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between chlorophyll readings and CWSI and  ETc, root yield 
and sugar yield. The greatest root yield was achieved with 
a seasonal mean CWSI value of 0.12. An exponential equa-
tion determined as “Root Yield = 10.804e−1,55CWSI” between 
seasonal average CWSI values and root yield can be used 
for estimation of root yield in sugar beet farming. The mean 
CWSI values determined by infrared thermometer technique 
can be used in determination of crop water stress and irriga-
tion scheduling of sugar beet cultivation under sub-humid 
climatic conditions.

Keywords Sugar beet · Deficit irrigation · Crop water 
stress index · Chlorophyll readings

Introduction

The world population of 7.8 billion is expected to reach over 
9 billion by 2050, and to peak at around 11 billion at the end 
of the twenty-first century (Bonaccorsi et al. 2020). Prob-
lems in the food supply chain will grow even more as this 
expected population increase further increases the already 
high demand for food (Smith and Archer 2020). Another sit-
uation threatened by the rapid increase in population is natu-
ral water resources (Howard et al. 2016). When the increased 
use of water resources due to population growth is combined 
with the degradation of precipitation regimes due to climate 
change, hydrology is expected to be entirely affected, and 
groundwater consumption will increase significantly (Bates 
et al. 2008; Arnell and Gosling 2013; Taylor et al. 2013). 
Water is a renewable resource, but its availability is limited 
and variable (Pimentel et al. 1997). Approximately 70% 
of the current water consumption in the world belongs to 
agricultural use (Siebert et al. 2010; Grafton et al. 2018). 
Therefore, the application of sufficient irrigation water at the 

Abstract Field experiments were conducted in 2019 and 
2021 growing seasons to evaluate the chlorophyll readings 
and crop water stress index (CWSI) response to full and 
deficit irrigation for drip-irrigated sugar beet (Beta vulgaris 
L.) under sub-humid climate of Bursa, Turkey. In addition, 
the changes of soil water content under different irrigation 
treatments and statistical relationships between chlorophyll 
and CWSI values and  ETc, root yield and sugar yield were 
investigated. Experiments were carried out in a completely 
randomized blocks design with three replications. Irriga-
tions were scheduled based on the replenishment of 100 
(S1), 66 (S2), 33 (S3), and 0% (S4) of soil water depletion 
within the soil profile of 0–90 cm using 7 day irrigation 
intervals. Lower and upper baselines obtained by measure-
ments based on the canopy temperature from the treatments 
full irrigated and non-irrigated were used to calculate CWSI. 
The variations in CWSI values were consistent with the 
variations of seasonal soil water contents induced by the 
different irrigation practices. CWSI values generally varied 
between 0 and 1 throughout the experimental periods. In 
2019, seasonal mean chlorophyll readings varied between 
203.3 and 249.1, and mean CWSI values varied between 
0.12 and 0.85. In 2021, seasonal mean chlorophyll read-
ings varied between 232.7 and 259.3 and mean CWSI values 
between 0.19 and 0.89. Unlike chlorophyll values, CWSI 
decreased with increased irrigation water amount. In both 
years, statistically significant relationships were determined 
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appropriate time is important in terms of saving the water 
resources and reducing the negative environmental effects 
of irrigation (Calzadilla et al. 2010). Modern water man-
agement strategies should be used to deal with the threat of 
population growth and climate change to water resources.

Sugar beet (Beta vulgaris L.) is one of the important 
plants in sugar production in the world, and the irrigation 
water requirement is higher than many plants (Köksal and 
Yıldırım 2011). Irrigation applications should be planned 
to increase yield and product quality per unit irrigation 
water amount applied to plants with high irrigation water 
needs such as sugar beet. The methods used for this purpose 
include monitoring soil water content, measuring physiolog-
ical responses of plants and collecting climatic data.

The amount of irrigation water should be reduced gradu-
ally while scheduling irrigation by observing the plant’s 
responses because water stress experienced by sugar beet 
could be negative effects on physiological parameters such 
as chlorophyll values (Moosavi et al. 2017). Pigment con-
centration affected by chlorophyll changes of plants provides 
crucial information for leaf development. Chlorophylls tend 
to decline rapidly when plants are under stress or during 
leaf senescence (Merzlyak et al. 1999). Since physiological 
measurement of plant responses to water stress is more reli-
able than soil or atmospheric-based measurements (Reginato 
1983), the importance of using plant-based measurements 
in irrigation scheduling has increased. One of the methods 
based on plant-based measurements is the plant canopy tem-
perature. This method is based on the principle that water 
evaporated from the leaf surfaces by transpiration cools the 
plant canopy. Under deficit irrigation conditions, transpira-
tion decreases, and leaf temperatures increase. If transpira-
tion decreases, leaf temperature will show higher values than 
the surrounding atmosphere due to the absorbed radiation 
(Jackson 1982). Determining crop water stress by measur-
ing canopy temperature has been investigated since a study 
conducted by Ehrler et al. (1978).

The crop water stress index (CWSI) method has been used 
successfully for several crops and climate conditions. In this 
method, canopy temperatures can be measured by remote 
sensing systems, and determine if the plant is under water 
stress. Infrared thermometers are used for remote sensing 
of leaf or canopy temperature without destroying the plant 
surface (Jackson and Idso 1969). Many studies have been 
done so far on the use of infrared thermometers to measure 
plant canopy temperature (Akkuzu et al. 2013; Candogan 
et al. 2013; Bellvert et al. 2014; Veysi et al. 2018; Kirnak 
et al. 2019). CWSI is commonly determined by an empirical 
approach proposed by Idso et al. (1981). The approach uti-
lizes relationships between the canopy temperature minus air 
temperature value  (Tc −  Ta) and vapor pressure deficit (VPD) 
of the air under water-stressed and non-water-stressed condi-
tions. The linear relation between  Tc −  Ta and VPD values 

for well-irrigated plants creates the lower limit baseline, and 
 Tc −  Ta values of water-stressed plants at the given VPD cre-
ate the upper baseline. In the previous studies carried out 
was reported CWSI values give crucial information about 
the water stress experienced by plants. It has been pointed 
out that with irrigation schedules to be determined by taking 
these outcomes into account, it is possible to increase the 
yield, quality and water saving (Idso et al. 1981; Reginato 
1983; Sepaskhah and Kashefipour 1994; Olufayo et al. 1996; 
Cárcova et al. 1998; Alderfasi and Nielsen 2001; Cremona 
et al. 2004; Yuan et al. 2004). Köksal and Yıldırım (2011) 
stated that the CWSI can be used effectively in the irriga-
tion scheduling of sugar beet, under semi-arid conditions. 
Kovár and Cerny (2016) investigated the effects of different 
irrigation regimes on two different sugar beet varieties with 
an infrared thermometer and determined CWSI, in the Czech 
Republic. Authors reported CWSI values varied between 
0 and 1 during the research, but during the season CWSI 
averages exceed 1 on the days there was no precipitation 
and water stress increased. Bahmani et al. (2017) reported 
that seasonal CWSI values changed between 0.08 and 0.42 
in the first year of the study and between 0.1 and 0.44 in 
the second year, and recommended threshold CWSI values 
for irrigation time of sugar beet were 0.3, under Iran condi-
tions. While it has been reported in previous studies that 
CWSI threshold values can be used in irrigation scheduling 
of sugar beet, no study came across conducted in sub-humid 
climatic conditions.

The main intends of this study are: (i) to determine upper 
and lower baselines of sugar beet; (ii) to investigate the 
potential use of CWSI for irrigation scheduling of sugar 
beet; (iii) to examine the effects of deficit irrigation on sea-
sonal mean chlorophyll and CWSI values; and (iv) to deter-
mine the relations between  ETc, root yield and sugar yield 
and chlorophyll and CWSI values in sub-humid climatic 
conditions.

Material and Methods

The experiment was conducted at the Research and Training 
Centre of the Faculty of Agriculture, Bursa Uludağ Uni-
versity located in the Bursa, Turkey (latitude  40o13′33′′ N, 
 28o51′34′′ E; altitude 112 m) for two years (2019 and 2021). 
Climatically, the region is situated in the sub-humid climate 
zone with an average annual rainfall of 708.7 mm. During 
the growing period for sugar beet, the average precipita-
tion for many years was 170.5 mm. Meteorological data of 
the research area for 2019 and 2021 were provided from 
the Nilüfer Meteorology Station affiliated to the General 
Directorate of State Meteorology Affairs which is located 
150 m away from the trial area. The meteorological data of 
the experimental years (2019 and 2021) and the long-term 
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(1928–2020) averages taken from the Bursa Province central 
meteorological station are summarized in Table 1.

Textural classification content of the soil of the exper-
imental field was an average of 22.8% sand, 28.7% loam 
and 45.8% clay. It is in clay soil class for a depth of 
0–120 cm. Considering 30 cm soil layers, bulk density 
is 1.35–1.38 g  cm−3; field capacity ranged from 38.17 to 
43.01% in terms of dry weight and wilting point ranged 
from 23.18 to 27.07%. The water holding capacity for effec-
tive rooting depth of sugar beet (90 cm) is 163.3 mm. The 
irrigation water requirement for the trial was met from an 
irrigation pond. The water sample used for irrigation was 
examined in a laboratory, and as a result of the analysis, 
pH value, electrical conductivity value and sodium adsorp-
tion rate (SAR) of the water were determined as 7.12, 310 
micromhos  cm−1 [(ECx10) 25 °C] and 0.23, respectively.

The sugar beet cultivar Akazia provided by KWS Turkish 
Agricultural Company was used as plant material. Seeds 
were hand sown on May 1, 2019, and May 3, 2021; row 
spacing was 0.45 m, and on-row spacing was 0.2 m. In 2018, 
a study was conducted based on the irrigation of maize in the 
experimental area, and no research was conducted in 2020 
due to COVID-19 pandemic. The experiment consisted of 
a completely randomized block design with three replica-
tions. The plot area was 13.5  m2 and consisted of five rows 
of 6 m in length. Four different irrigation treatments based 
on replenishment of soil water depletion (SWD) were cre-
ated in the study. Experimental plots were irrigated at 7-day 
intervals (Candoğan et. al. 2013; Kuscu et. al. 2013; Kuscu 
and Demir 2013; Candogan and Yazgan 2016). Irrigation 
treatments were based on the application of 100% (S1), 67% 
(S2), 33% (S3) and 0% (S4) of water consumed in 0–90 cm 

soil layer of full irrigated treatment. After sowing in both 
years, total amount of 55 mm of irrigation water was applied 
to the plots for two weeks with a sprinkler irrigation system 
for emergence and germination. After, drip irrigation system 
was used for irrigation. Application of different irrigation 
water quantities to treatments was started on 26 June for the 
first year and 23 June for the second year. Experimental plots 
were immediately fertilized after sowing with NPK com-
pound fertilizer (50 kg  ha−1) and when plants reached 15 cm 
height, 70 kg  ha−1 additional urea fertilizer was applied for 
both years. Irrigation water was supplied through 16-mm 
lateral pipes (polyethylene) with pressure-regulated in-line 
emitters of 2 L  h−1 under 1 atm pressure. A lateral line was 
placed in each row (0.45 m), and emitter spacing was 20 cm.

Soil water content was monitored by gravimetric method. 
Soil samples were taken from 0 to 30, 30 to 60, 60 to 90 and 
90 to 120 cm soil profiles with a soil auger at 7-day intervals 
in order to determine crop evapotranspiration  (ETc).  ETc val-
ues for different treatments given in Table 2 were calculated 
by the following equation (Montoya et al. 2017).

where I is the irrigation water depth (mm), P is the rainfall 
(mm), ∆S is the change in soil water storage between differ-
ent measurements (mm 90  cm−1), D is the deep percolation 
(mm), and R is the runoff (mm). Since irrigation applica-
tions were based on the principle of completing the deficient 
moisture within the root zone to the field capacity and the 
irrigation water was applied in a controlled manner by drip 
irrigation method, runoff (R) was neglected because the trial 
plots were surrounded by earthen embankments. Based on 

(1)ET
c
= I + P ± ΔS−D−R

Table 1  Meteorological 
parameters of the long term and 
experimental period in 2019 
and 2021

a Average wind speed (at 2 m height)

Year Month Air temperature 
(°C)

Relative Humid-
ity (%)

Wind  Speeda 
(m  s−1)

Rainfall (mm)

2019 May 19.6 67.3 2.3 40.4
June 23.7 68.6 2.9 51.2
July 23.6 64.6 2.8 37.9
August 24.5 64.3 3.2 39.1
September 21.3 63.5 2.9 11.3

2021 May 18.6 67.1 1.8 14.5
June 20.9 73.0 1.7 61.7
July 25.5 66.1 2.2 32.8
August 25.9 60.6 2.1 0.1
September 20.3 64.5 2.2 10.9

Long Term 
(1928–2020)

May 17.7 68.1 2.0 51.1
June 22.0 62.3 2.0 34.4
July 24.5 59.6 2.3 22.3
August 24.3 61.5 2.3 18.6
September 20.3 66.8 1.9 44.1
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soil water content measurements at 90–120 cm soil profile, 
deep percolation was neglected.

The amount of applied irrigation water for the effective 
rooting depth of 90 cm is calculated with Eq. 2.

where I, irrigation water depth (mm); FC, field capacity 
(%); AW, available water in the soil (mm);γ3, bulk density 
(g  cm−3); D, effective rooting depth (mm); PWA, percentage 
of the wetted area.

Sugar beet plants from each treatment were harvested by 
hand on the 1st of October for both years. In previous studies 
conducted, irrigation applications were ended approximately 
2–3 weeks before the harvest (Topak et al. 2016; Uygan et al. 
2021). Two rows of each plot and 0.5 m at the beginning and 
end of each row were removed to avoid the side effect. Roots 
and leaves of sugar beets were separated to determine root 
yield (t  da−1). The remaining samples were frozen and sent 
to the Central Research Institute of Food and Feed Control, 
Bursa, Turkey. In laboratory, sugar ratio (%) was determined 
by Lane–Eynon method (Rajakylä and Paloposki 1983), and 
sugar yield (t  da−1) was calculated by multiplying the deter-
mined sugar ratio (%) with root yield (Table 2).

A chlorophyll meter (FieldScout CM 1000, Spectrum 
Technologies, Inc., Aurora, IL, USA) was used to take 
chlorophyll readings. The device is portable and can meas-
ure without damaging the plant. Measurements were made 
before and after each irrigation, three times on two leaves 
of three plants in each plot, between 13:00 and 14:00. The 
chlorophyll reading measurements were made according to 
principles stated by Mahdavi et al. (2016) and Hughes et al. 
(2017). The chlorophyll meter was manually controlled by 
holding at a 40–45° vertical angle around 40 cm from the 
sugar beet canopy. Measurements were carried out on the 
dates between 25 June and 13 September in 2019 and 22 
June and 17 September in 2021.

An infrared thermometer (Testo 845, Testo AG, Ger-
many) was used to determine canopy temperature  (Tc). This 
device has a spectral band gap of 8–14 μm, and the light 
reflection coefficient can be adjusted between 0.10 and 1.00. 
Infrared thermometer measurements were carried out for 
each plot twice a week (before and after irrigation) between 

(2)I = (FC − AW∕100) ∗ �
t
∗ D ∗ PWA

13:00 and 14:00 local time, under completely open weather 
conditions and at four different angles: 0° (solar azimuth 
angle), 90°, 180° and 270°. Canopy temperature measure-
ments were collected from 25th June (55 days after sowing) 
to 13th September (135 days after sowing) in the first year, 
and from 22nd June (49 days after sowing) to 17th Septem-
ber (136 days after sowing) in the second year in order to 
determine the CWSI values of sugar beet. Dry and wet-bulb 
temperature values were measured using an aspirated psy-
chrometer placed under an agricultural visor at the experi-
mental area (at 1.5 m height) on the measurement days. Air 
vapor pressure deficit (VPD) was computed using the stand-
ard psychrometer equation determined by Allen et al. (1988).

A method known as the experimental approach exhib-
ited by Idso et al. (1981) was used to determine crop water 
stress index (CWSI). According to this approach, lower limit 
was linear regression of  Tc −  Ta and VPD values determined 
from measurements made in the full irrigated S1 treatments, 
upper limit line was obtained by using the data measured on 
the non-irrigated S4 treatment. To determine the lower and 
upper limit lines, canopy temperature measurements were 
carried out for two days (after irrigation) in 2019 and 2021 
on full irrigated S1 and non-irrigated S4 treatments. Meas-
urements were carried out on 2nd August and 9th August 
for 2019, and on 13th August and 20th August for 2020, 
between 09:00 and 20:00 at 1 h intervals. Crop water stress 
index values were determined by lower and upper baselines. 
CWSI is calculated by using Eq. 3 (Idso et al. 1981).

where (Tc − Ta)ll is the difference between canopy tempera-
ture of full irrigated treatments and the air temperature 
(lower limit), and (Tc − Ta)ul is the difference between canopy 
temperature of non-irrigated treatments and the air tempera-
ture (upper limit).

Chlorophyll readings and CWSI data obtained as a result 
of the study were subjected to analysis of variance accord-
ing to at 0.01 and 0.05 probability levels to three replicated 
completely randomized block design. The least significant 
test (LSD) at a significance level of 0.05 was used to deter-
mine statistically different groups. Relationships between 

(3)CWSI =

(

T
c
− T

a

)

− (T
c
− T

a
)
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c
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c
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Table 2  Crop 
evapotranspiration  (ETc) values, 
total precipitation (P) and yields 
of treatments

Treatments ETc (mm) P (mm) Root Yield (t  da−1) Sugar Yield (t 
 da−1)

2019 2021 2019 2021 2019 2021 2019 2021

S1 896.9 830.0 166.6 120.0 8.6 7.5 1.4 1.3
S2 751.2 705.0 7.6 6.4 1.2 1.1
S3 558.7 547.0 5.0 4.2 1.2 1.0
S4 362.3 387.3 2.9 2.6 0.7 0.7
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chlorophyll readings and CWSI versus  ETc, root yield and 
sugar yield were determined by regression analysis.

Results and Discussion

The  Tc and VPD changes for the sugar beet growing periods 
of 2019 and 2021 are given in Fig. 1. As shown in Fig. 1, an 
increase was observed in VPD values on the days where air 
temperature increased. Previous studies showed that higher 
air temperatures cause VPD to increase (Yuan et al. 2019; 
Madani et al. 2020; Jain et al. 2021).

The changes in soil water content as a result of irriga-
tion practices and precipitation during the growing seasons 
of 2019 and 2021 are shown in Fig. 2 and Fig. 3, respec-
tively. Soil water content reached the field capacity level in 
each irrigation in the S1 treatment and remained below field 
capacity throughout the seasons in S2 and S3 treatments. In 
the rain-fed S4 treatment, soil water content increased only 
with precipitation and decreased below wilting point level at 
128th day after sowing for the first year and 113th day after 
sowing for the second year.

Seasonal variations of the chlorophyll reading values for 
2019 and 2021 are shown in Fig. 4. While the minimum and 
maximum values of chlorophyll readings of the first year 
of the study varied between 187 and 295, this range was 
determined as 121–286 in the second year. According to the 
seasonal changes of chlorophyll readings, it was concluded 
that there will be decrease in chlorophyll values due to the 
water deficit applied in sugar beet cultivation in sub-humid 
climatic conditions. Water stress generally induces a decline 
in chlorophyll content (El Jaouhari et al. 2018). Mahmoud 
et al. (2018) reported that chlorophyll values would decrease 
as water stress increased in the sugar beet plant. According 
to Baigy et al. (2012), water stress caused an increase in 
chlorophyll values.

The effect of different irrigation treatments on chlorophyll 
readings in sugar beet plants was significant at the p < 0.01 Fig. 1  Daily air temperatures and VPD changes for research years

Fig. 2  Changes in soil water content during the growing season of 2019
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level, and seasonal chlorophyll reading averages were deter-
mined in four different statistical groups (Table 3). Chloro-
phyll readings of S1, S2, S3 and S4 treatments were 249.1, 
233.0, 217.6, and 203.3, respectively, in 2019, whereas they 
were 259.3, 249.3, 241.0, and 232.7, respectively, in 2020. In 
previous studies carried out on different crops, Mäkelä et al. 
(2000) for tomato, Bousba et al. (2009) for durum wheat, 
Inalpulat et al. (2014) for eggplant, Chéour et al. (2014) for 
barley, Luo et al. (2016) for cotton and Vijay Kumar et al. 
(2019) for industrial hemp, they concluded that as irrigation 
water increases, chlorophyll values will also increase.

Root yields of different irrigation treatments varied 
between 2.9 t  da−1 and 8.6 t  da−1 in 2019 and between 2.6 t 
 da−1 and 7.5 t  da−1 in 2021. Lowest and greatest sugar yields 
were determined as 0.7 t  da−1 and 1.4 t  da−1, respectively, for 
the first year, and 0.7 t  da−1 and 1.3 t  da−1, respectively, for 
the second year (Table 2). Linear, logarithmic, polynomial, 
and exponential regression analyses were used to determine 
the greatest determination coefficient of the relationships 
between chlorophyll reading values and  ETc, root yield and 
sugar yield. The relation between chlorophyll reading and 
 ETc  (R2 = 0.6847) was determined at the p < 0.05 signifi-
cance level, the relations between chlorophyll reading and 
root yield  (R2 = 0.7756) and sugar yield  (R2 = 0.6976) were 
found at the p < 0.01 significance level, and all relations were 
with polynomial function (Fig. 5). The chlorophyll content is 

Fig. 3  Changes in soil water content during the growing season of 2021

Fig. 4  Chlorophyll readings changes of irrigation treatments for 
growing seasons
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positively correlated with water usage (Fotovat et al. 2007). 
Köksal (2006) indicated root and sugar yield of sugar beet 
plants could be estimated through chlorophyll measurements 
and reported relationships between chlorophyll values and 
root (r = 0.77) and sugar (r = 0.82) yields were significant at 
the 1% probability level.

Tc −  Ta values were affected by the air temperature, the 
vapor pressure deficit, and the different irrigation treatments 
encountered throughout the study (Fig. 6). The highest val-
ues of the  Tc −  Ta were determined at S4 treatment for both 
years as 4.0 °C, and the lowest values were observed at S1 
treatment as − 6.1 °C (2019) and − 6.9 (2021). Canopy tem-
perature  (Tc) increased from the full irrigated S1 treatment to 
the non-irrigated S4 treatment. Similar results were reported 
in a study conducted on irrigation of sugar beet by Köksal 
and Yıldırım (2011). Pinter et al. (1979) indicated that the 
canopy temperatures increased as a result of the stress expe-
rienced by plants and information about plant stress could 
be obtained by  Tc measurements.

Upper and lower limit baselines were determined to 
calculate CWSI values. Upper limit of  Tc −  Ta was found 
as 2.73 and 3.06 °C for the first and second year, respec-
tively. Lower limit baselines were defined with a linear 
equation as  Tc −  Ta = -1,9861VPD + 0,4488  (R2 = 0.9076) 
and  Tc −  Ta = − 2,0395VPD—0,8063  (R2 = 0.8175), respec-
tively, for experimental years (Fig.  7). The equation of 

Table 3  Results of variance 
analysis and seasonal averages 
of chlorophyll readings

ns Non-significant
** Significant at the 1% probability level (P < 0.01)
1 Indicate significant differences at P < 0.05 using least significant difference (LSD) test

Year Source df Chlorophyll Reading

Sum of Squares Mean Square S1 S2 S3 S4

2019 Blocks 2 168.5110 84.2557 ns 249.1  a1 233.0 b 217.6 c 203.3 d
Treatments 3 4190.2500 1396.7500** LSD0.05 14.850
Error 6 331.5030

2021 Blocks 2 18.1667 9.08335 ns 259.3 a 249.3 b 241.0 c 232.7 d
Treatments 3 1172.917 390.9722** LSD0.05 11.702
Error 6 205.8333

Fig. 5  Relationships between chlorophyll readings and  ETc, root yield and sugar yield

Fig. 6  Tc-Ta changes of irrigation treatments for growing seasons
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lower limit baseline was determined by Idso (1982) as 
 Tc-Ta = − 1,92VPD + 2.50 (r = 0.898). Köksal and Yıldırım 
(2011) reported the upper limits of sugar beet as 3.20 °C 
and 3.47 °C, respectively, and lower limit baselines with 
linear equations as  Tc −  Ta = -2,17VPD + 0,95 (r = 0.82) 
and  Tc-Ta = − 2,75 VPD + 3,17 (r = 0.87), respectively, for 
the study years. Bahmani et al. (2017) reported the upper 
and lower limits as 5.3 °C and  Tc-Ta = 0.832VPD + 2.1811 
 (R2 = 0.6508). Changes in climatic factors, crop cultivars or 
irrigation schedules could be because of the differences in 
the upper and lower limits.

Seasonal variation ranges of CWSI values were deter-
mined as − 0.07–1.14 and − 0.04–1.09, respectively, for the 
research years (Fig. 8). CWSI values of sugar beet can be 
lower than zero under excessive irrigation conditions and 
as high as 1 in a dry season (Köksal and Yıldırım 2011; 
Kovár and Cerny 2016; Quebrajo et al. 2018; King et al. 
2020). Sepaskhah et al. (1987) reported that the range of sea-
sonal CWSI was − 0.05–1.19, in Iran. Bahmani et al. (2017) 
reported the ranges of CWSI values of full irrigation and 
30% water deficit treatments as − 0.12–0.48 and − 0.09–0.49, 
respectively, for two years under semi-arid conditions.

Variance analysis results of the effects of different irriga-
tion treatments on seasonal CWSI averages and seasonal 
mean CWSI values of the treatments are given in Table 4. 

Differences between irrigation treatments were statistically 
significant at p < 0.01 level for determined mean CWSI val-
ues. The determined CWSI values for S1, S2, S3 and S4 
treatments were 0.12 and 0.19, 0.28 and 0.38, 0.51 and 0.59 
and 0.85 and 0.89 for both years, respectively. Bahmani et al. 
(2017) reported the mean CWSI of 0.1 and 0.8 for full irri-
gated treatments and 0.44 and 0.42 for the 30% water deficit.

Relationships between mean CWSI values and  ETc, 
root yield and sugar yield were significant at p < 0.01 level 
(Fig. 9). The relationships with the highest coefficient of 
determination between  ETc and sugar yield and mean CWSI 
were polynomial. According to the regression analyzes con-
ducted between root yield and mean CWSI, the relationship 
with the highest coefficient of determination was found in 
the exponential regression. The determination coefficient of 
the relationship between  ETc and CWSI was  R2 = 0.9902. 
A decrease in crop evapotranspiration caused a decrease 
in transpiration values, resulting in temperature increases 
on the plant canopy, and this increased CWSI values. An 
inverse correlation was found between root yield and mean 
CWSI values  (R2 =  0.9847). Bahmani et al. (2017) reported 
a significant relationship at the p < 0.01 level between sugar 
beet root yield and CWSI with a similar coefficient of deter-
mination  (R2 = 0.9888). The relationships with high correla-
tions between yield and CWSI values for alfalfa, sweet lime, 
corn, cucumber, black cumin and soybean were also reported 
by Abdul-Jabbar et al. (1985), Sepaskhah and Kashefipour 
(1994), Irmak et al. (2000), Şimşek et al. (2005), Al-Kayssi 

Fig. 7  The  Tc-Ta versus the air vapor pressure deficit (VPD) for non-
water stressed and maximally stressed sugar beet

Fig. 8  CWSI changes of irrigation treatments for growing seasons
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et  al. (2011) and Candogan et  al. (2013), respectively. 
According to the determined relationship between sugar 
yield and CWSI (p < 0.01,  R2 = 0.9403), increases in the 
CWSI values would cause a significant decrease in the sugar 
yield to be obtained from sugar beet. In a previous study 
with the parallel findings, Bahmani et al. (2017) indicated 
that the relationship between sugar yield of sugar beet and 
mean CWSI values was inverse (p < 0.01,  R2 = 0.9362).

Conclusions

In present study, the effect of different irrigation levels on 
seasonal chlorophyll readings was significant at the p < 0.01 
level. Greatest average chlorophyll values were obtained 
from S1 treatment with 249.1 and 259.3, while the lowest 
chlorophyll values were obtained from rain-fed S4 treatment 
with 203.3 and 232.7 for experimental years, respectively. 
Decreases in chlorophyll reading values were observed as 
a result of water deficits applied in sugar beet cultivation 
under sub-humid climatic conditions. The relations between 
chlorophyll reading and  ETc (p < 0.05), root yield (p < ,0.01) 
and sugar yield (p < 0.01) were with polynomial functions.

The effect of four irrigation treatments on seasonal CWSI 
values was found to be significant at the p < 0.01 level. Low-
est CWSI values for 2019 and 2021 were 0.12 and 0.19 (S1), 
while the greatest CWSI values were 0.85 and 0.89 (S4), 

respectively. CWSI values calculated by the upper and 
lower baselines encountered in the study generally varied 
between 0 and 1 throughout the experimental periods. The 
relations between  ETc (polynomial), root yield (exponential) 
and sugar yield (polynomial) and mean CWSI values were 
significant at the p < 0.01 level. A CWSI value of 0.12 can 
be recommended as the threshold value for determination of 
the irrigation time to get the greatest root and sugar yield.

As a result, mean CWSI values determined by the infrared 
thermometer technique can be used in irrigation scheduling 
of sugar beet cultivation under sub-humid climatic condi-
tions. Moreover, the regression equations of  ETc, root yield 
and sugar yield versus mean chlorophyll reading and mean 
CWSI can be used to predict  ETc, root yield and sugar yield.
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