EVALUATION OF A NOVEL THERMAL IMAGING SYSTEM FOR THE DETECTION OF
CROP WATER STATUS IN A RANGE OF MODERN COTTON CULTIVARS IN THE

SOUTHEASTERN US
By
STEFANO GOBBO
(Under the Direction of John L. Snider)
ABSTRACT

Canopy temperature has been demonstrated to be an accurate indicator of plant water status
even in the humid Southeastern US. Several studies investigated the relationship between thermal
image-based Crop Water Stress Index and physiological parameters as leaf water potential.
However, these technologies usually rely on point measurements or have low area coverage which
limit the application to commercial fields. The main objectives of this study were: (1) validate a
novel thermal camera system, using well-established crop water status sensing methods and (2)
calculate CWSIs from camera-derived canopy temperatures and relate them to established IRT-
based CWSIs and crop physiological responses. A camera-specific well-watered baseline was
defined and a strong relationship between Sentinel™-based CWSI and SmartCrop™-based CWSI
(R? = 0.84) suggested the system could be used to accurately define crop water status. In addition,
a linear relationship was found between Sentinel™-pased CWSI and root zone soil water deficit

(R2 = 0.59).
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DEDICATION
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Ludwig Wittgenstein



ACKNOWLEDGEMENTS

I would like to thank the US-Israel Binational Agricultural Research and Development
(BARD) Fund for providing the financial support for the project. Without them, this research
opportunity would not have been possible. | would also like to thank Calvin Perry and BJ
Washington for managing the experimental area and irrigation in Camilla, Lola Sexton, Lorena
Nunes Lacerda, and all those who helped me in data collection. Special thanks to the members of
my advising committee (John L. Snider, George Vellidis, and Francesco Morari), in particular to
Dr. John Snider for editing and reviewing this document, Dr. Vellidis and Dr. Morari for giving
me this Dual Master’s Degree opportunity. Finally, thanks to my parents, Ester, and all my friends

for the support during these 18 months | have been away from Italy.



TABLE OF CONTENTS

Page

ACKNOWLEDGEMENTS ...ttt n e ne e e %

LIST OF TABLES ...ttt e e viii

LIST OF FIGURES ... .ot neennne s IX
CHAPTER

1 INTRODUCTION AND LITERATURE REVIEW ... 1

Water Deficit on Cotton PIANES ..........cooiiiiiiiiicciee e 3

Crop GroWEN RESPONSE .....c.veevieieiieeiie ettt ste et e et e e ste e b e steeaesneesreennennes 4

ROOt DEVEIOPIMENT ... e 4

Leaf area, lint yield, fiber length............ccoooiiiii i 5

SINGIE Leaf RESPONSE......c.eiivieie ettt sre e ens 6

PROTOSYNTNESIS. ...ttt et reenae e 6

Stomatal CONAUCTANCE ........couiieieiiiee e 7

Stomatal LIMITALIONS ......c..oiiiiieieiiecse e 8

Non-stomatal LIMItations ............ccoeiiiiiiiiiii s 8

PROTOrESPITALION .......eeviciecic ettt ra e ste e reenae e 9

Dark RESPITALION .....ecvvieiiie ettt e e e re e ne e 10

Irrigation SChedUlINg .....ccvv o 11

Crop Use Curve Water Balance Method ...........cccceoivieiiiiiiciiececcc e 13

Pan Evaporation Data Water Balance Method ..............cccceevveiieiiic e, 14

UGA Checkbook MEthod ............cooiiiiiiiiicc e 15

Vi



2

3

Advanced Environmental Approaches-Smart Irrigation Cotton App.........cceeu..... 16

UGA SMAIT SENSOI ATTAY ....vvviiiiiiieiiieesiee sttt siae e sneesnes 18
Plant-based Methods: Direct Methods. ..........ccceovviiiiieiiiiiee s 21
Minimum Leaf Water POtential ...........c.ccooeiiiiiieiiisceseee e 21
Predawn Leaf Water POtENtial ...........cccoiiiiiiiiiiecce e 22
Plant-based Methods: INdireCt Methods ...........cccocoiiieiiiieiiiee s 24
SEEM DIAMETET ...t 24
Infrared Canopy TEMPEIALUIE.......cc.eiveieeieeiece et eee ettt sre e sraenre e 26
RALIONAIE ...ttt 38
RETEIEINCES ...ttt 39

VALIDATION OF A NOVEL THERMAL IMAGING SYSTEM FOR COTTON

IRRIGATION SCHEDULING IN THE SOUTHEASTERN USA ... 50
ADSTFACT ... 51
INEFOTUCTION ...t 52
Material and MENOAS ...........coviiiiiiei e 55
RESUILS aNd DISCUSSION ...ttt 65
RETEIENCES ... 72
FIGUIE CaPLIONS ....ccuiiiicie ettt ettt e ae e sae et be e e anneene s 76
TADIES ... e 79
1o U= PRSP RPP 81

CONCLUSIONS. ...ttt ettt e sae e nbeesneeene e 92

Vii



LIST OF TABLES

Table 1.1 Checkbook method suggested irrigation rates...........cccouvvereevieiieese e 15
Table 1.2 Summary of wet and dry baselines types used for water status estimation................... 30
Table 1.3 Leaf Water Status classes for water status mapping in Israel...........ccccceevveveiieveennenn. 36
Table 2.1 Irrigation, Rainfall and number of irrigation events...........ccccovveviveieiiece v 79
Table 2.2 Total solar radiation, average IPAR, IPARwt, DW and RUE ...........c.ccceiiiieiieirc 80

viii



LIST OF FIGURES

Figure 1.1 Kc curve from the COttoN APP ....coveieeieiie ettt sre e nne e 16
Figure 1.2 User interface of the UGA SSA website, node positions and SWT graphs................. 19
Figure 1.3 Relationship between net photosynthesis and predawn leaf water potential ............... 23
Figure 1.4 Actual and recommended stem growth for cotton grown in Israel .............ccccceenenneen. 25
Figure 1.5 Actual and recommended stem daily maximum contraction for cotton....................... 26
Figure 1.6 Canopy-air temperature t0 VPD graph........ccccoo i 31
Figure 1.7 CWSI to predawn leaf water potential, and CWSI to lint yield relationships.............. 35
Figure 2.1 Daily Maximum and Minimum air temperature and precipitation ...............c.cccccoeu.... 81
Figure 2.2 Daily deep soil water tension weighted averages and RZSWD............ccccccceevvveiieennenn, 82
Figure 2.3 Pre-dawn and midday leaf water potential ..............cccccooviiiiiiiiicie e, 83
Figure 2.4 Average height, mainstem nodes, and IPAR...........cccccc e 84
Figure 2.5 Net photosynthesis, stomatal conductance to water vapor, and WUE.......................... 85
Figure 2.6 Leaf temperature, leaf — air temperature, leaf to air VPD ........coooveiviiiiiciicccee, 86

Figure 2.7 Canopy — Air temperature differences to vapor pressure deficit (VPD) for

SmartCrop™ IRTS and Sentinel™ thermal CAMEra ...........coovviieiiiiiiieiee e 87
Figure 2.8 SmartCrop-based 2018 vs Chastain et al. (2016) baselines ...........ccccccevvveviiiiicvinenne. 88
Figure 2.9 Sentinel-based Idso CWSI vs Root Zone Soil Water DefiCit...........ccccovveviiiiicinnenne. 89
Figure 2.10 Sentinel-based vs SmartCrop-based 1dSO CWSI ..........ccccoovieiiiiicie e 90
Figure 2.11 Different CWSIs calculated for SmartCrop and Sentinel............ccccooevvieieiiicineenne. 91



CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

The future of agriculture will likely be limited by water availability. Agriculture in the
United States is a major user of water, accounting for approximately 48 percent of the total national
water use. Agriculture, however, accounts for approximately 80 to 90 percent of U.S. consumptive
water use due to the quantity of water removed via evapotranspiration. In Europe, many regions
depend on agriculture and the amount of water used varies from 33 percent to 80 percent in some
Southern Europe areas (Spain, Greece, and Italy as major examples).

Although total water demand will increase over the coming decades (OECD estimates a
global 55 percent increase by 2050), because of competition with other sectors, agriculture will
face the opposite trend. A perfect example of water importance is the so called “Water War”, a
long-running legal dispute between the states of Florida, Georgia, and Alabama for access to
Chattahoochee-Flint River Basin water resources. Moreover, competition for water with industry
is likely to increase in the coming years. Temporal rainfall distribution in the Southeastern part of
the United States, even if not constant from year to year, is conducive to rainfed crop production
in some years. As a reference value, for growing a crop like cotton in the Southeastern US, around
46 cm are required during the entire cycle to reach the maximum yield. Obviously, production
regions with much higher reference ET such as the desert Southwest, require much more water
during the growing season. Considering all these aspects, and the detrimental effects of global
climate change such as increased frequency and severity of unexpected rainfall and drought events

on crop production, the ability to increase agricultural water use efficiency using advanced



scheduling strategies will be one of the most important challenges for the future of
agriculture. Proper irrigation timing is essential to 1) limit yield losses due to water stress (deficit
or excess), 2) maximize water use efficiency/economic productivity, and 3) reduce negative
environmental impacts of excessive irrigation, particularly nutrient and pesticide leaching that may
impact water quality.

At the crop level, evaluation of water stress responses is essential to better schedule
irrigation. Water stress is manifested in two ways: (1) Drought stress, which is the most important
and common one during the growing season, is caused by the lack of water within the soil profile
explored by crop roots; (2) Waterlogging stress, which is caused by soil water content being close
to or at saturation. However, waterlogging is a much rarer condition and is usually limited to
portions of a field with low elevation, drainage problems or precipitation events where rainfall rate
is higher than infiltration rate for a given area.

Variable rate irrigation (VRI) employs the concept of irrigation management zones (IMZs).
An IMZ is an area of the field in which its characteristics (in terms of soil electrical conductivity,
yield response, elevation, soil type, etc.) are “statistically different” from other areas of the same
field. In the common VRI system, each zone is irrigated differentially. Currently, the system
applies a constant rate of water for each zone throughout the season and does not consider changes
in soil or plant-related factors that alter the boundaries of zones with different evapotranspiration
rates. This is called static VVRI.

Identifying the remote sensing technologies that most accurately reflect crop water status
will allow for dynamic VRI to be applied. Dynamic Variable Rate Irrigation is a variable rate
irrigation system in which the irrigation rates can be changed during the crop growing season to

account for changing IMZ boundaries in order to deliver irrigation most efficiently while



mitigating crop stress. Different approaches to quantifying crop water status have been
investigated in recent years and range from soil water tension measurements to leaf water potential,
and many others. Utilizing canopy temperature-based approaches to alter irrigation zones and only
apply water when the crop needs it represent a promising tool to maximize water use efficiency.
However, extensive validation of up-and-coming thermal imaging technologies via ground-based
assessments of crop water stress is needed prior to deployment of these technologies in large-scale

agricultural production.

Water deficit effects on the cotton plant

Water deficit is one of the most detrimental factors for crop production in all agricultural
areas and changing world climatic trends will likely increase the frequency of the severity of
drought events. Generally, water deficit stress in plants is defined as the point where the plant
water potential and turgor pressure are low enough to limit or inhibit normal plant processes
(Hsiao, 1973). In particular, the lower the turgor pressure, the lower the force a plant can exert for
cell expansion. Moreover, the severity of water stress is influenced by a combination of the
duration of the stress, the growth stage when the stress occurs, and the intensity of the stress event
(Snider et al., 2015a). Depending on the crop, water deficit can impact plant development to
different extents and with different intensities. For cotton, water stress can affect root and shoot
growth, leaf development, stem elongation, photosynthetic rate, stomatal conductance,
transpiration rate, boll development, fiber quality, lint yield, and many other processes (Pettigrew

2004; McMichael et al., 2010; Snider et al., 2015a).



Crop growth responses
Root development

Soil water content is important in the formation and development of roots. Compacted soil
or a soil with low water content can represent an important limitation for root proliferation (Hsiao,
1973). McMichael et al. (2010) found that rooting density increases with depth and decreases in
the upper soil layers in a dry soil because plants try to maintain sufficient water uptake by
exploiting water in the lower horizons. In cotton, root elongation is also maintained under water
stress at water potentials below -1.5 MPa (around 35% of the maximum root elongation), whereas
shoot elongation rates lower than 20% of the maximal elongation are observed at potentials smaller
than -0.4 MPa (Sharp et al., 2004). Consequently, root to shoot (root/shoot) ratio increases as water
availability decreases (Snider et al., 2015a).

Increased radial root resistance is one key element to limit root-to-soil outward water flux.
Oosterhuis (1981) identified radial root resistance as the major factor limiting water flux;
successive studies showed conflicting results for radial resistance response among different soil
depths and root stages: some studies assumed radial resistance as a constant property throughout
soil layers, whereas others identified different responses in roots under different growth conditions
(Taylor and Klepper, 1979, Turner et al., 1987).

One of the most important aspects to consider is the ability of cotton plants to modulate
water flux by means of osmotic adjustment (osmoregulation), to maintain enough turgor pressure
for cell expansion (Cutler and Rains, 1977, Ackerson and Herbert, 1981, Oosterhius and
Woaullschleger 1987a). Osmotic adjustment (OA) is an adaptation mechanism to drought stress,
defined as the increase in the osmotically active compatible solutes, such as sugars, inside the cells

(Hsiao, 1973; Ackerson and Herbert, 1981; Sanders and Arndt, 2012). Consequently, OA increases



Ys in order to maintain stable turgor pressure (\Wp), despite the lower water potential (‘W'w; Jones,
2006). In cotton, osmotic adjustment, in absolute magnitude, is greater in leaves than in roots;
however, in relative terms, roots exhibit greater adjustment than leaves (this could explain the
lower sensitivity to water stress of roots; Oosterhuis and Wullschleger, 1987a, b; Snider et al.,
2015a).

Additionally, nitrogen availability can increase cotton tolerance to short-term drought
stress periods, due to higher antioxidant production and decreased membrane damage in roots (Liu
et al., 2008; Snider et al., 2015a). Considering soil temperature effects on root development, cooler
temperatures have been shown to decrease root hydraulic conductance in cotton, probably also

affecting water uptake (Bolger et al., 1992).

Leaf area, lint yield, fiber length

Leaf area development is important for cotton growth, increasing or decreasing the active
photosynthetic surface available to intercept solar radiation. Several studies have shown canopy
expansion as strongly influenced by drought stress, in particular by decreasing both the total leaf
area and leaf number on sympodial (fruiting) branches. Rosenthal et al. (1987) observed decreased
leaf extension rate in glasshouse cultivated cotton at available water content lower than 51+15 %.
In addition, a strong relationship between leaf area [cm?] and boll weight [g] has been presented
by Oosterhuis and Wullschleger (1988).

Therefore, lint yield is decreased mainly because of the poor source strength (defined as
area x photosynthetic rate) of stressed plants, and the consequent decrease in vegetative and
sympodial nodes (Krieg and Sung, 1986, Loka and Oosterhuis, 2012). Although flowers are

protected from drought stress and abscission, bolls are most susceptible to abscission during the



first two weeks after flowering under water stress due to possible changes in hormone balance. In
addition, right before flowering, small cotton floral buds (called squares) are extremely sensitive
to drought stress and this can lead to bud abscission (Loka and Oosterhuis, 2012; Snider et al.,
2015a).

Fiber thickness and length seem to respond to water stress depending on the stage of fiber
development. Pettigrew (2004) showed yield was much more susceptible to drought stress than
fiber quality, where significant lint yield differences were observed between dryland and well-
watered crops. Moreover, Grimes and Yamada (1982) observed a negative relationship between
LWP and fiber yield or length, with decreased fiber length and weight at midday leaf water

potential lower than -2.8 MPa.

Single leaf responses
Photosynthesis

Water stress also affects net photosynthesis (An): the total amount of carbon fixation during
photosynthesis minus the rate of carbon dioxide lost during respiration (dark respiration). The first
and most intuitive effect of drought stress is a decreased whole-plant photosynthesis because of
limited plant growth and, therefore, leaf area. However, photosynthesis measurements have been
shown to not be as sensitive to moderate drought stress and some other parameters, such as
stomatal conductance, should be investigated (Turner et al., 1986). Even though a substantial
amount of literature describes water stress effects on photosynthesis, the identification of the
mechanism of photosynthetic inhibition is still debated (Flexas and Medrano, 2002; Massacci et

al., 2008; Snider et al., 2014; Chastain, 2015).



The two mechanisms most often considered are: (1) non-diffusion related mechanisms
(enzymatic processes or other metabolic limitations), usually defined as non-stomatal limitations;
(2) limitations of CO; diffusion to the carboxylation site, defined as stomatal limitations. Stomatal
limitations are considered the main photosynthesis-limiting factor under moderate drought stress,
but non-stomatal limitations are observed under more severe stress (Ennahli and Earl, 2005; Snider

et al., 2015a). Stomatal and non-stomatal limitations are briefly explained below.

Stomatal conductance

Stomatal conductance to water vapor (gs) is defined as the measure of the water vapor
exiting through the leaf stomata and is one of the first and most important noticeable parameters
indicating water stress in several plants. Plants tend to close stomata during a drought stress period
in order to limit the amount of water lost, and by doing this, stomatal conductance is generally
decreased. In addition, several factors influence stomatal conductance, including phytohormone
levels, leaf water potential, air temperature, air moisture content (or relative humidity), and leaf
growth stage. Stomatal conductance has been found to be negatively correlated with vapor pressure
deficit (VPD, the difference between vapor pressure at saturation and the amount of water vapor
present in the air at a certain time) in several plants ranging from tree crops to common row crops
(Dang et al., 1997; Day, 2000; Diaz, 2013; Chastain, 2015). Considering leaf water potential,
cotton stomata have been shown to stay open even under drought stress at leaf water potential up
to -3MPa (Ackerson el al., 1977). For abscisic acid, a well-documented mechanism has been
presented indicating ABA synthesis in the root and subsequent movement of ABA to the leaves
through the xylem in response to drought stress causes declines in gs (Davies et al., 1991).

However, some split pot studies in cotton where half of the root system was maintained under wet



conditions and the other half was allowed to dry, concluded stomatal conductance was unaffected

by drying treatments (White and Raine, 2009).

Stomatal limitations

An increase in drought stress decreases stomatal conductance and CO2 concentration inside
the leaf and at the carboxylation site of Rubisco (RuUBP carboxylase/oxygenase), decreasing net
photosynthesis (Medrano, 2002). However, the CO. concentration within the leaf (C;) cannot be
considered a precise estimation of the CO concentration at the carboxylation site (Cc), and usually
leads to an overestimation of CO> concentration, for different reasons: the first one is the wrong
assumption that CO2 and water vapor diffuse only through stomata (in fact, during drought stress
water vapor can diffuse also through the cuticle because of the lower cuticle resistance to water
vapor diffusion than for CO> diffusion); the second reason is the uneven stomatal closure during
drought stress which can generate C; overestimation (Long and Bernacchi, 2003; Ennahli and Earl,
2005). Nevertheless, cotton has been demonstrated to evenly respond in terms of stomata closure

to water stress (Massacci et al., 2008).

Non-stomatal limitations

In addition to stomatal limitations, there are situations where non-diffusional mechanisms
limit photosynthesis under drought stress. There is evidence that the activity of carbonic anhydrase
(for HCO3™ conversion), Rubisco (or RuBP) concentration or activity, or decreased ATP
(adenosine triphosphate) synthesis because of limited photophosphorylation under low leaf water
potential constrains photosynthesis (Jones, 1973; Tezara et al., 1999; Lawlor and Tezara, 2009).

Considering Rubisco activity inhibition, several studies demonstrated the possible dependence of



this decline on high temperatures (Tieaves around 37-40 °C) more than on water deficit conditions
(Carmo-Silva et al, 2012). In addition, ATP synthesis reduction because of drought stress has not
been highly investigated in cotton. Finally, photosystem 11 and the electron transport rates through
photosystem Il (ETR), if evaluated between 1200 and 1500 h, are either unaffected or increased
under moderate water stress (Snider et al., 2013; Chastain et al., 2014; Snider et al., 2015a) for
field-grown cotton.

Considering scientific works on stomatal and non-stomatal limitations, photosynthesis is
mainly limited by CO: diffusion to the carboxylation site (diffusional mechanisms) under
moderate drought stress conditions, whereas, under severe drought stress, metabolic (non-
diffusional) limitations become important and lead to decreased carboxylation efficiency. To
support these last two points, it is important to consider net photosynthesis recovery from
moderate/severe stress conditions. Upon rewatering of moderately stressed plants, net
photosynthesis (An) returns to pre-stress levels. On the contrary, rewatering severely stressed
plants causes the CO2 concentration at carboxylation site to return to pre-stress levels, but not A,
because of the lasting non-stomatal limitation effect. Photosynthetic rate response to Ci (An/Ci
curves) or Cc (An/Cc curves) have been used to detect whether a plant’s photosynthetic rate was
able to return to pre-stress levels when CO2 concentration at the carboxylation site was artificially

maintained at levels comparable to well-watered plants (Ennahli and Earl, 2005).

Photorespiration
Photorespiration (P;) is an oxidative photosynthetic carbon cycle (Cz photosynthesis)
defined as the oxygenation reaction of Rubisco (oxygen combined with RuBP, instead of the

desired reaction in which carbon dioxide is added to RuBP), resulting in a limited carbon



assimilation in stress periods such as drought stress and high temperatures. In photorespiration,
oxygen + RuBP produces an unstable 5 C intermediate that breaks down to 3-phosphoglycerate +
glycolate. Every 2 oxygenation reactions produce 2 glycine which undergo a decarboxylation
reaction in the mitochondria to produce serine + COz, resulting in a net carbon loss and decreasing
efficiency of photosynthesis (Taiz and Zeiger, 2010). Different studies suggest different responses
of photorespiration: in some cases, water deficit leads to decreased photorespiration rate and
decreased photochemical responses such as a decrease in photosynthetic electron transport rate
(Flexas et al., 1999; Zhang et al., 2011). Some others have shown increased P, under drought stress
(Cornic and Fresneau, 2002; Massacci et al., 2008). In addition, some plants showed no
photorespiration changes, probably due to some adaptation mechanisms to water stress.

In cotton, studies showed different responses in terms of photorespiration. Pr has been
shown to both increase or decrease under water stress conditions (Perry et al., 1983; Massacci et
al., 2008). Some authors suggest, high photorespiration and ETR values limit reactive oxygen

species formation by serving as an electron sink during stress (Kitao and Lei, 2007).

Dark respiration

Dark respiration (Rp) is defined as the respiration process that occurs even without the
presence of light. Rp has a biphasic response to drought stress, with (1) a decrease under moderate
drought stress conditions and (2) a subsequent Rp increase under severe drought stress (Pallas et
al., 1967; Flexas et al., 2005). This likely explains why several scientific works showed either
decreased or increased dark respiration rates because of drought stress (Loka et al., 2011; Zhang
etal., 2011; Chastain, 2015). Where plant water status was tightly controlled, Snider et al. (2015b)

found a linear relationship between predawn water potential (¥rp) and predawn respiration (Rep),

10



and the greater drought stress sensitivity of Rpp compared to other photosynthetic processes. This
suggests differences in drought stress evaluation (time, intensity, and other aspects) could partially

explain the different Rp responses.

Irrigation scheduling

Irrigation is the ability to distribute the required amount of water to agricultural crops at
needed intervals. The main benefits derived from irrigation are the stabilization of crop production,
especially during dry years, and a better nutrient use efficiency due to higher yields. Irrigating a
field does not necessarily mean increasing production. In fact, Vories et al (2006) observed
improper irrigation timing can result in yield losses between 150 and 750 $/ac. Moreover, a
common behavior among farmers is to start irrigating after some visual signs of drought stress are
observed (i.e. wilted plants, Snider et al., 2016).

Although the proportion of irrigated area to total agricultural area is continuously
increasing in Europe and in the United States (USDA, 2013 Farm and Ranch Irrigation Survey;
Eurostat, 2016 Agriculture, forestry and fishery statistics), the amount of farmers adopting
“technological” irrigation scheduling tools, such as using soil moisture sensors or remote sensing
techniques, is still low (soil moisture sensors are used for scheduling irrigation in 11% of the total
US farms and in 9% of total farms in the State of Georgia, for European countries precise data are
not available, but the adoption of these methods seems much lower). Commonly used irrigation
scheduling methods such as basing decisions on the “feel of soil”, visual crop condition, or a pre-
determined irrigation calendar (1 irrigation per week as an example), are extremely linked to the
farmer’s subjective evaluations. Importantly, irrigation based on visible signs of drought stress can

penalize yield, representing an inefficient irrigation scheduling approach (Perry and Barnes, 2012;

11



Snider et al., 2016). Moreover, to define when and how much to irrigate, reliable thresholds must
be used as a reference. This process is called irrigation scheduling and the types of irrigation
triggers commonly used can be divided into two broad categories: (1) environmental factors, such
as days after the last rainfall event, soil water holding capacity, and water balance approaches that
account for evapotranspiration, and (2) plant-based measures, indirect or direct measures of crop
water status (Snider et al., 2016).

Among environment-derived irrigation scheduling methods, the first and most adopted is

the water balance approach (Equation 1).

ET,=P,+1+C+A4S—-D
(1)
In the equation, water additions (precipitation input, Pe; capillary contribution, C; and
irrigation 1) are subtracted from water losses (evapotranspiration, ET. and water percolation, D).
The difference is represented by AS as the change in root zone soil water storage. Generally, the
equation can be simplified in soils with minimal compaction, high water infiltration, and limited
surface runoff, as the simple difference between evapotranspiration (ETc) and precipitation (Pe;

Equation 2). This difference is supplied via irrigation (Kisekka et al., 2010).

I=ET.—P,

()

Evapotranspiration ET (in mm/day), is defined as the sum of water evaporation from soil

and transpiration from the canopy surface. ET depends on weather variables (wind speed, solar

radiation, humidity, temperature), as well as soil characteristics, cultural practices, and crop

12



characteristics (Fisher and Udeigwe, 2012). ET. for a given crop is estimated using the following
formula: ETc (crop evapotranspiration) = ETo (reference evapotranspiration) x Kc (cultural
coefficient). ETo is the evapotranspiration observed from a well-watered, uniformly-covered grass

field (Equation 3; Allen et al., 1998; Zotarelli et al., 2010).

900
0.4084 (R, — G) + ymuz (es —eq)

ET, =
0 A+y(1+0.34uy)

@)
where ETp is the reference evapotranspiration rate (mm d), R, is the net radiation at the crop
surface (MJ m? d?), G is the sensible heat flux into the soil (MJ m? d?), T is the mean daily air
temperature at 2 m (°C), uz is the wind speed at 2 m, es is the saturation vapor pressure (kPa), ea
is the actual vapor pressure (kPa), 4 is the slope of the vapor pressure curve (kPa °C™1).

ETc is evaluated using lysimeters, which measure water gain or loss during the entire day. Once
ETo and ET. are known, K¢ can be calculated simply as ET¢/ ETo. ET. and K¢ values are crop
specific and change throughout the season.

Two different water balance approaches are commonly used: crop use curves or pan
evaporation data (Harrison, 2009). The application of the crop use curve and pan evaporation

approaches are explained below with examples (Harrison, 2009).

Crop Use Curve Water Balance Method

Assuming 24 cm as the rooting depth, information on soil water holding capacity (WHC, the
difference between field capacity, FC and permanent wilting point, PWP) can be obtained from
the soil conservation guide of the local Soil Conservation Service. In the following example, a

WHC value of 5 cm is assumed.

13



1.

2.

From the crop curve, identify daily use rate (in cm per day).

Define a lower limit for soil water depletion (for example 50 percent of the WHC, 5 cm x
0.5 =2.5 cm to be replaced). Considering an irrigation efficiency of 70%, the amount to be
replaced is 2.5 cm / 0.7 (irrigation efficiency) = 3.6 cm.

The irrigation frequency is defined by dividing the amount of water to be replaced (2.5 cm)
by water use per day (from crop curve, 0.8 cm/day). The irrigation frequency is calculated
as 2.5 ¢cm /0.8 cm day™* = 3 days. Thus, considering the irrigation efficiency of the system

(70%), it is necessary to apply 3.6 cm (instead of 2.5 cm) every 3 days to fill the soil profile.

Pan Evaporation Data Water Balance Method

To demonstrate the pan evaporation method, water holding capacity is defined as before (in

this case, for the selected rooting depth, WHC = 4 cm). A pan evaporation rate (available from

weather stations) of 0.7 cm day™ is used.

1.

2.

The crop coefficient (Kc), from the crop coefficient curve, is 1.1.

Calculate daily water removal by multiplying the crop coefficient x pan evaporation rate
(1.1 x 0.7 =0.77 cm day™?).

Define a maximum allowable water depletion (for example 50 percent of WHC, 4 cm x 0.5
= 2 cm to be replaced). If irrigation efficiency is 70%, the amount to be replaced is 2 cm
(maximum allowable water depletion) / 0.7 (irrigation efficiency) = 2.85 cm.

Irrigation frequency is defined by dividing amount to be replaced by water use per day = 2
cm /0.77 cm day® = 2.6 days. Thus, considering the irrigation efficiency coefficient, it is

necessary to apply 2.85 cm every 3 days to fill the soil profile.
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UGA-checkbook method:
Another simplified water balance approach is the University of Georgia’s Checkbook
method. With this method, supplemental irrigation is provided to reach weekly target amounts of

water (rainfall + irrigation; Table 1.1, Cotton Production Guide, Whitaker et al., 2018).

Table 1.1 Checkbook method suggested irrigation rates (Whitaker et al., 2018).

CROP STAGE cm/week cm/day

Week beginning at 1°t bloom 2.5 0.38
2" week after 1% bloom 3.8 0.55
3 week after 1 bloom 5.0 0.75
4™ week after 1 bloom 5.0 0.75
5% week after 1 bloom 3.8 0.55
6" week after 1 bloom 3.8 0.55
7" week and beyond 2.5 0.38

The Checkbook method is a crop stage-specific water requirement method and does not consider
possible environmental effects that influence ET, such as leaf area index, temperature, relative
humidity, or wind speed. In addition, using this approach for cotton, irrigation is terminated when
the crop reaches 10% open boll (Cotton Production Guide, Whitaker et al., 2018).

This method has been shown to consistently produce high yields, but advanced
environmental or plant-based approaches tend to result in much better yields, drastically increasing
water use efficiency (WUE) (Vellidis et al., 2014; Migliaccio et al., 2016). Although the
checkbook method represents an easy way to determine when and how much to irrigate, it can
reduce crop yields during wet years due to overirrigation (Vellidis et al., 2016; UGA, Cotton

Production Guide, Whitaker et al., 2018).
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Advanced environmental approaches — Smart Irrigation Cotton App

Instead of using a very basic water balance calculation, as the UGA Checkbook method
does, the UGA Smart Irrigation Cotton app incorporates climatic data to calculate real time ETc
(Migliaccio et al., 2013; Vellidis et al., 2014). The Cotton App utilizes meteorological data, soil
parameters, crop phenology, and Kc to estimate root zone soil water deficit, RZSWD (in inches or
%). The Kc is adjusted using growing degree days (GDD) instead of days after planting (DAP),

because GDD correlates to cotton growth and development much better than DAP (Figure 1.1).
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Figure 1.1. Crop coefficient (Kc) curve used from the Cotton App with the corresponding GDD-
based phenological stages for cotton (Vellidis et al., 2014).

By knowing how many GDD have accumulated since planting, the Cotton App predicts
what stage of growth the crop is in. Moreover, growth stage impacts water use. The following

formula is used to estimate GDD (Equation 4), where Tmax is the highest temperature of that day,
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Tmin IS the lowest temperature, and Thase IS the minimum temperature for observing plant growth,

set at 15.6 °C.

Tmax - Tmin

GDD = ———— —Tpase

(4)

Root zone soil water deficit (RZSWD, the available water content within the effective
rooting depth) is calculated using USDA-NRCS soil data, considering effective rooting depth as a
parameter that changes during the season as the root system develops. For cotton, the model sets
the initial root depth at 15.2 cm, and then it increases by a factor of 0.8 cm/day until it reaches a
value of 76 cm (Vellidis et al., 2014). For daily plant available soil water content calculations, the

following water balance formula is used (Equation 5).

AWCy = AWCy — ET, + (Py + Ip)
(%)

Where AWC; is today’s available water content, AWCy is yesterday’s available water
content, ETco is yesterday’s evapotranspiration, Po is yesterday’s precipitation, and lo is yesterday’s
irrigation amount.

The suggested irrigation threshold for cotton is set at a soil water tension value of 40 kPa
or 50% RZSWD, however, the irrigation threshold really depends on soil characteristics, crop type
and can be changed according to specific crop needs (Vellidis et al., 2016). The Cotton App does
not automatically trigger irrigation if these thresholds are verified but only sends a notification to

the user when this condition occurs. Vellidis et al. (2014) found increased cotton lint yield but

17



mainly increased water use efficiency by comparing the Cotton App to the Checkbook method,
and similar yields and WUE comparing plant-based methods, such as canopy temperature-based

CWSI, or other environmental-based methods (as Irrigator Pro), to the Cotton App.

UGA smart sensor array

The University of Georgia Smart Sensor Array (UGA SSA) is an irrigation scheduling
system which makes irrigation recommendations based on soil water tension readings. Soil water
tension (SWT, in kPa) is the absolute value of soil matric potential (¥m) and indicates the amount
of pressure required from a plant to extract water from the soil. The lower the soil matric potential
(and the higher the soil water tension), the drier the soil. On the other hand, soil water tension close
to 0 kPa indicates saturated conditions (Vellidis et al., 2013).

The UGA SSA system is composed of several nodes and a base station for data collection
(Liakos et al., 2015; Migliaccio et al., 2016). Each node has temperature and moisture sensors, a
radio board, a radio frequency (RF) transmitter, and is powered by two 1.5 V batteries. Each node
incorporates 3 integrated Watermark ® soil moisture sensors (Irrometer, Riverside, California,
USA; Thomson and Armstrong, 1987; Shock et al., 1998, 2003) measuring SWT at three different
depths (usually 20, 40, and 60 cm below soil surface, changeable as the investigated crop changes),
and up to 2 thermocouples for soil/canopy temperature measurement. The RF transmitter is a low
power and cheap 2.4 GHz radio module which sends sensor data to the base station. Nodes utilize
a wireless mesh network for communication. Using this network, information “jumps” from node
to node to reach the base station (Vellidis et al., 2008). This allows each node to save energy by
limiting the total required transmission distance, even though the potential transmission range has

been documented to exceed 750 meters (Vellidis et al., 2016). The base station, located in a
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strategic position (usually at the center pivot point), is designed to receive all sensor data on a
regular interval, defined by the operator (Liakos et al., 2015). Successively, the base stores the
received data on a computer and sends it via cellular modem to an FTP (file transfer protocol)
server.

The collected soil water tension raw data are then processed and displayed on a dedicated

website (http://ugassa.flintirrigation.com/) using a resume map for each field with gauges

indicating the actual SWT for each node and in more detail, by clicking on a specific node, using
graphs with SWT trends at the three defined depths for each node, as shown in Figure 1.2 (Vellidis
etal., 2016).

In addition to SWT data visualization, the UGA SSA website calculates irrigation
recommendations for each irrigation management zone (IMZ). IMZs are usually defined
considering soil electrical conductivity data (EC) and soil type data from the USDA-NCRS Web

Soil Survey (Liakos et al., 2015; Vellidis et al., 2016).

Figure 1.2 User interface of UGA SSA website, indicating node positions on the various IMZ
(on the left), typical SWT readings displayed for each node (Vellidis et al., 2016)
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http://ugassa.flintirrigation.com/

The Van Genuchten model is used to convert SWT data into volumetric water content
(VWC; Equation 6). Soil water tension values measured from 7 to 9 am at the three depths are
weighted using the Equation 7 to get a unique value to be used in the Van Genuchten model (Van

Genuchten, 1980; Liakos et al., 2015; Liang et al., 2016).

0, — 6,
[1+ (alpm)]* 7

0(y) =6, +

(6)
O(y) is the water retention curve (1°17°)
|y| is the suction pressure ([1] or cm of water)
O is the saturated water content (I31%), ©y is the residual water content (I*1)
o is related to the inverse of the air entry suction, a>0 (I"! or cm™)

n is a measure of the pore size distribution, n>1

(0.5)(SWT20cm) + (0.3)(SWTaocm) + (0.2)(SWTe0 cm)

(7)

Irrigation recommendations are finally displayed on the website for each management zone

in the same way SWTs are displayed for each node. A similar free-access irrigation scheduling
tool called Irrigator Pro has been developed by USDA for peanuts (Davidson et al., 2000). Irrigator
Pro evaluates soil and air temperature, rainfall, and peanut physiology to provide a YES/NO
decision for peanut irrigation in case the soil is too dry, or in case irrigation is required for pegging.
However, Irrigator Pro does not make irrigation recommendations, it is up to the farmer to define
the irrigation rates, based on experience. In pivot-irrigated peanuts, the UGA SSA system has

shown to better respond in terms of yield in the wettest areas of the field, on the other hand,
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Irrigator Pro has shown to better respond in sandy and high elevation areas, probably because the
irrigation threshold for UGA SSA system set at 50 kPa corresponds to a much dry soil condition

(Vellidis et al., 2016).

Plant based methods-Direct methods

Plant-based direct methods for scheduling irrigation are all the approaches where irrigation
is triggered as a function of plant water status. The most widely used direct plant-based methods
are leaf water potential measurements during different diurnal time periods: (1) during afternoon
hours (approximately between 1200 and 1500 h), defined as midday or minimum leaf water
potential (¥mp) or (2) during predawn hours (approximately from 0400 to 0600 h), defined as

predawn or maximum leaf water potential (Wrp). These two methods are briefly discussed below.

Minimum Leaf Water Potential

When considering midday leaf water potential (¥mp) changes, plants are generally divided
in isohydric (plants able to maintain a stable leaf water potential when water is available, but also
during drought stress by limiting transpiration with stomatal closure), or anisohydric (plants which
maintain stomata open also during drought stress periods and show substantial changes in leaf
water potential). Cotton is an anisohydric plant and leaf water potential measures can be used as a
measure of crop water deficit conditions, and to schedule irrigation (Lacape et al., 1998; Jones,
2006). Leaf water potential is extremely dependent on the time of measurement: ¥ has a
maximum just before sunrise, then ¥ declines to a minimum value between 1200 and 1500h and
increases successively to a new maximum value before sunrise the next day (Grimes and Yamada

1982).
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Several physiological responses to drought stress have been linked to Wwmp over the years;
these include stem elongation (linear decline below ¥mp of -1.3 MPa; Grimes and Yamada, 1982),
leaf expansion (Turner et al., 1986; Pettigrew, 2004), lint yield (decreased yield values at ¥mp
below -1.9 MPa; Grimes and Yamada, 1982), and stomatal conductance and photosynthesis
(decrease with Wmp values below -1.9 MPa; Ennahli and Earl, 2005; Snider et al., 2013). A Ymp
value of -1.9 MPa has been used as a threshold for scheduling irrigation (Grimes and Yamada,
1982: Snider et al., 2015a).

However, Wwmp is extremely dependent on environmental factors and fluctuates because of
them. In particular, cloud cover and vapor pressure deficit (VPD) have been found to impact Wwvp,
and several studies have attempted to normalize Wwp to better schedule irrigation based on ¥wmp
information (Grimes et al., 1987; Conaty et al., 2014, Snider et al., 2015a; Chastain et al., 2016).

Finally, Ymp can be readily used as an irrigation scheduling threshold where limiting
environmental factors are not a major concern (i.e. in arid regions where midday cloud cover is
minimal). Therefore, for humid regions with intensive cloud cover, such as Georgia and much of
the southeastern United States, ¥mp cannot be considered a valid reference for plant water status

assessment (Chastain et al., 2016).

Predawn Leaf Water Potential

Predawn leaf water potential (Wrp) indicates the maximum leaf water potential of a plant
immediately before sunrise and can be used as an indicator of plant water status and for irrigation
scheduling purposes (McMichael et al., 1973; Ameglio et al., 1999; Jones, 2004; Snider et al.,
2014; Chastain, 2015; Chastain et al., 2016). Wpp has been defined as less sensitive to

environmental factors (VVPD or cloud cover) than midday leaf water potential (Grimes et al., 1987),
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and decreased water potential is associated with several physiological responses such as boll and
leaf abscission for greenhouse-grown cotton (McMichael et al., 1987), leaf area, leaf size and plant
height (Jordan et al., 1970; Turner et al, 1986) in cotton plants. In addition, Snider et al (2014)

found a non-linear relationship between net photosynthesis (An) and Wep (Figure 1.3).
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Figure 1.3 Relationship between Net Photosynthesis (An) and predawn leaf water potential (rp),
Snider et al. (2014).

Wrp has successfully been used as an irrigation scheduling parameter in the Southeastern
US (Chastain et al., 2016). However, the short time span when Wpp data are collected limits the
area a single individual could cover. Chastain et al. (2016) used Wpp for irrigation scheduling by
comparing dryland-grown and irrigated (using as irrigation thresholds Wep seasonal averages of -
0.5MPa, -0.7MPa, -0.9MPa, and the checkbook method) cotton. Stable yields and a 7 to 31%
decrease in water use were related to the different Wpp treatments (Chastain et al., 2016). As a
conclusion, predawn leaf water potential can be a reliable irrigation scheduling tool for areas where

environmental factors limit the usefulness of Wvp (Snider et al., 2015a).
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Plant based methods-Indirect methods
Stem Diameter

Because cell expansion represents one of the most sensitive physiological processes to
water deficit, plant parameters that are dependent on cell expansion can be sensitive indicators of
water deficit (Hsiao, 1973). Among these indicators, stem diameter seems to be the most promising
for scheduling irrigation (Jones, 2006; White and Raine, 2008; Snider et al., 2016). Stem diameter
sensors can evaluate stem diameter variation as the plant grows (day-by-day change) or on a
diurnal basis, to potentially estimate the quantity of water released through transpiration during
the day or cell water content (Kozlowski, 1972; Garnier and Berger, 1986). Moreover, the
evaluation of this swelling-shrinking process can be useful for scheduling irrigation by defining
indices able to capture these variations. Unlike leaf water potential, stem diameter evaluation is a
completely automated and non-destructive process (Fernandez and Cuevas, 2010).

Stem diameter variation (SDV) was the first indirect measure used to determine plant water
status and to schedule irrigation (Hendrickson and Veihmeyer 1941; Molz and Klepper, 1973;
Huguet et al., 1992; Cohen et al., 2001). However, SDV has been primarily used for tree species
and very little for row crops (Vertessy et al., 1995; Wullschleger and King, 2000; Olson and Rosell,
2013). Moreover, multi-day SDV data has been found to be extremely related to leaf water
potential in corn and soybean (So et al., 1979).

In a literature review, Fernandez and Cuevas (2010) defined different indices much more
sensitive to drought stress than leaf water potential or stomatal conductance; examples include
stem growth rate (SGR) and maximum daily shrinkage (MDS). For cotton, MDS has been
identified as a valid measure to schedule irrigation (Zhang et al., 2006; Flash, 2014). However, the

most limiting factor when using these indices is the definition of reference diameter values for
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non-water stressed plants among different growth stages, which could be a difficult task because
of cultivar to cultivar variation (Gallardo et al., 2006a, b; Fernandez and Cuevas, 2010). Flash
(2014) presented one of the most interesting applications of stem diameter sensors for scheduling
irrigation in cotton. In fact, during the vegetative part of the growing season, stem diameter daily
growth (in pm) has been correlated to SWT values at 30 cm, defining a recommended curve for
optimal stem diameter daily growth (as shown in Figure 1.4).

Irrigation is triggered when the measured (actual) stem diameter daily growth curve goes
below the recommended curve. Low stem diameter daily growth corresponds to increased SWT,

indicating drought stress.

Recommended curve of
optimal stem diameter
daily growth for cotton.

Actual stem diameter daily
growth of cotton 2013

SWT
Tensiometer values
at 30 c m,

e

Figure 1.4 Stem diameter growth actual (dotted green line), recommended (continuous green line),
and SWT curves (Flash, 2014)

For flowering and boll development, maximum daily stem contraction (or maximum daily

shrinkage, MDS) was correlated to LWP (Flash, 2014). Following the same principle discussed
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for stem daily growth, irrigation was triggered when the actual MDS curve exceeded the

recommended curve, indicating SWT peaks (Figure 1.5).

Recommended curve of
optimal stem maximal daily
contraction for cotton.

Actual stem
maximal daily

Tensiometer contraction

Peak bloom e

Figure 1.5 SWT, actual and recommended stem daily maximal contraction (Flash, 2014)

Infrared canopy temperature

Canopy temperature is another indirect plant-based approach to be used for scheduling
irrigation (Jackson, 1981; Idso et al., 1981). Solar radiation is a fundamental aspect for plant
photosynthesis, as previously discussed. Moreover, total absorbed radiation is dissipated in three
primary ways: convection (heat dissipation with air movement), reradiation, and transpiration. For
healthy plants with enough water available, transpiration represents the main mechanism for
energy dissipation (Snider et al., 2015a). If the amount of energy dissipated is higher than the
amount absorbed, leaf temperature will decrease, and vice versa (Hsiao, 1973; Taiz and Zeiger,

2010).
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Canopy temperature has been defined as a strong indicator of plant water status (Gates
1964, Cohen et al., 2005). Over the years, several relationships between canopy temperature and
other plant parameters have been investigated, including An, gs, or LWP (ldso et al., 1981; Fuchs,
1990; Conaty et al., 2012; Snider et al., 2016). Ehrler (1973) used thermocouples embedded in
cotton leaves to quantify canopy (Tc) — air temperature (Ta) changes. He found decreased T¢-Ta
values after some hours from an irrigation event, and he also defined a linear relationship between
leaf-air temperature difference and saturation deficit (SD), today referred as vapor pressure deficit
(VPD; Jackson, 1981).

The stress-degree-day model where SDD = Tc-Ta, measuring both T¢ and Ta 1.5 hours past
solar noon, was defined by Idso et al (1977) and combined SDD with net radiation to predict ET,
and thus crop water use. Successively, a normalized SDD-GDD (growing degree day) model,
accounting for specific plant development differences, was presented by Idso et al. (1978). The
SDD model considered canopy temperature higher than air temperature as an indicator of crop
stress and a need for irrigation (Jackson, 1981). However, some later works (ldso et al., 1981)
defined VPD as strongly able to influence this T¢-Ta differential, such that crop stress could occur
even when T was below Ta. In addition, Idso et al (1982) defined several T¢-Tato VPD non-water-
stressed baselines for different crops.

The Crop Water Stress Index (CWSI) is one of the most widely known and used indices to
evaluate crop water stress using canopy temperatures. It is defined as follows (Equation 8, Idso et

al., 1981):

Tcanopy - Twet

CWSI =

Tdry - Twet

(8)
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where Tcanopy IS the canopy temperature, Twet is the temperature of a well-watered fully transpiring
leaf, Tary is the temperature of a completely non-transpiring leaf.

CWSI = 0 represents a healthy plant, CWSI = 1 represents a completely stressed plant (defined
also as “non-transpiring” crop). Canopy temperatures can be defined by using thermometers, but
also remote thermal images and values derived from satellites, hand-held devices, UAVs, or fixed
field sensors (such as SmartCrop™; SmartField Inc, Lubbock, Texas; Porter et al., 2015). CWSI,
as formulated and applied originally, had some limitations: (1) difficult separation of crop canopy
temperatures from soil background (noise effect; Clarke, 1997); (2) difficult CWSI normalization
under changing environmental conditions, such as cloud cover (Jones 1999; Jones et al., 2004).
Canopy-related pixels can be separated in a thermal image from soil noise effect by defining upper
and lower temperature limits, as in the following equation (Equation 9; Meron et al., 2010, 2013;

Rud et al., 2014):

(Tair —10) <Ter < (Tair +7)
9)
where Tair is the air temperature, Ter is the crop canopy temperature.

In addition to these factors, the recent use of remote sensing technologies brings different
additional challenges, in particular the definition of an easy-to-use method to accurately extract
canopy temperatures from large areas of a field captured using thermal imagery (Alchanatis et al.,
2010). In fact, two main methods have been extensively used to calculate canopy temperature

averages (Meron et al., 2010; Cohen et al., 2017):
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Method 1. Considering the average of all the canopy pixels in the selected image/area.

2Teri*f
Tcanopy = Z—f

Method 2. Considering only the average temperature of the coldest 33 percent of the selected

canopy pixels (Meron et al., 2010).

0.33n
T _ it Ter; * f
canopy = 0331 £
i=1 l

where Tcanopy is the canopy temperature, f is the frequency of points in each class (cr), n represents

the total number of canopy related points.

Over the years, many different forms of empirical, theoretical, measured, or statistical dry
and wet baselines have been defined in order to limit environmental variation when calculating
CWSI and are summarized in the table below (Table 1.2; Cohen et al., 2017).

Empirical baselines. The empirical wet and dry baselines were firstly used by Idso et al. (1981).
Tc-Ta to VPD relationships were used to define upper (Tc-Ta in severely stressed plants) and lower
(Te-Tain well-watered plants) baselines (Figure 1.6; Idso et al., 1981; Irmak et al., 2000). Tary was
estimated from the empirically derived well-watered baseline curve by using the linear equation
to extend into the negative VPD axes by the temperature difference between canopy and air that

exists at VPD = 0 (Idso et al., 1981; Jackson, 1991).
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Table 1.2 Summary of wet and dry baseline types used for water status estimation (Cohen et al.,
2017)

Baseline type How is it calculated or Used for small scale Used for large scale
measured?
Wet Empirical Air temperature + X °C Irmak et al. (2000), Erdem Bellvert et al. (2014)
where X is an empirical et al. (2005), Jackson
estimate dependent on (1991}, Shae et al. (1999)
VPD*
Theoretical- Temperature calculation Jones (1999), Moller et al.
1 using energy balance (2007), Ben-Gal et al.
equation (suggested by {2009), Alchanatis et al.
Jones 1992) (2010)
Theoretical- Temperature calculation Rud et al. (2014) (O Shaughnessy et al.
2 using energy balance (2011)

equation (suggested by
Monteith and Unsworth

1990)
Measured: Temperature measurement of  Jones (1999)
bio- a wet real leaf
indicator
Measured: Temperature measurement of Cohen et al. (2005), Méller
artificial a wel artificial reference et al, (2007), Ben-Gal et al,
surface surface (2009), Alchanatis et al,

{2010), Meron et al. (2010)
Statistical/  Average temperature of the Alchanatis et al. (2010), Rud Gonzalez-Dugo

bio- coolest 5=10% of the et al, (2014) (2013), Baluja et al,
indicator canopy pixels and the like (2012)
Dry  Empirical Air temperature + X °C Jackson (1991), Irmak et al.  O'Shaughnessy et al.
where X is an empirical (2000, Cohen et al, (2005),  (2011), Gonzalez-
estimate”. The canopy-air Erdem et al. (2005), Moller Dugo et al. (2013),
temperature difference is et al. (2007), Alchanatis Meron et al. (2010)
unigque for each crop in et al, (2010)
each region
Theoretical  Temperature calculation Jones (1999), Mbller et al.

using energy balance (2007), Ben-Gal et al.
equations (suggested by (2009)

Jones 1992)
Measured:  Temperature measurement of  Jones (1999)
bio a real leaf covered with
indicator petroleum jelly

* The canopy-air temperature difference is unique for each crop in each region and sometimes for each
growth period
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Some authors defined Tqry for cotton, grapevines, and olives as Tar + 5 °C (Irmak et al.,
2000; Cohen et al., 2005; Alchanatis et al., 2010), and is today the most widely used method for
Tary Or dry baseline calculation. In the same way, Twet Was defined as Tair + X °C, where X depends

on leaf-air temperature differences to VPD for well-watered plants (lower baseline).
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Figure 1.6 T¢-Ta relationship with VPD for water-stressed and well-watered plants (Irmak et al.,
2000).

Theoretical baselines. Theoretical wet and dry baselines can be calculated considering different

energy balance equations (Monteith and Unsworth, 1990; Jones, 1999). The aim of these
theoretical methods is limiting the baseline sensitivity to environmental variables, such as cloud
cover and wind speed, by including them in the model. In particular, two main equations have been
extensively used over the years for baseline calculations: the Jones (1999) leaf energy balance
equation, and the energy balance equation suggested by Monteith and Unsworth (1990).

Theoretical 1 uses a model rearrangement of Jones (1999) Equation 9.6, to calculate Tary and Twet

as follows (Equations 10; 11; 12; Jones, 1999; Mdller et al., 2006; Alchanatis et al., 2010):
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wet “ YTaw + S Thr
(12)

where T|-Ta is the leaf-air temperature difference, rur is the parallel resistance to heat and radiative
transfer, raw is the boundary layer resistance to water vapor, nw is the leaf resistance to water
vapour transfer (largely defined by stomatal resistance), y is the psychrometric constant, R is the
net radiation that would be received by an equivalent surface at air temperature, p is the density of
air, cp is the specific heat capacity of air, s is the slope of the temperature to VPD curve, e is air
vapour pressure deficit.

Theoretical 2 uses the energy balance equation suggested by Monteith and Unsworth (1990) to

define only Twet, as shown in Equation 13 (O’Shaughnessy et al., 2012; Rud et al., 2014):

€s (Ta) —€q

TwetzTa_ A+)/

(13)
where T, is the air temperature, es is the saturated vapor pressure deficit at T, ea is the actual vapor

pressure, 4 is slope of the temperature vs VPD curve, y is the psychrometric constant.
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Measured baselines: bio-indicator and artificial surface. Jones (1999) described a bio-indicator

method to calculate both wet and dry baselines (Clawson et al., 1989; Jones, 1999). For Tary
calculation, both sides of the leaf were covered with petroleum jelly (Vaseline) in order to prevent
transpiration. For Twet, both sides of the leaf were wetted using a hand-held sprayer (water +
detergent to increase adhesion). However, these real reference surfaces are difficult to maintain
and can be evaluated only with hand-held devices and not with cameras or other automated systems
due to possible shading effects.

Berliner et al. (1984) and Taghvaeian et al. (2014) have used reference well-watered plots
to define a wet baseline but not for CWSI calculation (Cohen et al., 2017). However, this method
requires to over irrigate a portion of the entire field, which usually does not represent the total
variability among the entire area, to serve as a reference, but also overirrigated plants could have
a different canopy growth pattern compared to plants under normal irrigation conditions
(Alchanatis et al., 2010; Cohen et al., 2017). Furthermore, in large-scale producer fields, utilizing
an over-irrigated, representative portion of the field to make irrigation scheduling decisions is
impractical and at least partially negates the increase in water use efficiency that could be obtained
through plant-based methods.

Another measured baseline type, used only for wet baseline calculation, is the so-called
AWRS (artificial wet reference system) proposed by Meron et al. (2003). This AWRS consists of
a polystyrene float covered by a wet non-woven viscose-polyester fabric in a double layer. The
float is placed inside a 0.4 x 0.3 x 0.12 m constantly water-filled box (Cohen et al., 2005; Meron
etal., 2010; Alchanatis et al., 2010) and connected to an IR thermal sensor mounted at 0.1 m above
the reference surface. The whole system is placed together with a weather station (Meron et al.,

2010). AWRS has been used for several studies in combination with empirical or theoretical dry

33



baselines to estimate CWSI (Cohen et al., 2005; Méller et al., 2006; Ben-Gal et al., 2009). This
approach assumes that the evaporative cooling of the reference surface is comparable to that of a
well-watered crop without constraints to transpiration (Meron et al., 2010).

Statistical baseline. Alchanatis et al. (2010) presented a statistical wet baseline calculated on the

average temperature of the coolest 5% of the overall field canopy temperatures. This baseline was
used for several studies, in combination with different dry baselines (Gonzalez-Dugo, 2013; Rud
et al., 2014; Cohen et al., 2017).

Even though different studies have defined the empirical method (Tary = Tair + 5°C in case
of cotton, Irmak et al., 2000) as the best approach for Tary estimation (Cohen et al., 2005;
Alchanatis et al., 2010), different results have been reported when trying to identify the best
approach for determining a wet baseline (Jones et al., 2002; Alchanatis et al., 2010; Baluja et al.,
2012; Cohen et al., 2017). Moreover, most of the studies compared only two baseline approaches,
or evaluated the applicability of these baselines on a small-scale (Jones et al., 2002; Baluja et al.,
2012). Jones et al. (2002) conducted a detailed study, considering different wet and dry baselines
for CWSI calculation in vineyards.

In a successive study on drip-irrigated cotton, Chastain et al. (2016) used SmartCrop ™
(SmartField, Lubbock, TX) infrared thermometers to evaluate Tcanopy averages from 1200 to 1400
h for irrigation purposes during 2013 and 2014 growing seasons. Empirical wet and dry baselines
(Tair + X °C) were defined (ldso, 1981). CWSI was calculated using a rearranged Eq. 1 (Equation

14), as follows:

[(Tcanopy - Tair) - (TNWS - Tair)]

CWSI =
[(Tdry - Tair) - (TNWS - Tair)]

(14)
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CWSI values were calculated and coupled with Wpp during the whole irrigation period (starting at
cotton squaring) for two years. This was the first documentation of a very strong relationship (R?
= 0.93, Figure 1.7) between CWSI and Wep in the Southeastern US, and in the State of Georgia,
where environmental aspects strongly limit the usefulness of LWP readings (Chastain et al., 2013;

2016). CWSI plot values over the growing seasons 2013 and 2014 were also related to lint yield

(Figure 1.7).
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Figure 1.7 CWSI and Wep relationship (on the left); CWSI and Lint Yield relationship (on the
right; Chastain et al., 2016)

The latest and most exhaustive comparison study on different baselines used for water
status mapping in Israel was presented by Cohen et al. (2017). In this study, empirical, theoretical,
measured, and statistical wet baselines and different Tcanopy Were investigated to define the best
baseline combination. All the different approaches were evaluated considering the correlations
between measured LWPs and calculated LWPs, but also the applicability of each approach as a
farmer-friendly tool. Tary was calculated as Tair + 5 °C in all the CWSI combinations. For Tcanopy,
the two different scenarios were (1) considering 100% of canopy values, or (2) considering only
the coldest 33% of canopy values. Several well-watered baselines (Twet) were calculated: (i)

empirical wet baseline, using Tc-Ta differences to VPD; (ii) two theoretical wet baselines, one
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using Jones energy balance equation (1999), the other using Penman and Monteith energy balance
equation (1990); (iii) bio-indicator wet baseline, measuring temperature of a wet real leaf; (iv)
ARWS wet baseline, measuring the temperature of a wet reference surface; (v) statistical wet
baseline, averaging the 5% of the coolest canopy pixels (Cohen et al., 2017). CWSI was calculated
using Equation 1. CWSI maps for all the different methods were converted into LWP maps, using

the following formula (Cohen et al., 2015; Equation 15):

LWP [MPa] = —1.77CWSI —1.28 — K
(15)
where K is the transformation constant (for K an empirical value of 0.4 MPa was used).
CWSI-derived LWP maps were successively compared to measured LWP values (Cohen et al.,
2017). As a result, the best two regression models were found to be (i) Tcanopy Calculated as the
coldest 33% of the whole canopy pixels and Twet defined using the energy balance equation
suggested by Monteith and Unsworth (1990), (ii) Tcanopy Calculated as the coldest 33% of the whole
canopy pixels and Twet calculated considering the coldest 5% of the total canopy pixel values.
In addition, LWP maps were divided into pre-determined classes in order to categorize

water status (Table 1.3; Cohen et al., 2005; Alchanatis et al., 2010; Cohen et al., 2017).

Table 1.3 Defined classes for water status mapping (Cohen et al., 2017)

Class Water status description LWP range (MPa)
1 Over-irrigated (Oir) [—1.45] = LWP > [RecLWP + RMSE]
2 Well irrigated (WI) [RecLWP + RMSE] > LWP > [RecLWP—-RMSE]
3—20-50 Low water stress (LWS) [RecLWP—RMSE] > LWP > [-2.4]
DAF'
3—50-70 Low water stress (LWS) [RecLWP—=RMSE] > LWP > [-3.0]
DAF
4—20-50 Medium to sever water stress [=2.4] = LWP
DAF (MSWS)
4—50-70 Medium to sever water stress [=3.0] = LWP
DAF (MSWS)

* Days after flowering onset
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While most of the previous studies were focused on the definition of small-scale
application methods (Cohen et al., 2005; Alchanatis et al., 2010; Meron et al., 2010; Rud et al.,
2014), the innovative concept of this study is the definition of a scientifically-valid approach for
large-scale applications. Moreover, the creation of CWSI-to-LWP maps could be used to better
define a “farmer-friendly” automated tool for irrigation purposes (Vellidis et al., 2014; Cohen et
al., 2017).

In a similar manner, a comparable approach could be implemented for areas strongly
affected by environmental factors, such as Southeastern US. Direct measures of plant water status
and physiological response to irrigation could be investigated to define possible relationships with

CWSI using the aforementioned approaches (Chastain et al., 2016).
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RATIONALE

Direct and indirect estimates of crop water status and need for irrigation have been widely used
for irrigation scheduling purposes. ET-based water balance irrigation scheduling approaches as the
UGA Checkbook method were shown to increase irrigation use efficiency (IWUE) when
compared to conventional irrigation scheduling based on visual signs of crop status. In addition,
soil moisture sensors have also been used to trigger irrigation, improving yields and irrigation use
efficiency (Vellidis et al., 2016). In the humid Southeastern US, SmartCrop™-based Crop Water
Stress Index (CWSI) has been successfully associated with water-induced yield variability and
physiological parameters, such as predawn leaf water potential (Wpp).

Novel thermal imaging systems, providing near-continuous canopy temperature data
throughout the season, have tremendous potential to be coupled with variable rate irrigation.
Specifically, capturing crop water status in real time would allow the definition of irrigation
management zones (IMZs) as the crop develops, and the appropriate irrigation amounts could be
supplied only when and where the crop needs it. Given the limited amount of information available
on the use of these innovative thermal systems, validation with well-established indicators of crop
water status is essential.

The objectives of the current study were: (1) validate a novel thermal camera system, using
well-established crop water status sensing methods and (2) calculate the previously discussed
CWSiIs from camera-derived canopy temperatures and relate them to established IRT-based

CWSis and crop physiological responses.
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Abstract

Thermal imagery of crop canopy has shown to be an accurate indicator of crop water status and
successfully deployed as an irrigation scheduling tool for cotton.

The objective of the current study was to validate a novel camera approach to other systems known
for accurately represent crop water status, as IRTs and soil moisture sensors. To this end, a study
was conducted consisting of a split plot randomized complete block design with three cultivars
and 3 different irrigation treatments: Dryland, 100% of crop evapotranspiration (ETc) supplied
(well-watered), and 125% of ETc (overirrigated). Crop water status (predawn water potential,
midday water potential, and midday stomatal conductance) and crop response measurements
(growth and physiology) were collected for each plot every week (when possible), beginning at
cotton squaring. Several CWSIs were derived from thermal images and IRTs and relationships
defined with the aforementioned plant parameters.

Physiological (predawn and midday leaf water potential, stomatal conductance) and growth
parameters showed no cultivar, irrigation or irrigation x cultivar treatment effect due to the
enormous amount of rainfall observed during the growing season. The novel imaging system
showed to agree with SmartCrop™ IRT (r? = 0.842) and soil moisture-based (r> = 0.585) methods
indicating the system could be used to accurately estimate crop water status and as an irrigation

scheduling tool.

Keywords: variable rate irrigation, soil moisture sensor, thermal imagery, irrigation management

zones, crop water stress index, pre-dawn leaf water potential.
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Introduction:

Drought stress is a major constraint to crop productivity (Hsiao et al., 1973). Water deficit
affects cotton (Gossypium hirsutum L.) development to different extents based on the intensity,
the duration of the stress event, and the growth stage when the stress occurs (Snider et al., 2015).
Root elongation in cotton has been shown to be less sensitive to water stress than shoot elongation
(Sharp et al., 2004). Relative differences in osmotic adjustment, greater in roots than in leaves,
explains the lower water sensitivity of cotton roots to water stress. Water stress also decreases the
total leaf area available for photosynthesis and the average photosynthetic efficiency of all leaves
in the canopy, which negatively impacts fruit retention (Krieg and Sung, 1986). For cotton,
Oosterhuis and Wullschleger (1988) defined a strong relationship between the size of fully matured
sympodial leaves [cm?] and the respective weights [g] of the bolls they subtend. This suggests a
drought stress-induced leaf area decrease could impact boll size. Although flowers are protected
from drought stress and abscission, small cotton floral buds are extremely sensitive to drought
stress (Loka and Oosterhuis, 2012). Also, small bolls are the most sensitive to stress. In fact, even
though drought can negatively impact boll mass, a greater percentage of dry weight is distributed
to the lint, which offsets boll size effects. Therefore, boll density per hectare is the main limitation
to lint yield under drought (Hu et al. 2018). In addition, lint yield has been shown to be more
impacted from water stress than fiber quality (Pettigrew, 2004).

Efficient irrigation scheduling methods are important to increase economic productivity in
today’s agriculture. Farmers are commonly basing their irrigation decisions on visual signs of
drought stress such as wilting (USDA, 2013 Farm and Ranch Irrigation Survey; Snider et al.,
2016). However, these irrigation practices usually lead to penalized yields, representing inefficient

irrigation scheduling approaches. Vories et al. (2006) estimated incorrect irrigation timing in
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cotton can result in yield losses between 150-750 $/acre. In recent years, improvements in
irrigation scheduling approaches have been used to achieve higher yields and better irrigation
water use efficiency (IWUE). The University of Georgia Checkbook method (Whitaker et al.,
2018) is a long-tested and widely-disseminated scheduling method, where irrigation is used as a
supplement to rainfall in order to reach weekly targets. This method represents an easy-to-use tool
for farmers and has been shown to increase yields and WUE, when compared to conventional
irrigation scheduling based on water balance methods; however, advanced environmental
approaches and plant-based irrigation scheduling can greatly increase WUE over the checkbook
approach (Vellidis et al., 2016). For example, the Smart Irrigation Cotton App (Vellidis et al.,
2014) is an advanced water balance method where climatic data (evapotranspiration, precipitation,
etc) are included in calculations of crop water use. However, water balance methods do not
consider the possible differences in soil type or moisture over a large field, and a flat irrigation rate
is applied to all these different areas. The University of Georgia Smart Sensor Array (UGA SSA)
soil moisture sensing system is one method available to address this limitation. Soil moisture
values are collected and coupled with soil water retention curves to calculate zone-specific
irrigation recommendations, allowing variable rate irrigation (VRI). Soil moisture sensor
approaches have been well-documented to generate the highest yields and greatest water savings
among all the aforementioned indirect methods (Vellidis et al., 2016).

While these methods are valuable irrigation scheduling tools, they do not provide
information on plant water status. This is important because the plant integrates its total
environment and interacts with it in a dynamic manner. For example, plant factors such as rooting
depth and leaf area development are responsive to environmental conditions and can influence soil

water availability and rate of use by the crop. For these reasons, irrigation should be triggered
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based on plant-based measures of crop water status. Stem diameter is one of the earliest plant-
based parameters investigated for irrigation scheduling applications (Molz and Klepper, 1973).
Recently, Flash (2014) correlated soil water tension measurements to cotton stem daily growth
during the vegetative part of the growing season, and to maximum stem daily contraction (MDS)
between flowering and boll development. Leaf water potential, both predawn (¥pp) and midday
(¥wmp), has been the most investigated direct, plant-based method for irrigation scheduling. In
many cases it is used as a validation tool for indirect plant-based parameters such as thermal
imagery (Cohen et al., 2005; Ben-Gal et al., 2009). Thermal imagery of the crop canopy has been
widely used for detecting plant stress (Jones et al., 1999, 2002; Chastain et al., 2016). Plants tend
to close stomata during a drought stress period to limit the amount of water lost, increasing leaf
temperature (Hsiao, 1973). The Crop Water Stress Index (CWSI; Idso et al., 1981) exploits this
mechanism. In Israel, a specific relationship between midday leaf water potential and Crop Water
Stress Index has been defined and used to generate leaf water potential maps from thermal camera-
based canopy temperatures. This is important information for cotton producers in Israel since drip
irrigation scheduling in cotton is managed according to stage-specific leaf water potential
thresholds (Alchanatis et al., 2010; Cohen et al., 2005, 2017). In the humid Southeastern US, where
environmental variability and cloud cover limit the usefulness of midday leaf water potential
measurements, predawn leaf water potential, shown to be less sensitive to environmental changes,
has been strongly related to infrared thermometer-based Crop Water Stress Index, and a season-
long Wpp irrigation threshold of -0.5 MPa was recommended for maximizing water use efficiency
in drip-irrigated cotton (Chastain et al., 2016).

However, infrared thermometers and most thermal cameras mounted to ground or air-based

platforms lack the ability to cover extensive agricultural areas with high frequency data collection.
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Thus, short-lived environmental fluctuations can play an important role in limiting the quality of
data collected (Jones et al., 1999). Using novel thermal imaging systems able to collect near-
continuous canopy temperatures on a large scale would allow for the definition of canopy
temperature-based transient irrigation management zones throughout the season, and to define
specific irrigation thresholds in real-time. Being able to accurately estimate crop water status and
simultaneously apply irrigation only when the crop needs it and in the proper amounts, would
increase crop yields at the field level while also decreasing water use. Because information is
limited on these new thermal imaging systems, validation by means of well-established sensing
methods is a fundamental step toward defining whether these systems are capable of accurately
representing canopy temperature and crop water status.

The objectives of the current study were: (1) validate a novel thermal camera system, using
well-established crop water status sensing methods and (2) calculate the previously discussed
CWSIs from camera-derived canopy temperatures and relate them to established IRT-based

CWSiIs and crop physiological responses.

Materials and Methods

Site description and Plant material

To validate the use of a novel, canopy sensing system as valid indicator of crop water
status, research plots were established on approximately 1.03 hectare at C.M. Stripling Irrigation
Research Park near Camilla, GA (31° 16' 55.2"N, 84° 17' 38.04"W) during the 2018 growing
season. Prior to planting, Telone 11 (Dow AgroSciences LLC, IN) soil fumigant was applied via a
KMC (Kelley Manufacturing Co., Tifton, GA) strip-till implement. The implement tilled the rows

to a depth of approximately 0.30 m. On May 2, 2018 cotton (Gossypium hirsutum L.) seeds from
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three different varieties, shown to differ in the response of stomatal conductance to VPD (PHY
330 — PhytoGen, Dow AgroSciences LLC, IN; PHY 490 — PhytoGen, Dow AgroSciences LLC,
IN; ST 6182 GLT — Bayer - Stoneville Cotton; Dr. Avat Shekoofa, personal communication), were
planted at a 2.5cm (1-inch) depth, 0.91m inter-row spacing, and seeding rate of 10 seeds m™.
Buffer zones between the irrigation zones (discussed in more detail below) were planted using
PHY 440 (PhytoGen, Dow AgroSciences LLC, IN) seeds. Each plot was 4 rows wide and 12.2 m
in length. Plots were separated East-West by variable-row buffers and North-South by 14.6 m-
alleys, to ensure a proper transition of the irrigation system, when changing rates from one plot to

the other.

Irrigation Treatments and Sampling Procedures

Irrigation was managed according to three different irrigation treatments, using a modified
University of Georgia Smart Irrigation Cotton App calculation spreadsheet: Rainfed (no
irrigation), 100% ET method - considering 100% of daily ETc for deficit calculations (well-
watered), and 125% ET method - considering 125% of daily ETc for deficit calculations (over-
irrigated). Daily deficit was calculated as the simple difference between crop evapotranspiration
(ETc =Kc *ETo) and irrigation (1) + precipitation (P). ETo was defined using the FAO 56 Penman-
Monteith equation (Allen et al., 1998). A linear-move, variable rate, sprinkler irrigation system
(\Valley Irrigation, Valley, NE, USA) was used to supply the different irrigation rates. Irrigation
was triggered, based on root zone soil water deficit (RZSWD) values from the modified Cotton
App spreadsheet, when RZSWD exceeded 50% deficit before flowering, and 15% deficit after
flowering (Vellidis et al., 2014). When the irrigation threshold was exceeded, irrigation was

applied to fill the soil profile and go back to 0% deficit when possible. To avoid runoff and nutrient
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or pesticide leaching the maximum irrigation rate was set at 2 cm (0.8 in) per application. For
irrigation, an application efficiency factor of 0.85 was applied, for precipitation the efficiency
factor was 0.9. The 15% deficit threshold during flowering was used to accommodate our
irrigation system limitations while still applying the ET requirements of each irrigation treatment.
The plots were irrigated on May 3, 2018 to ensure adequate soil moisture for germination.
Thereafter, the aforementioned irrigation treatments were imposed. For season-total irrigation

amounts and number of irrigation events for each treatment see Table 2.1

Fertilization and pest management were conducted according to the University of Georgia
Cooperative Extension’s 2018 Cotton Production Guide (Whitaker et al., 2018). All the
physiological measurements (predawn and midday leaf water potential (¥rp, ¥mp), gas exchange
measurements, in-season plant growth and light interception) were collected on a weekly basis
(when possible), starting at the onset of cotton squaring (when floral buds were first visible).
Weather data were provided by the Georgia Automated Environmental Monitoring Network
(GAEMN, http://www.weather.uga.edu/) weather station located at the Stripling Irrigation
Research Park in Camilla, GA near our experimental field of interest (31° 16' 48.29" N, -84° 17"
29.8" W). The soil type in the study area was a lucy loamy sand (loamy, kaolinitic) with 0 to 5

percent slopes (NRCS — web soil survey).

Soil moisture assessments

To monitor soil moisture condition, 27 University of Georgia Smart Sensor Array (UGA
SSA) sensors were installed in the experimental plots on May 23, 2018. 1 node per plot was

installed in all the ST 6182 GLT plots for a total number of 18. The remaining 9 nodes where split
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between the other two cultivars, considering all the possible cv x irrigation combinations. Each
installed node was composed of three integrated Watermark ® soil moisture sensors (Irrometer,
Riverside, California, USA) placed at three different depths, for cotton at 0.15, 0.30, and 0.45 m
below the soil surface. Data from each single moisture sensor was sent to the base station using a
“mesh” network (where the signal moves from one node to another to finally reach the base
station). The base station, located at the border of the experimental area, was responsible for
uploading the data to the web server. Finally, weighted soil water tension (the absolute value of
soil matric potential) averages of the three moisture sensors were calculated and displayed on the
dedicated website (https://ugassa.flintirrigation.com/) every day at 0700 h. Two different weighted
averages were displayed on the website: (1) Shallow weighted average, calculated as 0.6 * soil
water tension at 15cm + 0.4 * soil water tension at 30cm; (2) Deep weighted average, calculated
as 0.5 * soil water tension at 15cm + 0.3 * soil water tension at 30cm + 0.2 * soil water tension at
45cm. For cotton, the deep weighted average was considered a better indicator of soil “dryness”

and crop stress (Vellidis et al., 2016).

Canopy temperature and CWSI acquisition and validation

Canopy temperature (Tc) was measured using two different systems: (1) SmartCrop™:-
infrared thermometers, and the (2) Sentinel™- thermal camera (SmartField, Lubbock, TX). The
SmartCrop™ (SmartField, Lubbock, TX) infrared system uses a ZyTemp (ZyTemp, HsinChu,
Taiwan) TN901 Infrared module with a measurement range of -33 to 220 °C and £ 3 °C in
accuracy. For this project, 27 SmartCrops™ were installed on June 13", 2018 in the same plots
where soil moisture sensors were already present. SmartCrop™ sensors were adjusted in height

during the season to maintain them 30 cm above the canopy and at a 60° angle with respect to the
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horizontal plane. The sensors recorded temperature values every minute and generated 15-minute
averages. Data was sent from each individual sensor to the base station using a wireless network.
Temperature values were collected during the irrigation period and filtered to include only canopy
averages between 1200 and 1400 h, on days where solar radiation was greater than 600 W m
(Chastain et al., 2016). Canopy temperatures were not collected on fertilizer, growth regulator or

pesticide application dates.

In addition to the SmartCrop™ infrared thermometers, a 360° rotating thermal infrared
camera (Sentinel™) was placed on the east edge of the experimental area. The camera was
mounted on an extendable pole and lifted to a final height of 15 meters (48 ft). The pole was
leveled and anchored to the ground using a large tripod structure along with stakes and guy wires
to maintain stability. The Sentinel™ camera was oriented towards the plots after the installation.
Several images were taken on an hourly basis. The resulting radiometric data collected were
processed and stitched directly from SmartField™, and the final panorama view of the area was
displayed on their website (http:/fit2.smartfield.com). In addition to the panorama, valuable as a
display tool but not for data analysis, temperature averages were calculated for each individual
plot, considering all the pixels within the plot itself. Plots were drawn using an open source, Java-
based image processing software called ImageJ. Plots were defined for each one of the 9 individual
images used in the image stitching process. For plots present in different individual images, all the
temperature values were averaged to estimate the final plot temperature average. Canopy
temperature, air temperature, and relative humidity averages were generated for each plot every
15 minutes and downloaded as comma separated file spreadsheet. For data analysis, canopy
temperature averages were calculated during the irrigation period and filtered to include only

canopy averages between 1200 and 1400 h, on days where solar radiation was greater than 600 W
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m. Plot-average canopy temperatures were used for calculating different Crop Water Stress
Indices (CWSI; Idso et al., 1981; Monteith and Unsworth, 1990; Jones, 1999): (1) Idso CWSI,
following the formula and baselines defined in Idso et al. (1981); (2) Jonesl CWSI, calculated
using the energy balance approach described in Jones (1999) for both dry and wet baselines; (3)
Jones2 CWSI, calculated using air temperature + 5°C as dry baseline and the Jones (1999) energy
balance equation as wet baseline; Monteith CWSI, calculated using air temperature + 5°C as dry
baseline and the Monteith and Unsworth (1990) energy balance equation as wet baseline. All four
different Crop Water Stress Indices were calculated for both SmartCrop™-derived and Sentinel™-
derived temperature averages. Weather data used for energy balance calculations were retrieved
from the GAEMN’s weather station located at the Stripling Irrigation Research Park in Camilla,
GA. Air temperature from the SmartCrop™ base station was used for calculating both Sentinel™-

based and SmartCrop™-based CWSIs (Chastain et al., 2016).

For the Idso et al. (1981) Crop Water Stress Index Calculation, well-watered baselines were
generated for both SmartCrops™ and the Sentinel™ thermal camera, by averaging canopy
temperature for the 125% ET treatment plots (over-irrigated treatment) from 1200 to 1400h,
between June 26" and July 26™, 2018, on days where solar radiation was greater than 600 W m
(Chastain et al., 2016). Canopy-air temperature differences were then plotted against air vapor
pressure deficit (VPD) and the relationship Tc-Ta vs VPD (well-watered baseline) was estimated
using linear regression for both SmartCrop™ and Sentinel™ temperature data. For the empirical
CWSI (ldso), dry baseline was estimated using the methodology described by Idso et al. (1981),
by extending the well-watered baseline into the negative VPD region the same magnitude as the
leaf-air VPD that exists when air VPD = 0. CWSI values were calculated according to the

following equation: CWSI = [(Tc - Tair) - (Twet — Tair)] / [(Tdry — Tair) — (Twet — Tair)], where CWSI
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= 0 represents a healthy and fully transpiring plant, and CWSI = 1 a completely non-transpiring
crop (ldso et al., 1981). The generated SmartCrop™-based well-watered baseline and ldso CWSI
values were compared to the previously defined Chastain et al. (2016) baseline and CWSI.
SmartCrop™-derived ldso CWSI values for all the different irrigation treatments and sampling
dates were also plotted against the Sentinel™-derived Idso CWSI values calculated on all the

different sampling dates to investigate a possible relationship.

Midday and Predawn leaf water potential

In the study, the different Crop Water Stress Indices were coupled with predawn (¥pp) and
midday (Wmp) leaf water potential estimates. Wpp was measured between 0400 and 0600 h and
Yvp between 1200 and 1400 h, once per week (when possible) beginning at cotton squaring. ¥Prp
and Wmp were measured using a Scholander pressure chamber (615 Model, PMS Instruments,
Albany, OR). The pressure chamber was cleaned, repaired, and recalibrated by the manufacturer
before the beginning of the growing season. A single leaf per plot was excised and the petiole of
the excised leaf was immediately sealed using a rubber gasket, in order to maintain the excised
surface (petiole) exposed to the air. The leaf blade was sealed and inserted into the chamber and
the chamber was pressurized at a rate of 0.05 to 0.1 MPa s™. Between leaf excision and the
beginning of chamber pressurization 5-10 s elapsed. Pressurization ended when water first
appeared at the cut surface of the petiole and a plot Wpp or Wmp value was recorded. Measurements
were conducted on the uppermost fully-expanded leaf (fourth leaf node below the plant terminal).
Predawn and midday leaf water potentials were collected on June 07", June 15", June 21%, July

51N July 12, July 27", August 8", and August 23", 2018.
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Gas exchange measurements

In addition to predawn and midday leaf water potentials, midday single-leaf gas exchange
measurements were collected on the same sampling dates noted above from 1200 to 1400 h, using
an LI1-6800 (LI-COR Biosciences, Lincoln, NE) portable photosynthesis system. Gas exchange
parameters (stomatal conductance to water vapor (gs), net photosynthesis (An), and leaf to air
VVPD), leaf temperature, and chamber air temperature were collected for each plot. The specific
warm-up tests and calibration procedures were performed right before each sampling time.
Chamber temperature and relative humidity (RH) were set to mimic ambient temperature and
humidity at the time of measurement. All the measurements were conducted on the uppermost
fully expanded leaf using a light intensity of 1500 umol m™ s photosynthetically active radiation
(PAR), above the light saturation point for net photosynthesis in cotton (Constable and Oosterhuis,
2010). Intrinsic water use efficiency (iWUE; pmol CO, mol*H,0) was then calculated for each

plot as: IWUE = An/gs.

In-season plant growth and light interception

Cotton growth parameters (number of mainstem nodes and plant height) and light
interception were collected as well on the same previously discussed sampling dates. Number of
mainstem nodes and plant height were measured on five plants per plot. The five measurements
were averaged to define a representative value for each plot prior to statistical analysis.
Photosynthetically active radiation (PAR) was collected using an AccuPAR LP-80 (Decagon
Devices Inc., Pullman, WA) ceptometer. PAR readings were taken below the canopy, using the 19

X 9.5 mm cross-section, 84 cm probe incorporated with AccuPAR LP-80 and above the canopy,
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using an external PAR sensor mounted on a tripod 1.5 m above the surface and connected to the
ceptometer. Two different above and below-canopy PAR measurements (1- placing the AccuPAR
probe in the row middles (parallel to the cotton rows); 2- placing the AccuPAR probe
perpendicularly across a cotton row) were taken simultaneously on days with low cloud cover and
within £1.5 h from solar noon (Earl and Davis, 2003). The two different measurements per plot

were averaged to get a unique PAR above and PAR below value.

In addition, canopy interception of photosynthetically active radiation (IPAR) was calculated as:

average PAR below
IPAR =1 — ( )
average PAR above

Immediately before cotton defoliation (~60% open boll), IPAR was evaluated one final
time as previously described and all plants present in a 1-meter section of each plot were
destructively harvested and dried at 80°C in a forced-air oven for 60 h to determine total above-
ground dry weight (DW) in g m2. Cumulative total solar radiation data from planting until harvest
(MJ m) at the Camilla site was obtained from the aforementioned weather station on-site. Total
solar radiation was converted to photosynthetically active radiation by assuming that PAR
represents 45% of total solar radiation (Monteith, 1965; Meek et al., 1984; Kiniry et al., 1989).
Total IPAR for the growing season (IPARwt; MJ m™) was quantified by multiplying whole-
season, plot-average IPAR by cumulative PAR. Radiation use efficiency (RUE) for each plot was
quantified by dividing crop DW in g m by IPAR total in MJ m. Thus, cumulative above-ground

DW, IPARwotal, and RUE for each irrigation treatment are provided in Table 2.2.
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Statistical Methods

The experimental design of the study was a split-plot complete randomized block design
with three cultivars, three irrigation treatments, and six replications where irrigation was the main
plot factor and cultivar the sub-plot factor. The effects of irrigation, cultivar, and the interaction
term irrigation x cultivar were evaluated using a mixed-effect, two-way analysis of variance
(ANOVA). Blocks were treated as a random effect, whereas irrigation treatment and cultivar were
considered fixed effects. Post hoc analysis was conducted using Fisher’s protected LSD. Data
analysis was conducted using JMP Pro 13 (SAS Institute, Cary, NC) and graphs drawn using
SigmaPlot 14 (Systat Software Inc). For Wpep, ¥mp, mainstem height and nodes, IPAR, An, gs,
intrinsic WUE, leaf T, leaf-air T, leaf-air VPD graphs each data point represents the average of 18
data points for every sampling date. For well-watered baseline determination (Figure 2.7 a, b),
canopy-air temperature averages of 18 replicate plots for Sentinel™ and 9 replicate plots for
SmartCrop™ (the total number of plots in the 125% ET treatment) were plotted versus VPD on
the dates noted previously in this report. The ldso, Jonesl, Jones2, and Monteith CWSIs were
calculated for all the different sampling dates as the average of 54 (for Sentinel™-derived CWSIs)
or 27 data points (for SmartCrop™-derived CWSIs). Linear regression was used to determine the
relationships between Sentinel™-derived and SmartCrop™-derived CWSI, Root Zone Soil Water
Deficit, and for both Sentinel™ and SmartCrop™-based well-watered baselines because it
provided a better fit than the second-order, polynomial model. Moreover, all the CWSI to CWSI
or CWSI to RZSWD relationships were found to be significant (P < 0.05). For all the other
parameters (Wrp, Wmp, mainstem height and nodes, IPAR, An, gs, intrinsic WUE, leaf T, leaf-air

T, leaf-air VPD, DW, IPARota, average IPAR and RUE), no significant cultivar, irrigation or
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cultivar by irrigation interaction effects were observed (P > 0.05). Therefore, data were averaged

by irrigation treatment on all the different sampling dates for graphic visualization only.

Results and Discussion
Air Temperature, Rainfall, and Root Zone Soil Water Deficit

Daily maximum and minimum air temperature, and rainfall amounts throughout the 2018
growing season, from planting to defoliation, from the GAEMN weather station located in
Camilla, GA are shown in Figure 2.1. During the 2018 season total rainfall from planting to
defoliation was 80.68 cm, while cotton only needs around 46 cm of rainfall to optimize yields in
Georgia (Bednarz et al., 2002). Rainfall was equally distributed during the growing season, and
water deficit rarely occurred. Soil water tension data, as well as root zone soil water deficit
(RZSWD) for the rainfed treatment, highlight how moderate to high water stress was verified only
at the end of June, with a maximum RZSWD value of 35.4% (corresponding to an average deep
SWT value of 63.53 kPa) on June 24" and in the middle of July, with maximum RZSWD of
51.9% (deep SWT of 38.94 kPa) on July 18". Deep soil water tension values collected during the
whole growing season agreed with root zone soil water deficit as shown in Figure 2.2 for the 100%
ET irrigation treatment. As previously documented, the relationship between SWT and RZSWD
strongly depends on soil type and should be adjusted considering the characteristics of the
investigated area (Vellidis et al., 2016). In our case, the suggested Cotton App thresholds of 70kPa
(or 50% RZSWD) before flowering and 40kPa (or 50% RZSWD) after the beginning of flowering

seem to reflect appropriate water stress levels to be used for cotton irrigation scheduling.
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Predawn and Midday Leaf Water Potential and Growth Parameters

The constant well-watered condition of the experimental area, due to the large amount of
rainfall during the growing season, is shown for each sampling date in Figure 2.3 a, b. Wep ranged
from a minimum of -0.45 MPa (on the third sampling date - June 21%) to a maximum of -0.2 MPa
(on the first sampling date - June 7). ¥mp ranged from a maximum of -0.8MPa on July 27" to a
minimum around -1.3MPa on June 21%. Therefore, ¥pp and ¥ values have been sensibly higher
than values indicated to sensibly impact metabolic function or cotton yields (Loka and Oosterhuis,

2012; Chastain et al., 2016).

Considering cotton growth parameters, mainstem height (Figure 2.4a) started around 40
cm at the beginning of squaring (37.4 cm for Rainfed; 36.3 cm for 100% ET treatment; 36.9 cm
for 125% ET treatment) and stabilized between 120-140 cm at first open boll (122.4 cm for
Rainfed; 135.8 cm for 100% ET treatment; 130.5 cm for 125% ET treatment). Mainstem nodes
(Figure 2.4b) for the different irrigation treatments ranged from 7 nodes/plant at the beginning of
squaring to almost 19 nodes/plant (18.3 nodes/plant for Rainfed; 18.7 nodes/plant for 100% ET
treatment; 18.4 nodes/plant for 125% ET treatment) at first open boll stage. In addition, canopy
interception of photosynthetically active radiation (IPAR; Figure 2.4c) showed a typical sigmoidal
shaped curve (Earl and Davis, 2003; Oosterhuis and Wullschleger, 1988), with a “plateau” effect

at 0.9-0.95 (90-95%) canopy interception.

Single leaf Gas Exchange Parameters and Intrinsic WUE

An and gs showed a similar trend during the 2018 growing season (Figure 2.5a, b), with a

constant slow increase until reaching a peak on July 27" (for An: 42.6 pmol m™ s for Rainfed;
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39.4 umol m s'*for 100% ET treatment; 39.8 umol m™ s* for 125% ET treatment; and for gs: 1.78
mol m? s for Rainfed; 1.76 mol m™ s™*for 100% ET treatment; 1.79 mol m? s for 125% ET
treatment), and after that a decrease. Intrinsic WUE (iWUE), calculated as An/gs (Figure 2.5¢),
started at 60-70 umol CO2 mol™*H,0 and constantly decreased as the season progressed, stabilizing
around 22-27 pmol CO2 mol*H;0 after the beginning of July. The high A, and gs values were
comparable to previous observations with well-watered, field-grown cotton, indicating limited to

no water stress occurred during the growing season (Baker et al., 2007; Chastain et al., 2014).

L1-6800 Leaf Temperature, Leaf-Air, and Leaf to Air VPD

Leaf temperature started low (~ 29-30 °C) and sharply increased and stabilized at 32-33 °C
after June 21% (Figure 2.6a). Leaf-air temperature differences (Figure 2.6b) ranged from -0.5 °C to
-3.5 °C, and leaf to air VPD (Figure 2.6c), measured inside the LI-COR 6800 chamber, ranged
from 1.2 to 2.2 kPa. The leaf temperatures noted throughout the growing season remained below
high temperature thresholds shown to negatively impact cotton physiology (Hodges et al., 1993,
Snider et al., 2010; Oosterhuis and Snider, 2011). Leaf-air temperatures exhibited a predictable
response to VPD changes: low leaf to air VPD values corresponded to small leaf-air temperature
differences, high leaf to air VPDs generated larger differences in canopy-air temperatures. This is
in close agreement with previous reports on the canopy-air temperature response to VPD (Jackson
et al.,1991; Chastain et al., 2016). As previously discussed in the statistical analysis section, in the
humid South Georgia production environment the three investigated cotton cultivars did not
exhibit any difference in stomatal conductance (and thus in their transpiration response to VPD)
during the 2018 growing season and, as expected, this resulted in the same canopy-air temperature

to VPD response for all the evaluated cultivars.
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SmartCrop-based and Sentinel-based Crop Water Stress Indices

For SmartCrop™-derived canopy-air temperature differences to VPD, a strong, negative
linear relationship was defined (R? = 0.77; P < 0.001). SmartCrop™-based well-watered baseline
was calculated as: Tc-Ta =0.7823 - 2.0931 VVPD (Figure 2.7a). To identify a possible year-to-year
change in SmartCrop™-derived well-watered baseline, the 2018 baseline was compared to the
baseline previously defined by Chastain et al., 2016 (Tc-Ta = 0.4404 — 1.7912 VPD). Ildso CWSI
values were calculated using both baselines and compared. The regression between the two
different methods showed a strong positive relationship (R? = 0.987; P < 0.001; Figure 2.8), where
Chastain et al. (2016) CWSI values were generally 10-15% higher than values calculated with the
2018 baseline (CWSlI18 = 0.03186 + 0.8146 ChastainCWSI). Moreover, for Sentinel™-derived
canopy-air temperature differences to VPD (well-watered baseline), a negative linear relationship
was defined as well (R? = 0.66; P < 0.001). The Sentinel™-based well-watered baseline was

calculated as: Tc-Ta =-4.0627 - 2.5267 VPD (Figure 2.7b).

During the cotton squaring period (first and second sampling dates), both SmartCrop™-
based (Figure 2.11a) and Sentinel™-pased (Figure 2.11b) CWSI averages were sensibly
overestimating the real water status condition of the plants, defined as leaf water potential and gas
exchange measurements, suggesting soil background effect could strongly affect CWSI
calculations for both systems. After cotton squaring, all the different SmartCrop™-based CWSIs
showed similar trends during the rest of the growing season. For Sentinel™-pased CWSlIs, all the
energy balance approaches (Jones 1, Jones 2, and Monteith) tended to overestimate the real plant
water status condition of the plots (Figure 2.11a) and the Idso CWSI seemed the only approach
that agreed with the previously defined relationship between CWSI and Wrp season-long averages

for cotton in the Southeastern US (Chastain et al., 2016).
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Canopy temperature was once again found to be a reliable indicator of crop water status,
even in the Southeastern US where environmental conditions make the use of canopy temperature
for water status detection challenging (Jones, 2004). The SmartCrop™-based well-watered
baseline for the 2018 growing season showed CWSI values similar to those calculated using the
Chastain et al. (2016) baseline, suggesting a general well-watered baseline could be used for the
definition of a user-friendly IRT-based irrigation scheduling tool in the Southeast for several crops
(Porter et al., 2015; Chastain et al., 2016). Season-long Wpp and CWSI averages for the Sentinel™-
based Idso CWSI and all the SmartCrop™-based CWSiIs (data not shown) agreed with the CWSI-
Wrp relationship previously described by Chastain et al. (2016) for cotton; however, the lack of
water stress during the season limited the possibility of comparison between the two models over
comparable data ranges and further studies may be necessary to evaluate the Sentinel™-based

CWSI response when drought stress is verified.

Sentinel CWSI vs Root Zone Soil Water Deficit comparison

Between Sentinel™-derived ldso CWSI and 100% ET treatment-Root Zone Soil Water
Deficit, a linear relationship was observed (R? = 0.59; P < 0.01). A similar response was defined
between the 125% ET treatment CWSI (R? = 0.599) and RZSWD (data not shown). The Cotton
App water balance method was once again shown to be a reliable indicator of crop water status
applicable for irrigation scheduling (Vellidis et al., 2016). The Cotton App has been shown to
produce higher yields and better irrigation WUE, when compared to conventional water balance
irrigation approaches as the UGA Checkbook method (Migliaccio et al., 2016). One of the
objectives of this study was to compare the novel camera-based CWSI to well-established crop

water status estimates. The strong relationship between Sentinel™ camera-derived CWSI and
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RZSWD indicates that thermal imagery may be a sensitive indicator of the onset of soil water
depletion, even before negative physiological consequences are observed. This relationship should
be tested further over a broader range of soil water deficit conditions, such as those observed by

Meeks et al. (2017).

Sentinel vs SmartCrop Idso CWSI comparison

Finally, SmartCrop™-derived ldso CWSI averages were plotted against Sentinel™-
derived ldso CWSI averages calculated on the same sampling dates. Sentinel™ CWSI was
considered the dependent variable and SmartCrop™ CWSI the independent variable. A strong,
linear relationship was found between Sentinel™-based and SmartCrop™.-based values (R?= 0.84;
P < 0.001; Figure 2.10). The main objective of this study was to investigate the accuracy of the
Sentinel thermal imaging system in estimating canopy temperatures, and to validate the system by
means of well-established methods shown to be strong indicators of plant water stress. The
Sentinel™ camera demonstrated a strong linear relationship with SmartCrop™-based Crop Water
Stress Index values, suggesting the system could be considered an accurate indicator of canopy
temperatures and used for CWSI calculations in the humid Southeastern US. Moreover, the camera
exhibited a consistent accuracy pattern in estimating canopy temperatures when increasing the
distance between the camera position and the investigated plots (R? ranging from 0.94 for the

closest plots at 65 m from the camera to 0.77 at 150-170 m from the camera, data not shown).

In conclusion, being able to utilize CWSIs calculated using this novel thermal imagery
approach will allow the definition of IMZ boundaries and irrigation thresholds that could be

modified on a daily basis, considering dynamic changes in crop water status as the season
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progresses. This allows farmers to apply water only when and where the crop needs it, providing
the potential of increasing cotton yields and WUE at the whole-field scale (Chastain et al., 2016;

Liakos et al., 2017).

Dry matter accumulation, IPARtotaL, and RUE

For the 2018 growing season, the total amount of solar radiation from planting to
defoliation was 2621.51 MJ m. Above-ground dry weight (DW), total solar radiation, average
IPAR, IPARwta and RUE data are shown in Table 2.2. Average IPAR ranged from a minimum of
0.654 for the Rainfed treatment to a maximum of 0.669 for the 100% ET treatment. IPARot,
calculated as total solar radiation x 0.45 x average IPAR, ranged between 771.5 (Rainfed) to 789.3
MJ m2 (100% ET treatment). Dry weight, estimated using a 0.91 m-row spacing for cotton, ranged
from 911.7 g m? (Rainfed) to 1062.2 g m? (125% ET treatment). Radiation Use Efficiency,
calculated as DW/IPAR, resulted in values between 1.189 (Rainfed) and 1.359 g MJ! (125% ET
treatment). Even if the irrigation treatments did not show any significant difference, IPARt, DW
and RUE values were generally higher for irrigated (100% ET and 125% ET treatments) vs non-
irrigated cotton (Rainfed). Average IPAR, DW and RUE agreed closely with values previously
reported in several published works for field-grown cotton (Rosenthal and Gerik, 1991; Sadras,

1996; Milroy and Bange, 2003; Yeates et al., 2010).
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Figure Captions
Fig. 2.1 Daily Maximum (solid line) and Minimum (dotted line) air temperature and
precipitation (vertical bars) during the 2018 growing season from the GAEMN weather station

located at the Stripling Irrigation Research Park in Camilla, GA.

Fig. 2.2 Daily deep soil water tension weighted averages (solid line) and root zone soil water
deficit (dotted line) observed during the 2018 growing season in Camilla, GA for the 100% ET
irrigation treatment. Deep soil water tension weighted averages were calculated as: 0.5 * SWT at

15cm + 0.3 * SWT at 30cm + 0.2 * SWT at 45¢cm.

Fig. 2.3 Pre-dawn (A) and Midday (B) leaf water potential for Rainfed (black circles), 100% ET
(white circles), and 125% ET (black triangles) irrigation treatments during the 2018 growing

season in Camilla, GA. Data are shown as means + standard errors (n = 18).

Fig. 2.4 Average height (A), mainstem nodes (B), and canopy interception of photosynthetically
active radiation (IPAR; C) for Rainfed (black circles), 100% ET (white circles), and 125% ET
(black triangles) irrigation treatments during the 2018 growing season in Camilla, GA. Data are
shown as mean + standard errors (n = 18). For plant height and mainstem nodes, five plants per

plots were measured to provide a plot representative value.

Fig. 2.5 Net photosynthesis (A), stomatal conductance to water vapor (B), and intrinsic water use
efficiency (C) for Rainfed (black circles), 100% ET (white circles), and 125% ET (black
triangles) irrigation treatments during the 2018 growing season in Camilla, GA. Data are shown

as means + standard errors (n = 18).
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Fig. 2.6 Leaf temperature (A), leaf — air temperature (B), and leaf to air vapor pressure deficit
(C) collected using LI-COR LI-6800 portable photosynthesis system for Rainfed (black circles),
100% ET (white circles), and 125% ET (black triangles) irrigation treatments during the 2018

growing season in Camilla, GA. Data are shown as means + standard errors (n = 18).

Fig. 2.7 Canopy — Air temperature differences versus vapor pressure deficit (VPD) for well-
watered cotton plots (125% ET treatment) located in Camilla, GA. Temperature differences were
calculated for both SmartCrop™ infrared thermometers (A) and the Sentinel™ thermal camera
(B). Data were collected for a month-long period during flowering (6/26/2018 — 7/26/2018),
filtered to include only values between 1200-1400h, on days where solar radiation was greater
than 600 W m2 (Chastain et al., 2016), and averaged for each date prior to regression (n = 18 for

Sentinel™ data, n = 9 for SmartCrop™ data).

Fig. 2.8 Chastain et al (2016) SmartCrop baseline-derived Idso CWSI vs 2018 SmartCrop
baseline-derived ldso CWSI graph. Data were averaged for all the sampling dates and all the

irrigation treatments (n = 9).

Fig. 2.9 Relationship between Sentinel-derived ldso CWSI and Root Zone Soil Water Deficit
(RZSWD). CWSI values were averaged for all the different irrigation treatments on all the
sampling dates (n = 9), RZSWD was calculated using the previously described soil water deficit

calculation sheet.

Fig. 2.10 Relationship between Sentinel™-based Crop Water Stress Index (CWSI) and
SmartCrop™-based Crop Water Stress Index (CWSI) values calculated on each single sampling

date for three different irrigation treatments. CWSI was calculated using the Idso et al. (1981)
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formula. Two different well-watered baselines were used to calculate CWSI values for the two
different systems (Figure 2.7). Each data point represents a combination between a Sentinel™

CWSI average (n = 18) and a SmartCrop™ CWSI average (n = 9).

Fig. 2.11 Different Crop Water Stress Indices calculated using canopy temperatures collected
using SmartCrop™ (A) infrared thermometer and the Sentinel™ (B) thermal camera during the
2018 growing season in Camilla, GA. Idso CWSI was calculated using the procedure shown in
Idso et al. (1981); Jonesl CWSI was calculated using the Jones (1999) energy balance equation
for both dry and wet baselines; Jones2 CWSI was calculated using Tair + 5°C as dry baseline
and the Jones (1999) energy balance equation as wet baseline; Monteith CWSI was calculated
using Tair + 5°C as dry baseline and the Monteith and Unsworth (1990) energy balance equation
as wet baseline. Each group of bars represents averages calculated considering all the irrigation

treatments for every sampling date (n = 54 for Sentinel CWSI, n = 27 for SmartCrop CWSI).
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Table 2.1 Irrigation + Rainfall amounts (in centimenters) and number of irrigation events for the

three different irrigation treatments (Rainfall, 100% ET, and 125% ET) from planting to

defoliation during the 2018 growing season.

Treatment Rainfall Irrigation Irrigation Rainfall + Irrigation
[cm] [cm] Events [cm]

Rainfed 80.3 0.0 0 80.3

100% ET 80.3 21.1 12 101.4

125% ET 80.3 22.1 12 102.4
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Table 2.2 Total solar radiation, average canopy interception of photosynthetically active

radiation (IPAR), total IPAR from planting to defoliation (IPARotal), dry weight (DW), and

radiation use efficiency (RUE) for the three irrigation treatments (Rainfall, 100% ET, and 125%

ET) during the 2018 growing season. Data are presented as means + SE (n = 18). For a given

parameter, different letters indicate the values are significantly different (Fisher’s LSD, P <

0.05).
Irrigation Total Solar | Average IPAR IPARotal DW RUE
Treatment | Radiation [MJ m?] [g m?] [g MJY]
[MJ m?]
Rainfed 0.654+0.019a | 771.5+228a | 911.7+422a | 1.189+0.049a
100% ET 262151 | 0.669+0.010a | 789.3+12.3a | 969.3+49.6a | 1.219+0.049a
125% ET 0.664 +£0.010a | 783.1+11.6a | 1062.2+47.0a | 1.359 £0.062 a
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CHAPTER 3

CONCLUSION

In this study, the research objectives were (1) to validate a novel thermal camera system
using well-established crop water status sensing methods and (2) to calculate the previously
discussed Crop Water Stress Indices (CWSIs) from camera-derived canopy temperatures and
relate them to established infrared thermometer (IRT)-based CWSIs and crop physiological
responses.

During the 2018 growing season, no significant cultivar, irrigation or cultivar by irrigation
interaction effects were observed for any physiological parameter on any given date, including
predawn (Wep), and midday (Wwmp) leaf water potential, cotton growth (mainstem height, nodes
and IPAR), or single-leaf gas exchange (net photosynthesis An, midday stomatal conductance gs,
and intrinsic water use efficiency iWUE). For SmartCrop™ IRTs, a linear, well-watered baseline
response of canopy — air temperature versus vapor pressure deficit (VPD) was defined for the 2018
season (R? = 0.77), and this response as well as the CWSiIs calculated from it, were comparable to
a previous report by Chastain et al. (2016). This suggests a general well-watered baseline could be
defined for cotton in the Southeastern US. For the novel thermal camera (Sentinel™) approach, a
well-watered baseline was defined as well (R? = 0.66), and Sentinel™-based CWSI was found to
agree with in-field IRT-based CWSI values (R? = 0.84) and root zone soil water deficits (R =
0.59). Moreover, a strong relationship between the Sentinel™ CWSI estimation and in-field, IRT
estimation was maintained even increasing the distance from the camera position up to 170 meters.

However, defining a relationship between Sentinel™-based CWSI and leaf water potential was
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not possible because of the limited drought stress events observed during the entire sampling
period. Therefore, the four different CWSIs (Idso, Jones1, Jones2 and Monteith) calculated using
both IRTs and Sentinel™ need further evaluation to define the best wet and dry baseline
combination for CWSI calculations.

It was concluded that the Sentinel™ camera estimates of crop water status agreed closely
with well-established method for assessing crop water status, even under soil water deficits
insufficient to appreciably affect physiological processes. Thus, the aforementioned system could
be deployed to capture the onset of drought to define canopy temperature-based transient irrigation

management zones before negative physiological consequences are observed.
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