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Abstract

Plant growth and soil water deficit can vary sgbtiand temporally in crop fields due to variationsoil
properties and/or irrigation and crop managemeatofa. We conducted field experiments with cotton
(Gossypium hirsutum L.) over two seasons during 2007-2009 to testframed thermography can distinguish
systematic variation in deficit irrigation appliealvarious parts of the field over time. Soil watentent was
measured with a neutron probe and thermal imagesopfplants were taken with a thermal infrared eam
Leaf water potential and stomatal conductance aks@ measured on selected occasions. All measutemen
were made at fixed locations within three repligaltets of an irrigation experiment consisting obifcoil-
water deficit treatments. Canopy temperature rélatewell with soil water within the root zone aftton as
the stomatal conductance index derived from cartepyperature, but it neglected the effect of logad a
seasonal variation in environmental conditionsmitirities in the pattern of spatial variation ianopy
temperature and soil water over the experimergdd fndicates that thermography can be used witmatal
conductance index to assess soil water deficibiton fields for scheduling of irrigation and tophpwater

in areas within the field where it is most needededuce water deficit stress to the crop. Furtioafidence
with application of infrared thermography can béngd by testing our measurement approach and asalys
with irrigation scheduling of other crops.

Keywords: canopy temperature; irrigation; leaf water potntsoil water deficit; stomatal conductance;
stomatal conductance index; thermal imagery

1. Introduction

Irrigation is essential for cotton production inskan Australia as in-season rainfall is inadeqtatmeet
crop water demand (Tennakoon and Hulugalle, 20A6)water is a critical resource, irrigators need to
maximise return from this limited resource. As ontfields in Australia are large, often irrigatedhwlong
furrows or mobile irrigation systems (e.g. latemabve or centre pivot), soil properties may varytislst
requiring variable rate and timing of irrigationpdipation. Spatial variability in distribution ofrigation or
rain water may be due to inherent variation in gpodperties and/or nonuniform application of irtiga
leading to spatial variation in crop growth andlgieRapid, non-destructive estimation of soil wabeer
large area is required to estimate soil water ddéc effective scheduling of irrigation.

Stress to a crop plant is often caused by watécitefithin the plant due to a reduction in the @adaility of

soil water (Wanjura and Upchurch, 2000) inadeqt@ataeet the evapotranspiration demand. Jones (1990)
suggested that greater precision in irrigation i@ppbn can potentially be achieved with ‘plantess
sensing’ because crop plants can integrate theteféé water deficit in the soil and the atmosph@&taus, it

is necessary to quantify the level of water definitcrop plants and use that information for irtiga
management of crops (Wanjura et al., 2006). Foadies, it has been well established that crop veatess
can be detected remotely by measuring the surtaopdrature of crop plants (Jackson, 1982). Whep cro
plants are experiencing water shortage, transpirdtom the leaves decreases, causing a reductiboth
stomatal conductance and water potential of leakedecrease in transpiration can also cause ircserfi
cooling of leaf surface leading to an increaseeaf temperature (Jackson et al., 1981). For thessons,
leaf temperature is considered as an importancatoli of actual level of water stress in a plamt¢Psen et
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al., 1992) and considered as a valuable tool fagation scheduling (Gates, 1964). Measurementabpy
temperature without physically contacting a pldttir(er et al., 1978) became possible since thdadbiy
of infrared thermometers (IRTS).

Due to the low cost of infrared thermometers, gdanumber of studies have used thermal signalasftpl
canopies and the surrounding area for the deteofiovater stress in plants (e.g. Mahan and Yea@08).
Measurement of canopy temperature in crop fieldk wifrared thermometers is reliable and non-inu&si
but it is usually based on a few point measuremamtistherefore depends on the assumption of unigmim
water content and plant density over large areasrder to map variability in crop water statusroae area
at an adequate resolution, several IRTs may beededthermography, on the other hand, is the proakss
obtaining thermal image of an area controlled ®yuker. The potential advantage of thermal ima¢sep
known as infrared thermography) over point measargmwith infrared thermometers is the ability loé t
image to cover a large number of individual leawesl plants at one time at a high spatial resolution
Infrared thermometers usually have a finite andleiew so that it is common for the acquired thelrma
signal to include thermal emission from leaves ab as some background noise from other objects ¢eil

or sky) within the field of view. The thermal imagéso includes similar background noise, but aras bi
introduced by the background noise can be easiiyected during analysis and interpretation of tihage
(Leinonen and Jones, 2004).

Recent developments and commercial availabilitypoiftable thermal imagers and the associated image
analysis software has overcome the problems assdaieth infrared thermometers. Thermal imaging has
the potential to provide a more robust measuré®fictop water status. Availability of equipment igital
thermal imaging also provides a unique opportutotylevelop instantaneous spatial canopy stressaadi
for use in precision agriculture (Chaerle and van 8traten, 2000). Thermal and visual imagery can b
combined to estimate the canopy temperature amdifigi@lant stress in a number of crops, e.g. gndpes
(Leinonen and Jones, 2004) and cotton (Cohen eR@D5). The sensitivity of an unmanned air vehicle
equipped with a thermal infrared sensor has besmtakted to measure the response of cotton ¢@tiwn
and crop residue management (Sullivan et al., 20RI@nt water stress in cotton at full canopy can b
detected by a number of spectral sensors incluaypgrspectral, multispectral and thermal infraredssrs
(DeTar et al., 2006).

Rigorous testing of thermal imaging against moaglitronal physiological techniques under field citinds
is still required to determine the corresponderaigveen thermal emission characteristics and phogicdal
response of plants to water deficit for variouseypf crops (Grant et al., 2006). Earlier studibictv have
used infrared methods for irrigation scheduling alnée to indicate stomatal closure or evapotraatipin
rate but they give no information on the amounsaf water available or that needs to be suppleetktnia
irrigation at that time (Jones, 2004). Grant et(2D06) suggested that experiments in which irrogat
scheduling is determined by a range of methods,obieese should include thermal imaging. In thizrky
we aim to assess the spatial and temporal variatisoil water deficit in an irrigated field experent with
cotton to test:
(a) if thermal imaging can be used to distinguish sailter deficit in cotton fields under a systematic
variation in deficit irrigation treatments;
(b) if canopy temperature and internal water statusafes relate to soil water within the root zone.

2. Materials and methods

Field experiments with cottorGpssypium hirsutum L.) were conducted over two seasons (2007-2008 and
2008-2009) in an experimental field (27°30'44"S1°KU6'55"E, and 431 m elevation) at the Kingsthorp
Research Station, approx. 20 km west of ToowoorGhseensland, Australia. The soil at the experimental
site is referred to as a haplic, self-mulchingcckl&ertosol (Isbell, 1996) consisting of mediumhteavy
cracking clay soil with 76% clay, 14% silt and 18%nd in the surface horizons (Foley and Harris, 7200
The soil had an organic carbon content of 1.3%7pH EC 35 mS thand CEC 86 cmelkg® and a field
bulk density of 1.2 Mg i

An automatic weather station was installed at apf6xm from the edge of the experimental site tasnee
rainfall, solar radiation, relative humidity, wirgpheed and air temperature (maximum and minimuri) kat



interval. During the experimental period in 2000820 the range of daily maximum and minimum air
temperature was 0.2-38.4 °C and relative humid@yl@0%. During 2008-2009, similar range for daily
maximum and minimum air temperature was 1.1-40.1af@ relative humidity 16-100%. Total rainfall
during the cotton seasons in 2007-2008 and 2009-2@0e 272 and 471 mm, respectively.

2.1 Crop management

During both years, seeds of Bollgard Il cotton efriSicala 60 BRF were sown at a depth of 5 cmnduri
mid-November and the crop was harvested in mid-Mdne row and plant spacing was maintained at 100
and 10 cm, respectively. At planting, either atstafertilizer (10.5% N, 19.5% P and 2.2% S) orauveas
applied followed by a second application of ure®&{70 DAP. Most of the crop emerged within 8 days
after planting (DAP) with a final planting densit§ 11 plants i row (2007-2008 season) or 17 plants m
row (2008-2009 season). For weed control, glypteoghkg hd) was applied once in 2007-2008 and twice
during the 2008-2009 season. An insecticide Ddaedtamethrin as the active ingredient) was appdied
rate of 200 ml haduring 2008 to control the pest pale cotton staine

2.2 Irrigation treatments

Field experiments in each year consisted of forigation treatments with three replicates basedaon
randomized block design. Irrigation treatments wised on plant available water capacity (PAWC}Her
experimental site. PAWC was taken as the differdretveen the upper soil-water storage limit and the
lower water extraction limit for a growing crop ov@e rooting depth (Gardner 1985). Field detertimma

of PAWC was based on two parameters: drained uppir(DUL) as the upper soil-water storage limitca
crop lower limit (CLL) as the lower extraction limover the rooting depth. DUL was measured as the
volumetric water content of the soil after thorougétting and allowing it to drain under the infloenof
gravity to a steady state condition (Ratliff et 4983). CLL was measured as the water contentlbwyiag

the crop to extract sufficient water beyond whi@hfarther extraction was possible. Both DUL and CLL
were determined in the field at 10 cm depth increnweithin 0-150 cm. The methods used to determine
DUL and CLL were similar to those described by Ri#c(1981) and Ratliff et al. (1983).

Irrigation treatments used for the experiments wes® — 50% depletion of PAWC, T60 — 60% depletidn
PAWC, T70 — 70% of PAWC and T85 — 85% of PAWC. Téhaeatments were used to schedule irrigation
of specific plots using the measured soil watereach replicate plot with a neutron probe (detgil®n
later). All T85 treatment plots were subdividedoirgtolid (T85-Solid) and skip-row (T85-Skip) plargin
Here, solid planting refers to the normal plantivigereas skip-row planting refers to leaving onenbleow
(without plants) between two adjacent rows of aatto

There were altogether 12 experimental plots cangisif 4 irrigation treatments (T50, T60, T70 ang5)
and 3 replicates. Each replicate plot (20 m x 13wa$ separated from the adjacent plots with 4 newid
buffer. An additional area of 20 m x 7 m was usledgside the experiment for a refugee crop as Raild|
cotton variety Sicala 60 BRF used for this expenims a genetically modified variety of cotton inted to
reduce pesticide use by 80% compared with the caiorel varieties of cotton. A non-Bollgard cotton
variety Sicala 41 RRF was used in this experimera aefugee crop to divert the attention of inséa
the Bollgard crop.

Each replicate plot was irrigated with bore watemg a hand-shift solid sprinkler system. Partiadte
sprinkler heads were used to avoid irrigation gheeht plots. Three rain gauges were installechaheplot

to estimate the quantity of water applied duringgation. Since irrigation treatments were influeddy the
initial soil water content at planting and rainfediceived during the experiment, the irrigatioratneents
could be imposed on cotton during 75-162 DAP in722008 and 67-136 DAP in 2008-2009. The replicate
plots of T50, T60 and T70 treatments received 228208 and 82.3 mm irrigation water, respectivaly i
2007-2008 and T85 treatment did not require angation. During 2008-2009 seasons, the replicatés mf
T50, T60, T70 and T85 treatments received 21458&nd 23 mm of irrigation water, respectively.

2.3 Soil water measurements
A neutron probe access tube was installed in ehd2 plots to monitor the soil water distributionen the
growing season. For T85-Solid and skip-row irrigatitreatments, additional neutron probe accessstube



were installed. A neutron probe (503DR HydroproBampbell Pacific Nuclear Inc., USA) was used to
measure soil water content from the surface to @thdef 1.33 m at 0.1 m depth increments. Standard
reference count for the neutron probe was takeherfield before measurements of neutron countsen
experimental plots. Neutron count ratig)(for a specific soil depth was estimated by divgdeach neutron
count with the standard reference count and laiaverted to the volumetric soil water conteit ig® m®)
for that depth using the calibration equation

6= 1.36n, — 0.44. (R=0.86,n=10, K0.001) (1)

Soil water content was measured with the neutragin each replicate plot to determine the tinfg
irrigation for the irrigation treatments describedrlier. The effective root zone depth was deteechiat
various times during the crop growth period by eixang the temporal variation in volumetric soil wat
content @ with soil depth %) (data not shown). Effective rooting depth wasuased to be the soil depth
nearest to the soil surface at which temporal tiariain successive water content was negligibld. Al
measured values @ were converted to mm of water for each soil deptl then accumulated up to the
effective root-zone depth to estimate soil watdhinithe root zoned).

2.4 Thermal imagery

A single thermal image of a few plants was takesmfreach plot on the same day as for soil water
measurement in order to explore any correspondéert@een canopy temperature (°C) and soil water
content within the root zone2j). Thermal images of cotton plants (located nearrtbutron access tubes)
were acquired from each plot with a thermal infdaamera (NEC TH7800 model, NEC, Japan). The
camera operated within the waveband of 8-14 um thighcapability of achieving a thermal resolutiérdd

°C and a spatial resolution of 320 (V) x 240 (Hygdé, where V and H respectively refer to vertiaat
horizontal directions. This camera also permitteguisition of both thermal and visual images. Alaiges
were captured at a distance of 2 m from plantsiacbose mostly leaves in the upper part of the candgle
avoiding soil and other background objects. Avereaygopy temperature (°C) was derived from the aily
of a selected region within each image with the den&rocessor Pro Il software (Version 4.0.3, NEC,
Japan). Since an emissivity of 1.0 for plants Hasen reported to induce an error of <1 °C (Jack$882)
and that the emissivity for plant leaves variethimrange of 0.92-0.99 (ldso et al., 1969; Suthelld986),
the emissivity for all measurements was kept conisah 0.97 (also used by Wittich, 1997). A rectdagu
area within an image was selected to enclose delesses for the estimation of average canopy
temperature. The sensitivity of the average cartepperature to the size and position of the arkstee

for image analysis was found to be low (<0.3 °GitifBates of canopy temperature for a growing pleas
based on several leaves (of around 50,000 pixateer than single leaves because temperature awgrag
over several leaves has been found to reduce {ecinof variation in leaf angles on leaf tempemi{@rant

et al., 2006) and recommended for irrigated plants.

Canopy temperature (°C) was derived from the amalysthe thermal images with the image processing
software. Data for air temperature was obtainethftbe nearby weather station during 2007-2008 seaso
and later measured with a hand-held RTD (resistéenmperature detector) probe on 4 occasions (7, 12
136 and 144 DAP) at the time of thermal imagingiry2008-2009. The position of cotton plants in the
experimental plot viewed with the infrared camererewecorded with a hand-held GPS (Garmin, KS, USA)
at the first measurement and later replaced wiikeal marker for subsequent image acquisition duthre
season. The GPS recorded location of all measutsriretatitude and longitude format (i.e. degre@ute
and second) were converted to easting and northingsing a UTM conversion Excel spread sheet (Qutch
2007).

Since water loss from leaves via transpirationepesthdent on many factors, such as radiation, wieed

air temperature, and humidity; all of which affebe energy balance of plant canopy (Jones, 1963j, |
temperature alone may not adequately explain tiatgm rate or stomatal conductance of leavesegdan

al. (2002) proposed the use of leaves sprayed witer as wet references and leaves for which all
transpiration was prevented by covering it withrpleum jelly as dry references. Therefore, coteaves
were sprayed with water on both sides for aboutirl ton simulate the condition of a fully transpiritepf
immediately before image acquisition to estimategerature of wet reference ledf,{). Additional



reference leaves were covered with petroleum gellgimulate the condition of a non-transpiring |éaf
estimation of dry reference ledfy,). Images of wet and dry reference leaves werentéioen each replicate
plot for each irrigation treatment at the timemhige acquisition of normal leaves (Fig. 1).

2.5 Estimation of stomatal conductance index

Thermal infrared images of cotton plants were taersix occasions in each year (74, 81, 94, 135, &

155 DAP during 2007-2008 and 62, 76, 88, 125, 186 &4 DAP in 2008-2009). It took 30-40 minutes to
obtain thermal images of selected plants and wettday reference leaves for the whole experiment.7@®n

144 and 155 DAP of 2007-2008 season, thermal images obtained between 1000 and 1200 h, whereas at
other times during 1200-1500 h. During the 200828@ason, thermal images were obtained between 0920
and 1300 h. Most of the thermal images were takesigar and sunny weather conditions. However, anag
clarity may have been reduced as the camera wdslgdland during image acquisition affecting itsus.
Average canopy temperature estimated from eachar(fag. 2) was combined with the temperatures df we
and dry reference leaves to calculate the stormataluctance indexd) as follows.

T, -T
lg= v ¢ 2
© TC _Twet ()

where Ty (°C) was thetemperature of the leaf covered with petroleunyjelh both sidesT. (°C) the
average canopy temperature of normal leaf Bpd(°C) is the temperature of leaf sprayed with water
both sides of the leaf. All parameters of Equat@®nwere obtained from the analysis of thermal iesag he
index | in this equation is an indicator of water stregsptants (Jones et al., 2002) as it is directly
proportional to the stomatal conductance of learesinversely proportional to the crop water stiagex
(Cwsl).

2.6 Leaf water potential and stomatal conductance

In order to assess the water status of leaves,watdr potential ¥) was measured with a Model 1000
pressure chamber (PMS Instrument Company, OR, W8AWwo occasions (74 and 94 DAP) during 2007-
2008 season and four occasions (62, 76, 88, 125 1&6d DAP) during 2008-2009 season. Most
measurements were made on clear and sunny daysydit®0-1400 h, except on 62 and 76 DAP of 2008-
2009 season when these measurements were madg #06@-1200 h. For all measurements, the third leaf
from the top of the canopy was cut with a thin-klatissor and inserted into the pressure chambssars

as possible to avoid any change %n Compressed nitrogen gas was used to apply gasyveeto the
chamber in small increments until visible flow afpsoccurred. The final bleeding pressure was takethe
equilibrium water potential of the leaf.

Stomatal conductanceggf the leaves was measured with a PMR-5 steadg-gtorometer (PP Systems,
Norfolk, UK) under ambient light conditions on lesv of plants used for thermal imaging. Stomatal
conductance measurements were made in clear amy seeather conditions during 1100-1400 h of the
2008-2009 season on five occasions (76, 88, 1Zbah8 144 DAP).

3. Results

3.1 Soil water and canopy temperature

Soil water within the root zon&)) of cotton was significantly influenced by theigation treatments on five
out of the six measurement occasions during bofiv-2D08 and 2008-2009 seasons (Table 1). Spatial
variation in soil water over the experimental fieldearly growth of cotton (74 DAP in 2007-2008 &#&l
DAP in 2008-2009) was small and not significantiigeted by irrigation treatments. After the firatigation
(75 DAP in 2007-2008 and 67 DAP in 2008-2009), igpaariation in g, increased within the experimental
field due to variable quantity of irrigation watapplied. Over both seasons of cottaf, remained
significantly higher for the most frequently irriga treatment (T50) than the least frequently éategl
treatment (T85) (Table 1§, for the intermediate irrigation treatments (T6@ arv0) were either similar to
T50 or T85 treatment. The LSD values in Table idatd the average difference éhthat persisted between



various treatments at the experimental site. Howectual difference g, was as low as 35 mm at 76 DAP
in 2008-2009 and as high as 110 mm at 144 DAP @7 2ZD08 (Table 1).

Seasonal variation in canopy temperatdig derived from thermal infrared images) of cottomsvsimilar to
variation in & in both years (Table 2). Mean canopy temperatore/drious irrigation treatments differed
significantly on most occasions except during tlaglyegrowth of cotton before irrigation application
Canopy temperature of cotton in T50 irrigation tneent remained significantly lower than T85 treatinen
most occasions during both seasons of cotton. Garewpperature for the intermediate treatments (ditd
T70) was similar on most occasions in both seaaadson a few occasions, it was not significantijedent
from T85. Although average differenceTpwas in the range of 0.6-2.8 °C (shown as LSD ihlg &), the
maximum difference in canopy temperature was magikerved between T50 and T85 irrigation treatments
(7.1 °C in 2007-2008 season and 3.7 °C in 2008-2@@3on). Data for air temperatufg) @nd temperature
of wet and dry reference leave$,4 and Ty, respectively) given in Table 2 indicated that aan
temperature for most irrigation treatments was pdsigher than the air temperature, but intermexiat
Twer andTyy. Since weather condition (e.g. temperatiliggand sunlight) within a plant canopy can vary quite
considerably during the day and to even a largemgxver a cropping season, lack of consisterétian in

T. in relation toT, suggested that there may be some similarity inwhegation of soil water or air
temperature with time.

3.2 Physiological responses of |eaves

Table 3 shows the effect of irrigation treatmemdeaaf water potentiak{) on selected occasions. Although
w was measured on a fewer occasion than soil watesrmpy temperature, less frequently irrigatechigla
(in T85) experienced significantly greater leaf evatleficit than those irrigated more frequently @)Y.5
However, lack of significant effects of irrigatioreatments om, a number of occasions (Table 3) indicates
lower sensitivity ofy, to irrigation thang, andT..

In our experiment, stomatal conductance of leaggsvas measured only during the second cotton saason
2008-2009 (Table 4). During this season, the tealguattern of variation and sensitivity gf to irrigation
treatments was similar t@ (Table 3) with frequent application of irrigati¢im T50) indicating significantly
highergs than other irrigation treatments.

The stomatal conductance indéx was found to be more sensitive to irrigation tmests than other
physiological variables measured for leaves (T&@)leAs this index is based on the temperature of no
transpiring and fully transpiring leaves (as dethiln Eq. 2), large variation ik was likely for various
irrigation treatments. Plants irrigated more fraglye(T50) with low canopy temperature (Table 2yidéed
greatly from the temperature of a non-transpirigarf land hence maintained high valuessafompared with
other irrigation treatments throughout the growghiqd in both seasons (Table 5).

4. Discussion

4.1 Sensitivity of canopy temperature to soil water

Canopy temperatur@{) averaged over several leaves indicate the et@gemhich stomatal activity cools the
leaves. Plants can regulate water potential ofdgawe reduce transpiration rafg)(by controlling water
inflow into leaf. However, water outflow from leavés controlled by partial to full closure of stamahat
influences stomatal conductanag)( The extent to which a plant is able to adjusenmal water deficit
within leaves is by modifying;, ¥ andgs in response to available soil water within thetreaone and
atmospheric water deficit both diurnally and seaigmrmay be considered as a characteristic feaitithe
plant.

The sensitivity of stomata to humidity is knownh®e partly dependent on soil water content (Cak@®0).
Significant effects of irrigation treatments on opy temperature and soil water observed during both
seasons of cotton (Tables 1 and 2) indicated afisignt decrease in canopy temperature with aregse in
soil water within the root zone (Fig. 3a and b)efiéhare number of local and seasonal environméadedrs
(sunshine, air temperature, wind and humidity) Wwtatfect canopy temperature independent of traaspir
causing a loss of soil water. Therefore, the maar relationships betwedn and &, (shown as negative



power functions in Table 6) may be circumstantglitaoverlooks the effects of other environmengaitérs.
The uncertainty in these relationships is showRig 3c which indicated that considerable variaiioi, -

T (an indicator of cooling or warming of leaves) n@gcur at a given soil water within the root zoRer
example T, - T, varied from -4 to 10C at aé, of approx. 300 mm. Therefore, the effect of satev on heat
emission from leaves may depend on the physiolbdieaaviour of the crop plant, local and seasonal
environmental factors and soil properties affectihg availability of water at the root surface (e.g
unsaturated hydraulic conductivity).

4.2 Sensitivity of canopy temperature to physiological factors

Physiological factors that may influentgvia leaf water relations were also examined is thork. Data in
Fig. 4 and Tables 1 and 3 show that cotton canagitbshigh leaf water potentialf) tend to maintain low
canopy temperaturd ). High leaf water potential should allow substahtiooling of leaves by supporting
high transpiration rate to redudg significantly (Fig. 4). During both seasons oftoat the relationship
betweenT. and ¥ was linear and the slope of the relationship waslaa (Table 6). Leaf water potential
also increased with increase # (Fig. 4c) which suggests a hydraulic continuitydaa hydrostatic
equilibrium between soil and plant throughout teasen.

When soil water within the root zone of a crop plemanges over time but within a certain limit ¢éth the
irrigation treatments used in this work), stoma@hductance of leavegs| tends to increase linearly with
increase in soil wate) (Fig. 5). Sinceys is an instantaneous measure of the stomatal ctartecof single
leaves, it is strongly influenced by the atmospheanditions (light or radiation, temperature, hdityi and
wind speed) at the time of measurement, espeaiafppur pressure deficit (VPD). Whegis derived from
thermography it has been shown to vary quite cenaldly with wind speed and exposure of leaves to su
and shade (Jones et al. 2002). Thus, a reasonadpleedof scatter observed in Fig. 5 could be pauly to
the variation in ambient weather conditions durihg measurement @f at various times over the cotton
season.

Since photosynthesis and transpiration are joimflpenced by stomatal conductance (Jarvis and é3qvi
1998), occurrence of low values @fmay adversely affect crop growth due to reduceatqggynthesis. For
plant growth to continue, plants need to assimilatdficient CQ by optimising transpiration and
photosynthesis which requires regulationggfby plants (Jones, 1998). Such regulatiorgofvould also
allow leaf temperature to be maintained within atiroal range as a given change dggto control
transpiration can influences itself through a feedback mechanism (Jarvis andd3a 1998). Due to the
complexity of the relationship between transpinatend stomatal conductance, transpiration réfe of
single leaves may be dependent on leaf temperdiutespatial variability ofT, (arising from leaf to leaf
variation at various positions within the canopghde substantial due to the spatial variabilitggfones,
1999). Simultaneous measurementsgofand T, made with the porometer showed a declining trend
transpiration rate with an increase in leaf tempgea(data not shown as these are parameters raedated).
The relationship ofl;. (obtained as an average estimate of temperatusewaral leaves with the infrared
thermography) witil, of single leaves (obtained with porometer) shoae&dduction in canopy temperature
with increased transpiration rate (data not showhg variability inT, for a givenT, was considerable for
modest values of conductance and transpiration Tdtis supports the notion th@if not only increases at
low stomatal conductance, but its variability isaahigh (Fuchs, 1990; Leinonen and Jones, 20043.rmay
reduce the sensitivity o, as a measure of transpiration rate of the whatemaof plant species.

4.3. Somatal conductance index

The stomatal conductance indiexcan be considered as a good indicator of the grang ability of plants
as it is used for the estimation@f(Jones 1999). Our experimental data for cottonvslothatT, decreased
nonlinearly whilelg increased linearly with increasedn(Fig. 6a and b). Since the degree of scatteren th
data forlg andT, in Fig. 6 were similarT. could be considered as good indicator of seasaration in
stomatal conductance for cotton as the stomatadllicance indexs. However, T, may not be a reliable
indicator as cooling/warming of leaves, ilg- T, varies quite considerably at a given valugoffFig. 6c¢).

In order to derive useful information on soil watleficit affecting the transpiration ability of grelants, it
may be necessary to examine the variatiohgofith & (Fig. 7). The relationship betweég and &, was



mostly linear with considerably greater dependesfde during the first season than the second season (as
indicated by slope for the fitted regression ecuregiin Table 6). This seasonal difference in theab®ur of
Igcould be due to the amount of seasonal rainfalliaightion given in each season. The first seq2007-
2008) of cotton was relatively drier (approx. 20@nntess rainfall) than the second season (2008-2009)
requiring larger amount of supplemental irrigatiormaintain the necessary irrigation treatmentsiéailed

in Section 2). Since there were few value$z0b2 in both seasons (Fig. 7), it may be usefuldwesaer to
apply irrigation to cotton whelhg = 2 so that the crop does not experience seveter waficit. As the
maximum rooting depth during both seasons did moeed 1.03 mig = 2 corresponded with & of 315

mm in the first season and 340 mm in the seconsbosed hese values @ corresponded with soil water
deficit of 63 and 71% (similar to T60 and T70 treahts in our experiment), respectively. For these
estimates the regression models shown in Tabled6tlan upper and lower limit of plant available wate
content (PAWC) within 1.03 m depth of soil were siolered.

4.4 Spatial correlation between soil water and canopy temperature

Spatial variability in soil and plant propertiespierhaps present in many agricultural fields, big difficult

to measure as soil properties tend to vary not amligorizontal direction, but most commonly vertiga
(with depth) due to the occurrence of distinct bhamnis. The depth of horizons in a field is not neagly
uniform in the horizontal direction. This spatiariability in soil properties may lead to uneveatdbution
and retention of water from rain or irrigation ceugs nonuniform crop growth and development.
Nonuniform soil and plant management in crop figkelg. distribution of irrigation and fertilizersy plant
spacing adds further difficulty in identifying timature and source of spatial variation the fieldthis study,
randomized allocation of irrigation treatments &igus parts of the experimental field allowed saaker to
vary spatially at various times during the growtftatton.

Due to the close correspondence between canopyetatope and soil water that neglected the effetts o
other environmental variables observed in Fig. 8 #me contrasts between two of the four irrigation
treatments (T50 and T85 in Tables 1 and 2), it passible to identify wet areag,(= 405 mm in T50 plots)
from dry areas& = 315 mm in T85 plots) within the experimentaldien the basis of canopy temperature
of cotton (with a variation of aroundd@ for T,) at the time when the difference in soil watevatous parts

of the field was large, e.g. at 144 DAP of cottor2007-2008 (Fig. 8a and b). It was also possibldearly
identify these wet and dry areas in the field om blasis of canopy temperature when the differemcmil
water was as small as 40 mm, e.g. at 88 DAP in 200® (Fig. 8c and d).

These analyses suggest that maps of canopy temmgerei crop fields together with the stomatal
conductance index or a similar type of crop watierss index that takes some of the environmentadition
into account may be used to estimate availablengatiér within the crop’s root zone so that soil evateficit
can be quantified within the field for irrigatiorcrseduling. Information on canopy temperature areot
environmental variables can be readily utilisedrmpbile irrigation systems (e.g. centre pivot oetat move
systems) to apply the necessary amount of irrigatiater at the time when it is needed by a growimg.
Using thermal infrared sensors, automatic irrigatias been successfully implemented for centretpivo
irrigated fields (O’'Shaughnessy and Evett, 2010\ et al., 2007). Further accuracy with irrigat may

be gained by using the infrared thermography ampradown in this work to assess soil water defitit
crop fields.

5. Conclusions

The response of an irrigated cotton crop to sysierwariation in soil water deficit with variousrigation
treatments described in this work indicates thatrttal imagery or infrared thermography can provade
reliable measurement of canopy temperature thaliddoe used with other environmental parameters or
stomatal conductance index as a measure of wagsissb plants to extract information on soil watéhin

the crop’s root zone. Further testing at otherss#ted crops is expected to increase confidence thvtbe
measurements to help distinguish well irrigatedasravithin a crop field from water deficient areas.
Although our experimental data is specific to thapc(cotton) and the experimental site (clay sadig¢d, the
measurement approach and analysis is expecteghtptampther crops and sites.



Due to the existence of an apparent thermal equitib between the crop and soil water evident at the
experimental field, irrigation scheduling shouldii@sed on the canopy temperature and a water gideEss
(using the traditional approach of Crop Water Stieslex, CWSI or more contemporary indexas used in
this work). These indices are useful for estimatb&T and stomatal behaviour of crop plants.
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Table 1. Effects of four irrigation treatments (T50-T85) enil water within the root zone of cotton on
selected measurement dates (indicated as dayspé#tging, DAP) during the 2007-2008 and 2008-2009
seasons. Mean values of soil water on a given DAR tlie same superscript letter are not signifigant
different (P>0.05) as the difference is less tham least significant difference (LSD). NS indicates
significant effect of treatments on soil water.

Soil water within the root zone (mm) LSD
DAP 2007-2008 season (mm)

T50 T60 T70 T85
74 277.2 265.9 262.0 271.1 NS
81 335.8 250.7 245.F 246.7 34.6
94 338.8 291.3 261.6 272.6 31.2
135 316.4 310.9 326.7 264.7 30.8
144 431.8 329.4 345.3 321.7 48.1
155 364.8 303.6 318.7 293.6 36.8

2008-2009 season
62 219.8 215.3 220.4 219.4 NS
76 266.% 252 .4° 234.3 230.8 21.8
88 253.9 234.2° 220.2° 205.F 25.1
125 350.% 268.3 312.6 264.3 56.1
136 363.3 295.9 339.9 296.6 48.6
144 344.% 263.7 289.T 257.F 38.7

Table 2. Effects of four irrigation treatments (T50-T85) a@anopy temperature of cotton on selected
measurement dates (indicated as days after plaridA@) during the 2007-2008 and 2008-2009 seasons.
Mean values of canopy temperature on a given DA thie same superscript letter are not signifigantl
different (P>0.05) as the difference is less tham least significant difference (LSD). NS indicates
significant effect of treatments on canopy tempegatWhenever available, mean values and standeod e
(SE,n = 12) of air temperaturél{) and temperatures of wek,) and dry Tq,) reference leaves for a given
DAP are given.

DAP Canopy temperature (°C) LSD Ta Twet Tary
2007-2008 season (°C) (°C) (°C) (°C)
T50 T60 T70 T85
74 304 318 317 315 NS 27.0 27.5+0.05 34.7+0.06
81 264 3200 329 335 16 29.1 26.6+0.43  35.7+0.29
94 256 29.1° 309 299 1.7 24.4 24.0+0.33  33.1+0.35
135 285 287 282 339 28 29.4 25.640.29  36.3+0.30
144 25 279 273 297 21 24.0 24.3+0.21 35.5+0.21
155 26. 30.° 2868 314 17 22.1 24.7+0.21  34.4+0.20
2008-2009 season
62 31.8 320 319 317 NS 28.2 - -
76 274 276 2822 284 06 26.1+0.11 25.4+0.07 31.8+0.05
88 27.F7 2900 294 314 10 32.4 26.1+0.24  32.8+0.27
125 262 279 277 283 14 30.3+0.05 25.0+0.21 30.8+0.10
136 259 276 269° 278 1.1 28.9+0.14 24.8+0.14 31.0+0.13
144 27 283 280 284 08 28.3+0.11 25.8+0.07 31.0+0.13
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Table 3. Effects of four irrigation treatments (T50-T85) d¢eaf water potential of cotton on selected
measurement dates (indicated as days after plariiA®) during the 2007-2008 and 2008-2009 seasons.
Mean values of leaf water potential on a given DAifh the same superscript letter are not signifilyan
different (P>0.05) with respect to irrigation tneints as the difference is less than the leastfisigmnt
difference (LSD). NS indicates no significant effetirrigation treatments on leaf water poten(rR$0.05).

Leaf water potential (-MPa) LSD
DAP 2007-2008 season (MPa)
T50 T60 T70 T85
74 2.3 2.6 2.5 2.5 NS
94 1.8 1.9 2.7 2.0 0.3

2008-2009 season

62 2.6 2.8 2.7 2.7 NS
76 1.9 2.0° 2.7 2.7 0.1
88 2.0 2.2 2.3 2.9 0.1
125 1.7 2.1 1.9 2.3 NS

Table 4. Effects of four irrigation treatments (T50-T85) stomatal conductance of cotton leaves on
selected measurement dates (indicated as daypkiteing, DAP) during the 2008-2009 season. Mean
values of stomatal conductance on a given DAP thighsame superscript letter(s) are not signifigantl
different (P>0.05) as their difference is less ttfanleast significant difference (LSD). NS ind&sano
significant difference between irrigation treatnge(®>0.05).

Stomatal conductance (mmolrg?) LSD
DAP T50 T60 T70 T85 (mmol nmi* s%)
76 38 32 35 32 NS
88 33 29 3¢° 27 3.7
125 45 33 32 32 5.9
136 43 36" 39° 3¢ 6.8

144 38 32 33 31 NS
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Table 5. Effects of four irrigation treatments (T50-T85) &g of cotton on selected measurement dates
(indicated as days after planting, DAP) during 2007-2008 and 2008-2009 seasons. Mean valuksfof

a given DAP with the same superscript letter(s) rawe significantly different (P>0.05) with respetct
irrigation treatments as their difference is ldemtthe least significant difference (LSD). NS urithe LSD
values indicate no significant differences betwigggation treatments (P>0.05).

ls LSD
DAP 2007-2008 season
T50 T60 T70 T85

74 1.90 0.74 0.80 0.87 NS
81 4.46 0.58 0.40 0.32 0.60
94 2.47% 0.7 0.3¢ 0.53 0.42
135 2.71 2.60 3.27 0.54 1.60
144 5.53 1.76 2.16 1.30 1.27
155 2.48 0.78¢ 1.30 0.46 0.55

2008-2009 season

76 1.97 1.67" 0.79 0.87 0.91
88 1.66 1.03 0.4¢ 0.32 0.62
125 2.60 1.23 0.36 0.53 1.35
136 277 1.33° 3.27 0.55 1.51
144 5.58 1.76 2.08 1.2 1.01

Table 6. Details of regression model parameters and rekstisiktics used to derive relationships between
the measured variables presented within variousédign indicates the no. of data pairs, tRe coefficient of
determination for the fitted regression. P-valuasdll regression models was <0.001. Variables shfmw
the regression models are explained in text.

Season Source Regression model n R
figure

2007-2008 season Fig. 3a T. = 612.134,%%* 72 0.83
2008-2009 season Fig. 3b T, = 152.816,°%3% 72 0.73
2007-2008 season Fig. 4a T.=4.7% + 19.8 24 0.84
2008-2009 season Fig. 4b T.=5.2¥ +17.4 48 0.90
2007-2009 season Fig. 4c ¥, = 293.054, 088 72 0.58
2008-2009 season Fig. 5 gs = 0.0856, +10.4 60 0.63
2008-2009 season Fig. 6a T, = 67.04g:°?*° 60 0.72
2008-2009 season Fig. 6b lg = 0.11gs - 2.2 60 0.76
2007-2008 season Fig. 7a lc = 0.0260,— 6.2 72 0.69

2008-2009 season Fig. 7b lc = 0.016,— 1.4 72 0.61
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Figures

Figure 1. Variation in the temperature of wet and dry refeeefeaves for cotton. Number in parenthesis
indicates average temperature (°C) of the enclagedilar area for the thermal image (left) and the
corresponding visual image (right). Red circle espnts the leaf covered with petroleum jelly angebl
circle represents the leaf sprayed with water.
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Figure 2. Thermal (top left) and visual (top right) imagestiee canopy of cotton plants for T50 irrigation
treatment at 81 DAP during 2007-2008 season. Sintilarmal (bottom left) and visual (bottom right)
images for T85 irrigation treatment around the séime are shown for comparison. Numbers in paresighe
on the thermal images (top and bottom left) indicznopy temperature (°C) of the rectangular ancthe
thermal image that corresponds with the visual isaghown on the right.
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Figure 3. The relationship between canopy temperatdig §nd soil water within the root zoné,) for
various irrigation treatments of cotton during @007-2008 and (b) 2008-2009 seasons. The difference
betweenl, and air temperatur@ ) as a function of), for both seasons is shown in c.
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Figure 4. The dependency of canopy temperatufg 6n leaf water potential#) of cotton for various
irrigation treatments at (a) 74 and 94 DAP in 2@008 and (b) 62 and 125 DAP in 2008-2009. The
relationship between leaf water potenti#) (with soil water within the root zond,j for both seasons of
cotton is shown in c.
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Figure 5. The relationship between stomatal conductaggeafd soil water within the root zon@,X for
various irrigation treatments of cotton during #@©8-2009 season.
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Figure 6. The relationships between (a) canopy temperaflyeafd (b) stomatal conductance indéy) (
with stomatal conductanceg] for various irrigation treatments of cotton dgria008-2009. The difference
betweenl, and air temperatur@{) as a function ofjs for the same season is shown in c.
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Figure 7. Variation in stomatal conductance indexwith soil water within the root zon&,j for various
irrigation treatments of cotton during (a) 2007-2@Md (b) 2008-2009 seasons.
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Figure 8. Spatial variation in canopy temperatuiig, (°C) and soil water within the root zoné,,(mm)

within the irrigated cotton field (Figs. a, b) at4.DAP during the 2007-2008 season and (Figs. et 8B

DAP during the 2008-2009 season. Solid circlesciaidi the position of each measurement for thecapli
plots R1, R2 and R3 of irrigation treatments T560,TT70 and T85.



