperature range of 25.3 to 33.3 °C dttion during 2007-08 season.
When the canopy temperature of leaves was lowyvéhge of ¥, was high (less
negative) indicating low internal water deficit the leaves of cotton. Likewise,
variation in canopy temperature with leaf watergobial (¢)) for the 2008-09 season
was represented by Fig. 4.20. Since the slopesmertepts in these equations are
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very similar, the relationship between canopy terajpee and leaf water potential

for cotton changed very little between the two seas
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Figure 4. 19Relationship between canopy temperatlig &nd leaf water potential{) for
various irrigation treatments combined for the @&rr4 and 94 DAP of cotton in 2007-08
seasonT. = 4.7% + 19.8, n = 24, R= 0.84, R0.001).
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Figure 4. 20Relationship between canopy temperatlig é&nd leaf water potentialt{) for
various irrigation treatments combined for the par62-125 DAP of cotton in 2008-09
seasonT.=5.2% + 17.4, n = 48, R=0.90, R0.001).

Fig. 4.21 shows the plotted values of canopy teatpee (T) against
stomatal conductance g{gfor cotton leaves during the 2008-09 season. @ano

temperature of cotton decreased nonlinearly with iaorease in stomatal
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conductance. During the measurement period as #&bmaonductance
approximately doubled from 25 to 49 mmoFrs*, canopy temperature dropped by
6 °C from 32 to 26 °C. Since transpiration of af leadirectly proportional to
stomatal conductance, these measurements cledrbatia that high values of
frequently irrigated cotton (e.g. T50 treatmentiowb sufficient leaf cooling to

reduce canopy temperature.
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Figure 4. 21Relationship between canopy temperaturg &hd stomatal conductanfgs)
for various irrigation treatments of cotton (2008-@rop (I, = 67.04g:%**° n = 60, R =
0.72, 0.001).

4.3.1.5 Relationship between crop water stress ind  ices and
stomatal conductance

To investigate the effect of stomatal conductargge dn crop water stress indices,
stomatal conductance was plotted against ICWSIlarigigs. 4.22 and 4.23). It can
be seen from Fig. 4.22 that an increase in stonm@iabluctance decreases the
magnitude of ICWSI. As low values of ICWSI are asated with low water stress
in plants, an increase in; @nd transpiration rate is responsible for a deeraa
ICWSI. The other water stress index increased linearly with an increase in
stomatal conductance (Fig. 4.23y Varied from 0.38 to 3.62 when stomatal
conductance ranged within 25 to 49 mmét st. It can be observed from Fig. 4.23

that ks values were lower under least frequently irrigatedtment (T85) compared
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with the most frequently irrigated treatment (T to the difference in soil water
deficit.
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Figure 4. 22 Relationship between ICWSI and stomatal conduetafy) for various
irrigation treatments of cotton during 2008-09 seagCWS = 75.22¢g,"* n = 60, R =
0.73, F0.001).
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Figure 4. 23 Relationship betweerg land stomatal conductance)(épr various irrigation
treatments of cotton during 2008-09 seasgr=(0.11gs - 2.2, n = 60, R= 0.76, R0.001).
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4.3.1.6 Spatial variation in soil water and canopy  temperature

Spatial variation in canopy temperature (°C) and water (mm) within the root
zone for all the 12 plots of cotton during 2007&& 2008-09 seasons are shown in
Figs. 4.24, 4.25, 4.26 and 4.27. Measurement lacdtir each plot is represented by
a filled circle with the label denoting the irrigat treatment and the replicate plot.
Dark blue areas within the field show occurrencéuwf canopy temperature in Figs.
4.24 and 4.26 and are also used to denote ardaglo§oil water content within the
root zone in Figs. 4.25 and 4.27. Similarly, lighthade of blue represents high
canopy temperature and low soil water within thet rmone for these figures. As
areas of the field with T50 and T85 treatments eespely indicate areas of highest
and lowest soil water content, frequent mappingasiopy temperature can be useful
in identifying those areas of relative soil wat@fidit on which to apply variable
guantities of water within the field to reduce se#ter deficit and practice precision
irrigation.

6956180

Northing(m)

6956100
379650 379655 379660 379665 379670 379675 379680

Easting (m)

Figure 4. 24 Spatial variation in canopy temperature at thigation experiment site at 144
days after planting cotton during the 2007-08 seabdled circles indicate the position of
measurement for irrigation treatments T50, T60, &0 T85 and replicates R1, R2 and R3
of each irrigation treatment. The contour linesvghioe values of canopy temperature in °C.
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Figure 4. 25Spatial variation in soil water within root zonethe irrigation experiment site
at 144 days after planting cotton during the 2087s@ason. Filled circles indicate the
position of measurement for irrigation treatmen®®,TT60, T70 and T85 and replicates R1,
R2 and R3 of each irrigation treatment. The conlmes show the values of soil water
within the root zone in mm.
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Figure 4. 26 Spatial variation in canopy temperature at th@ation experiment site at 88
days after planting cotton during the 2008-09 sea®ther explanations are as for Fig. 4.24.
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Figure 4. 27Spatial variation in soil water within root zonethe irrigation experiment site
at 88 days after planting cotton in 2008-09 sea&tiner explanations are as for Fig. 4.25.

4.3.2 Glasshouse experiment

4.3.2.1 Effect of stored soil water on canopy temp  erature

Significant effects of irrigation treatments on opy temperature and stored soil
water (or soil water storage) were found on all sse@ament occasions in the
glasshouse experiment. Mean values of canopy texrtyserand stored soil water for
various irrigation treatments at each measuremeribg are presented in Tables
4.11 and 4.12. It can be seen from Table 4.11theatanopy temperature remained
significantly higher over time for the least freqtlg irrigated treatment (T40) than
for the most frequently irrigated treatment (T8®aximum difference in canopy
temperature between the T40 and T80 irrigationtrinreats was 1.8 °C that was
much lower than the difference in canopy tempeeatobserved for the most
frequently and least frequently irrigated treatrseint the field experimenfThese
differences could be due to the range of variationsoil water content and
atmospheric deficits observed for these experinhdotations. In the glasshouse
experiment stored soil water for the T80 treatmwas higher than that of T40

treatment on most occasions due to higher frequehrtyigation (Table 4.12).
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Table 4. 11 Effects of irrigation treatments on the canopy giemature of cotton on 6
measurement dates (indicated as days after plariliA®) in the glasshouse experiment.
Mean values with a different superscript lettericate significantly different irrigation
treatment (R0.05) when compared by using the least significhiférence (LSD) derived
following an analysis of variance

Measurement Canopy temperature (°C) LSD
dates (DAP) T80 T70 T50 T40 (°C)
106 27.68 28.3 27.4 29.2 0.3
111 25.7 26.8 26.9 27.8 0.3
119 28.8 27.5 28.0° 28.4 0.2
138 25.8 27.3 25.T 26.3 0.3
145 25.8 25.¢ 26.3 26.P 0.2
151 25.9 24.9 26.58 26.3 0.2

Table 4. 12Effects of irrigation treatments on soil waterrage for 6 measurement dates
(indicated as days after planting, DAP) in the gffmsise experiment with cotton. Mean
values with a different superscript indicate simaifhtly different treatments €8.05) when
compared with the least significant difference ()SD

Measurement Stored soil water (mm) LSD
dates (DAP) T80 T70 T50 T40 (mm)
106 102.8 78.2 103.7 57.8 2.7
111 90.8 77.0 71.9 51.7 25
119 81.8 90.6' 83.7 79.T7 2.7
138 1058  76.7 104.9  98.6 2.8
145 101.4 106.8 747 82.1 2.4
151 89.9 107.2  60.7 68.8 2.3

Values of canopy temperature were plotted agatwed soil water to test
the usefulness of thermal imaging for irrigatioheduling inside the glasshouse
(Fig. 4.28). Canopy temperature decreased withnarease in stored soil water
although the degree of scatter in these data weetegrthan in the field. Although
the regression fitted to these data was signifiqg@s0.001), the coefficient of
determination (B was low (0.3) which questions the suitabilitytbérmal imaging
for irrigation scheduling of glasshouse grown pgawhen the measurements for the
entire growing season are considered. Thus, sifif@ar regression was used to test
the effectiveness of thermal imaging for irrigatischeduling using data for each
measurement occasion separately. These regresgiatians and Rvalues for six

measurement occasions are presented in Table 4.13.
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Figure 4. 28 The dependence of canopy temperaturg Oh stored soil water0] under
various irrigation treatments for cotton in thesghouse experiment(= -0.046 + 30.2, n
=120, R = 0.30, R0.001).

Table 4. 13Regressiorequations and coefficient of determinatiorf)(Rr the relationship
between canopy temperaturk,(°C) and stored soil watef,,(mm) for various irrigation
treatments on six measurement dates (indicateadyasafter planting, DAP). The ranges of
stored soil water and canopy temperature are alsars No. of data points (n) used was 20
and 0.001.

Measurement Range Regression R°
dates (DAP)  Soil water Canopy equation
(mm) temperature (°C)

106 56 -105 27.1-29.4 T.=-0.0360 + 31.2 0.91
111 49 — 92 25.5-27.7 T.=-0.0400 + 29.7 0.83
119 78 - 95 27.3-28.7 T.=-0.0720 + 34.1 0.85
138 75-107 24.8-27.6 T.=-0.0680 + 32.5 0.85
145 73-109 24.7-26.5 T.=-0.0379 + 29.0 0.89
151 59-107 24.9-26.7 T.=-0.0320 + 28.5 0.88

Since all the fitted regression equations werénligigignificant (0.001)
with high R values, it may be appropriate to use thermal imgdor irrigation
scheduling for glasshouse grown plants on the dayneasurement rather than
combining all measurements over the entire seasather opportunities for

glasshouse grown plants are also explored in tee fart of this section.

4.3.2.2 Effect of soil water storageon T —T,

The difference between the temperature of canopy &md air (T) was plotted

against stored soil water (Fig. 4.29). It is ewnidigom Fig. 4.29 that higher values of
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Tc-Ta were observed when stored soil water was low.TE values were positive on
most occasions for the least irrigated treatmedD]because the plant canopy was
warmer than air suggesting low transpiration otaotwith the possibility of high
internal water deficit in leaves. Likewise; ¥T, values were negative for cotton
canopies in the most frequently irrigated treatm@@0) possibly because plants

were able to maintain a high transpiration rate.
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Figure 4. 29 The dependence of canopy and air temperature eifter (T — T) on soll
water storaged] for various irrigation treatments of cotton iretglasshouse experiment.

4.3.2.3 Crop water stress indices and their implic  ations to
irrigation scheduling in the glasshouse

ICWSI and k indices were estimated from the measurements rdpa(T;), wet
(Twey and dry (Ty) reference temperatures similar to that for tle&fexperiments.
Crop water stress indices were plotted againsedtsoil water to test the usefulness
of these indices for irrigation scheduling of glassse-grown plants (Figs. 4.30 and
4.31). ICWSI decreased linearly with an increasestored soil water (Fig. 4.30).
ICWSI values varied form 0.23 to 0.57 for a vadatiin stored soil water in the
range of 49 to 109 mm for various irrigation treatits. It can be seen from Fig. 4.30
that ICWSI values were mostly lower in T80 treattnétran T40 treatment because
of the differences in irrigation frequency thateaffs temporal variation in soil water
deficit.
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Figure 4. 30The relationship between soil water stora@eand crop water deficit index,
ICWSI, for various irrigation treatments of cottomthe glasshousd QWS = -0.0046 +
0.7, n =80, R= 0.60, R0.001).
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Figure 4. 31The relationship between soil water stora@jeafnd crop water deficit indexs |
for various irrigation treatments of cotton in ijl@sshouse experiment (= 0.366 €% n
=80, R = 0.60, R0.001).

Since the relationship between ICWSI and storedveater in Fig. 4.30 is
much better than the relationship betweegnrT} and soil water (Fig. 4.29), therefore
use of T —T, is not recommended for irrigation scheduling cdsghouse grown
plants, but should be based on the temperaturefefence leaves (& and Ty)

which are used to estimate ICWSI. ICWSI also impsothe scope for using canopy
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temperature data for the entire season of a cragbtain information on soil water
storage rather than using canopy temperature dattdhé day of measurement that
was suggested earlier on the basis of Fig. 428alues varied exponentially with
an increase in stored soil water (Fig. 4.31). h ba observed from Fig. 4.31 that
low values of § were associated with T40 irrigation treatment imcki soil water
storage was low due to infrequent irrigation. Sikgdoes not have a definite upper

limit, its use for irrigation scheduling is morenited than ICWSI.

4.3.2.4 Effects of stomatal conductance on canopy
temperature

Fig. 4.32 shows the plotted values of canopy teatpes against stomatal

conductance for various irrigation treatments far glasshouse-grown cotton crop.
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Figure 4. 32Relationship between canopy temperaturg éhd stomatal conductanfgs)
for various irrigation treatments of cotton cropide the glasshousé;(= -0.056gs+ 29.0, n
=80, R = 0.51, R0.001).

It can be seen from Fig. 4.32 that low valuesg@gl high values of canopy
temperature mostly occurred in least frequentigated plants from T40 treatment
due to water shortage within these plants redutieg transpiration rates. There
was also a greater degree of scatter in thesecdatpared with similar data for field
experiments and that reduces confidence in thetioeknip between canopy

temperature and stomatal conductance.
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4.3.2.5 Relationship between crop water stress ind ices and
stomatal conductance

Stomatal conductancesfgvas plotted against crop water stress indicegetermine
the influence of gon crop indices (Figs. 4.33 and 4.34). It can bgeoved in Fig.
4.33 that low values of stomatal conductance wesd@ated with high values of
ICWSI in plants from T40 irrigation treatment du® ihcreased water deficit in
plants of this treatment. ICWSI values varied from23 to 0.57 when stomatal
conductance ranged within 29 to 66 mmof g1. Although the trend in these data
was statistically significant, there was a greategree of scatter when was less
than 45 mmol if s*.
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Figure 4. 33 Relationship between ICWSI and stomatal conduetafye) for various
irrigation treatments of cotton in the glasshou@W\S = -0.006gs + 0.7, n = 60, R= 0.54,
P<0.001).

It can be observed from Fig. 4.34 thatiicreased linearly with an increase
in stomatal conductance. High values gfdnd @ were found for plants in T80
irrigation treatment because these plants weragaited most frequently. As
suggested earlier, frequent irrigation tends tontaém a high transpiration rate in
plants due to greater number of stomata remainpgemn @nd that increases stomatal
conductance in plants. Maintenance of high traasipi rate in leaves is important

to sustain plant growth that is expected to inagdant productivity.
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Figure 4. 34 Relationship between; land stomatal conductancgs)(for various irrigation
treatments of cotton in the glasshougs=(0.045gs — 0.4, n = 60, R= 0.52, R0.001).

4.4 Concluding remarks

The response of irrigated cotton crop to systemati@tion in soil water deficit with
various irrigation treatments described in thispteaindicates that thermal imagery
or thermography is quite reliable in distinguishimgst frequently irrigated (T50)
and least irrigated treatment (T85) areas in thklfiStrong dependency of canopy
temperature on soil water within the root zone @ttan over two seasons (2007-08
and 2008-09) observed in the field suggests that tdchnique can be useful in
mapping soil water deficit in the field. Crop wastress indices (i.e. ICWSI ang) |
have been developed as scaling variables so thaé ttan be applied to a range of
climates and crops. Although these relate well veithi water content or deficit
within the root zone in the field, ICWSI is congidé to be better suited for
irrigation scheduling thanzl Thermal imagery was also found to be suitabléhen
glasshouse experiment with cotton. Since thermdyralerived canopy temperature
relates well with soil water on the day of measwetrather than for the entire
season, use of crop water stress indices is reconedefor glasshouse-grown
plants. Similarities in the pattern of spatial @&ion in canopy temperature and soll
water over the entire cotton field reported in h&pter indicate that thermography
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can be used as a rapid and convenient method fasur@ment of crop water deficit
stress in commercial crops to predict soil watdicdesuch that precise quantity of

water can be delivered in specific parts of a fieldeduce crop water deficit stress.
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Chapter 5

MONITORING WATER DEFICIT IN WHEAT
WITH INFRARED THRMOGRAPHY

5.1 Introduction

Wheat is the fourth most important food and agtisal commodities in the world
following sugarcane, maize and rice (FAO, 2007)stalia is placed as the "14
country with regard to wheat production in the wWoWheat is the second most
important crop in Australia in terms of productigfAO, 2007). However,
dwindling water resources in recent years has gdlamest crops including wheat
under great pressure due to a possible future tietua water yields imminent from
climate change and escalating water demand duepolgtion explosion on a global
scale (Kijne et al., 2003). More efficient use oéter in irrigated agriculture, in
particular at the field scale, where it is relatedirrigation scheduling, can be
achieved from improved understandings of crop respdo water deficit stress. The
estimation of water stress in plants is of gregbanance since it can be used to
monitor vegetation and predict primary productiviy detailed knowledge of the
variation in crop water status in space and timeldi«amprove the management of
water resources through appropriate application distlibution of water to a crop

when and where it is more vital for crop developtr(®endez-Barroso et al., 2008).

Although many factors can reduce the yield of @pcrthe major limiting
factor is plant water deficit caused by insuffidciesupply and availability of water
(Wanjura & Upchurch, 2000). Plant stress sensinghimbe considered as an ideal
approach in regulating water supply to plants bsedhe plant is a good integrator
of the soil, water and climatic parameters (Goata Tiwari, 2008). When a crop
plant transpires, water loss from its leaves ctloésleaf surface such that the leaf
temperature can sometimes drop below the ambiet¢raperature. Transpiration is
an inevitable physiological process that is couphath photosynthesis affecting
growth and productivity of plants. As a crop plawintinues to transpire, internal
water deficit can occur starting from leaves bueeging to other plant parts unless

internal water supply meets the plant water demang.internal imbalance between
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demand and supply of water in a plant leads to magécit which may accumulate
over time to translate to water stress reducingspaation. Reduced transpiration
rates reduce leaf cooling allowing leaf temperattwe equilibrate to ambient
temperature and may even surpass the air temper@gtackson, 1982). Although
there are additional factors that may contributedéwelopment of internal water
deficit in leaves and whole plants, leaf tempematarconsidered as one of the most
important indicators of plants experiencing wateess (Petersen et al., 1992). Thus,
canopy temperature has been used for several deeadan important indicator of
water stress since development of infrared thernerse which made this

measurement possible without physically contadiiregplant (Ehrler et al., 1978).

Most of the past studies on detection of wateesstrin plants have been
based on infrared thermometry which involves aatjors of a thermal signal from
the plant and the atmosphere surrounding the gkalderfasi and Nielsen, 2001,
Gontia and Tiwari, 2008). However, measuremenbbéde temperature is difficult
with hand- held infrared thermometers in partiaigetated fields and most airborne
and satellite based infrared sensors can limit gb&ential application of this
technique (Rodriguez et al.,, 2005). In contrasgrrfography (also known as
infrared thermography) with greater capability a0 acquisition of the thermal
image of an area that can be controlled and latemipalated through post-image
analysis by the user. The potential advantage @frntbgraphy over point
measurements with infrared thermometers is thétyabil the image to cover a large
number of individual leaves and plants at one tabea high spatial resolution.
Recent development and commercial availabilityatable thermal imagers and the
associated image analysis software has overcomepribldems associated with
infrared thermometers. It is possible to identifgas of varying levels of water stress
in crop fields due to water or other factors affegtstomatal closure in leaves (also
coincides with zero transpiration) using thermaagimg technologies (Fitzgerald et
al., 2006).

Estimation of crop water status using thermal dedi (derived from
leaf/canopy temperature) has been shown to be rabyst (Idso et al., 1981;
Jackson et al., 1981) and could provide a way tp water status of plants in a field.
Rodriguez et al. (2005) developed a canopy phygicéd stress index with spatial

resolution corresponding with the needs of sitecijgemanagement. Fitzgerald et
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al. (2006) used both spectral and thermal sensirfgtect nitrogen and water status
for rainfed and irrigated wheat. Lenthe et al.’"8(Q2) study explained the usefulness
of an infrared thermography to monitor the canopgltin of wheat. Estimation of
evapotranspiration for a wheat crop by using thénmigared images and ground
based radiometers was described by French etQfl6]2Rigorous testing of thermal
imaging against more traditional physiological teicues of measuring water status
of plants under field conditions is still requiréal determine the correspondence
between thermal emission characteristics and ploggaal response of plants to
water deficit (Grant et al., 2006). Earlier studvelsich have used infrared methods
for irrigation scheduling are able to indicate stdah closure or transpiration rate but
they give no information on the amount of soil wadgailable or that needs to be
supplemented via irrigation at that time (Jone94®). Therefore, experiments were

conducted both in the field and glasshouse withatetest:

« whether thermal imaging can be used as an irrigatcheduling technique
for wheat crops growing under various irrigatiosatiments;
« the effectiveness of crop water stress indices (e.and ICWSI described in

previous chapters) in estimating soil water status.

» the effects of plant physiological measures of plamater status on the

canopy temperature and their relationship with evager stress indices.

5.2 Materials and Methods

Two experiments were conducted on whdaiticum aestivum L., cv Lang) in 2008.
The first experiment was a field experiment at @eensland Primary Industries
and Fisheries (now referred to as Department of I&mpent, Economic
development and Innovation) experimental statioar n€ingsthorpe (27°30'44"S,
151°46'55"E, and 431 m elevation). The other @rpat was conducted in the glass
house of the University of Southern Queenslandl details of the soil properties
used for the field site were given in Chapter 4e Bxperimental design used was
similar to that used for cotton. Soil used for ¢h@sshouse experiment was as for the

previous chapter.
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5.2.1 Fidd experiment with wheat

This field experiment consisted of four irrigatitneatments with three replications
using a randomized block design. Irrigation treatteeand plot layout were as
detailed in Chapter 4. In this experiment with whda85 treatment plots were not
subdivided into solid and skip row planting as @se& of cotton. Wheat was planted
on 6" June 2008 and harvested orf"IMovember 2008. During the experimental
period, daily minimum and maximum air temperatuagied from -5.3 to 36.6 °C
and the relative humidity between 17% and 100%.alToainfall during the
experimental period was 212 mm. Wheat seedlingsrgadewithin 10 days after
planting of seeds at a depth of 50-75 mm Briéne 2008. At the time of planting,
100 kg N h& of urea and 230 kg Heof mono-ammonium phosphate was applied to
all the experimental plots. Although planting déynsvas aimed to maintain 200
plants ¥, the measured planting density was 220 plantswith a row spacing of
25 cm. For weed control, Starane 200 was initiafhplied at 0.5 | Haon T July
2008 with a subsequent application of 1 Ttean 22 July 2008. At 63 DAP, when
the first node of wheat appeared, an additionaluarhof N-fertilizer (100 kg N hd)
was applied. Each replicate plot was irrigated witre water using a hand-shift

sprinkler system (Fig. 5.1).

Figure 5. 1Hand shift solid sprinkler system used for applarabof irrigation water to the
wheat crop.
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Irrigation treatments in various plots were imgbsea 64 DAP and continued
up to 130 DAP. All replicates of T50, T60, T70 and5 treatments were supplied
with 203, 152, 79 and 73 mm irrigation water, respely. For T50, T60, T70 and
T85 irrigation treatments, 1 neutron probe accele tvas installed in each replicate
plot to monitor the soil water distribution oveetgrowing season. A neutron probe
(503DR Hydroprobe, Campbell Pacific Nuclear Incarihez, CA, USA) was used
to measure soil water content from the surface degth of 1.33 m at 0.1 m depth
increments. Calibration process for the neutrob@nas as described previously in
Chapter 4.

5.2.2 Measurementsin thefield

Thermal images of wheat plants were taken withndiraiied camera (NEC TH7800
model, NEC, Japan) for 12 plots 2 m above the gtaas described for the cotton
crop in Chapter 4. Canopy temperature (°C) wasvddrior leaves only by analysis
and processing of the thermal image with the so@twiahage Processor Pro I
(Version 4.0.3, NEC, Japan). Air temperature wa® aheasured at the time of
thermal imaging with an Omega type RTD (resistaleceperature detector) probe.
Images of wet and dry reference leaves were taBeedch irrigation treatment at
the time of image acquisition of normal leaves @ik corresponding reference
surface temperatures (& and Tgy). Assuming an emissivity of 1.0 for plants has
been reported to induce an error of <1°C (Jackd882) as emissivity for plant
leaves usually varies from 0.92-0.99 (Idso et 8969; Rees, 2001; Sutherland,
1986). Emissivity of wheat crop selected for thxperiment was 0.98 (as reported
by Chen & Zhang, 1989; Husband & Monteith, 1986;ng/@t al., 1994). Detailed
specification of the infrared camera, proceduresiection of wet and dry leaves
and estimation of crop water stress indices sudly aad ICWSI from the reference

leaves remained the same as described in Chapter 4.

Following thermal imaging, the position of imagbjexts in the field was
recorded separately with the help of a hand-hel® @®odel 72, Garmin, Kansas,
USA) to examine spatial variation in canopy tempera within the experiment.
Since the GPS recorded the location of all measemémin latitude and longitude
format (i.e. degree, minute and second), the retbdhta were converted to easting

and northing by using a UTM conversion excel sprelaglet (Dutch, 2007). Table
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5.1 shows the timing and measurement dates of #giemaging. Soil water content
was measured with the neutron probe on the sameasidgr thermal imaging to
explore the interrelationships between canopy teatpee (°C) and soil water
content within the root zone of the crop. The dffecr root zone depth was
determined for the day of thermal imaging as dbesdiin Chapter 4 that allowed

estimation of soil wate®;, mm).

Table 5. 1 Timing and measurement dates of thermal imagingvieéat crop during the
experiment.

Measurement dates Time of measurement

(DAP)

63 10.50 A.M. — 11.10 A.M.
70 2.10 P.M. — 2.25 P.M.
105 9.30 A.M. — 10.10 A.M.
112 9.40 A.M. — 10.15 A.M.
119 9.40 A.M. — 10.10 A.M.
131 9.35 A.M. — 10.10 A.M.

Leaf water potential¥;) was measured with a Model 1000 pressure chamber
(PMS Instrument Company, Oregon, USA) on five omoes (Table 5.2) as
described in the previous chapter. Wheat leavee s@&mpled from the area used for
thermal imaging to measure stomatal conductanckeafes (g with a PMR-5
steady state porometer (PP Systems, Norfolk, Uldeuambient light conditions on
3 occasions (Table 5.2). Finally, wheat was haeceby harvester on TINovember
2008 and grain yield was measured separately fon eeplicate plot of various

irrigation treatments.

Table 5.2 Timing and measurement dates of leaf water pateatid stomatal conductance
of wheat crop during the experiment.

Measurement dates Time of measurement &f Time of measurement of g
(DAP)

70 2.30 P.M. -3.35 P.M. -

105 12.00 P.M. - 1.35 P.M. 10.35 AM. —11.45 A.M.
112 10.25 A.M. - 11.35 A.M. 11.40 A.M. — 12.45 P.M.
119 10.30 A.M. — 11.40 A.M. 11.10 AM. - 12.40 P.M.
131 10.15 A.M. —11.30 A.M. -
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5.2.3 Glasshouse experiment

An irrigation experiment with wheaTiticum aestivum L., cv. Lang) was conducted
within the glasshouse from %3uly 2008 to % December 2008 (Fig. 5.2). The
experiment consisted of 28 pots that representeckplicates of 4 irrigation
treatments, all arranged in a randomised blockgdesihe details of the properties
of soil used for the experiment, method of prepamatof pots and irrigation
treatments have been explained in Chapter 3. Adiomel in Chapter 3, 12 of the
28 pots (4 treatments 3 replicates) were placed over the mini-lysimestgstem for
continuous monitoring of water loss from pots airstime intervals. The remaining
16 pots (4 treatments 4 replicates) were placed on a bench adjacereartini
lysimeter system inside the glasshouse at the dasight as the lysimeter pots.
Detailed description of the mini-lysimeter systend aveather parameters during the
growth period of wheat have been previously given Ghapter 3. Detailed
information on the crop and irrigation managemespeats for wheat in this
experiment is also given in Chapter 3.

Figure 5. 2Wheat growing in pots in the glasshouse experintemmt three rows of pots
are placed over the mini-lysimeter system.
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Thermal images of plants were taken on 6 occas(@able 5.3) for all
replicates of irrigation treated pots with the améd camera as for the field
experiment. Images of reference leaves (i.@: dhd Tyry) were taken on 4 occasions
(73, 81, 84 and 91 DAP) in the same way as forfitld experiment. Details of the
infrared camera, procedure for selection of wet @rydleaves and calculation af |
and ICWSI indices from the reference leaves wasdescribed in Chapter 4.
Emissivity for wheat crop inside the glasshouseaiesd the same as for the field
experiment. Canopy temperature (°C) was derivenh famalysis of thermal images
with the Image Processor Pro Il software (Versiof.31 NEC, Japan). Air
temperature (°C) was also recorded during the tftbermal imaging with Omega
type RTD (resistance temperature detector) probeortler to relate the canopy
temperature with soil water, stored soil wat@r fim) in each pot during thermal
imaging was calculated according to the procedwedascribed previously in
Chapter 4. Leaf water potential|j was measured with the Model 1000 pressure
chamber (PMS Instrument Company, Oregon, USA) wahg thermal imaging on

four occasions (Table 5.3).

All wheat plants were harvested ol Becember 2008. At harvest, whole
plants above the soil level were excised and thentatal weights of plants along
with grains were measured with an electronic ptatfbalance. After that plants and
grains were dried inside the oven at 65° C fordhdays and the weight of plant and

grain was measured after drying.

Table 5. 3Timing and measurement dates for thermal imagirdyleaf water potential of
wheat plants in the glasshouse experiment.

Measurement datesTime of thermal imaging Time of measuremen¥pf
(DAP)

69 12.10 P.M. - 12.50 P.M. -

73 12.00 P.M. - 12.40 P.M. -

81 11.00 A.M. —12.00 P.M. 12.05 P.M. - 12.35 P.M.
84 11.50 A.M. —12.40 P.M. 12.50 P.M. - 1.20 P.M.
91 1.00 P.M. — 2.00 P.M. 2.10 P.M. - 2.40 P.M.
98 12.10 P.M. - 12.55 P.M. 1.05P.M. -1.35P.M.
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5.3 Results and Discussion

5.3.1 Wheat experiment

5.3.1.1 Effects of soil water on canopy temperatur e

Analysis of variance of the measured field dataicaegd significant effects of
irrigation treatments on canopy temperature anidvgier within the root zone for 4
of the 6 measurement occasions. Mean values ofpgaiemperature and soil water
within the root zone for these measurement peramedshown in Tables 5.4 and 5.5.
It can be seen from Table 5.4 that canopy tempexdtr T50 irrigation treated
wheat plants remained consistently lower than tl85 Treated wheat plants
throughout the season because plants under T5@mtehl were irrigated more
frequently than the plants under T85 treatmentl ®ater within the root zone of
wheat in Table 5.5 indicated that more frequenthgated treatment (T50) also

remained consistently wetter than the least ireddteatment (T85).

Table 5. 4Effects of irrigation treatments on the canopy temagure of wheat in the field on
selected measurement dates (indicated as dayspédiging, DAP). Mean values with a
different superscript are significantly differer’<Q.05) when compared with the least
significant difference (LSD).

Measurement Canopy temperature (°C) LSD
dates (DAP) T50 T60 T70 T85 (°C)
105 25.8 29.7 26.4 29.2 2.4
112 22.8 24.8 23.3 24.8 1.0
119 25.9 30.3 29.9" 30.2 0.5
131 24.8 29.7 29.3 30.3 2.1

Table 5. 5Effects of irrigation treatments on soil water hiit root zone of wheat in the

field on selected measurement dates (indicatedags after planting, DAP). Mean values
with a different superscript are significantly eéifént (R0.05) when compared using LSD as
for the previous table.

Measurement Soil water within root zone (mm) LSD
dates (DAP) T50 T60 T70 T85 (mm)
105 3208 2875 3036 294.P° 145
112 3438 311.% 3272 316.3° 123
119 387.83 3098 3254 3138 295
131 4438 352.8 3498 3304 457
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To investigate the effects of soil water on cantgyperature for the wheat
crop, canopy temperature was plotted against saiemwithin the root zone (Fig.
5.3). An equation fitted to these dataTis = 0.667 8°°% (n = 72, B = 0.49,
P<0.001), wherel; = canopy temperature in °C aifl= soil water within the root
zone in mm. It can be seen from Fig. 5.3 that #n@opy temperature of the wheat
crop appeared to increase with increase in soilewabntent. In this case, a
combined analysis of the data tends to contradhietgeneral notion that canopy
temperature should be low at high soil water canéenincreased water supply in
root zone of a plant should allow it to maintaireqdate transpiration and cooling of
leaves. Since the resistance to water flow fronh\gairoot and stem to leaf is not
constant over time (see discussion in Section 83rlChapter 4), the variation of
canopy temperature (as an indicator of the resistdn water flow from leaf to
atmosphere) with variation in soil water for cott@ngs. 4.12, 4.13 and 4.28) over
the entire growing season was quite different frameat (Fig. 5.3). Additional
differences in the relationship between canopy traipre and soil water for the two
crops could be also due to the wider variation @il sater over all irrigation
treatments for cotton (Tables 4.7 and 4.9) compuaiiéd wheat (Table 5.6) and the

differences in weather conditions at the time afopy temperature measurements.

35 -
| 119 DAP
30 | 131 DAP
| 105 DAP, © T50
%) 0 T60
£ 5
o 63 DAP AT70
— | 70 DAP
o T85
20 - / /
% ~ndg 112 DAP
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Figure 5. 3Variation in canopy temperatureJwith soil water within the root zon@,j for
various irrigation treatments of wheat in the fieRix solid lines within this graph show a
local decreasing trend in canopy temperature witheiasing soil water within the root zone
for the specific date of measurement shown as aftgsplanting (DAP).
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Further explanation to apparent contradictoryagitun in Fig. 5.3 arising as a
result of the differences in weather conditionsass follows. Cooling of leaves
usually occur in relation to the ambient tempemtas heat is exchanged between
the leaf surface and the surrounding air duringspaation. As the capacity of
stomata to control transpiration from leaves vamgth species and cultivars, a
hydraulic feedback within the control system ofnséda (Jones, 1998) may limit the
maximum conductance and transpiration rate whenthgeaconditions (e.g.
atmospheric vapour pressure deficit, VPD) differbsgtantially during the
measurements of canopy temperature. VPD is usestisnated from air temperature
and relative humidity (see p33-39, Allen et al.98p Due to the unavailability of
relative humidity data during the measurementsaobpy temperature, approximate
estimates of VPD could be obtained by combiningtamperature measurements
with relative humidity data from the nearby weathstation for some of the
measurement dates. Average VPD values at the tifneaonopy temperature
measurements on 63, 105, 112 and 119 DAP were 2.88, 1.51 and 1.66 kPa,
respectively.

It can be seen from Fig. 5.3 that the slope oflitiear relationships between
T. and & suggested for various dates (DAP) tend to incredfie an increase in
VPD. This distinctive nature of the physiologicakponse of wheat to water deficit
has been used to develop a canopy stress indexcdnabinesT. (derived from
thermography) with air temperaturé; and VPD (Rodriguez et al., 2005). One of
the possible reasons for the dependency of can@mypdrature-soil water
relationship on weather conditions (VPD) for wheatdue to a distinct seasonal
change expected during the growth period. In theament, wheat was planted in
winter and harvested towards the beginning of sumamel that contributed to a
substantial variation in ambient temperature dutirgseason. The solid lines shown
in Fig. 5.3 describing the linear trend in datavarious DAP was derived by fitting

regression equations to the data for individua¢slaf measurement (Table 5.6).

All regression equations shown in Table 5.6 weghlyi significant (R0.001)
with high R values and all indicated that canopy temperat@eehses with an
increase in soil water within the root zone forigeg day of measurement. Ranges
of soil water and canopy temperature observed dlected measurement dates are

also shown in this table to which the fitted regress apply. These analyses indicate
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that the general plant response of linear decréaseanopy temperature with
increasing soil water may apply uniformly for théale cropping season of cotton
(Chapter 4) but not for wheat (this chapter).

Table 5. 6 Regressiorequations and coefficient of determinatiorf)(Ror the relationship
between canopy temperaturg, (°C) and soil water within root zon&,(mm) for various
irrigation treatments on 6 measurement dates @belicas days after planting, DAP), range

of soil water and canopy temperature. No. of dafatp () used for each measurement date
was 12 and £0.001.

Measurement Range Regression equation “R
dates (DAP)  Soil water Canopy
(mm) temperature (°C)
63 160-190 17.1-19.3 T.=-0.0716,+ 30.6 0.91
70 225-254 16.2-17.2 T.=-0.0294,+ 23.7 0.77
105 275-329 24.9-30.9 T.=-0.1076,+59.9 0.76
112 294 -359 21.9-26.1 T.=-0.0654,+ 44.8 0.95
119 288 -419 25.3-30.8 T.=-0.0504,+45.8 0.91
131 288 — 477 24.2-31.9 T.=-0.0464,+ 45.7 0.90
5.3.1.2 Effects of soil water on the difference be tween

canopy and air temperature difference (T .— Tg)

Air temperature () was measured with an Omega type RTD probe orncdsuns
(ie. 63, 105, 112 and 119 DAP) at the time of th@rimaging. The difference in
canopy (F) and air temperature was estimated and has be&eghkgainst the soil
water within the root zone (Fig. 5. 4). This figgleows considerable improvement
in the dependency of. Dver0, as it incorporates the seasonal variationini case
of T50 treatment (the most frequently irrigated® thfference between canopy and
air temperature was negative most of the time pbsbecause plants were able to
maintain a high transpiration rate throughout tleassn. This supports early
assertions by Jackson (1982) that the canopy tetyvershould be similar or lower
than the air temperature when water availabilitplemts is adequate. In case of least
irrigated treatment (T85) the canopy temperatum@areed higher than the air
temperature indicating lower water availability persistence of some degree of
water deficit in wheat in this experiment.
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Figure 5. 4The dependence of canopy and air temperaturaeliite (T — T,) on soil water
within the root zonefl,) for various irrigation treatments of wheat in fregd.

5.3.1.3 Crop water deficit indices and their impli  cations to
irrigation scheduling

Crop water deficit indices such as ICWSI argl were calculated from the
measurements of canopy, wet and dry reference tatope as described previously
in Chapter 4. Estimation of these indices was ticoasuming because at any
measurement occasion, there were 12 plots (thygdesate plots of four irrigation
treatments) for which each canopy temperature measnt was supplemented with
dry and wet reference temperature measured foeseom each replicate plot. For
rapid estimation and practical use of these theinthtes for irrigation scheduling,
it may be possible to derive the wet reference tatpre from the plot with the
highest soil water content (most frequently irreghtreatment) and the dry reference
temperature from the plot with the least soil watentent (least frequently irrigated
plot) since the coefficient of variation in refecentemperatures was small (<8%). It
is expected that these reference temperatures viiali)dwith the scaling of canopy
temperature for wheat leaves at the intermediatedeof soil water (other irrigation
treatments). Fig. 5.5 shows the plotted value<¥¥8E1 against soil water within the
root zone for the entire wheat season as welltesdfvalues for these parameters

separately on each measurement date.
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Figure 5. 5Variation in crop water deficit index ICWSI withisavater within the root zone
(6,) for various irrigation treatments of wheat in fiedd. Six solid lines within this graph
show a local decreasing trend in ICWSI with inchegsoil water within the root zone for
specific date of measurement shown as days a#iatiptj (DAP)

The water stress index ICWSI commonly varies fronto 1 with 0 value
indicating plants under no water stress to 1 fanfd under maximum water stress.
No systematic pattern of dependence between theegloariables can be seen in
Fig. 5.5 when all the measurements of ICWSI antvgaier within the root zone of
wheat crop are considered. The variation in thea dapears to be similar to that in
Fig. 5.3. ICWSI values in Fig. 5.5 ranged from 0t@®.37 for T50, 0.22 to 0.67 for
T60 and T70 and 0.30 to 0.81 for T85 treatmentsrmdilé the measurements for
ICWSI and soil water within the root zone of wheadre taken into consideration.
Low ICWSI value (<0.4) on most occasions for T5@igates little internal water

deficit in wheat due to frequent irrigation.

In a similar manner, high values of ICWSI (>0.7%) logh internal water
deficit in wheat was observed in least frequentiigated treatment of T85. Due to
the overlap in values of ICWSI and soil water withioot zone, no unique
relationship between the plotted variables candam sn Fig. 5.5. Therefore, fitted
values of ICWSI against soil water within root zdne each measurement date are
also shown separately in Fig. 5.5. It can be olegkfiom Fig. 5.5 that ICWSI values
decreased with increase in soil water within romez for each individual date of

measurement.
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Fig. 5.6 shows plotted values efdgainst soil water within root zone for the
entire wheat season as well as fitted values fesdtparameters separately on each
measurement date. The major difference betweere ttves indices is that, unlike
ICWSI, Is is usually high when the soil water within thetraone is high.d values
varied from 1.71 to 4.67 for T50 treatment, 0.50 &rb3 for intermediate irrigation
treatments (i.e. T60 and T70) and 0.24 to 2.24TR% treatment, respectively. Since
a general trend did not exist for the data in FigS.and 5.6, regression equations for
these variables were checked to judge their slittalbor irrigation scheduling for
the day of measurement. The regression equatiénsl&es and range of crop water
deficit indices and soil water for these regressiare presented in Tables 5.7 and
5.8.
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Figure 5. 6Variation in crop water deficit index with soil water within the root zon@,j
for various irrigation treatments of wheat in tield. Six solid lines within this graph show
an increase ingl with increasing soil water within the root zone fadividual date of
measurement (shown as DAP).

The coefficient of determinatiofR?) of all the fitted regressions varied from
0.76 — 0.95 in case of ICWSI and 0.73 — 0.92 tpahd were highly significant
(P<0.001). ICWSI may be considered more appropriatétfigation scheduling than
I, because there is no fixed range of variatiorttiee index where as ICWSI varied
form 0 to 1. Thus, on a given day of measurem@&@\y$1 can be used for irrigation
scheduling when it reaches a critical value (e.d),0as mentioned earlier, so that

crop plants will not experience high water strédsese indices were developed to

111



Chapter 5

examine whether plants are experiencing internalemadeficit. Their variation
against environmental factors particularly VPD &livestablished in situations when
the crops are well watered or fully water stresdddo et al., 1981). A crop that is
growing in a normal condition, these indices arpeeted to indicate a systematic
pattern of variation when plotted against VPD (lés@l., 1981), but their pattern of
variation against soil water content or deficitirlknown.

Table 5. 7Regressiorequations and coefficient of determinatiorf)(For the relationship
between CWS and soil water within root zon&,( mm) for various irrigation treatments on
six measurement dates (indicated as days aftetimdarDAP), range of soil water and
ICWSI. No. of data points (n) used for each DAP Wwasand R0.001.

Measurement Range Regression equation R
dates (DAP) Soil water ICWSI
(mm)

63 160 — 190 0.29 - 0.63ICWS =-0.0116,+2.4 0.91
70 225 — 254 0.22 -0.371ICWS =-0.0046,+ 1.3 0.77
105 275 - 329 0.20 - 0.811CWH =-0.0104,+ 3.7 0.76
112 294 — 359 0.18 -0.63CWH =-0.0074,+2.7 0.95
119 288 — 419 0.18-0.63CWS =-0.0044,+ 1.7 0.91
131 288 — 477 0.19-0.73CWS =-0.0034,+ 1.6 0.81

Table 5. 8Regression equations and coefficient of deterrigna¥’) for the relationship
betweenl s and soil water within root zoné&)( mm) for various irrigation treatments on six
measurement dates (indicated as days after plamiag), range of soil water ang.INo. of
data points (n) used for each DAP was 12 ar@ (1.

Measurement Range Regression equation °R
dates (DAP)  Soil water g
(mm)
63 160-190 0.58-2.50|;=0.0614-9.3 0.89
70 225-254 1.72-3.53 |=0.0544, - 10.7 0.79
105 275-329 0.24-4.0015=0.0614 - 16.9 0.73
112 294 -359 0.60-4.6015=0.0654-19.2 0.91
119 288 -419 0.60-4.67 Ig=0.0324-9.3 0.91
131 288 -477 0.37-4.4015=0.0234-6.9 0.92
5.3.14 Effect of leaf water potential and stomata |

conductance on canopy temperature

Fig. 5.7 describes the relationship between cariemyperature (J and leaf water
potential }) measured on selected occasiofisvaried from -2.3 to -3.65 MPa
when canopy temperature varied within 16-32 °C. Taropy temperature of the

wheat crop increased wh#fy decreased (or became more negative) due to imteas
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internal water deficit within the wheat leaves. .Fig8 shows plotted values of

canopy temperature against stomatal conductandbdawheat crop.

© T50
~~
g_) 0 T60
N—r
o AT70
|_
0 T85

Y, (-M Pa)

Figure 5. 7The relationship between canopy temperatligegnd leaf water potential)
for various irrigation treatments given to the whemp (T, = 13.04¥% — 11.8, n = 60, R=
0.83, ~0.001).
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Figure 5. 8The relationship between canopy temperatugegiid stomatal conductance)(g
for various irrigation treatments given to the whemp (T, = -0.17gs + 33.1, n = 36, R=
0.53, ~0.001).
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Canopy temperature of wheat increased with a deerein stomatal
conductance of the leaves. Since high values ;ochrgl low values of Jwere
observed mostly for plants from the T50 treatmenFig. 5.8, it can be concluded
that frequent irrigation of crops increases canwpgspiration due to an increase in
stomatal conductance of leaves which may be the megison for the reduction in

canopy temperature.

5.3.1.5 Relationship between crop water deficit in  dices and
stomatal conductance

Figs. 5.9 and 5.10 show variation in crop watelaiteindices (i.e. ICWSI andg)

with stomatal conductance of wheat leaves. It carséen from these figures that
values of gwere 3-4 times higher for the frequently irrigap@dnts (T50 treatment)
than the least irrigated plants (T85 treatment¥ah be observed from Fig. 5.9 that
canopies with high stomatal conductance have IoW3C values. Sincegl and
ICWSI are inversely relatedg lvalues were high when stomatal conductance was
also high (Fig. 5.10).
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Figure 5. 9 The relationship between ICWSI and stomatal corahest (g for various
irrigation treatments given to the wheat cropWs = 1.148 €°%%% n = 36, R = 0.72,
P<0.001).
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Figure 5. 10 The relationship between; land stomatal conductanceg)(dor various
irrigation treatments given to the wheat crip= 0.222 8°¥% n = 36, R= 0.71, R0.001).

5.3.1.6 Spatial variation in soil water and canopy  temperature

Figures 5.11 and 5.12 show the spatial variatiortanopy temperature and soil
water within the root zone for all the 12 plots tbk irrigation experiment with
wheat. Filled circles on these maps represent g@sarement location for each plot
with labels denoting irrigation treatments (T50...T78d replicates (R1...R3).
Zones within these maps with a darker shade of ildieate low value of canopy
temperature which coincided with a similar locatianthe field of high soil water
within the root zone. In a similar way, areas ghter shade of blue (almost white)
represent high canopy temperature and low soil maithin the root zone. Since
areas of the field with T50 and T85 treatments eesipely indicate areas of lowest
and highest soil water deficit, frequent mappinganhopy temperature can be used
as an estimator of relative soil water deficit iedd so that the appropriate quantity
of irrigation water can be applied to reduce vaiain canopy temperature and soill

water deficit in a wheat field.
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Figure 5. 11 Spatial variation in canopy temperature at thigation experiment site at 112
days after planting wheat. Filled circles indicttie position of measurement for irrigation

treatments T50, T60, T70 and T85 and replicatedRRIand R3 of each irrigation treatment.
The contour lines show the values of canopy tentpesan °C.
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Figure 5. 12Spatial variation in soil water within root zonethe irrigation experiment site
at 112 days after planting wheat. Filled circledi¢ate the position of measurement for
irrigation treatments T50, T60, T70 and T85 andicafes R1, R2 and R3 of each irrigation
treatment. The contour lines show the values dfveatier within the root zone in mm.
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5.3.2 Glasshouse experiment

5.3.2.1 Effect of stored soil water on canopy temp  erature

Significant effects of irrigation treatments on opy temperature and soil water
storage (stored soil water) were detected on allnseasurement occasions. Soil
water stored following a given irrigation (and atsainage shortly afterward) is a
function of water deficit present in the soil a¢ ttime of irrigation (arising from ET

losses from the previous irrigation) and the watat could be retained by the soill
following an irrigation and drainage. Due to theadinvolume of root zone limited

by the size of pot, all stored soil water can bestdered as available to the plant for

evapotranspiration.

Mean values of canopy temperature and stored wailer for these
measurement periods are shown in Tables 5.9 artd b.&¢an be seen from Table
5.9 that the canopies of plants growing under Téthadtion treatment were
significantly warmer than under T80 treatment astriones during the experiment,
except at 73 days after planting. This is becauggation was given to plants under
T40 treatment a few days before (at 70 DAP) thateiase® for the T40 treatment
to increase over the for T80 treatment (Table 5.10). Data on soil wat@rage in
Table 5.10 indicated that more frequently irrigatezatment (T80) also remained
consistently wetter than the least irrigated treattn(T40), except at 73 DAP as
explained above. The maximum difference in can@pyperature between the least
irrigated and frequently irrigated treatment wa3 2C during the crop growth

period.

Table 5. 9Effects of various irrigation treatments on th@aay temperature of wheat on
selected measurement dates (indicated as dayspédtaing, DAP) inside the glasshouse.
Mean values with a different superscript are sigaiftly different (R0.05) when compared
with the least significant difference (LSD) given.

Measurement Canopy temperature (°C) LSD
dates (DAP) T80 T70 T50 T40 (°C)
69 28.4 28.6 30.6 31.F 0.3
73 28.7 29.8 30.6 28.0 0.4
81 33.8 2.7 34.8 34.8 0.2
84 31.8 30.¢ 31.F 32.7 0.2
91 34.7 35.8 34.9¢ 357 0.3
98 36.4 36.4 38.3 37.7 0.2
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Table 5. 10Effects of various irrigation treatments on watread within soil on selected
measurement dates (indicated as days after plarDA®) in the glasshouse experiment
with wheat. Mean values with a different superdceape significantly different (£0.05)
when compared with the least significant differeflc&D) given.

Measurement Stored soil water (mm) LSD
dates (DAP) T80 T70 T50 T40 (mm)
69 106.2 94.4 66.5 51.1° 2.6
73 92.2 81.3 62.9' 102.4 4.6
81 80.9 91.2 64.7 63.8 35
84 85.f 104.F 96.9 52.5 3.4
91 103.4 75.7 94.9 97.% 4.3
98 106.6 106.3 587 73.7 4.2

In order to test the effectiveness of thermal imgdor irrigation scheduling
for glasshouse-grown wheat, values of canopy teatper were plotted against

stored soil water (Fig. 5.13).
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Figure 5. 13The dependence of canopy temperatuge @i stored soil wate®) for various
irrigation treatments given to the wheat crop ia giasshouse. Two solid lines within this
graph show a decrease in canopy temperature withdse in stored soil water for selected
date of measurement.

Canopy temperature did not appear to be stronglyenced by soil water
due to considerable scatter in the data. The stdpgbe two solid lines fitted for
canopy temperature against soil water for selectedsurement dates (i.e. 73 and 81
DAP) were relatively flat. Thus, thermal imagingpagars to be less suitable for

irrigation scheduling of crop plants in the glasst® especially those crops with
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narrow leaves (e.g. wheat), because of the nafurarmbility of the combined data.
There may be a possibility that wheat plants wéte 80 adjust canopy temperature
in relation to available water and/or timing ofigation that reduced the dependence
of canopy temperature on stored soil water.

However regression equations, coefficient of deibeation (R) relating
canopy temperature and stored soil water for siasuement occasions are given in
Table 5.11. High values of?R0.92-0.98) indicated that all the fitted regressi
models were highly significant £8.001). Thus it is possible to use thermal imaging
as an aid to irrigation scheduling by consideringirsgle day’s measurement to
determine relative soil water storage instead ofsmering the data for the entire

wheat season.

Table 5. 11Regressiorequations and coefficient of determinatiorf)(Rr the relationship
between canopy temperaturk, (°C) and soil water storagé, (mm) for various irrigation
treatments on six measurement dates (indicatecags after planting, DAP). Ranges of
stored soil water and canopy temperature are aemgNo. of data points (n) used for each
regression was 20 ang®001.

Measurement Range Regression R*
dates (DAP)  Soil water Canopy equation
(mm) temperature (°C)
69 49 -107 28.1-31.3 T.=-0.0550 + 34.0 0.95
73 60-105 27.6-30.9 T.=-0.0670 + 34.8 0.97
81 61 -93 325-35.0 T.=-0.0750 + 39.6 0.96
84 50-106 30.5-33.0 T.=-0.0360 + 34.6 0.94
91 72-107 34.4-36.0 T.=-0.0419+ 38.9 0.92
98 53-109 36.1-38.6 T.=-0.0410 + 40.7 0.98
5.3.2.2 Effect of soil water storageon T T,

In this experiment, air temperature,(Wwas measured with an Omega type RTD
probe during the time of thermal imaging. The d#fece between canopyTand

air temperature was plotted against stored soiem@tig. 5. 14). T, was positive
wheno was low; particularly for wheat plants in the T#@atment (least frequently
irrigated pots). Positive values of-T, indicate insufficient heat loss from leaves as
a result of low transpiration rate. In case of trewtly irrigated treatment (T80) the
canopy temperature remained lower than the air ¢éeatpre due to high storage and

availability of soil water allowing a high transgiron from wheat leaves.
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Figure 5. 14 The dependence of canopy and air temperaturereiiife (T — T,) on soll
water storagef) for various irrigation treatments of wheat in tilasshouse.

5.3.2.3 Crop water deficit indices and their impli  cations to
irrigation scheduling

Crop water deficit indices, such as ICWSI ardwere calculated as described
previously for field studies. ICWSI and Wwere plotted against soil water storage
(Figs. 5.15 and 5.16).
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Figure 5. 15The relationship between soil water stora@eand crop water deficit index,
ICWSI, for various irrigation treatments of wheatthe glasshousdGWS =-0.006 & +
0.84, n = 80, R= 0.73, R0.001).
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ICWSI ranged from 0.17 to 0.67 when stored soitew&aried within 50 to
107 mm. Low values of ICWSI indicated plants toupeler low plant water deficit
stress and vice versas Values varied from 0.50 to 4.82 when stored saitew
varied in the range of 50 to 107 mm. A high valtidpcorresponded with a high
value of stored soil water. Since ICWSI is a scaladable that ranges between 0-1
compared with d with no upper limit to its variation, ICWSI may m®nsidered
more appropriate for irrigation scheduling than The fitted equation for ICWSI
against stored soil water in this experiment wagh#ly better due to the higher value
of R% Although no systematic pattern of dependencefaiasd between ICWSI and
soil water within the root zone of the wheat croghe field, when data for the entire
season were combined, ICWSI related well with stoseil water inside the
glasshouse.
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Figure 5. 16 The relationship between stored soil wadrand crop water deficit indexg |
for various irrigation treatments of wheat in tHasghousel¢ = 0.217 €% n =80, R=
0.72, K0.001).

Linear regressions were also used to fit ICWSIiiregjastored soil water on
specific measurement dates to check the suitalmhityCWSI index as an aid to
irrigation scheduling when a single day’s measurdnis available. The fitted
regression equations>Ralues and range of variation in soil water antVE! for
selected measurement dates are given in Table bdr2all the fitted regression
models, R varied within 0.87-0.93 and found to be highlyrsfigant (P<0.001).

Therefore, ICWSI index based on a single day ofsueament can also be used for
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irrigation scheduling of plants in the glasshous¢he same way as shown for the

field experiment.

Table 5. 12Regressiorequations and coefficient of determinatiorf)(Rr the relationship
betweenlICWS (y) and stored soil wate®( mm) for various irrigation treatments on 4
measurement dates (indicated as days after plaidiAg), range of stored soil water and
ICWSI. No. of data points (n) for each regressi@s®0 and £0.001.

Measurement Range Regression equation ‘R
dates (DAP)  Soil water ICWSI
(mm)
73 60 — 105 0.23-0.67 ICWS =-0.0076+ 1.1 0.91
81 61— 93 0.25-0.49 ICwWd =-0.0059+ 0.8 0.79
84 50 - 106 0.21-0.54 ICws =-0.0050 + 0.7 0.93
91 72-107 0.17-0.39 ICWS =-0.0060 + 0.8  0.87
5.3.24 Effects of leaf water potential on canopy  temperature

A plot of canopy temperature against leaf wateepual () is shown in Fig. 5.17.
¥, varied from -1.2 to -3.2 MPa for a variation in opg temperature of 30.5 to 38.5
°C.
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Figure 5. 17The relationship between canopy temperatugedid leaf water potentialt)
for various irrigation treatments of wheat in thasghouseT, = 30.801%,°'2 n = 48, R =
0.73, K0.001).

Under field conditions, canopy temperature of viheaied linearly with leaf

water potential whereas inside the glasshouse elaianship between canopy
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temperature an®, was nonlinear. From the plotted data it can be se&t there was
a slight nonlinearity in the overall increase imagpy temperature as leaf water

potential decreased (becoming more negative).

5.4 Concluding remarks

In this and other Chapters, a number of linearramdinear regression models were
used to describe the relationship between variabiisthe purpose to apply these in
other experiments with similar sites and crops. IMear regression equations can be
useful to describe direct plant response (e.g. atainconductance) and indirect plant
response (e.g. crop water deficit index) to vasiain soil water within the root zone
in the field or for the whole soil volume within {30 Specific forms of exponential,
nonlinear equations have certain mathematical ptiegethat may limit their use for
predictions wherx andy variables are switched. For an equation of the yyp a x
e™ whenx = 0,y = a, but whery = 0, x becomes an undefined quantity. In this
situation, althouglx can be estimated for a small value of y (~0.0@Different type

of nonlinear equation or a linear equation is pref@ Since nonlinear equations
represent complex processes better than lineattiegsaa departure from linearity
suggests that there may be additional physicahgsiplogical processes involved in
the soil-water-plant interaction shown by the meedulata that is not yet clearly

understood.
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Chapter 6

MONITORING SPATIAL VARIATION OF SOIL
WATER IN CROP FIELDS WITH EM38

6.1 Introduction

Increasing interest in precision agriculture inergcyears has led to a need for soil
maps that are more detailed and accurate than thadiéionally produced (Batte,
2000). Grid mapping is generally regarded as orthe@imore accurate ways to map
a field in detail (Buol et al., 1997). However, dymmapping is time consuming and
expensive because of the time and labour involeedréate accurate grids in the
field (Brevik et al., 2003), making it desirable fioad other, more rapid means of
obtaining information for detailed soil mapping-ditu measurement of apparent
electrical conductivity (E in the field has generated considerable inteosst
time as a potential technique in many soil applicet, as E¢ can be used as a
surrogate variable to infer other soil propertlelgctromagnetic induction (EMI) is a
non-invasive technique that allows measurement ppaeent soil electrical
conductivity (EG) by inducing an electrical current in the soiltrAnsmitter located
at one end of the electromagnetic (electrical cohditly) instrument induces
circular eddy current loops in the soil. The magmé of these loops is directly
proportional to the conductivity of the soil in thieinity of that loop. Each current
loop generates a secondary electromagnetic fieldhnis proportional to the value
of the current flowing within the loop. A fractioof the secondary induced
electromagnetic field from each loop is intercepbgdhe receiver coil and the sum
of these signals is amplified and formed into ampouvoltage which is linearly
related to depth-weighted soil EQRhoades, 1992). EMI has several, known
advantages over other methods which include avomlast use of radioactive
sources (e.g. use of a neutron source in a neatasture meter) and speed and ease
of use due to its portability and non-invasive mat{Reedy and Scanlon, 2003). For
these reasons, EMI technique was developed to enedpid and repetitive
monitoring of a large number of sites over an edéehperiod in both fallow and

cropped fields.
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Measurements of E®f soil with EM38 (based on the EMI technique) éav
received considerable interests from the precisignculture community (Corwin
and Lesch, 2005; Fritz et al., 1999). The pararsetdrich dominantly influence EC
are soil salinity, clay content and clay mineraloggil moisture and soil temperature
(Friedman, 2005; James et al., 2000; McNeill, 19884, data can be used to
indirectly estimate soil properties if the conttilons of the other soil properties
affecting the E@measurement are known or can be estimated. Peestadies have
found good correlation between clay content and stectrical conductivity
measurements with EM38 (Dalgaard et al., 2001; éieet al., 2004; Triantafilis
and Lesch, 2005). This technique has been alsotassddy variations in soil depth
(Bork et al., 1998), soil type (Greve and Greve)£0salinity (Rhoades et al., 1989;
Triantafilis et al., 2000), and the risk of deemidage of water (Triantafilis et al.,
2004). Spatial measurement of Htas been reported as a potential measurement for
predicting variation in crop production caused by water differences (Heermann
et al.,, 2000; Jaynes et al.,, 1995). Various aspettsoil water content and its
relationship with EG have been studied at various spatial scales (Kadhaet al.,
1988; Kachanoski et al., 1990; Khakural et al.,8399organ et al., 2000), but few
studies have attempted temporal variation in wed@tent. At a given location, EC
can vary with changes in soil moisture content yi&eet al., 2006). Brevik and
Fenton (2002) found soil moisture to be the singlest important edaphic factor
among others (e.g., soluble salts, clay contentsaiidemperature) that influenced

EC, determination. The study reported here was coeduct identify:

» the effects of variation in soil water content opparent electrical
conductivity of soil (EG measured with EM38 in both vertical and

horizontal mode;

» the effects of placing EM38 at various heights abthe ground on EC

» the effects of variation in air and soil temperatan EG.

6.2 Materials and Methods

This study was conducted in an experimental fielth wotton Gossypium hirsutum
L.) and wheat Triticum aestivum L.) under various irrigation treatments at

Kingsthorpe Research Station of the Queenslanddpyirindustries and Fisheries
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(now referred to as the Department of Employmemripnemic development and
Innovation) near Kingsthorpe (27°30'44"S, 151°8@5 and 431 m elevation).
Details of the soil properties at the experimensiie, crop and irrigation
management for each crop were described in predloagters.

6.2.1 Measurements

EM38 survey was done during the 2008 wheat growmson and 2008-09 cotton
crop. The EM38 (Geonics Limited, Mississauga, @ata&Canada) instrument used
in this experiment was based on a spacing of 1twdm® a transmitting coil located
at one end of the instrument and a receiver caihatother end, and operated at a
frequency of 14.6 kHz. EM38 could be operated ie oh the two measurement
modes. In the vertical mode (VM), the measured eslof EG are known to be a
function of the soil properties within a depth @bat 1.5 m. while in the horizontal
mode (HM), EG corresponds with soil properties within 0.75 m tteMcNeill,
1980b). EM38 has considerably greater applicatowragricultural purposes because
the depth of measurement corresponds roughly wi oot zone of most
agricultural crops when the instrument is placedhie VM configuration (Corwin
and Lesch, 2005). EM38 survey was done in both ¥ig.(6.1) and HM (Fig. 6.2)
at the centre of each plot (i.e. 3 m from the r@mutccess tubes) on the ground for
12 occasions (i.e. 13, 19, 28, 35, 56, 63, 70186, 112, 131 and 145 DAP) during
the wheat season. Similarly an EM38 survey was ected on 7 occasions (62, 76,
88, 125, 136, 144 and 159 DAP) for the cotton seas®oth VM and HM.

On all occasions, EM38 was first calibrated andleduaccording to the
manufacturer’'s instruction before starting a measient. Continuous proximal
sensing, often referred to the electromagnetic aiidn sensing of soil electrical
conductivity, together with precise global posititg systems (GPS) have enabled
accurate mapping of within-field soil variabilitp thelp site specific management
(Plant, 2001). This requires location of each EM38asurement in the field to be
recorded with a hand held GPS. The location of eabMB8 measurement was
recorded at the time of first measurement with @RS unit (mentioned in earlier
chapters). Wooden pegs were driven into the grairidose measurement locations
as permanent to minimise positional errors arigmgn the accuracy of GPS used.

Since the GPS recorded the location of all measemésnin latitude and longitude
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format (i.e. degree, minute and second), the recbdéta were converted to easting
and northing by using a UTM conversion excel spigaekt (Dutch, 2007).

Figure 6. 20peration of EM38 in horizontal mode (HM) at tleél surface in the field.
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As it has been reported that ambient temperatamerdluence Egreadings
collected with the EM38 equipment (Sudduth et 2001), air temperature was
recorded with an Omega type RTD probe during the3&Murvey of each
experimental plot. Some studies have shown thaigdsin temperature over a time
period of several weeks to months can significamiiyence EG readings of EM38
(Brevik and Fenton, 2002; Nugteren et al., 200@dsith et al., 2001). This is due to
the dependency of soil electrical conductivity ooil Semperature that varies
seasonally due to the variation in air temperat(ieith and Poulton, 2007).
Variation in soil temperature is usually greateamthe soil surface (i.e. at shallow
depths of 5 and 10 cm) than at greater depths 36.gm) with little or no change at
depths below 60 cm (Jury et al., 1991). Therefaié temperature was measured
with the RTD probe at 5, 10 and 25 cm depths byimgsthe tip of the temperature
probe to the appropriate soil depth (Fig. 6.3).Sehdepths were chosen primarily to
represent temporal variation in soil temperature tive field during EM38
measurement. Measurement of soil temperature doshdepths (i.e. 5 and 10 cm)
was time consuming because the probe requiredgetdime period (2 to 3 min) for

readings to stabilise than for measurement oftepiperature at 25 cm depth.

Figure 6. 3Soil temperature measurement in the field with @anRTD probe (meter on the
left, RTD sensor on right pushed to 25 cm depth).

128



Chapter 6

When the soil was dry, it was difficult to puste ttemperature probe into the
ground. A stainless steel rod with a conical tips\iisst pushed into the ground to
make a pilot hole to a depth of few mm lower théwe tesired depth. The
temperature probe was then inserted to the desiepth to measure soil
temperature. Both soil temperature at 5, 10 andr@sdepths and air temperature
were measured on 10 occasions (i.e. 13, 19, 285&563, 70, 105, 131 and 145
DAP) during the wheat season and on 5 occasionsl@gB 136, 144 and 159 DAP)
for cotton season. Variation of soil temperaturg,at0 and 25 cm depths and the air
temperature over time for various irrigation treats is shown in Fig. 6.4 for wheat

season.

It can be observed from Fig. 6.4 that air tempgeatvas consistently higher
than soil temperature at various depths (i.e. 5ardd) 25 cm) for various irrigation
treatments for wheat season. The trend in variatiossoil temperature at 5, 10 and
25 cm depths was similar for 4 irrigation treatnsenthich indicates that there was
no effect of irrigation on the soil temperaturghe wheat field. The data for soil and
air temperature for the cotton season is givenabld 6.1. It can be concluded from
this table that there was not much variation inaaid soil temperature at various

depths for various irrigation treatments in the@offield.

Table 6. 1Variation of soil temperature at 5, 10 and 25 ciptkdeand air temperature for
T50, T60, T70 and T85 irrigation treatments ota@otseason.

Range of soil Range of Range of sall
temp. at 5 cm soil temp. at temp. at 25

Irrigation  Range of Air
treatments temp. (°C)

depth (°C) 10 cm depth cm depth
@) (°C)
T50 26.1 —32.3 23.5-37.2 21.2-30.0 221-27.7
T60 26.8 — 32.7 25.4 - 38.7 22.6-30.8 22.7-28.0
T70 26.9 — 33.0 26.1 —38.9 22.7-30.9 229-283
185 27.0 - 33.2 26.3 —39.1 23.1-31.3 23.1-28.2

It has been shown previously that F@easurements with the EM38 are

strongly influenced by the distance of EM38 protmarf the ground level, i.e. when

EM38 is placed at some height above the groundd&thckt al., 2001).
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Figure 6. 4 Temporal variation of soil temperature at 5, 10 &% cm depth, and air
temperature for T50, T60, T70 and T85 irrigaticatments during the wheat season.

130



Chapter 6

To gain further insight into the response of EM88variation in soil water
content at various depths, additional measuremeiits the EM38 were taken in
both VM and HM at 0.1 and 0.4 m height above tleugd at the same locations as
for previous measurements, but limited to only Zastons (i.e. 56, 63, 70, 105, 131
and 145 DAP) for wheat and 7 occasions (62, 76128, 136, 144 and 159 DAP)
for cotton. To facilitate the EM38 measurement egiced heights above the ground
a wooden frame with a platform was used (Fig. 6éause EM38 readings are not
influenced by non-metallic material, such as wood.

Figure 6. 5EM38 measurements in the field at various heigbtsve the ground shown for
a cotton field. (a) VM — 0.4 m height, (b) HM — 0w (c) VM — 0.1 m and (d) HM — 0.1 m.

Raising the EM38 above the ground is equivalerghtanting or lowering of
the EM38 depth-response function, i.e. in VM, an3Meading at 0.1 m above the
ground is expected to represent,iaihinl.4 m of soil depth and at 0.4 m above the

ground within 1.1 m of soil depth. In a similar wageasurements in the HM at 0.1
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and 0.4 m height above the ground, the effectiviedepth of measurement could be
reduced to 0.65 and 0.35 m, respectively. A neuprabe was used to measure soil
water content from the surface to a depth of 1.3 .1 m depth increments on the
same day as all EM38 measurements. Details of ¢ron probe calibration are
given in Chapter 4. The volumetric moisture contgas converted to mm of water
for each depth and then accumulated to a deptte diosthe effective depth of
sensing of EM38 probe. Measurements for five septlds (i.e. 0.33, 0.63, 0.73,
1.13, and 1.33 m) were used to relate, B8S m') measured with EM38 with the
estimated soil water content (mm). Since soil watentent was measured to a
maximum depth of 1.33 m, EM38-measured values qf ke correlated with this

water content in VM at the ground level as welaa6.1 m height above the ground.

6.3 Results and Discussion

6.3.1 Wheat experiment

6.3.1.1 Effects of soil water content on EC

Variation in EG with variation in soil water within the top 1.33 o soil is shown
for combined irrigation treatments of wheat in F8g6 for the VM measurements of

EM38. EG generally increased with increase in soil watereot.
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Figure 6. 6 The relationship between water content within titye 1.33 m of soil and EC
measured in the vertical mode for various irrigaticeatments.
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A dashed line has been used to represent ther lirgeession equation for
these data ap= 0.54x — 135.54 (n = 144, R= 0.70, R0.001), wherey = EG, (mS
m™*) measurement of EM38 in VM and= soil water (mm) within 1.33 m depth of
soil. It can be seen from Fig. 6.6 that this linesgression equation did not fit well
to these data for wet soil conditions when soilewat 550 mm, possibly because the
effective response depth of EM38 in VM is 1.50 nd éimat did not match well with
soil water represented within 1.33 m soil depther€fore, a nonlinear equation was
fitted to these data (represented by a solid InEig. 6.6) ay = 211.76 [1 — 16.01 e
000% (n = 144, B = 0.77, R0.05), that represented the data better than tieari

regression.

Soil water within 1.33 m depth for various irrigpat treatments was in the
range of 460 — 660 mm for T50, 440 — 540 mm for @60 T70, and 400 — 525 mm
for T85. All plots under T50 were irrigated mostduently and T85 least frequently.
Although the depths used for soil water content BGgwith EM38 were different,
in Fig. 6.6, these trends suggest that a depaftane linearity in the response of
EM38 may occur for very wet soils or fields recayyimore frequent irrigation to
maintain low soil water deficit. Similar measurenseaf EG with EM38 in HM also

showed an increase in E@ith increase in soil water within 0.73 m deptig(F6.7).
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Figure 6. 7 The relationship between water content within titye 0.73 m of soil and EC
measured in horizontal mode for various irrigati@atments.

An equationy = 0.0007x ***® (n = 144, R = 0.78, R0.001) fitted to these
data is shown as a dashed line in Fig. 6.7, whier&eG, (MS ni') measurement of
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EM38 in HM andx = soil water (mm) within 0.73 m depth of soil. Mdhat the data
range when relating EGn HM with soil water content was less than thabwn in
Fig. 6.6, as ECresponds to soil water within a shallower deptl®.G6 m. Although
EC, measured in the HM increased with increase inwater content, the dashed
line did not appear to represent the data weligtt Boil water content as in case of
VM of EM38. These data could be best representdid avhonlinear equation of the
typey = 202.46 [1 — 3.369 &°°% (n = 144, R = 0.76, 0.05).

Brevik et al. (2006) found that soil water contbéias a significant influence on
the soil EG measurement with EM38 and also indicated thatpttential of EG
techniques for soil mapping were best in the fielien the soils exhibited a wide
range of EG Huth and Poulton (2007) have also indicated tfeceveness of EMI
techniques in monitoring variation in soil moistureresponse to its extraction by
crops and trees in an agroforestry system. Sinaiest on the effects of soil water
content on EE measurement with EM38 are limited for irrigatecops, the
experiment reported here was conducted to investitjee effects of soil water on
EC.

In order to study the variation in EGn response to variation in soil water
content when EM38 is placed at some height abowengt, values of ELCfor VM at
0.1 and 0.4 m height above the ground were plattzdnst soil water in the top 1.33
and 1.13 m (Figs. 6.8 and 6.9). Although variatiosoil water was similar to that in
Fig. 6.6, a change in the range of B@lues obtained (57-172 mSncompared
with 70-182 mS it obtained for VM of EM38 earlier showed a lineacrizase in
EC, with increased soil water content. These resultggsst that ECmeasured in
VM at 0.1 m height above the ground representedveatier within 1.33 m depth
much closely with a higher degree of precision.iBiminear relationships were also
found with measurements of E{@ VM of EM38 when the instrument was placed at
0.4 m height above the ground (Fig. 6.9), althotlghrange of soil water content
(320-575 mm) and EQ50 to 140 mS i) were both reduced considerably due to a

reduction in the effective response depth of theSBM
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Figure 6. 8 The relationship between water content within titye 1.33 m of soil and EC
measured in vertical mode at 0.1 m height above glmnd for various irrigation

treatments.
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Figure 6. 9 The relationship between water content within e 1.13 m of soil and EC
measured in vertical mode at 0.4 m height above glmund for various irrigation

treatments.
These results collectively indicate that by plgcithe EM38 at various

heights above the ground, it is possible to esgnaaid/or predict soil water content
for a range of soil depths within the maximum segsiepth of the EM38 in VM.

These results suggest that it is possible to prestd water content at much
shallower depths (i.e. 0.3-0.6 m) by selecting eppate heights above the ground

in HM of EM38. The statistics for the regressioru&iipns representing the general
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relationship between the plotted variables in theperes (Figs. 6.8, 6.9, 6.10 and
6.11) are given in Table 6.2. The coefficient ofedmination (R) indicates the

extent to which the variation in the plotted datarepresented by the regression
while the probability (P-values) of the fitted cbeients (slope and intercept terms)

are obtained with the analysis of variance to regméthe degree of confidence.
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Figure 6. 10The relationship between water content withintdpe 0.63 m of soil and EC
measured in HM at 0.1 m height above the groundddous irrigation treatments.
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Figure 6. 11The relationship between water content within thye @.33 m of soil and EC
measured in horizontal mode at 0.4 m height abdwe ground for various irrigation
treatments.
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Data in Table 6.2 indicated”Ralues to be higher with E@neasured in HM
than in VM. Improvements in regression with HM ow&¥ could be due to the
higher contribution of upper soil layers near theface to measured values of EC
than the lower soil layers that supports the eadssertion of McNeill (1992) that
contribution of various soil layers to EGecrease exponentially within the effective
soil depth of 0.75 m. Therefore, EM38 readings \dohé expected to be more
strongly and closely related with soil water conteear the surface than at deeper

soil layers.

Table 6. 2Regression equations and coefficient of detertiingR’) for the relationships
between EG(y, mS nt) and soil waterx, mm) for various irrigation treatments in VM and
HM of EM38 at 0.1 and 0.4 m above the ground foeat. No. of data points (n) used for
each regression model was 84 an@.PO1.

Height above Mode of  Regression equation ‘R

ground (m) operation

0.1 VM y = 0.45x - 108.67 0.70
HM y = 0.59x — 53.47 0.78

0.4 VM y=0.42x-81.77 0.71
HM y=12.916 &0 0.81

The ability of the EM38 to predict soil water nehae soil surface with high
accuracy as observed in this study suggests tha8EiM HM will allow good
representation of temporal changes in soil wateterd in the surface soil layers of
irrigated crop fields, where most changes are yikel occur due to irrigation and
evapotranspiration. Overall, there was a signifiegdfect (<0.001) of soil water on
EC, Sudduth et al. (2001) used an EM38 sensor forilmalata collection in the
field and also investigated the sensitivity of 88 detect variation in soil depth
under grassed conditions. They found that raisnegEM38 above ground reduced
EC,to a much greater extent in HM of EM38 than in Vihhis differential response
in the operational modes of the EM38 has enabledisg of soil water in the

shallower soil zones than that has been possilgesivious studies.

6.3.1.2 Effects of temperature on EC ,

Soil temperature is another important factor tmdtuences Eg In this studysoil
temperaturewas averaged over all the measurement depths5(i.20 and 25 cm
depths) and plotted against measured B(oth vertical and horizontal modes of
EM38 (Figs. 6.12 and 6.13). Similar data obtained EC, measured in the
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horizontal mode of EM38 were plotted against aversmjl temperature in Fig. 6.13.
It can be concluded from these figures that withirmmrease in soil temperature,

values of EG mostly decreased from a maximum value of 15.3 a&6d °C,

respectively.
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Figure 6. 12The relationship between average soil temperatuttdnib - 25 cm depth of
soil and EG measured in vertical mode for various irrigaticeatmentsy = 6.5 + 18.4x —

0.6x% n =120, R=0.57, R0.001).
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Figure 6. 13The relationship between average soil temperatitténis - 25 cm depth of
soil and EG measured in horizontal mode for various irrigaticgatmentsy(= -61.9 + 24.2

x—0.8x%, n =120, R= 0.68, R0.001).
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Since all electrical conductivity (EC) measuremsantsoil are influenced by
temperature, EC is generally expressed at a stnearperature of 25 °C. In order
to relate EG measurements with soil temperature, a correctiotof is often used to
extrapolate Egmeasured at a known temperature tq 85 °C. Huth and Poulton

(2007) suggested using correction factor develdyeRichards (1954) as
EC = EC/ [1+0.0191(T-25)], (6.1)

where ECand EC are respectively corrected and uncorrecaiises of EC of soil
solutions and T is the soil temperature (°C). Tdugrection scheme usually applied
to EC measurements when there is substantial anafunater in the surrounding
soil as in case of EC measurements at a soil-watey of 1:2 or greater in the
laboratory. Actual EE correction for soil temperature in the field coddd quite
complex due to simultaneous variation in depth isgn@nge of EM38 and variation
in soil-water ratio due to variation in soil watamtent. The observed trends in Figs.
6.12 and 6.13 indicate that actual EC in the freldched maximum at 15.1 to 15.3
°C, but not 25 °C as suggested in Eg. 6.1. Thesfrinds of ECin Figs. 6.12 and
6.13 are consistent with the type of variation @ & soil solutions expected with
solution temperature as in Eq. 6.1, but are unlikelpeak at 25 °C because of the

variation caused by soil-water ratio.

Since EC generally declines with increase temperatsimple linear
regression models were used to determine the sftécir and soil temperature at 5,
10 and 25 cm depths separately on, B€asurement for both vertical and horizontal
mode of EM38. Regression equations and associatees/ of R for both VM and
HM of EM38 are given in Tables 6.3 and 6.4. Althbugl the fitted regression
equations have negative slope indicating a decr@as&C, with increase in
temperature and were all highly significant<QFR001), this could be due to the
amount of data (n = 120) used. Low Walues (0.27-0.36 for VM and 0.29-0.43 for
HM) obtained with these regression models suggkat the contribution of
temperature to ECwas much smaller due to a higher dependence gfoaGsoil
water. Previous studies on the use of EM38 to oeiter the effects of soil
temperature on E®n a wide range of landscapes are limited fogated condition
(Brevik and Fenton, 2002; Nugteren et al., 2000jdsth et al., 2001) due to the
complex interaction of EQwith soil water and temperature described above.
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Table 6. 3Regression equations and coefficient of deterrignat¥’) for the relationship
between EG(y, mS ni") and temperature (both soil and adr,°C) for various irrigation
treatments in VM of EM38 for wheat. No. of datargsi(n) used for was 120 and@P001.

Temperature Regression equation R
Air y=-1.95x+ 182.73 0.27
Soil -5 cm y=-2.05x+173.45 0.31
Soil =10 cm y=-255x+176.69 0.37
Soil - 25 cm y=-3.48x+192.17 0.36

Table 6. 4Regressiorequations and coefficient of determinatiorf)(Ror the relationship
between EG(y, mS m") and temperature (both soil and adr,°C) for various irrigation
treatments in HM of EM38 for wheat. No. of datarsi(n) used was 120 angd@001.

Temperature Regression equation R
Air y=-2.31x+166.40 0.29
Soil -5 cm y=-2.46 x + 156.12 0.34
Soil-10cm  y=-3.14x+ 161.36 0.43
Soil—25cm  y=-4.36x+ 181.68 0.43
6.3.1.3 Spatial variation in soil water and EC  ,

Since the position of all measurements remaineedfiaver time, as determined by
the GPS records for all EM38 and water content oreasents and as shown in
previous sections that there was a strong depegdgreC, on soil water content, it
is possible now to compare E@aps with soil water maps on a given day of
measurement to gain additional confidence on tleéulreess of Egand its ability to
predict soil water contenkEigures 6.14 and 6.15 show the spatial variatioE@)
measurement in VM and soil water for all the 12tplof the wheat irrigation
experiment. Filled circles on these maps repreenineasurement location for each
plot with label denoting irrigation treatment (T50.85) and replicate (R1...R3).
Areas within these maps with a darker shade of ideate a relatively high value
of EG, that coincides with a similar location in the fiedf high soil water content
within the depth-response range of EM38 (Figs @fhd 6.15). In a similar way,
areas of lighter shade of blue (almost white) deljonw EC, and soil water content.
Since areas of the field with T50 and T85 treatsemdicate areas of lowest and
highest soil water deficit respectively, frequerdpping of EG can be used to apply
variable quantities of water to minimise differemde water content and to reduce

soil water deficit for the practice of precisiongation.
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Figure 6. 14 Spatial variation in ECat the irrigation experiment site at 131 daysrafte
planting wheat. Filled circles indicate the positiof measurement for irrigation treatments
T50, T60, T70 and T85 and replicates R1, R2 andoR8ach irrigation treatment. The
contour lines show values of E@ mS m'.
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Figure 6. 15Spatial variation in soil water content within 1.88depth for the irrigation
experiment at 131 days after planting wheat. Fill@ttles indicate the position of
measurement for each plot of the entire field. TH60Q, T70 and T85 are irrigation
treatments and R1, R2 and R3 are replicates of ®aatment. The contour lines show the
values of soil water in mm within the depth sensigge of EM38.
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6.3.2 Cotton experiments

6.3.2.1 Effects of soil water content on EC  ,

Fig. 6.16 shows variation in EGn VM of EM38 against variation in soil water
within the top 1.33 m of soil for various irrigatidreatments of cotton. It can be
observed form Fig. 6.16 that value of HBcreased exponentially with increase in
soil water within the top 1.33 m of soil. The reaship between EOmeasured in

VM of EM38 and soil water was non linear becausedfiective response depth of
EM38 in VM is 1.50 m and that did not match wellthwisoil water represented
within 1.33 m soil depth. Value of E@easurement in VM of EM38 varied from 71
to 153 mS ritfor a range of 335 to 575 mm of soil water (withi33 m depth) for

various irrigation treatments. Values of B@ere higher for T50 irrigation treatment

than T85 because T50 was frequently irrigated whld was least irrigated.
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Figure 6. 16The relationship between water content within thye 1.33 m of soil and EC
measured in the vertical mode for various irrigaticcatments of cotton seasgn«27.289
e®%* n =84, R=0.79, R0.001).

Similarly variations of soil water within 0.73 mepth have been plotted
against measurements of £@ HM of EM38 (Fig. 6.17). It can be concludedrro
Fig. 6.17 that both soil water and E@lues were lower for HM in comparison with

VM values because the effective response deptiMmnds 0.75 m.
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Values of EG measured in the VM at 0.1 and 0.4 m height abbgegtound
were plotted against soil water within 1.33 and31ni depths respectively to study
the effect of soil water on variation in E@hen the EM38 was placed at a certain

height above the ground (Figs. 6.18 and 6.19).
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Figure 6. 17The relationship between water content withintde 0.73 m of soil and EC
measured in the horizontal mode for various iriggattreatments of cotton season =
34.913 €%°% n =84, R=0.81, R0.001).
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Figure 6. 18The relationship between water content within tye 1.33 m of soil and EC
measured in vertical mode at 0.1 m height abovetbend for various irrigation treatments

of cotton season.
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It can be observed from Fig. 6.18 that althoughsbil water range was same
(i.e. 335-575 mm) as for the VM of EM38 on the grdwsurface, ECvalues were
much lower (i.e. 65 to 143 mS™™ A similar linear relationship was also found
between Egand soil water when the EM38 was placed at 0.4erghtt above the
ground (Fig. 6.19). In this case both soil waté&s520 493 mm) and EQ57 to 133
mS m?) values were lower than that observed in the VMEM38 measurements.
This decrease was due to a reduction in the efecéisponse depth of EM38 to 1.10
m. These results suggest that soil water can lgbee well in the field by placing

the EM38 at various heights above the ground in VM.
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Figure 6. 19The relationship between water content withintdge 1.13 m of soil and EC
measured in vertical mode at 0.4 m height abovetbend for various irrigation treatments
of cotton season.

Figs. 6.20 and 6.21 show the plotted values of &.1 and 0.4 m height
above the ground in HM against soil water withir63.and 0.33 m depth
respectively. EGvalues varied from 53 to 122 mS*rfor variation in soil water in
the range of 100 to 290 mm when the EM38 was plate@d.1 m height above
ground in HM. Both EG (36 to 98 mS ) and soil water (25 to 146 mm) values
decreased considerably when EM38 was used at (héight above the ground in
HM, because the effective response depth was rddod@35 m. Thus, it is possible
to predict soil water at shallow soil depths (068 — 0.6 m) by placing the EM38 at

various heights above the ground in HM.

144



Chapter 6

130 -

~ 110

= & T50
0 o T60
£ 999 AT70
LSS o T85
W 70 1

50 . . . . . .
90 130 170 210 250 290 330

Soil water (mm)

Figure 6. 20The relationship between water content withintdye 0.63 m of soil and EC
measured in HM at 0.1 m height above the grounddous irrigation treatments of cotton

season.
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Figure 6. 21 The relationship between water content withinttye 0.33 m of soil and EC
measured in HM at 0.4 m height above the grounddaus irrigation treatments of cotton

season.

The statistics of the regression equations repteggethe general relationship
between the plotted variables in these figuress(F&g18, 6.19, 6.20 and 6.21) are
given in Table 6.5. Data in Table 6.5 indicatetvRlues to be higher with EC
measured in HM than in VM similar to that obsenfedwheat. Significant effects

(P<0.001) of soil water on EQGvere found for all these measurements.
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Table 6. 5Regression equations and coefficient of deterrtnatR’) for the relationships
between EG(y, mS nt) and soil waterx, mm) for various irrigation treatments in VM and
HM of EM38 at 0.1 and 0.4 m above the ground fdtaro No. of data points (n) used was
84 and R0.001.

Height above Mode of  Regression equation ‘R
ground (m) operation
0.1 VM y =0.29x — 32.97 0.80
HM y = 37.049 &% 0.84
0.4 VM y =0.30x— 27.55 0.78
HM y = 33.028 &% 0.84
6.3.2.2 Effect of temperature on EC ,

Simple linear regression models were used to daterthme effects of air and soill
temperature at 5, 10 and 25 cm depths separateBCpmeasured in both vertical
and horizontal modes of EM38. Regression equatonsassociated values of fr
both VM and HM of EM38 are given in Tables 6.6 @d. Low R values (0.16-
0.27 for VM and 0.08-0.20 for HM) obtained with #igeregression models suggest
that the contribution of temperature to BfZas much smaller than that due to the

variation in soil water.

Table 6. 6 Regression equations and coefficient of deterriwna¥’) for the relationship
between EG(y, mS m") and temperature (both soil and adr,°C) for various irrigation
treatments in VM of EM38 for cotton. No. of datarmie (n) used was 60 ang®001.

Temperature Regression equation * R
Air y =4.45x - 26.07 0.27
Soil—5cm y=1.56x +57.10 0.16
Soil =10 cm y = 3.08x + 22.40 0.22
Soil — 25 cm y =5.34x - 31.98 0.28

Table 6. 7Regressiorequations and coefficient of determinatiorf)(Ror the relationship
between EG(y, mS ni") and temperature (both soil and adr,°C) for various irrigation
treatments in HM of EM38 for cotton. No. of datdms (n) used was 60.

Temperature Regression equation ° R P

Air y=3.37x-13.56 0.18 <0.001
Soil—5cm y = 1.00x + 54.95 0.08 <0.05
Soil — 10 cm y=2.18x+ 27.32 0.13 <0.005
Soil — 25 cm y=4.22x-22.17 0.20 <0.001
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6.3.2.3 Spatial variation in soil water and EC  ,

Spatial variation in ECmeasurement in VM of EM38 and soil water withiB3 m
depth is shown in Figs. 6.22 and 6.23 for all tf# dlots of various irrigation
treatments for the cotton crop. Filled circles dmese maps represent the
measurement location for each plot with label degotirrigation treatment
(T50...7T85) and replicate (R1...R3). Dark blue areaticate the higher value of
EC, and soil water within 1.33 m depth in Figs. 6.2® &.23. Similarly lighter
shade of blue (almost white) within these mapsesgnt low value of ECthat
matches with a similar location in the field of l@m@il water within 1.33 m depth.
Since areas of the field with T50 and T85 treatmenticate areas of lowest and
highest soil water deficit respectively, frequergpping of EG can be used to apply
the difference in the quantities of water to redgod water deficit as a strategic

move towards precision irrigation.
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Figure 6. 22 Spatial variation in ECat the irrigation experiment site at 125 daysrafte
planting cotton. Filled circles indicate the pamitiof measurement for irrigation treatments
T50, T60, T70 and T85 and replicates R1, R2 andoR8ach irrigation treatment. The
contour lines show values of E@ mS m'.
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Figure 6. 23 Spatial variation in soil water content within 1.88depth for the irrigation
experiment at 125 days after planting cotton. E&illeircles indicate the position of
measurement for each plot of the entire field. T%60, T70 and T85 are irrigation
treatments and R1, R2 and R3 are replicates of gaatment. The contour lines show the
values of soil water in mm.

6.3.3 Prediction of soil water from EC, measurements

For wheat and cotton experiments, ;HGeasurements with EM38 in VM near the
surface and also above the ground (i.e. at 0.10ahdn height) correlated well with
soil water within the effective sensing depth of 8\ For this reason, it should be
possible to predict spatial variation in soil wafesm the measurements of EC
during the growth period of both crops by using tbgression equations developed
to describe Egsoil water relationships. These predictive equetiarequired
switching the dependency of variables as commoh warious measurements, e.g.
most spectroscopic measurements and measuremesuilovater with neutron
moisture meter.

Soil water predicted from EGneasurements for the growing seasons of the
wheat and cotton crops is shown in Fig. 6.24. Altfloit can be seen that for Figs
6.24b and 6.24c, the trends are close enough dtleetpossibility of considerable
overlap of 95% confidence limit (not shown in thégerres), the agreement between
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the cropping seasons was relatively poor in Fig4#&. Predicted soil water within
1.33 m depth was higher for wheat than cotton wthervalue of Egwas <100 mS
m™* and lower for cotton than wheat when s within 100-155 mS th These
difference in predicted soil water for both cropsuld be due to (a) incorrect
matching of soil-water depth (1.33 m) with the effee sensing depth of EM38 (1.5
m), (b) temperature differences during measureméejteffects of residual fertilizer
from the previous crop and (d) timing of fertilizapplication relative to EC
measurements during the growing season. Sinceeimpradictive mode, soil water
within a depth of 1.1-1.3 m can be predicted reallyrnwell by placing the EM38 at
various heights above the ground (Figs. 6.24b andsame limitations of EL
measurements in the VM of EM38 can be easily avbide

Similar measurements of E@ith the EM38 in HM near the surface as well
as above the ground (i.e. at 0.1 and 0.4 m heigt®sg¢ also used to predict soil
water within 0.33-0.73 m depth for wheat and catfbimese comparisons are shown
in Fig. 6.25. It can be seen that there was a grelegree of disagreement between
cropping seasons when both soil water and, B€re low due to simultaneous
reduction in soil depth (for accumulation of watand effective sensing depth of
EMS38. Thus, soil water can be predicted at a higdrele of confidence and precision
using EM38 when the soil has a high Fhd is moderately moist. However, when
the soil has a low ECand/or the ground appears relatively dry due tk laf
adequate soil depth to hold sufficient water or tukow clay content, EM38 would
be useful to determine effective soil depth or tstidguish one soil type from

another.
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Figure 6. 24 A comparison of predicted soil water from Eduring the wheat and cotton
seasons. (a) VM near the surface, relating to in33epth of soil water, (b) VM at 0.1 m
height above the ground, relating to 1.33 m depthod water and (c) VM at 0.4 m height
above the ground, relating to 1.13 m depth of watler.
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Figure 6. 25A comparison of predicted soil water from fEduring the wheat and cotton
seasons. (a) HM near the surface, relating to th#Bpth of soil water, (b) HM at 0.1 m
height above the ground, relating to 0.63 m depthod water and (c) HM at 0.4 m height
above the ground, relating to 0.33 m depth of watler.
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6.4 Concluding remarks

Simultaneous measurements of soil water contentEdRdneasured with EM38 in
the field have indicated that for soils of highycleontent the EM38 measured £C
can be used for prediction of soil water within thet zone of a range of crops by
combining vertical and horizontal modes of measemmat ground level and
supplementing these measurements by placing theSBEI¥arious heights above
the ground. Since EMI techniques used for the nreasent of EG can provide a
large amount of spatial information relatively ddyc and economically when
compared with direct but invasive measurementobfwgater content with neutron
probe or other soil water sensors, it would berdbte to use this technique with
mobile irrigation application systems. Seasonaliat@mn in temperature can
influence EG significantly, but its overall effects are relaly small. Maps of EC
can be used to gain information on soil water tplhagrecision irrigation when
spatial variability in EG in a field is largely due to the variation in seviater
content. If the spatial variation in E@ a field is due to the spatial variation of @ so
property that does not contribute to variation @il svater content, then EGnaps
should not be used to predict soil water in thatagion. In those situations, it may
be used for the determination of soil depth orisbiryuish various types of soils.
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Chapter 7
GENERAL DISCUSSION AND CONCLUSIONS

Spatial variability is a common feature of all landpes although certain features of
the landscape (e.g. terrain) might appear unifdviost simple theories developed on
physical, chemical and biological processes in and plant sciences tend to treat
soil and plant material as uniform and homogeneS8ustainable irrigation practices
developed to optimise crop growth and yield on igfigtvariable landscapes also
had little success in identifying and quantifyiqmagal variability in soil properties
which are relevant to irrigation application (e.goil water content) and in
accommodating its variation in controlling timingdaamount of irrigation water

application on landscapes.

These deficiencies in irrigation science havettedxamining the hypothesis
in this work that crop growth in a field is nonwnifn due to uneven crop water
deficit present in the field. This can be quandfizith measurements of water
potential and stomatal conductance of leaves ds influence loss of water from
leaves via transpiration. When plants transpirss lof water vapour affects their
energy balance due to emission of heat during preateon. As it is possible to
measure heat emission from leaves with infraredntbeneters or thermography,
spatial variation in crop water deficit in a fieddn be assessed with measurements of

leaf/canopy temperature in various parts of thigl fie

When soil is relatively dry, plants may experiencater stress due to high
internal water deficit causing partial to full statal closure in leaves during the day
time. Since stomatal closure reduces heat emissfom plant canopies,
measurement of canopy temperature can be used iadieator of thermal sensing
of stomatal closure. Accumulation of crop watericebf variable magnitude over
time in a field is expected to influence growth ameld. Thus, spatial variation in
crop yield can be related to spatial variationai water deficit that is influenced by

the amount and frequency of rainfall and irrigation

Experiments have been undertaken with cotton ahéawin the field and
glasshouse to meet the objectives described abwlasstated in Chapter 1. Spatial

variation in soil water deficit in the field and ghasshouse pots was introduced using
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various irrigation treatments that allowed contadl timing and frequency of
irrigation. Accurate estimates of soil water comtand crop water deficit with a
calibrated mini-lysimeter system was described haler 3. Spatial variation in
crop properties (e.g. stomatal conductance, leafewaotential and canopy
temperature) due to the arrangement of irrigatieatiments in the field are described
for cotton and wheat in Chapters 4 and 5. In-sigasarements of apparent electrical
conductivity (EG) in the field experiments with EM38 was undertalernvarious
times to measure spatial variation in soil watartent as an alternative approach to

thermal imaging of crop plants as it is independémrop plants.

This chapter provides a synthesis of the mainirigsl of those chapters to
indicate overall outcomes (conclusions) and theatiion for future research in this
area. Since both soil water content and canopy eeatyre for all studied crops
varied spatially due to random allocation of irtiga treatments to various parts of

the field, the relationship between crop and smpprties are explored below.

7.1 Relationships between soil and plant water
status

Both soil and plant water status can be expressenlvd ways: either as water
content or as water potential. Soil and plant weedicit are also expressed using the
same conventions that are used for water statug. ddicit implies a reduced value
of water status below maximum. The zero water defiondition for soil usually
coincides with field capacity, whereas for plartt<aincides with full turgor. In
order to relate plant water status with soil watieere is a need to acknowledge that
water generally moves from soil through plant tadgathe atmosphere due to loss of
water from leaves via transpiration. A gradientwadter content (water potential)
occurs within the flow path of water as water tetmisnove in the direction of low
water status. Water status or deficit in the atrhesp can be expressed as vapour
pressure deficit (VPD) which is a function of temgiare and relative humidity of
the atmosphere. When relative humidity is 100%, \#PD

In most experiments described in this thesis, \satler was measured within
the root zone of crops in volumetric for@)(and on some occasions, it was
integrated over the root zoneg) (as 6,. Since plant water status measured in

volumetric form is not sensitive to the flow of watthrough soil-plant-atmosphere
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continuum, leaf water potential¥() was measured as an indicator in these
experiments. When leaves are fully turgid, theoedly leaf water potential reaches
maximum and is close to zero. Such high valuesaffwater potential usually occur
before sunrise as plants gain turgidity due to atseof transpiration during the
night. As photosynthesis and transpiration in plaaves occur during the day and in
adjoining cells of leaves, both processes stopnduthie night due to the absence of
any photosynthetically active radiation (PAR, exsed as quantum flux density

within 0.4-0.7um wavelength of solar radiation).

Plants can regulate leaf water potential to reduaespiration rate (J of
leaves by controlling water inflow into leaf andteraoutflow from leaves by partial
to full closure of stomata which affects stomatahd@uctance (. The extent to
which a plant is able to adjust leaf water defic& modification of T, W, and g in
response to fluctuations in soil water or atmosjghwater status on a given day or
throughout the growing season is probably a charigttc feature of the plant
(expressed through genetic environment interaction) and relates to the p&ant’
sensitivity to drought. This is illustrated for tmt and wheat in both field and
glasshouse experiments (Figs. 7.1a-c) using thetioekhip between soil water
status @ or 6,) and leaf water potentiaM) gathered from various experiments
described in Chapters 4 and 5. It can be seen figni/.1a that seasonal variation in
8,-¥, was uniform and well coordinated for cotton wheresaich behaviour was
absent for wheat (Figs. 7.1b-c). In field experitseffrig. 7.1b), when wheat plants
were young (at 70-105 DAP) and exposed to dry (€§g#260 mm),W, was mostly
below -2.5 MPa but varied considerably in the raofe2.5 to -3.7 MPa when soill
was moderately wet. These data indicate that wplaats can maintain higher water
flow rate to leaves compared to cotton by increadime magnitude of¥, and
adjusting it within 1 MPa to suit local environmahtondition at a given level of
soil water deficit. Adjustment o¥, was even greater in glasshouse experiments
although the range of variation MW, was relatively smaller than that which was

observed in the field experiment with wheat.
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Figure 7. 1 Relationship between soil water within the root ed, or 6) and leaf water

potential (¢)) for (a) cotton under various irrigation treatngedtring the field experiment in
2007-08 and 2008-09 seasons (b) wheat under vanidgation treatments in the field
experiment and (c) wheat under various irrigati@atments in the glasshouse experiment.

When soil water within the root zone of a cropraes over time but within

a certain limit (as with irrigation treatments giviem a number of experiments in this
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work), a linear increasing trend in stomatal condnce (g with increase soil water
(6 or B;) was evident on most occasions (Fig. 7.2). Sincés an instantaneous
measure of stomatal conductance of single leavess strongly influenced by
atmospheric conditions at the time of measuremespecially vapour pressure
deficit (VPD) and radiation (PAR). Thus the degofescatter observed in Fig. 7.2
could be partly due to the timing and the ambieeftiver conditions for these
measurements. In the glasshouse experiment witbrc(iig. 7.2b), gremained low
and was relatively insensitive tbfor the least frequently irrigated treatment T40.
This suggests that the stomata in cotton leavesirad partially closed at most
measurement times in T40 treatment throughout gasa. Since photosynthesis
and transpiration are jointly influenced by stormatanductance (Jarvis and Davies,

1998), low values of gnay have an adverse effect on crop growth.

Water loss from leaves via transpiration is arvitable process that allows
plants to assimilate G{as plants tend to optimise water loss and photbsgis by
regulating g (Jones, 1998). Therefore leaf temperature is r@ed within an
optimal range and a given change inam transpiration can influences gself
through a feedback mechanism (Jarvis and Davie88)1PDue to the complex
relationship between transpiration and stomatablaotance, transpiration rate T
of single leaves may be dependent on leaf temperabut spatial variability of ;T
(refers to leaf to leaf variation at various pasig within the canopy) can be
substantial due to the spatial variability of @ones, 1999a). Simultaneous
measurements ofs@nd T made with the porometer showed a general decfine i
transpiration rate with an increase in leaf tempeea(data not shown)., Bf a leaf
tends to decrease due to partial stomatal closartesimg an increase in leaf
temperature. Variation of ;Twith T, (Fig. 7.3) showed a reduction in canopy
temperature (I obtained as an average estimate of temperatusevdral leaves
with the infrared thermography) with increased $gration rate measured for single
leaves with the porometer. At low conductance awd franspiration rate, cTnot
only increases but its variability is also usudiigh (Fuchs, 1990; Leinonen and
Jones, 2004). This reduces the sensitivity o4 a measure of transpiration rate of

whole canopy and is a characteristic of plant gse(etailed in Chapters 4 and 5).
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for various irrigation treatments of (a) cottontie field during 2008-09 season, (b) cotton
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7.2 Performance of EM38 in assessing soil water
status

It has been shown in Chapter 6 that apparent alactonductivity (EG) measured
with the EM38 equipment can be used to obtain m&dron on the spatial
distribution of soil water content. Since E{8 a complex function of several soil
properties including soil temperature, accuratalipt®n of the absolute quantity of
soil water at a given position in a crop field iffidult. Application of fertilizers to a
growing crop can also introduce error since thenpry response of EM38 is highly
dependent on ions in the soil solution. In ordeddétermine the extent to which EC
data of EM38 would be useful in assessing spatsdtibution of soil water in the

field, two scenarios (best- and worst-case) arengxed.

The best-case scenario refers to the Fig. 6.2€&hepter 6 where prediction
of soil water within 1.13 m depth from E@n vertical mode of EM38 at 0.4 m
above the ground) agreed well in wheat and cottopsc Measured data of spatial
distribution of water content within the top 1.13depth on a given day in the cotton
field (Fig. 7.4) is compared with predicted watentent using the prediction model
(6,-EC, relationship) for cotton and EM38 data on the salag in the same field
(Fig. 7.5) and using the same EM38 data for cobiehusing the prediction model
for wheat (Fig. 7.6).

Focussing on white areas on the map (dry aredbkeirfield) with contour
intervals of 10 mm water shows that the positiorthafse areas agreed reasonably
well (i.e. they are all located within 6956150-6236N) although the size of dry
areas differed a little. Predicted water conteimgighe data and model for cotton in
(Figs 7.4 and 7.5) showed that the predicted watetent within the dry area was
underestimated by 20 mm (measured = 350 mm andcpedd= 330 mm) while
using cotton data with the wheat model (Figs. 4 &.6) water content was
overestimated by 10 mm (measured = 350 mm andqgteeds 360 mm). Focussing
on the dark blue areas on these maps (wet ardhe iireld) shows that the position
and size of these areas were even better matchedfdh the dry areas. Predicted
water content in these areas differed from the oredswater content by 20 mm
(Fig. 7.6) and 40 mm (Fig. 7.5). Thus, this bestecscenario analysis suggests that
the EM38 data in the vertical mode (VM) can be usedlistinguish wet and dry

areas in a field with 20-40 mm accuracy irrespectif/the growing crop.
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Figure 7. 4Spatial variation in measured soil water cont@gt\ithin 1.13 m depth for the
irrigation experiment at 125 days after plantingao. Filled circles indicate the position of
replicate plots (R1, R2 and R3) of irrigation traahts (T50, T60, T70 and T85). Contour
lines show measured values of soil wa6gy Wwithin 1.13 m depth (in mm).
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Figure 7. 5Spatial variation of predicted soil water contedy} (vithin 1.13 m depth for the
irrigation experiment at 125 DAP cotton from EM38a measured in VM at 0.4 m height
above ground in the cotton field and using@h&C, relationship for cotton.
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Figure 7. 6Spatial variation of predicted soil water contey) (vithin 1.13 m depth for the
irrigation experiment at 125 DAP cotton from EM3&a measured in VM at 0.4 m height
above ground in the cotton field and using@h&C, relationship for wheat.

The worst-case scenario refers to the Fig. 6.2%¢hiapter 6 where prediction
of soil water within 0.33 m depth from E@n HM of EM38 at 0.4 m above the
ground) differed substantially between wheat anttioog especially when the field
was dry and ECvalues were low. Measured data of spatial distiGiouof water
content within the top 0.33 m depth on a given ohathe cotton field (Fig. 7.7) is
compared with predicted water content using thedipten model 6,-EC,
relationship)for cotton and EM38 data on the same day in theesigetd (Fig. 7.8)
and using the same EM38 data for cotton but usiadigtion model for wheat (Fig.
7.9).

Focussing on white areas on the map (dry aredbkeirfield) with contour
intervals of 10 mm water shows that the positiohshese areas are displaced by
about 20 m in the south direction (i.e. from 69584%0 6956170N). Predicted
water content for dry areas using data and modekdtton in Figs 7.7 and 7.8
showed that water content was underestimated byr@5(measured = 75 mm and
predicted = 45 mm) while using cotton data with wieeat model (Figs. 7.7 and 7.9)
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water content was overestimated by 25 mm (measu@dmm and predicted = 100
mm).

Focussing on the dark blue areas on these maps(@sas in the field) shows
that the position of wet areas was slightly bettatched than the dry areas but not
size. Predicted water content in these areas ddféiom the measured water content
by only 10 mm (Figs. 7.7-7.9). Thus, predictionn@ter content within shallow soil
layers with HM of EM38 reduces accuracy since thisrdittle water within the
shallow depth and that reduces the sensitivithefEM38.
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Figure 7. 7Spatial variation in measured soil water cont@gt\ithin 0.33 m depth for the
irrigation experiment at 125 days after plantingao. Filled circles indicate the position of
replicate plots (R1, R2 and R3) of irrigation treants (T50, T60, T70 and T85). Contour
lines show measured values of soil waég) within 0.33 m depth (in mm).
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Figure 7. 8Spatial variation of predicted soil water contey} (vithin 0.33 m depth for the
irrigation experiment at 125 DAP cotton from EM38a@ measured in HM at 0.4 m height
above ground in the cotton field and using @h&C, relationship for cotton.
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Figure 7. 9Spatial variation of predicted soil water conté} ithin 0.33 m depth for the
irrigation experiment at 125 DAP cotton from EM38a measured in HM at 0.4 m height
above ground in the cotton field and using @h&C, relationship for wheat.
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7.3 Effective irrigation strategies

Irrigation strategies involving timing and quantity irrigation to crop fields that
accommodates spatial variation in soil water canfas a characteristic feature of in-
situ variation in soil properties or associatechwitater application system) can only
be considered effective if the strategy maintairsistainable level of crop growth
and yield. For this purpose, the data on abovergt@uop biomass as an indicator of
growth and yield of economic product (grain or &prvere analysed together with
the data on seasonal water use (expressed as Bhefqueriod from planting to
harvest). ET was estimated for all field and glassie experiments using a soil
water balance equation that assumed zero runoff zerd drainage (for field

experiments only) beyond the root zone for albation and rainfall events.

For field experiments, ET (mm) was estimated as:
ET zzpi,i+1+ Ii,i+1+(0i _6i+1) (7.1)
i=1

and for the glasshouse experiments,

ET =3 1,00 =D +(6, -6.0). (7.2)
i=1

whereP; .1, lij+1 andD;;+; were rainfall, irrigation and drainage, respecgviel mm
during two consecutive measurement occasions (dérast i and i+1) an@l and6.1
were soil water content (mm) measured within the X33 m of soil in the field or
for the entire volume of soil in the pot during th@me measurement period. The
number () used in Egns. 7.1 and 7.2 exceeded the maximunbauof irrigations
given to the most frequently irrigated treatmerattiarried the least soil water
deficit. Since both dry matter production and yigleeach experiment was expressed
in kg ha' and ET in mm, water use efficiency (WUE) coulddstimated as the ratio

yield or biomass and ET.

Biomass and vyield data for both crops in the figldd glasshouse
experiments are given in Tables 7.1 and 7.2. Thizda indicate that yield and
biomass for both crops were highest with the m@sjufently irrigated treatment T50

in the field experiments and T80 in the glasshoemggeriments. Similarly, lowest
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yield and biomass for both crops were obtained whih least frequently irrigated

treatments T85 and T40, in the field and glasshewperiments respectively.

Table 7. 1Effects of irrigation treatments on above groundntass and yield of cotton
(2007-08) and wheat (2008) in field experimentsthifi a row of values, mean biomass or
yield with a different superscript letter indicasggnificant difference at $9.05 when
compared with the least significant difference ()SNS indicates P>0.5.

Crops Biomass (kg hd) for irrigation treatments LlSD (kg
ha
T50 T60 T70 T85 :
Cotton 13736.4 10499.4 113355 8378.f 3031.2
Wheat 134693 12317.8 94453 8448.0  2943.1
Yield (kg ha)
Cotton 1355.7 1258.9 12175 12925 NS
Wheat 38940 35818 2010.8 17752 454.0

Table 7. 2 Effects of irrigation treatments on above groundniass and yield of cotton
(2008-09) and wheat (2008) in glasshouse expersnéifithin a row of values, mean
biomass or yield with a different superscript leitedicate significant difference atB.05
when compared with the least significant differe(lcgD).

Crops Biomass (kg hd) for irrigation treatments LlSD (kg
ha

T80 T70 T50 T40 :
Cotton 9374.F 8260.6 8144.f 6298.7 9143
Wheat 732631 6759.6 59125 4853.8 438.8

Yield (kg ha)

Cotton 3286.6 2656.7 2750.9 2044.9 164.2
Wheat 26059 2558.8 21124 1559.0 251.7

An irrigation strategy can be considered as dffecif it does not cause
significant yield reduction and results in the leghpossible water use efficiency to
be achieved. Water use efficiency estimated fosdhexperiments (Table 7.3) shows
that water use efficiency declines with increasedjdency of irrigation. However,
the irrigation treatment T60 in the field experiheaused neither significant decline
in biomass or yield (Table 7.1) nor any significaletcrease in water use efficiency
(Table 7.3) for both cotton and wheat. In the dilasse experiments, irrigation
treatment T70 can be considered ideal for both wéea cotton on the basis of yield
and water use efficiency (Tables 7.2 and 7.3).defailed comparison of irrigation
treatments given in Table 4.5 of Section 4.2.6 shthat T60 in the field and T70 in
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the glasshouse refer to volumetric soil water cointéd 32 and 35% respectively.
Thus, an effective irrigation strategy for cottondawheat should aim to apply

irrigation when soil water content within the raamne drops to 32-35%.

Table 7. 3Effects of irrigation treatments on water use é&ficy of cotton and wheat in
field and glasshouse experiments. Within a row alfues, mean values with a different
superscript letter indicate significant differenae P<0.05 when compared with the least
significant difference (LSD). NS indicates P>0.5.

Experiment Crops Water use efficiency (kg Hanm®)  LSD (kg ha)

T50 T60 T70 T85
Field Cotton 1.94 2.21 2.27 2.49 NS
Field Wheat 10.02 9.54 7.92 5.97 0.98
T80 T70 T50 T40
Glasshouse Cotton3.91 33¢ 393 350 0.28
Glasshouse Wheat 5.12 5.75 5.61 5.84 NS

If a field consists of clay soil similar to thased in this experiment and
exhibits spatial variability in water content thémigation should be applied to
maintain the critical water content of 32-35% thgbaut the field during crop
growth. When soil water content approaches thigcatilimit, irrigation should be
applied up to the drained upper limit or field capaif there are no salinity hazards
in the field. Whether a field is uniform or exhibgpatial variability in water content
due to in-situ variation in soil properties, soiater content and its distribution can
be estimated with either thermal imagery or EM3&sueements. Since soil water
can be assessed in the field using canopy temper@iQ (Chapters 4 and 5) or EC
(Chapter 6), it is possible to apply the precisangity of irrigation water on time in

crop fields.

7.4 Conclusions

On the basis of the results presented in this vemrtt implications discussed, the

following conclusions are reached.

1. It is possible to measure evapotranspiration) (Bmd water use of crops
economically at a resolution of 0.027 mm of watéhvthe mini-lysimeter system
described in Chapter 3. The equipment and measuateeehnique described in this

chapter has allowed measurement of temporal vaniati soil water and ET at short
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Chapter 7

time intervals (~10 min) which is ideal for studgispatial and temporal variability

in growth and performance of irrigated crops.

2. Proximal thermal sensing of crop plants with hertal infrared camera
(thermography) has been found to be an ideal wokvaluating water deficit stress
in crop plants. Studies on cotton and wheat indtdhat the canopy temperature —
soil water relationship is influenced by the extdot which stomata control
transpiration, which may differ with crop speciétwever, it is still possible to
predict soil water status and deficit in crop feeldith a reasonable degree of
confidence using thermal images of canopy tempegafpatial variation in canopy
temperature and soil water for a crop field (présgéras maps) is remarkably well
correlated. Therefore, it is possible to differatdiwell-irrigated areas (low canopy
temperature and high soil water) from water stre@sseas (high canopy temperature
and low soil water) within crop fields with thermiatagery. Since thermal imagery
based water stress indices (ICWSI agdréquire additional measurements, thermal
images of a crop field on a given day can be usextttly for soil water assessment.
The use of ICWSI is mostly recommended for glassb@rown plants.

3. Spatial distribution of soil water content andt&r deficit stress in crop fields can
also be derived from measurements of apparentrie@ctonductivity (EG) with
EM38 (an equipment based on the electromagneticctimh method). Since EGs a
complex function of several variables including parature, absolute quantities of
soil water can be predicted in crop fields with m@le accuracy, with regions of

wet and dry areas within the field being easilyniifeed.

4. On clay soils, a volumetric soil water conteantresponding with the irrigation
treatments T60 (field) or T70 in (glasshouse) isoremended as an effective
irrigation strategy because it does not cause feigni yield reduction in cotton or
wheat, while allowing the highest possible watex eficiency to be achieved. Since
soil water content and its spatial distribution danestimated with either thermal
imagery or EM38 measurements, it is possible tolyampigation precisely to

achieve the desired value of soil water content.
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Appendix Al

Appendix Al

Sensitivity analysis of thermal image processing

In various chapters of this thesis, each thermalgenwas analysed with the help of
Image Processor Pro Il software to derive averagegmy temperature. The purpose
of this appendix is to undertake a sensitivity gsigl to determine if the method of
image processing used introduces any bias in therrdmation of canopy
temperature from the thermal image. For this seitgitanalysis, two methods have
been used for both cotton and wheat. For methaddrge rectangular area (~49447
pixels) was chosen within the thermal image to \gerthe average canopy
temperature for the entire thermal image. For nwtBpfive smaller rectangular
areas (~3290 pixels) were selected within the laegtangle used for method 1 to
derive average canopy temperature for each reeaAgkrage canopy temperature
from each of the five rectangular areas was thesramed to obtain the average
canopy temperature for the whole thermal imagehWith methods, visual image
were consulted in deciding the size of rectangalaa for the analysis to exclude
areas of thermal image that may include non-plaatenal or other background
objects. Average canopy temperature was estimatédud each method on five
separate occasions (as replicates) for both cattdnvheat.

Detailed information on selection of area withire timage with both methods and
crops are shown in Figures Al.1 and Al.2. Averag®opy temperatures obtained
with both methods for cotton and wheat are givemable Al.1. Paired t-test used to
compare two methods of image analysis showed hieadlifference between the two
methods was small (0.1-0.3 °C) although for cottoethod 1 significantly gave
slightly higher canopy temperature than method 2.tle basis of this sensitivity
analysis it is concluded that small differences resigt between various methods of
image analysis, but it is unlikely influence averagnopy temperature significantly.

Table Al. 1 Comparison of average canopy temperature obtainéd two methods of
image analysis for cotton and wheat in the field.

Crop Average canopy temperature (°C)

Method 1 Method 2
Cotton 31 30.6

25.2 25.0

30.2 29.9

28.6 28.4

28.3 28.0
Mean 28.7 28.4
Wheat 16.7 16.6

17.5 17.0

27 27.1

22.8 22.6

26.6 26.6
Mean 22.1 22.0
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Appendix Al

Figure Al. 1 Derivation of average canopy temperature for cofimm processing of
thermal images with two different methods on fiveparate occasiondNumbers in
parenthesis are temperature (°C) for one largefisadsmall rectangles selected within the
thermal image (left). Visual image correspondinghvtihe thermal image is shown on right.
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Appendix Al

Figure Al. 2 Derivation of average canopy temperature for wHean processing of
thermal images with two different methods on fiveparate occasiondNumbers in
parenthesis are temperature (°C) for one largefisadsmall rectangles selected within the
thermal image (left). Visual image correspondinghvtihe thermal image is shown on right.

188



