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Abstract

This study was carried out to determine the leaf water potential (LWP), stomatal conductance (SC) and leaf area
index (LAI) of cotton crop using subsurface drip irrigation (SSDI) and surface drip irrigation (SDI) and different
irrigation water levels based on the FAO-56 Penman-Monteith (PM) during the 2016 and 2017 growing seasons.
The critical LWPs in vegetative period, flowering stage and boll formation stage in SDI for irigation time were -24,
-23 and -24 bar, respectively. Considering the same putting in order for the crop development stages in SSDI-40 cm,
those were -23, -23 and -24 bar, respectively. The values of LWP in SSDI-30 cm were the same levels in SSD-40
cm. LWP in the boll formation stage were, in general, lower (bigger in minus numerical number) compared to the
first two development stages of the crop. The critical SCs in vegetative period, flowering stage and boll formation
stage in SDI were 312.8, 201.8 and 198.9 mmol m? s*!, respectively. The values of SC in the same putting in order
for the crop development stages in SSDI-30 cm and SSDI-40 cm were 368.8, 182.6 and 221.8 mmol m? s°1; and
371.7, 185.9 and 186.8 mmol m? s, respectively. SC decreased from the vegetative period through generative
period of the crop. The SCs increased together with increasing amount of irrigation water and it decreased with
increasing water stress conditions. The LAIs were 2.99, 3.11 and 3.45 in SDI, SSDI-30 cm and SSDI-40 cm, re-
spectively. The values of LAI increased from the surface drip irrigation and lower irrigation water level applied
through subsurface drip irrigation and highest level of amount of irrigation water. Although some plant physio-
logical indicators such as LWP and SC might be used for irrigation scheduling and irrigation time, these indica-
tors are highly affected by soil water status, temperature, light, air humidity and calibration of the devices used.
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Introduction

Cotton is the major industrial crop produced in Turkey and
it is crucial to the wider economy since it provides the fiber for
textiles. Cotton is primarily grown in the Southeast Anatolia
Region which is in the study area of Turkey. Cotton requires
a large amount of water (about 1000 mm) using surface ir-
rigation methods since climatological and farmer conditions
(Kanber et al., 1991; Cetin and Bilgel, 2002).

In the last decade, use of drip irrigation for cotton increased
enormously by means of subsidizing of Turkish Government
and awareness of farmers considering water saving. Howev-
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er, use of modern technology, surface and subsurface drip ir-
rigation, need more attention and high experience to accurate
and to precise irrigation water. Thus use of irrigation water
considering water saving and/or higher irrigation water pro-
ductivity will be essential if farmers are to minimize risks as-
sociated with deficit water while also minimizing the negative
outcomes of overirrigating (Chastain et al., 2016).

On the other hand, some data and parameters pertaining
to the soil or plant water status for crop irrigation scheduling
must be known for an accurate irrigation. However, this is
not always reliable, as different physiological behaviours of
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plants might correspond to the same soil water content. In ad-
dition, it is sometimes difficult to know where to measure soil
water content because of variation in the soil water content in
soil volume surrounding the roots (Patane, 2011). Thus, some
physiological criteria such as leaf water potential (LWP) and
stomal conductance (SC) might be usefull for irrigation sched-
uling and/or to show the water stress conditions for plants.

LWP could be defined as a measurement of the negative
hydrostatic pressure that occurs in the xylem tissue of a plant.
LWP can have been, thus, estimated as the negative pressure
value required to obtain liquid on the surface of the xylem ex-
posed to atmospheric pressure (Scholander et al., 1965; Camp-
bell, 1985; Busso, 2008). LWP can be used as an effective
irrigation measure and/or scheduling to maximize water pro-
ductivity for cotton irigation with considerably differences in
water availability (Chastain et al., 2016). However, some en-
vironmental factors can limit the use of indirect measurements
of water status in the plant. This can potentially be accounted
for by a calibration pertaining to the specific region using a
direct measure of plant water status (Jones, 2004). Concerning
measurement of water potential in the midday is highly indica-
tive for the physiological state of the plant (Turner et al., 1986;
Pettigrew, 2004; Ennahli and Earl, 2005; Chastain et al., 2016)
and a strong indicative of water-induced variation in produc-
tivity (Grimes and Yamada, 1982).

Stomatal conductance (SC) is a measurement of the degree
of stomatal opening and can be used as an indicator of plant
water status. The SC can show the stress conditions of plants
through use of a porometer device. Some evidence indicates
that the SC and photosynthetic rate of leaves are correlated
across diverse environments. The correlation between SC and
photosynthetic rate has led to the postulation of a “messenger”
from the mesophyll that directs stomatal behavior (Radin et
al., 1988).

On the other hand, leaf area index (LAI) directly specify
canopy structure, and can be used to estimate primary produc-
tivity and growth of crops. LAI is commonly used in ecosys-
tem and crop. Thus many ecosystem and crop models require
LAI as an input variable.

The main purpose of this study is to evaluate some crop
physiological stress indicators such as leaf water potential and
stomatal conductance and leaf area index associated with yield
and different irrigation water levels using surface and subsur-
face drip irrigation for cotton.

Materials and Methods

Study area

This study was carried out at the Research and Experimen-
tal Station, Faculty of Agriculture, Dicle University (Diyarba-
kir, Turkey) during the 2016 and 2017 cotton growing seasons.
The experimental site is located at 37° 54’ N, 40° 14’ E, at an
elevation of 660 m above sea level. The soil texture is heavy
texture, clay content is about 65%. The climate in the study
area fall into terrestrial climatological properties. The average
annual rainfall of 490 mm is concentrated in winter season and
there is no almost precipitation during the cotton irrigation sea-
son. The bulk density of soil ranged from 1.19 to 1.27 g cm’*
in the soil profile. The infiltration rate was 8 mm h''. There

were no any risk in terms of water table, salinity and irrigation
water used.

Experimental design and treatments

The field trials were performed using a split plots in ran-
domize blocks with three replications (Yurtsever, 2011). Main
plots are surface and subsurface drip irrigation systems, and
sub-plots are different amount of water based on FAO-56 Pen-
man-Monteith method (PM) and Kc approach (Allen et al.,
1998). The experimental treatments are given in Table 1.

The irrigation amount of water was applied according to
the estimated crop evapotranspiration (ETc) based on FAO-56
Penman-Monteith method and using actual climatological data
pertaining to experimental site (Allen et al., 1998). For this, the
reference evapotranspiration (ETo) was daily calculated using
the meteorological data pertaining to the study site according to
the FAO-56 Penman-Monteith method equation. Then, amount
of irrigation water was computed using Kc coefficients in the
crop development stages of cotton. Irrigation cycle was at each
5 days. The last irrigation was ended at the approximately 10%
of boll opening (Bilgel, 1994).

The equations (1 and 2) given below were used to calculate
amount of irrigation water applied (Allen et al., 1998).

ETc =Kc ETo ey
I=A.ETc.K.Pc 2

Where ETc is estimated crop evapotranspiration (mm d'),
Kc crop coefficient (dimensionless) and ETo reference crop
evapotranspiration for grass (mm d'). I is amount of irrigation
water applied to the experimental plot (Liters), A is plot area
(m?), K is different rates of ETc, Pc is canopy cover (%).

The plot size is 4.20 m x 8.00 m (33.60 m?). One lateral
has irrigated two cotton rows, thus, the lateral spacing is 1.40
m. The sowing date was at the beginning of May and the har-
vest date was at the beginning of October for two experimental
years.

Measurement of LWP and SC

The physiological indicators, LWP and SC were measured
in five cotton plants for each treatments and plots under dif-
ferent irrigation treatments and irrigation systems (SDI and
SSDI) for three critical stages of cotton, vegetative period (1),
flowering stage (II) and boll formation (III) before irrigation
(Kara and Gunduz, 1998). LWP and SC were measured by a
pressure chamber as bar and a diffusion porometer as mmol
H,O m? s, respectively. To measure SC was used a portable
porometer. The instruments were calibrated according to the
manufacturer’s instructions before each measurement cycle.

The measurements were carried out at noon (13.00-14.00)
on the lower surface of the last fully expanded leaf on five
samples per plot (Martinez et al., 2013; Koksal et al., 2010).

Leaf area index (LAI)

LAI is the ratio of all leaves’ area on the plant to the cer-
tain and cropped ground area. For this, all leaves on the five
plants in each plot were collected and they were scanned and
computed all area of the leaves using a computer programme
(software). Then, this area of the leaves were divided to the
total area of certain cropped in the field.
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Table 1. Experimental treatments according to the split plots design

Main plots
(Drip irrigation systems)

Sub-plots
(Irrigation water)

I, : Surface drip irrigation

L,: Subsurface drip irrigation
(depth of 30 cm)

L,: Subsurface drip irrigation
(depth of 40 cm)

K,: I=1.25 x ETc ( crop evapotranspiration
based on FAO-56 Penman-Monteith

K,:1=1.0 x ETc

K,: 1=0.75 x ETc

Results and Discussion

Leaf water potential (LWP)

The values of LWP ranged from -20.7 to -26.3 in 2016 and
from -16.6 to -26.3 depending on crop stages, irrigation wa-
ter levels, surface and subsurface drip irrigation systems and
experimental years. However, the average values for 2 exper-
imental years are given in Figure la. In addition, Figure la
shows the values of LWP in both different drip irrigation sys-
tems (SDI and SSDI) and different amount of irrigation water
according to the different development stages of cotton. Thus,
LWPs in the first two stages of the crop, vegetative develop-
ment and flowering, were higher compared (smaller in minus
numerical number) to those in boll formation stage. In gener-
al, the values of LWP in the boll formation stage, generative
stage of crop, were, thus, lower (bigger in minus numerical
number) compared to the first two development stages of the
crop. This result clarified that boll formation stage was more
consumptive water use because of generative stage of the crop
(Kara and Giindiiz, 1998). On the other hand, considering the
different development stages of crop , the range and/or treshold
of LWPs for flowering stage were same for all drip irrigation
systems (Figure 1a).

According to the variance analysis, the treatments in the
main plots, surface and subsurface drip irrigation, significantly
affected (P<0.01) LWPs in the vegetative stage of crop. It is
understood from these results that the plants in the subsurface
drip irrigation at 40 cm depth has got less water stress com-
pared to the surface and the other subsurface drip (30 cm) irri-
gation. There were significantly effects (P<0.05) of different
amount of irrigation water on LWPs in the boll formation of
crop. LWPs increased (smaller in minus numerical number)
as long as increased amount of irrigation water applied (Fig-
ure 1b). Different amount of irrigation water applied in the
boll formation of crop which has got more stress affected the
LWP. For instance, the treatment of [=ETc x 1.25 (K|, more
irrigation water) showed lower LWP (bigger minus numerical
number) however the treatment of I=ETc x 0.75 (K, less ir-
rigation water) showed higher LWP (smaller minus numeri-
cal number) in both SDI and SSDI depending on amount of
irrigation water applied (Figure 1b and Figure 2). Thus, LWP
dependent on amount of irrigation water rather than different
drip irrigation systems. Kaufman (1981) stated that the critical
treshold value of cotton on LWP for irrigation is between -17
and -18 bar. Maya (2017) reported that the values of LWP
of cotton for full irrigation, deficit irrigation and severe stress
conditions were about -15.5, (-16)-(-18) and (-22)-(-23)
bars, respectively. Yazdi¢ and Degirmenci (2018) measured
the LWP to be (-23.4)-(-26.9) for cotton under the Mediterra-

nean conditions. Although there have been some similar re-
sults taking into acoount the previous studies, the values of
LWP at the crtical development stages of cotton were more
or less different. The values of LWP in our study were lower
(bigger minus numerical number) compared to these values.
The reasons of these differences might be probably the lower
available water in the soil since very heavy soil texture (clay
content of soil is about 65%) and compaction, in another word,
water retention energy by clay particules is very high thus wa-
ter moving from soil into the plants are not easy. Thus, the
values of LWP could be different considering environmental,
soil and agronomic conditions. These could be considered such
as soil water availability, soil temperature, absolute humidity
and wind spead (Kaufman and Hall, 1974; Hake and Grimes,
2010). Considering some extreme climatic and soil conditions
such as maximum temperatures (up to 45 °C), some extra ad-
vection to the study area, soil texture (very high clay content)
and soil structure in the study region, obtaing different values
of LWPs is expected results.

According to the previous studies, LWP is an using way in
terms of internal dynamic for the plants (Jones et al., 1991),
and LWP shows inverse correlation with relative water con-
tent of leaves, stoma dimension and numbers, and agronomic
applications (Saleem et al., 2016). In addition, relative water
content in the leaves and photosynthesis rate decreased as long
as decreasing (increasing negative number) LWP (Lawlor and
Cornic, 2002). Stomal and non-stomal irregularity under the
deficit irrigation conditions for cotton caused in decrease of
photosynthesis rate (Leidi et al., 1999).

On the other hand, LWP is a physiological criteria frequent-
ly used in irrigation scheduling. LWP shows energy status of
water in the leaves, in another word it is described as a collima-
tor power of water moving. LWP might be varied according
to the transpirational flow and water content in the soil, thus it
is an important criteria for the assessment of plant water rela-
tionships (Camacho et al., 1974).

Stomatal conductance (SC)

The SC could not measure in only vegetative period in
2016 since the porometer was out of order. In addition, although
there has been a special calibration for porometer before read-
ing and this was made, some readings (base or treshold values)
might show deviation from readings from each stage of crop.
Because, rapid stomatal closure in the porometer cuvette is an-
other problem that can limit porometer accuracy in certain cas-
es. There is substantial variation in sensitivity to leaf surface
humidity among plants (McDermitt, 1990).

In the study, the SC were ranged 82.6-312.5 mmol m?s!
and 143.4-437.3 mmol m?s for all treatments in 2016 and
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2017, respectively. However, the average values of SC per-
taining to the experimental treatments and years are shown in
Figure 3a and 3b.). According to the results of variance analy-
sis, there were significantly differences (P<0.01) between SDI
and SSDI, and different amount of irrigation water applied
in flowering stage in 2016. The maximum SC reached in the
treatment that the maximum amount of irrigation water applied
in K : [=1.25x ETc (Figure 3b). As expected, the SC increased
together with increasing amount of irrigation water and de-
creased with increasing water stress conditions (decreasing
amount of irrigation water) (Figure 4.). That the values of SC
have been showed difference might be attributed to the devel-
opment crop stage, different application of irrigation water, cli-
matic conditions and variations in the porometer device.

On the other hand, SC increased for the crops on the plots
in which grown under the subsurface drip irrigation at 40 cm
compared to the other treatments during the vegetative devel-
opment stage (Figure 3a). Considering the stage of boll forma-
tion, there were significantly difference (P<0.01) between SC
under the applications of different amount of irrigation water.
In this stage, there was no any effect on SC under surface and
subsurface drip irrigation. For this, the lowest SC was ob-
tained under the lowest level of irrigation water (Figure 3b
and 4). However, there were no significantly difference on SC
during the boll formation. This might be attributed that the ir-
rigation was ended different period considering the different
treatments and the plants consumed more water.

According to the results in 2017, there were significant-
ly differences (P<0.05) between SCs on the SDI and SSDI
during the flowering stage, however there were significantly
differences (P<0.01) between SCs on different amount of ir-
rigation water during the boll formation. The SCs increased as
long as amount of irrigation water increased (Figure 4).

Considering the treatment in which subsurface drip irriga-
tion at 40 cm and irrigation water application based on crop
evapotranspiration using FAO-PM (I=1.0xETc), the values of
SC were 369, 183 and 222 mmol m?s™! for the stages of veg-
etative development, flowering and boll formation stage, re-
spectively. The values of SC during the vegetative stage were
higher compared to those in the the other stages because this
stage is rapidly development stage. In another word, during
the vegetative growth stage, roots develop rapidly (Hake and
Grimes, 2010). The values of SCs decreased in the next stages
of crop (Figure 4). One of the factors indirectly affecting on
SC might be soil compaction because of soil texture (very high
clay content up to 65%) and clay type in the experimental site.
For that reason, this condition affects soil water availability
for crops.

Similarly, Ephrath et al. (1990) reported that SC decreased
with increasing water stress conditions, the correlation be-
tween radiation and SC decreased as long as the plants exposed
to water stress and there was a asymptotic relationship between
photosynthesis rate and SC. All these findings show similar re-
sults from this study. Meidner and Mansfield (1968) stated that
SC is also depending on CO, concentration in the surrounding
environment and difference on leaf-air vapor pressure. Cell
growth in cotton is, thus, more sensitive than stoma closure

during the limited water conditions. For this, sensitivity to cell
gowth and increase on plants height and leaf area are more
responsive than the results related to stoma closure on transpi-
ration and photosynthesis (Turner et al., 1986; Puech-Suanez
et al., 1989).

On the other hand, photosynthesis and stomal conductance
become discrete under the higher temperatures. Because, the
higher temperature decrease absisic acid level, thus transpira-
tion become maximum, thus this cause cool of leaves. Bio-
logical water use efficiency and water saving become maxi-
mum (Radin, 1992). Connecting this, in this study region has
very hot climate regime during the growing season up to 45
°C. Thus, the effects of higher temperatures on stomal conduc-
tance are effective as reported by Radin (1992). In addition,
the main effects of deficit water on cotton production occur on
decreasing of stoma closure and C fixation in the leaves and
leaf growth (Patterson et al., 1978; Inamullah and Isoda, 2005).
The plants adapts differently to water stress. Cotton adapts to
water stress by maintaining higher transpiration compared to
the other crops such as soybean. The higher transpiration in
cotton was due to a higher SC, which was supported by a high-
er flow rate of stem sap, larger stomatal area, and probably the
diaheliotropism (Inamullah and Isoda, 2005).

Leaf area index (LAI)

LAI was only computed in 2017 and it was measured at
the generative stage of crop (boll formation). Accoroding to
the results, the LAIs ranged from 1.60 through 4.09 depend-
ing on the treatments and experimental years. However, the
average values of LAI are given in Figure 5. The lowest LAI
was obtained from the treatment in which the lowest amount of
irrigation water was applied and the maximum amount of irri-
gation water resulted in the maximum LAI. The values of LAI
increased from the surface drip irrigation and lower amount of
irrigation water applied through subsurface drip irrigation and
highest level of amount of irrigation water (Figure 5).

According to the results of variance analysis, increasing
amount of irrigation water applied significantly ((P<0.05) in-
creased the values of LAI. Although there were no significant-
ly difference on the values of LAI between surface and sub-
surface drip irrigation systems, the subsurface drip irrigation
system at 40 cm resulted in the maximum LAI (Figure 5).

Considering the average seed cotton yields, there was a lin-
ear relationships between seed cotton yield and LAI (for SDI:
y =1093+873.7X, R*=0.97** P < 0.01; for SSDI-30 cm: y =
-8664+4113.5X, R?=0.70*, P < 0.01; and for SSDI-40 cm: y
=905.9+1045.4X, R? = 0.99**, P < 0.01), and the regression
curves with regard to each drip irrigation system are shown in
Figure 6.

Ashley et al. (1964) reported that LAI reachs to 1.0 at 6 or
8 weeks after emergency of the plants. Considering the rela-
tionship between boll formation and LAI, LAI rises up to 5.0
during the boll formation. In addition the evaporation from
the soil surface decreases as long as LAI and canopy cover
increase (Luo et al., 2011). In the previous studies, the values
of LAI ranged from 3.62 through 3.71 depending on different
cotton varieties (Ekinci et al., 2008), the maximum LAI was
obtained to be 4.0-5.8 at the treatment in the maximum crop
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evapotranpiration (Kanber et al., 1991) and LAI was 3.37 for
cotton grown at the Lower Seyhan Plain of Turkey (Baydar,
2010). Odemis et al. (2018) determined LAI to be 3.59 for full
irrigation conditions. In addition, Ertek and Kanber (2001) re-
ported that the values of LAI ranged from 3.24 through 4.40.
LAI were found between 3.10 and 5.54 depending on amount
of irrigation water applied and cottton variety and LAI in-
creased as long as increasing irrigation water (Keten, 2016).
The valus of LAI in this study are, in general, similiar to the
results of previous studies. However, LAI might be different
as it is in this study depending on cotton varieties, irrigation
systems and/or methods and amount of irrigation water and
climatological conditions. On the other hand, ageing of leaves
accelerate under the deficit irrigation, LAI continue to increase

during the crop development stages under the full irrigation
conditions but it decrease under the deficit irrigation (Saleem
et al., 2016; Noreen et al., 2013). In addition, LAI is one of
the criteria on measurement of photosynthesis capacity. Thus
LAI might be used to determine the variation rate of CO, in
the plants regardless the shape and dimension of (Pegelow et
al., 1977).

On the other hand, there were significantly relationships
(P<0.01) between LAI and amount of irrigation water using
regression analysis in both surface and subsurface drip irriga-
tion systems (Figure 7). For this, seed cotton yield increased
with increasing of LAI. As a result irrigation water applied in-
creased directly cotton yield and LAI (Chen et al., 2017).
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Figure 1. The effects of different drip irrigation systems (a) and different amount of irrigation water (b) on leaf water potential
according to the crop development stages for the average of two experimental year.
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Conclusion

In this study, the critical LWPs in vegetative period, flow-
ering stage and boll formation stage of cotton in SDI for irri-
gation time were -24, -23 and -24 bar, respectively. Consider-
ing the same putting in order for the crop development stages
in SSDI-40 cm, those were -23, -23 and -24 bar, respectively.
The values of LWP in SSDI-30 cm were the same levels in
SSD-40 cm. LWP in the boll formation stage were, in general,
lower (bigger in minus numerical number) compared to the
first two development stages, vegetative and flowering stages
of the crop.

The critical SCs in vegetative period, flowering stage and
boll formation stage in SDI were 312.8,201.8 and 198.9 mmol
m? s, respectively. The values of SC in the same putting in or-
der for the crop development stages in SSDI-30 cm and SSDI-
40 cm were 368.8, 182.6 and 221.8 mmol m? s'1; and 371.7,
185.9 and 186.8 mmol m? s, respectively. SC decreased from
the vegetative period through generative period of the crop.
The SCs increased together with increasing amount of irriga-
tion water and it decreased with increasing water stress condi-
tions. The LAIs were 2.99, 3.11 and 3.45 in SDI, SSDI-30 cm
and SSDI-40 cm, respectively. The values of LAI increased
from the surface drip irrigation and lower amount of irrigation
water applied through subsurface drip irrigation and highest
level of amount of irrigation water. Although some plant phys-
iological indicators such as LWP and SC might be used for
irrigation scheduling and irrigation time, these indicators are
highly affected by soil water status, light, air humidity, tem-
perature and calibration of the devices used.

As a result, useful parameters for crop irrigation schedul-
ing are provided by measurements of the soil or plant water
status. Some physiological criteria such as leaf water poten-
tial (LWP) and stomal conductance (SC) might be usefull for
irrigation scheduling and/or to show the water stress condi-
tions for plants. LWP is reference measuring of water status
of cotton leaves and have enabled solid reference thresholds of
cotton plant water status. This data is obtained by measuring
the leaf water potential by means of a pressure chamber. The
LWP could be used to manage cotton irrigation. It is a useful
method for precision irrigation which could help to save wa-
ter. However, these indicators are highly affected by soil water
status, light, air humidity, temperature, atmospheric CO, and
calibration of the devices used. Thus, the measurement time
and the threshold values for critical consideration such as irri-
gation scheduling might vary depending all these conditions.
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