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Assessment of Crop Water Stress Index (CWSI) of Sorghum Irrigated by Surface and
Subsurface Drip Irrigation Methods under Mediterranean Conditions

Akdeniz Kosullarinda Yiizeyiistii ve Yiizeyalt1 Damla Sulama Y6ntemleriyle Sulanan
Sorgumun Bitki Su Stresi Indeksinin Degerlendirilmesi

Begiim POLAT", Koksal AYDINSAKIR?, Dursun BUYUKTAS?
Abstract

In recent years, subsurface drip irrigation has become increasingly important in view of the increasing drought. As
it is a newly developed method, the effects of subsurface drip irrigation (SSDI) and surface drip irrigation (SDI)
need to be compared in terms of plant growth and yield parameters as well as water savings. The CWSI is an
important index that indicates the water status in the plant and is closely related to yield and plant development
parameters. The aim of the study is to compare the CWSI calculated with the SDI and SSDI methods in sorghum.
The relationship between CWSI and physiological parameters (leaf number (LN), leaf area index (LAI),
chlorophyll content (CC)), as well as bioethanol and juice yield are also evaluated in the study. The study was
designed in a randomized complete block design to include two drip irrigation methods (SDI and SSDI) and five
different irrigation treatments (o, L»s, Iso, I75, and I00) in three replications in Antalya in 2017. The full irrigation
treatment was applied when 40% of the available soil water capacity in the soil profile of 0-90 cm was depleted,
while the deficit irrigation treatments were applied at 75%, 50% and 25% of the full irrigation treatment.
Consequently, the upper limit value was calculated as 5.5°C and the lower limit equation was determined as
Te-Ta=-1.96*VPD-0.08 under Mediterranean conditions for the sorghum plant. Compared to the SDI treatments,
lower CWSI values were calculated for the SSDI treatments. Additionally, it was determined that as the CWSI
increased in sorghum, leaf number, leaf area index, and chlorophyll content values decreased and as a result, juice
and bioethanol yield decreased. It was determined that there was a high level of exponential relationship and a
strong negative correlation between CWSI-irrigation, CWSI-ET, CWSI-leaf number, CWSI-LAI, CWSI-CC,
CWSI-Juice yield, CWSI-bioethanol yield, and CWSI-IWP for both irrigation methods in sorghum. Considering
the lower CWSI and higher bioethanol yield, it was concluded that the SSDI method is more suitable for sorghum.
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Oz

Son yillarda artan kurakligmn olumsuz etkilerinden dolay1, yilizey alti damla sulama yontemi 6nem kazanmuistr.
Yeni gelistirilen bir yontem oldugu i¢in yiizey alt1 ve ylizey iistii damla sulama yontemlerinin etkisinin hem bitki
gelisimi ve verim parametreleri hem de su tasarrufu agisindan karsilagtirilmas: gerekmektedir. Bitki su stresi
indeksi (CWSI), bitkideki su durumunu gosteren 6nemli bir indeks olup, verim ve bitki gelisim parametreleri ile
yakindan iliskili oldugu belirlenmistir. Sorgumun biyoetanol iiretim amaci ile yetistirildigi diigiiniildiigiinde, su
kaynaklarmi verimli kullanan ve su kullanim etkinligini arttiran bir sulama yontemi iiretiminin siirdiiriilebilir
olmasini saglayacak en 6nemli uygulama olarak goriilmektedir. Bu ¢alismanin amaci, sorgumda yiizey (SDI) ve
ylizeyalti (SSDI) damla sulama yontemlerinde hesaplanan bitki su stres indeksinin (CWSI) karsilastiriimasidir.
Calismada CWSI ile bazi fizyolojik parametreler (yaprak sayisi, yaprak alani indeksi, klorofil igerigi) ve
biyoetanol, 6zsu verimi arasindaki iliskiler degerlendirilmistir. Calisma, Antalya bolgesinde 2017 yilinda tesadiif
bloklarinda boliinmiis parseller deneme desenine gore {i¢ yinelemeli olarak yiiriitiilmiistiir. Deneme konulart,
kullanilabilir su tutma kapasitesinin farkli oranlar1 olacak sekilde bes farkli (%100, %75, %50, %25 ve %0) su
uygulama diizeyi yiizey (SDI) ve yiizeyaltt (SSDI) damla sulama yontemlerinde olusturularak belirlenmistir.
Sonug¢ olarak sorgum bitkisi i¢in Akdeniz kosullarinda st smir degeri 5.5°C, alt sinir denklemi ise
Te-Ta = -1.96*VPD-0.08 olarak hesaplanmistir. Deneme siiresince, SDI yontemi ile karsilastirildiginda SSDI
yonteminde hesaplanan CWSI degerlerinin daha diisiik oldugu gozlemlendi. Ayrica sorgumda CWSI arttik¢a
yaprak sayisi, yaprak alan indeksi ve klorofil icerigi degerlerinin azaldig1 ve bunun sonucunda 6zsu ve biyoetanol
veriminin azaldig1 saptanmigtir. Bu ¢aligmada, sorgumda sulama suyu seviyesi (I)-CWSI, bitki su tiiketimi (ET)-
CWSI, bitkinin fizyolojik dzellikleri (yaprak sayisi, yaprak alan indeksi, klorofil igerigi)-CWSI arasinda, 6zsu
verimi-CWSI, biyoethanol verimi-CWSI arasinda yiiksek diizeyde istel iliski ve negatif korelasyon oldugu
belirlenmistir. Diisiik CWSI ve yiiksek biyoetanol verimi dikkate alindiginda, sorgum bitkisi i¢in SSDI yonteminin
daha uygun oldugu sonucuna varilmgtir.

Anahtar Kelimeler: Biyoetanol verimi, Ozsu verimi, Yaprak sayis1, Yaprak alan indeksi, Klorifil igerigi
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1. Introduction

In recent years, the use of bioethanol among renewable energy sources has increased (Azadi et al., 2012; Sarkar
et al., 2012; Aksoy et al., 2023). In 2030, it is estimated that bioethanol production will increase by 132 billion
liters under current conditions in the world (OECD-FAO, 2021). The most important feature of bioethanol is that
plants reuse the CO; released during its use and consumption and thus do not cause global warming (Kadam et al.,
2002; Lal, 2008). Irrigation is the most important input limiting the environmental sustainability of bioethanol.
Energy crops to be grown for this purpose will increase the pressure on water resources during cultivation, as they
will constitute a separate area in the agricultural sector that continues to feed people in agriculture. Sorghum is
considered the energy plant of the future (Reddy et al., 2005; Almodares et al., 2007; Davila-Gomez et al., 2011;
Zegada-Lizarazu and Monti, 2012; Mullet et al., 2014) because it has been determined in many studies that it is a
more drought-resistant plant than wheat, corn, and sugar cane used for bioethanol production. Additionally,
compared to these plants, the cultivation time is shorter and the production cost is lower (Lueschen et al., 1991;
Hunter, 1994; Assefa et al., 2010; Davila-Gomez et al., 2011; Fracassoa et al., 2016). As irrigation water is limited,
especially in arid and semi-arid countries, sorghum's drought-tolerant characteristics make its bioethanol
cultivation sustainable.

Although sorghum has been identified as a drought-tolerant plant, its response to water stress is unclear in the
literature. In studies of deficit irrigation in sorghum, it has been found in some studies that up to a certain level of
water deficiency there is no change in yield (Smith and Buxton, 1993; Howell et al., 2007; Miller and Ottman,
2012; Xie and Su, 2012; Campi et al., 2014) while in other studies there is a reduction in yield due to water stress
(Sakellariou—Makrantonaki et al., 2006; Sakellariou-Makrantonaki et al., 2007; Dercas and Liakatas, 2007,
Mygdakos et al., 2009; Mastrorilli et al., 2011; Vasilakoglou et al., 2011; Klocke et al., 2012; Wani, 2012; Tolk et
al., 2013; Jahansouz et al., 2014; Jabereldar et al., 2017; Bell et al., 2018; Polat, 2022). In addition, although
bioethanol yield is evaluated in some of the studies (Smith and Buxton, 1993; Sakellariou-Makrantonaki et al.,
2007; Vasilakoglou et al., 2011; Miller and Ottman, 2012), there are more studies in which biomass yield is
evaluated. More studies are needed to examine the effect of water stress on bioethanol yield in sorghum varieties
grown for bioethanol production.

Accurately monitoring the water status of the plant and understanding the plant's response to water stress is
very important for optimizing irrigation systems and saving water (Yazar et al., 1999; Gu et al., 2021). The water
status of plants can be measured by methods based on plants, soil, and climate indicators, or a combination of these
(Jones, 2014; Alves and Pereira, 2000). Direct measurement of the plant's water status is a more useful method
because it can directly determine the plant's response to stress, and more accurate information can be obtained
since plants can respond to both soil and climatic factors. (Jones, 1990; Khorsandi et al., 2018; Simbeye et al.,
2023). Methods such as stomatal conductance, photosynthetic rate, leaf water potential, and stem water potential
are commonly used to determine plant water status. However, these methods take a long time and require high
labor. Additionally, leaf water potential and stem water potential measurements may cause damage to plants
(Ballester, 2013; Khorsandi et al., 2018; Gu et al., 2021). For this reason, water status should be measured with a
method that does not harm the plant, is not laborious, and is continuous.

Canopy temperature (T.), measured via infrared thermometers or thermal cameras, is an ideal physiological
indicator for monitoring plant water status (Moller et al., 2006; Ballester et al., 2013; Kullberg et al., 2017). With
this method, the plant's water stress can be monitored for a long time without damaging the plant (Jones, 2004;
Leinonen and Jones, 2004; Gu et al., 2021). When there is a water deficiency in the root zone of plants, the water
potential gradient in the stem decreases. This change reduces stomatal conductance in leaves, causing a decrease
in transpiration and consequently an increase in leaf temperature (Hsiao, 1973; Idso, 1982; Jones, 1999; Leinonen
and Jones, 2004; Jones, 2004). Therefore, infrared radiation emitted by the canopy can be used as an indicator of
plant water stress (Idso et al., 1981; Jackson, 1982; Jones, 1999; Alves and Pereira, 2000; Irmak et al., 2000;
Payero et al., 2005; Payero and Irmak, 2006; O’Shaughnessy et al., 2011; Taghvaeian et al., 2012; Ballester, 2013;
Bozkurt Colak et al., 2015). However, canopy temperature is not only affected by water deficiency in the soil, but
can also vary depending on meteorological conditions such as air temperature and wind, and morphological
characteristics of the plant such as leaf shape and size (Maes et al., 2012). Therefore, canopy temperature needs to
be standardized so that it can be used as an indicator of water stress (Gu et al., 2021). Idso et al. (1981) and Jackson
et al. (1981) proposed the CWSI and developed empirical and theoretical models to calculate it.
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Among CWSI calculation methods, the empirical model has gained importance because it can be calculated
using fewer parameters and is more practical. Empirical method has been used to determine water status and
schedule irrigation in many plants and consistent results have been obtained O’Shaughnessy et al. (2012) in
sorghum, Veysi et al. (2017) in sugarcane, Yuan et al. (2004) in wheat, Payero and Irmak (2006) in corn and
soybean, Taghvaeian et al. (2012) in corn. The basic graph on which the non-water stress baseline (NWSB) (lower
limit) and non-transpiring baseline (upper limit) are constructed is the key to forming an empirical CWSI model
(Idso, 1982). Defining the NWSB is the most important and distinctive stage in constructing the basic graph
(Gardner et al., 1992). Studies in the literature have determined that NWSB varies in growth stages and may vary
depending on the plant and climate (Idso, 1982; Taghvaeian et al., 2014; De Jonge et al., 2015). However, once
reliable NWSB was determined, it was determined that CWSI could be accurately predicted in similar climatic
conditions and the same plant, moreover, in the same growth periods (Gu et al., 2021). In many studies conducted
under different plant and climate conditions, it has been determined that CWSI is strongly associated with plant
physiological characteristics such as leaf water potential, stomatal conductance, and photosynthesis (Xu et al.,
2016; Erdem et al., 2010; Sezen et al., 2014; Lena et al., 2020; King et al., 2020; Gonzalez-Dugo et al., 2020; Gu
et al., 2021) and with yield (Yazar et al., 1999; Irmak et al., 2000; Wanjura et al., 2000). However, in sorghum, it
is not yet clear whether CWSI can predict physiological and yield parameters in the plant or the relationships
between them. In sorghum, there are very few studies on the possibilities of using CWSI in irrigation programming
and its relationship with plant physical parameters. O’Shaughnessy et al. (2012) theoretically calculated the CWSI
values in grain sorghum irrigated with the furrow irrigation method and reported that irrigation in sorghum could
be programmed with the CWSI time threshold (CWSI-TT) method. They evaluated the yield as dry grain yield-
biomass yield. Olufayo et al. (1996) calculated CWSI values (empirical method) in grain sorghum irrigated with
the sprinkler irrigation method. They explained that grain yield can be estimated from average CWSI values.
Wanjura et al. (1990) calculated CWSI values in grain sorghum irrigated with furrow irrigation with a theoretical
method and determined a linear relationship between mean CWSI and grain yield. Ajayi and Olufayo (2004)
explained that grain sorghum yield and ET values can be estimated from canopy temperature data and this can be
used in optimum irrigation strategies on a local scale. Karatayli (2021) calculated CWSI values in grain sorghum
according to the experimental method. The author determined a linear inverse relationship between the hay yield
obtained from different irrigation levels and CWSI and concluded that the CWSI value could be used in irrigation
scheduling. Keten (2020) obtained the lower limit and upper limit equations using the experimental method for
silage sorghum irrigated with the drip irrigation method.

When the studies on sorghum are examined, it is seen that the studies examining the CWSI change in drip
irrigation method are quite limited. While it has been determined that drip irrigation in sorghum both increases
yield and saves water, studies comparing surface and subsurface drip irrigation methods have reported that more
yields are achieved in SSDI and that this method increases water saving (Sakellariou-Makrantonaki et al., 2006;
Sakellariou-Makrantonaki et al., 2007; Mygdakos et al., 2009; Aydinsakir et al., 2021). However, there is no study
comparing CWSI obtained from SDI and SSDI methods. In addition, in these studies, the relationship between
CWSI and biomass and hay yield values were examined. More studies are needed to examine the relationship
between bioethanol yield and CWSIL.

The aim of this study is, 1- to calculate the lower and upper limit equations for sorghum under Antalya
conditions, 2- to assess mean CWSI values calculated by using experimental methods in SDI and SSDI drip
irrigation methods for sorghum, 3- to use a non-linear exponential relationship to describe the relationships
between CWSI and irrigation, evapotranspiration (ET), physical characteristics of the plant (leaf number, leaf area
index, chlorophyll content), bioethanol and juice yield and irrigation water productivity (IWP).

2. Materials and Methods
2.1. Research area, soil, irrigation water and meteorological parameters

This research was conducted at the Bat1 Akdeniz Agricultural Research Institute (BATEM), Antalya, between July
and September 2017. The physical and chemical properties of the soil are shown in 7Table 1. Na, K, Ca, Mg, HCOs,
SOs4, pH, and EC,, values of the irrigation water used in the study were determined as 0.49, 4.23, 1.85, 5.03, 0.53, 1.06
me L', 7.3, and 0.56 dS m!, respectively. The Monthly average values of meteorological data and long-term
measurements in Antalya during the experimental period are given in Table 2. During the research, all meteorological
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data belonging to the experimental area were taken from the 07.01 coded meteorological station of the Agricultural
Monitoring and Information System (TARBIL), which is located at longitudes 36.9411°N, 30.891°E, 250 m away
from the experiment side. Detailed information about fertilizer applications and crop protection measures in the

research area is also given in Aydinsakir et al. (2021).

Table 1. Physical and chemical characteristics of the soil

. Permanent
Depth  Sand  Clay  Silt ;. o~ CaCO:  ECw C:;:lcdity Wilting D]es:::i(ty
(em) (%) (%) (%) (%) @S m? e g Point (e omy
’ (%, gg™"
030  29.18 212 496 Loam 24.0 0.63 750  24.04 12.78 1.35
3060 3265 173 501  Loam 29.7 044 770  23.52 12.81 130
6090 3659 153 482  Loam 30.1 038 780  21.67 11.30 1.32

Table 2. Monthly mean climatic data throughout the growing season of the sorghum at the experimental
site for the long-term and the experimental year.

Temperature Rainfall Evaporation Wind Relative humidity

Years Months ©C) (mm) (mm) (m ) %)
May 20.4 30.0 143.2 2.0 66.2

June 25.5 7.6 177.5 1.9 55.2

July 28.3 34 195.5 1.9 543

1954-2016  Aug. 28.2 1.8 172.4 1.7 56.7
Sep. 244 123 134.4 1.8 58.8

Oct. 20.0 80.1 150.6 2.0 61.0

May 21.3 59.6 108.2 1.9 67.7

June 26.3 - 125.6 1.8 63.1

July 30.5 - 161.1 1.9 574

2017 Aug. 29.0 - 155.2 1.9 64.4
Sep. 26.9 - 137.3 1.8 62.8

Oct. 222 12.6 111.5 1.7 532

2.2. Plant material, planting, irrigation systems and statistical design

The plant material used was the Sorghum variety (Sorghum bicolor L.), which is widespread under 5 Mediterranean
conditions. The sorghum seeds were planted in May 2017 with a row spacing of 45 cm and a row depth of 3-5 cm. As a result
of the infiltration tests in the field, the average infiltration rate of 12 mm h was determined. Accordingly, the distance
between the drippers in the rows was 45 cm and the flow rate was determined to be 2.1 L h'l. For SSDI irrigation, laterals
were placed at a depth of 45 cm below the soil surface.

Table 3. Irrigation methods and treatments used in the study

Irrigation methods Irrigation treatments
SDI»s

SDIs0

SDI7s

SDI100
SSDI»s
SSDIso
SSDI7s
SSDIi00
Rainfed lo

Surface drip irrigation (SDI)

Irrigated

Subsurface drip irrigation (SSDI)

The study was designed in randomized complete block design to include two irrigation methods (SDI and SSDI)
and five different irrigation treatments (Io, I»s, Iso, I75, and Tioo) in three replications. The full irrigation treatment was
performed when 40% of the available water capacity in the 0-90 cm soil profile was depleted. In comparison, the deficit
irrigation treatments were applied at 75%, 50%, and 25% of the full irrigation treatment. Irrigation methods and
treatments are shown in 7able 3. Details regarding the experimental design of the study can be found in Aydinsakir et
al. (2021) article.
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2.3. Measurements

The method used to calculate evapotranspiration (ET), leaf number (LN), leaf area index (LAI), chlorophyll
content (CC), bioethanol, juice yield, and irrigation water productivity (IWP) values is explained in detail in
Aydinsakir et al., (2021). The statistical method used is also detailed in this article. Therefore, information on
measuring the parameters required to determine CWSI is given here.

CWSI was calculated according to Idso et al. (1981) by using measured crop canopy temperature (T¢) — air

temperature (T,) and vapor pressure deficit (VPD). Empirical CWSI was calculated using Equation 1.
TC_T(l m— TC_Ta

CWsI = Fesnteau (Eq. 1)

Where (T-Ta)m is the measured difference between crop canopy temperature and air temperature, (T. - Ta)n is
the lower limit representing the temperature difference for a fully irrigated crop, and (T - Ta)u is the upper limit
representing the temperature difference between the crop canopy and ambient air when the plants are severely
stressed. Canopy temperatures were measured with an infrared thermometer (Spectrum Technologies Inc., Aurora,
IL 60504, USA) held in a 90° angle to the soil surface between 12:00 and 15:00 hours, from four directions in each
plot. The average of canopy temperatures measured every hour between 12:00 and 15:00 was used to calculate
CWSI. To obtain the lower bound, canopy temperatures were measured hourly between 07:00 and 19:00 on
August 20, 2017 and September 6, 2017 at full irrigation (Ii00) in both methods, and their averages were used in
the base graph. To increase water stress, three replicate plants were randomly selected from the rainfed treatment
(Io), and one day before the measurement, these plants were separated from their roots and tied with a stick
(Sammis, 1988). Canopy temperatures were measured hourly between 12:00 and 15:00 and these values were used
to establish a lower limit line. Measurements were taken on August 26 and 27 and on September 6, 7, and 11,2017
to determine the lower limit.

Vapor pressure deficit (VPD) was calculated using the following equations depending on air temperature and
RH values (Allen et al., 1998):

17.27T
es = 0.6108 X exp [ =" | (Eq. 2)
RH
ea = e, % (o) (Eq. 3)
VPD = e, — e, (Eq. 4)

Where, es is the saturation vapor pressure (kPa), T is the mean air temperature (°C), RH is the relative humidity
of the air (%), and, VPD is the vapor pressure deficit (kPa). T and RH values were taken from the meteorological
station.

To calculate the CWSI values obtained in this study, the average of canopy temperatures measured every hour
between 12:00 and 15:00 was used. Canopy temperatures were measured on July 16, 17, 19, and on August 15,
20, 22, 26, and September 4,6, 7, 11 in 2017.

3. Results and Discussion
3.1. Soil water storage

Soil water storage values during the 2017 growing periods for each treatment (SDI and SSDI) are given in Figure

Different irrigation water applications were started on June 10, 2017, and a total of 18 and 16 irrigations were
conducted on the SDI and SSDI respectively, depending on soil moisture. With the exception of the rainfall treatment
(Io), soil moisture storage was between the field capacity and wilting point for all treatments in both SDI and SSDI
methods. Soil moisture storage decreased below the wilting point from the 60th day after sowing in rainfed treatment
(10). With both irrigation methods, it can be is seen that soil water storage increases with decreasing water deficit (SDI-
SSDI). Soil moisture storage flucted near the wilting point throughout the growing season in the SDI»s and SSDI,s
treatments. While soil moisture storage decreased from the 70" day after sowing to the end of the growing period in
SDIys, it showed a decreasing change before irrigation and a decrease after irrigation in SSDIbs. The reason for this is
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probably that the plant benefits more from the irrigation water supplied to the plant in the SDI method and some of the
irrigation water applied in the SDI method evaporates from the soil surface. On the other hand, the SDIs treatment
showed a change in soil moisture storage compared to the SSDIsy treatment, which was closer to Iy throughout the
growing season. Soil moisture storage changed closer to 50% of available water, especially after the irrigation days in
the SSDIs treatment. On the other hand, soil moisture storage decreased below 50% of available water, especially
before the irrigation days in SDI7s, while the soil moisture storage was generally above 50% of available water
throughout the growing season. In addition, soil moisture storage changed between field capacity and 50% of available
water in SDIjo0 and SSDIoo treatments throughout the growing period, but while the soil moisture storage did not

decrease and showed a more stable change in SSDI ;oo treatment, it decreased to 50% available water before irrigation
in SDIloo.

S ——SSDI100 ——SSDI75 —— SSDIS0 —— SSDI25 ——SSDI0 o =—SDI100 —— SDI75 —— SDI50 —— SDI25 ——SDI0
Field capacity FieMcapacity . __

o~ -~ foncbs,

=250 \p 250 afN N i

E o, e - P %, = N \ i

5 50% Available water \,_ ’ \v‘ j“vﬂq_, Ev;‘j -{.;% J\ \-{E‘j X 3 50% Available water 1 ’\.;f\\ H'\.

8 AR 8 T i R B

g v/ 1 B /

g 200 ‘} \._J’ \ ‘\T ~ £200 \

g 4 J J g N

£ s § AN A ]

£ 59 | Wilting point i }ﬂ MAA.AN b \J‘I.‘_‘d $ 150 1 Wiy piat.

5 5
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3 =
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Days after sowing (2017)

100 110 120
Days after sowing (2017)

a e b
Figure 1. Soil water storage (mm) in 0-90 cm depth in the experiment (a: Subsurface drip irrigation, SSDI; b:
Surface drip irrigation, SDI)

3.1. Upper and lower limit baselines
As explained in the material method section, T, values were measured between 07:00 and 19:00 from 100 for the
lower limit, and between 12:00 and 15:00 from the 10 for the upper limit. Tc-T, values are plotted against VPD and

when deriving the regression equation, it is assumed that the plant is not exposed to any environmental stress other
than water stress Idso et al. (1981). The basic graph is given in Figure 2.

8 o " Upper baseline
- . . .
6 LAWY i 5 2 i
v T v .
. .
4 :. . «
L: 2
e ° .
& 2 i S
2 e
4 >,
. | Te-Ta=-1.9608VPD - 0.0808 - Lower baseline
R:=0.4375 i a e
8 . 3
-10
0.0 0.5 1.0 1.5 20 25 3.0 35 4.0 4.5 5.0
VPD (kPa)

Figure 2. Relationships between canopy temperature and air temperature (T-Ta) and vapor pressure deficit
(VPD) of sorghum at Antalya

When examining the graph, it becomes clear that the VPD range for the lower limit is between 1.0 and 4.5.
Gardner and Shock (1989) suggested that the VPD range should be between 1 and 6, for better use in other studies.
In our study, measurements were taken in a wider VPD than in other studies, even though it was not between 1
and 6. As can be seen in Figure 2, the lower baseline changes as a function of VPD, while the upper baselines does
not depend on VPD. The resulting lower baseline (No Water Stress Baseline: NWSB) was defined by the linear
equation T-T, =-1.96 VPD-0.08 (R*=0.44). Significant differences were found between the baselines we
developed for sorghum and the previously developed baselines. Olufayo et al. (1996) found this baseline for grain
sorghum as T.-T;=-2.51VPD+3.76 in France, while Keten (2020) determined the lower limit baseline for silage
sorghum as Tc-Ty=-1.44VPD+0.4095 in 2018 and T.-T.=-1.51VPD-1.18 in 2019 in Kahramanmarag, Karatayli et
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al. (2021) determined the lower baseline equation of sweet sorghum plant as T - Ta=-1.7763 VPD + 3.3395 under
Adana conditions. The slope and intercept of a linear relationship in these studies and our study are different. Many
researchers have emphasized that slope and intercept may vary according to plant type and different climatic
conditions (Idso, 1982; Taghvaeian, 2014; De Jonge et al., 2015). When we compare Karatayli et al. (2021) and
Keten (2020), we think that this difference is due to the plant variety. It is known that sweet sorghum, grain

sorghum, and silage sorghum show different morphological and biochemical responses to water stress (Massacci
et al., 1996; Zegada-Lizarazu and Monti, 2012). Slope and intercept values may vary depending on the plant
species or even different genotypes of the same plant (Gu et al., 2021; Godson-Amamoo et al., 2022). For example,
Candogan et al. (2013) suggested that the reason for the difference between the slopes and intervals obtained by
Nielsen (1990) in soya plants is due to the plant variety and climate conditions. This difference may also be due
to the difference in leaf areas between varieties. Kanbar et al. (2020) explained that under the same conditions,
there is a difference between the leaf areas (green) obtained from sweet, grain, and forage sorghum genotypes.
Since leaf size affects leaf temperature (Smith, 1978), it may have caused the lower limit values obtained from
different genotypes to differ. Moreover, the lower limit is also differentiated by the fact that the study was not
carried out under similar climatic conditions, irrigation practices, and soil types (Erdem et al., 2012). On the other
hand, Olufayo et al. (1996) obtained grain yield in his study. When sorghum is grown for bioethanol, it is harvested
immediately after the flowering period, while it is harvested after grain filling for grain yield. Taking
measurements during different growth periods may change the NWSB. Although there have been previous studies
in which the same NWSB was used successfully in different plants in different growing seasons and did not change
according to the growth period (Grimes and Williams, 1990; Candogan et al., 2013; Bellvert et al., 2014; De Jonge
et al., 2015; Bozkurt Colak and Yazar, 2017; Zhang et al., 2023), there are also studies in which it was determined
that NWSB varies considerably according to the growth periods and cannot be used (Nielsen et al., 1994; Orta et
al., 2003; Cui et al., 2005; Gontia and Tiwari., 2008; Taghvacian et al., 2014; Veysi et al., 2017; Alghory and
Yazar, 2019; Khorsand et al., 2019; Ru et al., 2020; Gu et al., 2021). When these studies are examined, it is a
remarkable result that this change occurs mostly in corn plants according to growth periods. For example,
Khorsand et al. (2019) determined that the slopes and intercept of the lower limit values obtained in different
growth periods of the corn are different. Gu et al. (2021) reported that the slope and intercept values of the lower
line change severely as the growth period changes in both corn varieties. Taghvaeian et al. (2013) and De Jonge
et al. (2015) obtained different slope values in the same country and city. Although there is no study comparing
growth periods in sorghum, we think that similar findings can be obtained with corn plants. Since the sorghum
plant is harvested in different growing periods depending on the yield to be calculated, it should be specifically
stated in which period the measurements were taken when establishing the lower limit. Since the lower limit values
in our study were taken towards the end of the flowering period and the leaf morphology differs during the growth
periods of sorghum, we thought that T, values might also be different.

When we compare the upper limit, Olufayo et al. (1996) calculated it as 0.5-4.5, Keten (2020) calculated it as
0.34-1.13, and Karatayli (2021) calculated it as 3.48. When these studies are examined, it is seen that our upper
limit (5.5) is closer to the value found by Olufayo et al. (1996). Since the upper limit line does not depend on the
VPD, plant type is more important than the same climate and region. Since the upper limit value was determined
in the generative period in this study, this difference may also be due to the difference in the growth period. For
instance, Khorsand et al. (2019) determined the upper limit value for corn as 4.69 in vegetative phase-floral
initiation, 2.83 in flowering-pollination, and 10.01 in seed seating-seed filling.

For sorghum, in particular studies are required in which both the lower and upper limits are determined and
compared separately in different growing seasons as, otherwise the accuracy of the use of the base graphs
determined decreases. Idso (1982) stated that taking canopy development into account when developing baselines
helps to reduce errors associated with the natural spatial variability of field crops. Furthermore, the use of the graph
is limited when the climate changes, even in the same region (Jackson et al., 1981; Jackson, 1982; Payero et al.,
2005; De Jonge et al., 2015). Taking measurements under the same climatic conditions, on the same plant species,
and during the same growing seasons increases the accuracy of the graph. In addition, the high measurement
frequency also has an effect. Payero and Irmak (2006) compared the lower and upper limit lines of corn and
soybean by calculating them every 10 minutes. They explained that the baselines varied throughout day and from
day to day, and observed a daily variation of about 5 degrees.
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3.2. Relationships between mean CWSI and crop growth and yield parameters

The effects of the interaction between the drip irrigation methods and irrigation levels on sorghum parameters are
shown in Table 4. The relationships among between mean bioethanol yield, juice yield, leaf number, LAI, CC,
irrigation, ET, IWP, and mean CWSI for different irrigation treatments in SDI and SSDI methods are given in Figure
3. The correlation coefficients indicating the direction and strength of the relationship between bioethanol yield, juice
yield, leaf number, LAI, CC, irrigation, ET, IWP, and mean CWSI are given in Table 5. Since this article aims to
compare the CWSI values obtained by different methods, we have not discussed the effect of the interaction of
irrigation methods and irrigation levels on physiological parameters and yield parameters. More detailed information
can be found available in Aydinsakir et al. (2021).

Table 4. Irrigation, evapotranspiration, leaf number, leaf area index, chlorophyll content, juice yield
bioethanol yield, hay yield, irrigation water productivity, and crop water stress index in the experiment

I ET LAI Jl-uce Bloe.thanol I-Iay IWP Seasonal
Treatments LN 2 CC yield yield yield = average
(mm)  (mm) (m* m™) -1 -1 ay  (kgm™)
(L ha™) (L ha™) (tha™) CWSI
SDIoo 468.2 553.6 11.0 140b  47.0 44890a 1799 ab 20.52b 2.7 0.32
SDI7s 346.6  495.8 10.7 11.0e 38.1 37260b 1603 be 15.07 c 2.1 0.34
SDIso 252.0 4122 10.7 106f 267 26260c 1447 ¢ 13.37 cd 23 0.40
SDIas 140.0 3129 9.7 9.8h 142 24793d 1412 ¢ 9.15f 1.2 0.49
Io 30.5  206.0 9.3 9.01 5.8 15963e 90.3d 7.44 £ - 0.58
SSDI10o 429.0 526.4 11.0 150a 514 51322a 2085a 23.67a 3.1 0.27
SSDI7s 3352 450.1 11.0 119b 333 50462 a 2045 a 21.07 ab 33 0.29
SSDIso 2325  361.4 10.7 11.2d 202 40903b 1684 be 15.96 ¢ 2.5 0.35
SSDLs 130.2 278.4 10.3 99¢g 11.5 255740 1569 be 12.11 de 1.6 0.41
NS sk NS * k * -

SDI: Surface drip irrigation, SSDI: Subsurface drip irrigation, I: Irrigation water applied, ET: Evapotranspiration, IWP: Irrigation water
productivity, LN: Leaf number (number plant ') LAI: Leaf area index, CC: Chlorophyll content.
* ** and N.S., Significant at the p <0.05, p <0.01 level and not significant, respectively.

The means indicated with the same small letter in the same column are not significantly different (p < 0.05).
Table 5. Correlation coefficients indicating the direction and power of the relationship between irrigation-

CWSI, ET-CWS], leaf number-CWSI, LAI-CWSI1, CC-CWSI, Juice yield-CWSI, bioethanol yield-CWSI,
IWP-CWSI of sorghum depending on the amount of irrigation water

Parameters Irrigation methods Correlation coefficients (r)
CWSI-Irrigation SIS)]I)I :832(5)
CWSIET S 0956
CWSI-Leaf number :1531131 :8:35
CWSI-LAI :]s)]I)I 82?2
CWSI-CC 215311)1 :8:22;
CWSI-Juice yield :SD]I)I :8:33?1
CWSI-Bioethanol yield :]SDII)I :g:g;z
CWSIIWP o1 Jryss

(CWSI: Crop water stress index, ET: Evapotranspiration, LAI: Leaf area index, CC: Chlorophyll content, IWP: Irrigation water productivity,
SDI: Surface drip irrigation, SSDI: Subsurface drip irrigation)

1138



JOTAF/ Journal of Tekirdag Agricultural Faculty, 2024, 21(5)

120
o = SDI  « S8DI = SD1 = SSD1
100
500 -
R
g 4 I = 11386057605t 2 CCS 3108t
8 P o anas X R? = 0.9855
= kol =
'a 0 g sensecws E %
i R = 0,9861 27 Cco=2469esmenst_s T
E 2 R= 0.9024
20
100 %
0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0 CWSI
1] 0.1 0.2 0.3 0.4 0.5 0.6 0.7
CwWSIL
700 %000
600 =SDhL e SSDI 000 = SDI . SSDI
£ s ET= 1381.4e3336ws1 R Gt
H R? = 0.9701 oo
2 400 = . 1Y = 15624040281
B = o000, 2 = 0.9747
g 300 £ 4000
£ £ om0
8 200  ET=952.37e27910Wsl e 2000
g R? - 0.964 |y = 1251 e Tows
100 1000 R?=0.9165
[
[
[} 0.2 .4 0.6 0.8 1
o 0.1 0.2 03 0.4 05 0.6 07 08 cwst
cws!
13 LN = 13.563¢-1-656CWS1 300
N = 13.563¢0.656CHS . s
12 R2=0.9411 ESDEASSOE =SDI « S5DI
250
10 L] oA BY = 449§ THOWSH
2 o
= =200 R =0.9797
é g DN=12982005mc0s =
£ R? = 0.9897 % s
36 E
= g 100
# E BY = 3626602220081
g S oas
£ o R2= 08551
2
]
0 ) 0 o1 02 03 04 05 06 07 08
0 01 0.2 0.3 (0.48 0.5 0.6 0.7 0.8 CWST
WSl
16 6
% =SDI ¢ SSDI o SDI * SSD1
14 :
- LAI = 19,0251 340ws1
R*=0.716
4 TWP = 12,89 4921
P T -
T pAT= 19036etmens 5 K= 09203
= o -
T g R2=0.7361 23
£ &
= &,
- 6 2 IWP =9.4656e 100N
R?=0.7388
4 1
2 [
0 [ 0.1 0.2 03 0.4 0.5 6 07
CWSI
0.1 0.2 03 0.4 0.5 0.6 0.7 0.8
CWSI

Figure 3. Relationships between CWSI and irrigation, CWSI and ET, CWSI and Leaf number, CWSI and LAI,
CWSI and CC, CWSI and Juice yield, CWSI and bioethanol yield, CWSI and IWP (CWSI: Crop water stress
index, ET: Evapotranspiration, LAI: Leaf area index, CC: Chlorophyll content, IWP: Irrigation water

productivity, SDI: Surface drip irrigation, SSDI: Subsurface drip irrigation)

The seasonal average CWSI in treatments 1100, 175, 150 and 125 is calculated as 0.32, 0.34, 0.40, and 0.49,
respectively, in the SDI method, while it is calculated as 0.27, 0.29, 0.35 and 0.41, respectively in the SSDI method
(Table 4). 1t is a noteworthy that a lower CWSI is calculated for the SSDI method in all treatments with the SSDI
method same amount of irrigation. Although less irrigation water was applied at the same levels in the SSDI method,
we thought that the lower CWSI value was obtained in all treatments as a result of the plant benefiting more from
irrigation water in the root zone in this method. Although there is no statistical difference, the higher IWP values in the
SSDI method with the same irrigation levels support this hypothesis. It can be assumed that, the plant uses the water
more efficiently with the SSDI method and the amount of transpiration is higher than with the SDI method. It can be
assumed that as the amount of transpiration increases, the canopy temperature decreases and, accordingly, CWSI values

decrease.
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There are only a few studies that compare the CWSI values determined using different methods. Similar to our
study, Bozkurt Colak et al. (2015) compared the SSDI and SDI methods in eggplant and found that the SDI method
reduced CWSI values. Similarly, Sezen et al. (2014) reported that the CWSI value calculated by the drip irrigation
method in red pepper (Capsicum annuum L.) was lower than the furrow irrigation method. On the other hand, Bozkurt
Colak et al. (2021) found that they could not detect any difference between the CWSI values determined by these two
methods in the quinoa plant. For sorghum, there is no study in the literature that compares the CWSI values obtained
with these methods. For sorghum production to be sustainable, the most appropriate irrigation method must be
determined. In our study, the lower CWSI values of the SSDI method prove that this method is more advantageous.
However, further studies are needed, especially to compare the CWSI values of the SDI and SSDI methods.

It can be seen that there is no statistical difference between the LN and CC values of the different treatments, but
there is a difference between the LAI values (7able 4). Again, although higher LAI values were obtained with the SSDI
method, lower CWSI values were calculated. The relationship between LAI and CWSI appears to be stronger than the
relationship between LN and CC. Although there are studies in which the SSDI method increases LAI values in
sorghum (Sakellariou et al., 2007) there is a need for studies investigating the relationship with CWSI.

The highest bioethanol yield values were obtained with SSDI;90, SSDI75s and SDIigo and no statistical difference
was found between these treatments. In addition, the CWSI value for these treatments was calculated to be 0.27, 0.29,
and 0.32, respectively. The lower CWSI calculation for SSDI7s than for SDI ¢ indicates that SSDIs is advantageous
to achieve the highest bioethanol yield in sorghum while water savings. Also, Aydinsakir et al. (2021) suggested that
in cases where water resources are limited, SSDI75 can be used to save water. CWSI values obtained in this study
support this result.

When Figure 3 and Table 5 were considered together, it was found that there was a high degree of exponential
relationship and a strong negative correlation between irrigation-CWSI, ET-CWSI, leaf number-CWSI, LAI-CWSI,
CC-CWSI for both irrigation methods in sorghum. In both methods, as the amount of irrigation water applied increases,
the water consumption of the plant also increases and thus the transpiration of the plant. Canopy temperature decreases
and correspondingly CWSI values decrease. Similarly, Yazar et al. (1999) obtained a linear inverse relationship
between applied irrigation (mm) and CWSI in corn. It has been determined that CWSI values increase as water deficit
increases in different plants (Sezen et al., 2014; Bahmani et al., 2017; Bozkurt Colak and Yazar, 2017; Yetik and
Candogan, 2023).

Decreasing ET values reduce transpiration values, which increases causing the canopy temperature and thus the
CWSI value. Our result is consistent with studies from the literature. Olufayo et al. (1996) observed common and
strong relationships between baseline indices canopy surface temperature and relative ET in sorghum under different
weather conditions. Furthermore, the researchers stated that ET can be predicted from crown temperature data obtained
at different time points. Yazar et al. (1999) identified a linear inverse relationship between ET and CWSI in maize.
Braunworth and Mack (1989) found a significant correlation between ET and CWSI (in sweet corn). Yetik and
Candogan (2023) found the relationship between ET and CWSI significant in the sugar beet and calculated the
determination coefficient of the relationship between ETc and CWSI as R? = 0.9902. Moreover, the researchers
explained that regression equations obtained by graphing ET against CWSI can be used to predict ET. Gu et al. (2021)
determined a significant linear correlation between ET and CWSI in corn. In our study, we determined that ET values
can be estimated by using CWSI values and ET = 1381.4e33% CWS[(SDI), ET = 952.37e271CWSI(SSDI) equations. Of
course, more studies are needed to support this finding.

The decrease in the number of leaves is due to a lack of moisture in the soil (Sanchez et al., 2002). The decrease
in soil moisture reduces carbon assimilation, stomatal conductance, and cell turgor, and leads to stomatal closure.
As water stress increases, stomata closure causes leaves to wilt and leaf number to decrease (Prasad et al., 2021).
Consequently, when the stomata close, the canopy temperature increases and the CWSI value of the plant increases.
In sorghum, the decrease in soil moisture content has been found to reduce the number of leaves (Rostampour,
2013; Mahinda, 2014). In this study, the decrease in the number of leaves was found to increase the CWSI.

In both irrigation methods, LAI decreased when CWSI values increased. Decreasing the number of leaves over
soil moisture also decreases LAI. In addition, the transpiration rate of the plant decreased with decreasing irrigation
amount, which led to increased temperatures in the tree canopy and growth losses. While CWSI values increased,
leaf area decreased due to the decrease in growth, and as a result, LAI values also decreased. An inverse
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relationship between CWSI and LAI has been identified in many different plants (Erdem et al., 2010; Sezen et al.,
2014; Alghory and Yazar, 2019; Kirnak et al., 2019; Bozkurt Colak et al., 2021; Gu et al., 2021). Although many
studies have found that LAI values decrease with increasing irrigation water deficit or water stress in sorghum
(Sakellariou-Makrantonaki et al., 2006; Sakellariou-Makrantonaki et al., 2007; Dercas and Liakatas, 2007; Zegada
et al., 2012; Mahinda, 2014) no study investigating the relationship between CWSI and LAI was found.

Water stress reduces CC in sorghum (Xu et al., 2000). In both methods, an increase in CWSI leads to a
significant decrease in CC and thus impairs efficiency. When plants are under stress, chlorophylls decrease during
leaf senescence (Merzlyak et al., 1999). When the plant closes its stomata under stress, transpiration decreases, T.
increases and consequently CWSI increases. CC and CWSI are related to each other, but the correlation test is
designed to strengthen the degree of this relationship. In addition, from the equations obtained in our study (Figure
3), it was determined that CWSI values can be estimated by measuring the CC value.

Juice yield and bioethanol yield are linked. In different sorghum varieties, bioethanol yield has been determined
to be positively correlated with juice yield in various studies (Rono et al., 2018; Suwarti et al., 2018; Giiden et al.,
2021). Therefore, in this study, we evaluated the relationship of both yield parameters with CWSI. It was
determined that there was a high level of exponential relationship (R?=0.917 in SDI, R?>= 0.975 in SSDI) and a
strong negative correlation (r = -0.938 in SDI, r =-0.994 in SSDI) between juice yield and CWSI. In addition, it
was determined that there was a high level of exponential relationship (R?=0.855 in SDI, R?= 0.980 in SSDI) and
a strong negative correlation (r =-0.937 in SDI, r =-0.994 in SSDI) between bioethanol yield and CWSIL

Additionally, by measuring CWSI values, juice yield was determined with the equations y = 12814¢337¢WSl i
the SDI method, y = 15624¢*+042CWSl i the SSDI method, bioethanol yield was determined with the equations y =
362.66e2242CWSI ip the SDI method, y = 449.8¢2738WSI in the SSDI method. These equations can be used to
determine the harvest time in sorghum plants grown for bioethanol purposes. When the bioethanol yield values
are compared and confirmed by field studies with the help of these equations in all grown periods of sorghum, the
harvest time can be decided at a certain threshold value.

It is seen that as CWSI values increase, both juice yield and bioethanol yield decrease. A strong inverse
relationship between CWSI and yield has been determined in different plants (Abdul-Jabbar et al., 1985 for alfalfa;
Braunworth and Mack, 1989 for sweet corn; Candogan et al. 2013 for soybean; Wang et al., 2005 and Alghory and
Yazar, 2019 for wheat; Irmak et al., 2000 and Gu et al., 2021 for corn; Yetik and Candogan, 2023 for sugar beet).
There are studies that a negative linear relationship between grain yield and CWSI in sorghum. Researchers stated
that as CWSI value increases in sorghum, grain yield decreases (Wanjura et al., 1990; Olufayo et al., 1996;
Karatayli, 2021). Wanjura et al. (1990) emphasized that yield can be estimated using CWSI values in grain
sorghum. In our study, we established the relationship between bioethanol yield and CWSI. More studies are
needed to examine the relationship between CWSI and bioethanol yield in varieties grown for bioethanol yield.

Additionally, when Figure 3 and Table 4 are examined together, there is no statistical difference in terms of
bioethanol yield between SDI;o (0.32) and SDI75 (0.34), also between SSDI g (0.27) and SSDI75 (0.29). The
yield started to decrease after Isp (0.40) in the SDI method and after I50 (0.35) in the SSDI method. Here, the
threshold CWSI value can be considered as 0.40 in the SDI method and 0.35 for SSDI. In other words, the yield
decreases after the CWSI 0.40 in the SDI method, while 0.35 in the SSDI method.

It was determined that there was a high level of exponential relationship (R*=0.739 in DI, R*= 0.920 in SDI)
and a strong negative correlation (r = -0.883 in SDI, r =-0.976 in SSDI) between IWP and CWSI. As CWSI
values increased, IWP values decreased. In other words, we can say that the increase in water stress in the plant
reduces the efficiency of the plant per unit of water. As CWSI increased, yield decreased and, as a result, [IWP
values decreased. Since one of the purposes of determining CWSI is to determine the water status in the plant, it
is important to know the relationship between IWP and CWSI. The exponential relation developed between IWP
and CWSI is obtained as IWP= 9.4656e*+%*WS! in SDI, and IWP = 12.89¢+922CWSljpn SSDI.

4. Conclusion

In this study, the upper limit value was calculated as 5.5°C and the lower limit equation was determined as Te-
Ta=-1.96 VPD - 0.08 in Antalya conditions for the sorghum plant. Additionally, we thought that determining the
lower limit values of sorghum in different growth periods could increase the accuracy of using the graph in more
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areas. In sorghum, we recommend that lower limit values be determined and compared in the same growth periods.
In sorghum, we calculated lower CWSI in the subsurface drip irrigation method. More studies are needed to
support our finding, comparing CWSI values obtained from surface and subsurface irrigation methods. It was
determined that there was a high level of exponential relationship and a strong negative correlation between
irrigation-CWSI, ET-CWSI, leaf number-CWSI, LAI-CWSI, CC-CWSI, Juice yield-CWSI, biocthanol yield-
CWSI, IWP-CWSI for both irrigation methods in sorghum. More studies are needed to examine the variation
between bioethanol yield and CWSI in sorghum, especially in varieties grown for bioethanol production.
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