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Abstract

In order to test the effects of irrigation depth on winter wheat photosynthesis, four treatments were applied in a field
experiment using PVC growth tubes (identical amounts of water were applied on the land surface, and at 60, 75, and 90%
of the depth for the winter wheat root distribution, denoted as D0, D60, D75, and D90, respectively). Compared to the
surface irrigation treatment DO, the leaf area index, chlorophyll content, net photosynthetic rate, transpiration rate, stomatal
conductance, and intercellular CO, concentration increased with irrigation depths. The values of these indicators obtained
by the underground irrigation treatment D75 were higher than those of D60 and D90, and thus D75 was found to be the
optimum irrigation depth. Furthermore, a positive but not significant correlation (» = 0.62) between carbon isotope
discrimination (A'3C) and grain yield was found. This study improves our understanding of the mechanism of underground

water distribution control with depth, and the efficiency of water-saving irrigation for winter wheat.
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Introduction

During the winter wheat growth period, rainfall is limited
in arid and semiarid areas. To guarantee the crop produc-
tivity, the use of supplementary irrigation is widespread
throughout northern China (Yang ef al. 2015). However,
surface irrigation results in a substantial water loss due to
the evaporation from the soil surface and poor uniformity
of the distribution of irrigation water in the soil profile
(Marek et al. 2016). Therefore, it is necessary to develop
water-conserving irrigation techniques to avoid the
aforementioned disadvantages.

Underground irrigation, which changes the distribution
of soil water at the root zone, substantially improves crop
yield and irrigation water use efficiency (Khan ef al. 2009).
Knowledge of the irrigation depth is important for the
design and management of underground irrigation system,
thus delivering required amount of water to the plant. For
winter wheat, the root distribution varied at different
growth stages, but in practice, the irrigation depth was
always maintained at a constant value (Zhang et al. 2011).

It might cause the decrease of soil water availability in the
deeper soil profile during the filling stage (Kirkegaard et
al. 2007). Furthermore, using the water stable isotopes
technology, Zhang et al. (2011), Sun et al. (2012), and Guo
et al. (2016) reported that the main depth of root water
uptake of irrigated winter wheat ranged from 20 to 180 cm
during all growth stages, which mostly accounted for
40-90% of the depth of the winter wheat root distribution.
Therefore, we hypothesized that determining the irrigation
depth based on root distribution of winter wheat would be
more reasonable than surface irrigation. Guo et al. (2016)
found that deep underground irrigation, which irrigation
depth applied at 90% of the depth of the winter wheat root
distribution, could enhance yield and root growth
compared to surface irrigation. However, observations of
irrigation depth were limited to the root growth, which
may not represent the whole plant characteristics. More
research is needed to unravel its mechanism.
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Extensive studies have been conducted to investigate
the effects on photosynthesis in response to water stress
(Liu et al. 2016, Luo et al. 2016). However, few published
studies presented the physiological and biochemical
responses of winter wheat to different irrigation depths
based on root distribution. We hypothesized that there is
optimum irrigation depth because the discovery of the
optimum root—shoot ratio (Ma ef al. 2009). Investigating
the effects of different irrigation depths on photosynthesis
and yield are important for proving this argument. The
photosynthetic rate of leaves during the filling stage, which
directly contributes to crop yield, is constrained by soil
water availability in a deeper profile (Christmann et al.
2007, Ashraf and Harris 2013). In addition, carbon isotope
discrimination (A"*C) in leaf has been proposed as an
indirect indicator of grain yield (GY) in wheat (Farquhar
et al. 1989, Cao et al. 2009, Wahbi et al. 2011, Yasir et al.
2013). It was investigated whether a positive, negative, or
no relationship between A'*C and GY existed (Monneveux
et al. 2005, Elazab et al. 2015, Wang et al. 2016), and
different coefficients were obtained to describe the same

Materials and methods

Experimental site description: The experiment site was
located in the southern region of Shanxi Province, China.
The rainfall during the winter wheat growing season
(October—May) was 177.8 mmin2014—2015and212.6 mm

positive relationship. Thus, careful studies should be
conducted before using A'3C as an indicator of GY under
different conditions.

In this study, we measured the root distribution of
winter wheat prior to each irrigation, then, four treatments
with different irrigation depths were conducted in a pot
experiment using PVC tubes (the same amount of water
was applied on the land surface, and at 60, 75, and 90% of
the depth of the winter wheat root distribution, denoted as
D0, D60, D75 and D90, respectively). The objectives were
to (/) investigate the effects of different irrigation depths
on photosynthesis, dry mass, and A'3C during growth
stages, and (2) find the optimum irrigation depth for
improving the GY of winter wheat, as well as to study the
relationship between A3C and GY of winter wheat for
different irrigation depths. The results of this study not
only provide valuable information necessary for our
further understanding of the control of water application at
the plant-soil interface, but they also enhance the
management capability for water-saving irrigation of
winter wheat.

in 2015-2016 (monthly rainfall data are shown in Fig. 1).
The soil in the study region has been classified as loam and
basic characteristics are shown in the table.

Soil depth [cm]

Bulk density ~ Field capacity Soil texture composition [%]

Organic matter

[g cm?] [em®ecm™]  <0.002mm 0.002-0.02mm 0.02-2mm [gkg]
0-20 1.49 29.58 16.6 49.0 344 20.20
20-50 1.61 27.64 16.4 50.0 33.6 10.00
50-90 1.62 29.05 209 45.8 333 5.69
90-130 1.63 30.38 209 49.3 29.8 6.47
130-210 1.54 34.03 24.7 53.0 22.3 3.53
210-300 1.51 31.65 229 51.7 25.4 2.94
B 2014-2015 The experiment was conducted using growth tubes during
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Fig. 1. The monthly rainfall during the winter wheat growth stage
in 2014-2015 and 2015-2016.
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the winter wheat growing periods. The tubes consisted of
PVC, with a depth of 3 m and an inner diameter of
18.6 cm. The tubes were sealed at the bottom via plastic
film and were buried in soil. The top of each tube was
leveled with the surrounding field of winter wheat. Tubes
were filled with soil that was excavated from the study site.
Soil samples were compacted every 5 cm with a rammer
to ensure the required bulk density at the different soil
layers. Before sowing, the field was fertilized with
diammonium phosphate (75 kg km2). At the three-leaf
stage, seedlings within each tube were thinned to three
plants in 2014-2015 and twelve plants in 2015-2016.

Irrigation treatment: During the wintering stage in 2014,
all winter wheat was irrigated on the soil surface with an
amount of 67.5 mm, whereas no irrigation was provided in
2015 due to the larger rainfall during this stage. The
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experiment was conducted with four replicates for four
irrigation depths during main growth stages (jointing,
heading, and filling stages) of winter wheat, named DO
(irrigated on the land surface), D60, D75, and D90 (the
same amount of irrigation from the surface to 60, 75, and
90% of the root distribution, respectively). According to
the water requirement of winter wheat and the local
standard practice (Guo ef al. 2016), the amount of each
irrigation was 67.5 mm and 75 mm in 2015 and 2016,
respectively. The irrigation dates from the jointing to
filling stages were 8 March, 11 April, 4 May, and 18
March, 18 April, 28 April, 9 May in 2016, respectively
(Table 18, supplement available online).

Prior to each irrigation, four growth tubes per each
irrigation treatment were removed from the experiment
site to sample the roots, and to determine the average
maximum root depth and irrigation depth of different
treatments. Then, water was added by infiltrating irrigation
pipes at intervals of 20 or 30 cm (Fig. 1S, supplement
available online). The number of irrigation pipes was
chosen according to the results of a pilot experiment (Guo
et al. 2016) and depths of different treatments. The irri-
gation amount for each infiltrating pipe was determined
according to the following equation: I=S x D x (6,—0,) X v,
where I [mL] represents the amount of each pipe, S [cm?]
represents the cross sectional area of growth tube
(271.72 cm?), D represents the thickness of soil profile (in
this study it was 20 or 30 cm), y [g cm™] represents the soil
bulk density, 0, represents the pre-irrigation soil water
content in each measured soil profile, and 6, represents the
target relative soil water content, which was 85% of field
capacity (Zhang et al. 2011), and the remaining water was
applied at the surface to ensure the same total irrigation
amount for different irrigation treatments.

Photosynthetic parameters: The net photosynthetic rate
(Px), transpiration rate (£), stomatal conductance (gs), and
intercellular CO; concentration (Cj) of ten flag leaves per
treatment were measured from 09:00 to 10:30 h at the
early, mid, and final filling stages, using a LI-COR 6400XT
portable photosynthesis system (LI-COR, Inc., Lincoln,
Nebraska, USA) with natural light. After photosynthetic
measurements, the Chl contents of the same leaves were
analyzed using the method described by Wang et al.
(2006). Then, the final values of Py, E, gs, Ci, and Chl were
obtained via the average of all three measurements.

Leaf area index: Ten plants per tube were randomly
chosen to calculate the leaf area (LA) at filling stage and
the leaf area index (LAI) was calculated with the following
equation: LA = Y (LL x LW)/1.2; LAI = LA/S, where LL
represents the leaf length, LW represents the leaf width,
and S represents the bottom area of the tube.

Carbon isotope discrimination (A’C) in leaf was
measured in the flag leaf at the filling stage. Three identical
healthy leaves for different irrigation depth treatments

were sampled and dried at 70°C for 48 h to a constant
mass, and grounded and sieved through an 80 mesh into a
fine powder. The stable carbon isotope composition (5'*C)
of different treatments was measured with an isotopic ratio
mass spectrometer (Delta V advantage, Thermo Fisher
Scientific, Inc., USA) interfaced with an element analyzer
(Flash EA1112 HT, Bremen, Germany). Results were
expressed as 813C [%0] = [(Rsample/Rreference) - 1] X 170009
R = 3C/"C in samples (Rsmple) and in the standard PDB
(Rreference, Pee Dee Belemnite) for carbon. The following
formula was used to calculate the A'*C value (Farquhar et
al. 1989):

_ 613Cairfélh?)cplam

ABC [Y%0]

13
3 Cplam

1= %00

where 613Cplamis the 8'°C of the sample and §'°C,;, is the
313C of the atmospheric CO,. On the PDB scale, atmo-

spheric CO, has a current deviation of approximately
—8%o.

Dry mass: Every 10 cm of root samples were collected
from the surface down to the 300 cm during the growth
periods of winter wheat. Root mass density (RMD) refers
to the unit volume of the soil root dry mass, which was
determined via the following formula: RMD = M/V, where
RMD [mg cm] represents root mass density, M repre-
sents root dry mass, and V represents the volume of the soil
sample. The proportion of each soil layer means the ratio of
total root mass and root mass per soil layer. Plants in each
tube were collected at maturity and separated into roots,
leaves, stems, and spikes to estimate the dry mass of winter
wheat. These samples were dried at 70°C until they reached
a constant mass. Prior to harvest, the spike lengths, spike
numbers, and number of kernel per spike were counted.

Soil water content and water-use efficiency: Weekly,
both before and after irrigation, soil moisture content were
measured using a time domain reflectometry with
intelligent micro elements (TRIME, IMKO, Ettlingen,
Germany). The measurements were made in 10-cm incre-
ments at depths of 0—160 cm and 0—300 cm in 2014-2015
and 2015-2016, respectively. The water consumption was
calculated via the soil water balance equation: ET =
1+ P+ K +AS, where, ET [mm] represents the water
consumption of winter wheat; I [mm] represents the
irrigation amount; P [mm] represents the precipitation
amount; AS [mm] represents the change of soil water
storage, calculated as the difference of soil water content
between the seeding and maturity stages for the 0-300 cm
soil profile, and soil water content was determined using
the oven-drying method; and K [mm] represents the
amount supplied by underground water. In this study, the
bottom of the PVC pipe blocked the underground water
supply. Therefore, K was neglected when calculating ET.
Water-use efficiency (WUE) [kg ha mm™'] was defined
as: WUE = Y/ET, where, Y [kg ha™!] represents the yield
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of winter wheat. Means were calculated for four replicates
of the different treatments.

Statistical analysis: Analysis of variance (ANOVA) and
correlation were calculated using SPSS 17 software. One
of the preconditions of ANOVA is the normality of para

Results

Soil water content and root distribution at different soil
profiles: the soil water content from jointing to maturity
stages displayed significant differences between the
various irrigation treatments (Fig. 2). During the growth
stage in the 0—20 cm soil profiles, the SWC of D0 was
maximal and the SWC of D75 was significantly higher
than that of D90, but lower than that of D60 after the
heading stage. However, in the 20-50 cm and 50-90 cm
soil layers, the SWC of DO were the lowest, and the
variation range of SWC for D75 was the highest during the
filling stage. In the 90-130 cm and below 130 cm soil
profiles, the SWC of DO decreased and tended to constant
level during the growth stages, while the SWC from
underground irrigation treatments still changed and
sharply decreased after the filling stage. The SWCs of

meters. The normality test was conducted by quantile —
quantile (Q — Q) plots in SPSS /7. Logarithmic trans-
formation was required if its distribution was not normal.
Least significant difference (LSD) test was used to
compare means and differences were considered signifi-
cant at a level of P<0.05.

those layers for D60 and D75 were significantly lower than
that of DO in the 90—130 cm soil profiles at maturity.

The root mass density of winter wheat in four growth
periods generally declined exponentially with the increa-
sing soil depth and peaked at the heading stage (Fig. 3).
Compared to the DO treatment, underground irrigation
treatments had a lower RMD and proportion of 0-20 cm,
and the value of the D75 treatment was significantly higher
than for the D90 treatment but lower than that from D60
during growth stages. However, the root mass density and
the proportion below 50 cm were significantly higher
under underground irrigation treatments. The total
proportions of 0—20 cm soil layer were lower than those of
20-300 cm under D75 and D90 treatments during filling
and maturity.
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Fig. 2. Soil water content variation at 0-20 cm (4), 20-50 cm (B), 50-90 cm (C), 90-130 cm (D), and >130 cm (£) from filling to
maturity stages in 2014-2015. DO — surface irrigation; D60, D75, and D90 — the same amount of water was applied at 60, 75, and 90%

of the depth of the root distribution.
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Fig. 3. Distribution of winter wheat root mass density and proportion under different irrigation treatments during the jointing (4),
heading (B), filling (C), and maturity (D) stages in 2015. DO — surface irrigation; D60, D75, and D90 — the same amount of water was
applied at 60, 75, and 90% of the depth of the root distribution. The different letters in the figure are statistically different at P<0.05 by

LSD test.

Leaf area index and photosynthetic parameters: As
shown in Fig. 44, the leaf area index (LAI) for the D60
treatment was significantly higher than that for DO
treatment, but lesser than that for D75 treatment at the
filling stage. No significant LAI difference was observed
between D60 and D90 treatments during both growth
seasons. When comparing the leaf chlorophyll (Chl)
content for different treatments (Fig. 4B), the value for the
D75 treatment was significantly higher than those for D60
and D90 treatments in 2014-2015, while the values for
D75 and D60 treatments were similar but significantly
higher than those for D90 treatment in 2015-2016. The
lowest Chl was obtained for the DO treatment during both
growing seasons.

The average net photosynthetic rate (Px), transpiration
rate (E), stomatal conductance (gs), and intercellular CO,
concentration (C;) values of winter wheat at the filling
stage are presented in Fig. 4C—F. The maximum Py value
was observed under the D75 treatment, followed by D60
and D90 treatments, and the value for DO treatment
showed minima in 2014-2015 and 2015-2016 (Fig. 4C).
Compared to the DO treatment, g; and E values increased
for the underground irrigation treatments, and there was no
significant difference between D60, D75, and D90 in

2014-2015, but at the 2015-2016 growing season, the D75
and D60 treatments resulted in significantly higher g and
E values compared to other irrigation treatments
(Fig. 4D,E). Furthermore, compared to the C; value
observed under the DO treatment, the values for
underground irrigation treatments increased but these
differences were insignificant in 2015-2016.

Dry mass distribution at maturity: Fig. 5 shows the dry
mass distribution in various plant organs at the maturity in
2015 and 2016. The total dry mass of winter wheat
increased markedly under underground irrigation treat-
ments compared to that for the DO treatment for both
growing seasons. The greatest mass of the spike was
obtained for the D75 treatment in 2015 and for the D60
treatment in 2016. Compared to the lowest spike mass for
DO, the values for D75 and D65 increased by 26.5 and
24.4%, respectively. At maturity, the highest dry mass of
leaves was found for the DO treatment, followed by D60
and D75 treatments without significant difference, and the
value for D90 was the lowest during both growing seasons.
However, dry mass in stems plus sheaths combined, and in
roots did not significantly differ between D60 and D75
treatments in 2015; however, the value for D75 was

1441



L.J. ZHENG et al.

significantly greater than those for D60 treatment in 2016.
The lowest values were found for DO treatment during both
growing seasons.

GY values and components of winter wheat under
different irrigation treatments are shown in Table 1. The
highest GY value was obtained for D75, followed by D60
and D90, while the lowest was observed in DO at maturity
for both growing seasons. The number of kernels per spike
and spike length of D60 and D75 were significantly higher
than those of D90 and D0. Water-use efficiency (WUE)
increased with increasing irrigation depth, and the highest

value was observed for the D75 treatment in 2014-2015
and 2015-2016. However, there was no significant
difference in the thousand kernel mass between different
irrigation treatments.

Carbon isotope discrimination in leaf (AL) and
relationships between AL and GY: Significant diffe-
rences were found between the different irrigation treat-
ments for carbon isotope discrimination in leaf (AL) at the
filling stage, which ranged from 18.78 to 19.89%o
(Fig. 4F). The AL value increased for the deeper irrigation
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Fig. 4. Leaf area index (4), photosynthetic parameters (B,C,D,E,F), and carbon isotope discrimination (G) at the grain-filling stage in
2014-2015 and 2015-2016. Chl — chlorophyll; Ci — intercellular CO2 concentration; DO —surface irrigation; D60, D75, and D90 — the
same amount of water was applied at 60, 75, and 90% of the depth of the root distribution. £ — transpiration rate; gs — stomatal
conductance; LAI — leaf area index; Px — net photosynthetic rate; WUE — water-use efficiency; A’C — carbon isotope discrimination.
The different letters in the figure are statistically different at P<0.05 by LSD test. Vertical bars represent the standard error.
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Fig. 5. Dry mass distribution in different organs of winter wheat at maturity for different treatments in 2014-2015 (4) and 2015-2016
(B). DO — surface irrigation; D60, D75, and D90 — the same amount of water was applied at 60, 75, and 90% of the depth of the root

distribution. Vertical bars represent the standard error.

Table 1. Grain yield and components of winter wheat under different irrigation treatments. DO — surface irrigation; D60, D75, and
D90 — the same amount of water was applied at 60, 75, and 90% of the depth of the root distribution; WUE — water-use efficiency. The
different letters in the figure are statistically different at P<0.05 by LSD test.

Irrigation Spike length Spike Kernels per Thousand kernel Grain yield WUE

treatments  [cm] number  spike mass [g] [kg ha?] [kg ha? mm™]
per tube

2014-2015

DO 7.0° 200 40.08° 42.66* 6,259.98¢  11.27°

D60 7.7° 320 45.61° 43.54° 8,026.53*®  15.38%

D75 7.8 33? 4598 44.01° 8,434.60°  15.522

D90 7.30 350 41.00° 40.75* 7,566.15°  14.23b

2015-2016

DO 7.3b 46° 39.68° 47.82¢ 6,540.04°  11.98°

D60 7.6 528 41.30° 51.212 8,240.99*  16.10*

D75 7.7% 51° 42.17° 52.70? 8,492.76*  15.96*

D90 7.4° 520 39.82° 49.32¢ 7,650.53>  14.80°

depth treatments compared to the surface irrigation
treatment (DO). The highest AL value was found for D75,
and the value of D60 was slightly lower than that of D75.
There was no marked difference in AL between D90 and
DO in 2014-2015, however, the value of D90 treatment
was significantly higher than that of DO in 2015-2016.
Correlation analysis showed a positive relationship
between AL and GY (r = 0.65), however, this correlation

was not significant. GY was closely correlated to spike
length (=10.92, P<0.01), spike number (= 0.67, P<0.01),
and number of kernels per spike (= 0.94, P<0.05) for the
different irrigation treatments. However, both thousand
kernel mass and GY did not exhibit a strong positive
correlation (r = 0.39). Thus, yield values were greatly
determined by the growth in spike length and the number
of kernels per spike.
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Discussion

Soil water conditions in an irrigated root zone can affect
the root structure and function of crops (Zegada-Lizarazu
et al. 2005). The roots of winter wheat increase markedly
at the jointing stage (Zuo et al. 2013). During the growing
stage, underground irrigation treatment created a suitable
soil water environment (the mean SWC of surface root
zone (020 cm) and deep root zone (below 20 cm)
maintained at 41-50% and 77-87% of field capacity),
which favored root elongation and root water uptake in the
deep soil profile (Guo et al. 2016). In this study, the
variation of soil water content at different soil profiles
indicated that plants under underground irrigation treat-
ment could acquire more water from the deep soil (Fig. 2).
Furthermore, the availability of soil water in deeper soil
profile was significantly improved by the root mass of the
deep soil layers (Xu et al. 2016), which was indispensable
to improve crop yield (Martinez and Reca 2014). RMDs
are widely used to measure the physiological functioning
of crop roots (Wu et al. 2017). Compared to the DO
treatment, the RMD from the underground irrigation
treatment decreased at the surface soil profile and
increased in the deep soil depths; however, the maximum
total root mass was obtained for the D75 at maturity. The
larger root mass and more available soil water would be
helpful for leaf growth and dry mass production
(McDonald et al. 2006). Wang et al. (2003) suggested that
with an increase in the vertical distribution of roots, the
rate of decrease in Chl values in flag leaves slowed down.
The highest LAI and Chl values in this study were obtained
for the D75 treatment (Fig.4). Similar result was reported
by Vieira et al. (2014). The higher LAI indicates higher
photosynthetic capacity (Houborg et al. 2008, Liatukas et
al. 2009) and the higher Chl values increased the amount
of photosynthesis production during the filling stage
(Plénet et al. 2000, Wu et al. 2008). In this study, the Pn
value for D75 was higher than those in D60 and D90, and
increased by 29.2 and 27.2%, respectively, compared to
the DO treatment. The gs was directly related to the Px (Zhu
et al. 2016); however, no significant difference was found
between D60, D75, and D90 treatments during both
growing stages, while C; value difference between DO and
D75 was insignificant in 2015-2016. These results
indicate that nonstomatal effects inhibited the photo-
synthetic activity under underground irrigation treatment
(Flexas et al. 2012, Liu et al. 2016).

In this study, the highest GY values and WUE were
obtained for the D75 treatment, which increased by 34.7
and 37.8%, respectively, compared to surface irrigation
(DO0). Guo et al. (2016) also reported that higher yield and
WUE were obtained by underground irrigation treatment.
However, GY and WUE could not be improved via an
increase in irrigation depth (Guo et al. 2014, Man et al.
2015). These values decreased by 10.3 and 8.3% for D90
compared to D75, respectively. Therefore, the irrigation
depth might exhibit a certain threshold for these values,
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which decreased in the case of D90. This result might
occur due to the following factors. (/) Underground
irrigation is helpful for improving the root growth of
winter wheat by increasing soil moisture at the deep root
zone (Kirkegaard er al. 2007); however, roots require
twice as much assimilates to produce one unit of dry mass
compared to shoots (Passioura ef al. 1983). Consequently,
excessive root growth might consume a larger amount of
soil water and more assimilates, which leads to smaller GY
and WUE values (Ma et al. 2009). In this study, the RMD
peaked at the heading stage, and the maximum total root
mass and total water consumption amount were obtained
for the D90 during the heading stage, which increased by
9.3 and 10.3%, respectively, compared to DO. However, at
maturity, the total dry mass of shoot from D90 decreased
by 7.2 and 14.5%, respectively, compared to D75. (2)
Lower irrigation amounts applied to the top soil surface
would reduce soil evaporation (Zhang et al. 2008) and
increase water consumption in deep soil, but nutrients such
as nitrogen and phosphorus are always distributed at the
surface. Although hydraulic lift has been found to occur in
winter wheat, the uneven spatial distribution of nutrients
and water might affect the plant productivity (Shen et al.
2013). (3) Studies have highlighted that the depth of winter
wheat root water uptake was 0—40 cm at the maturity stage
(Zhang et al. 2011, Guo et al. 2016). However, the
decreased RMD of surface soil profile from D90 was the
highest one. Therefore, excessive underground irrigation
depth would result in water deficiency in the main root
uptake zone during the later growth stage.

The irrigation depth based on the 75% of root distri-
bution was the optimum in this soil texture. In this study,
hierarchical irrigation via infiltrating pipe was applied to
achieve the wetted depth of the 75% of root distribution,
with the purpose of avoiding the effect on the root growth
of winter wheat in growth tubes. Then, in the field,
underground irrigation system, such as optimized subsur-
face irrigation (Gunarathna et al. 2017) and alternative
subsurface drip system (Martinez and Reca 2014), might
be feasible to regulate the irrigation depth. However, the
root distribution of winter wheat would be affected by soil
texture and cultivars. The optimizing irrigation depth in
different zone might not be the same; the study on this
aspect needs to be strengthened in the future.

Many studies have demonstrated the relationship
between APC and the GY value for various genotypes,
crop tissues, sampling times, and environmental factors for
winter wheat (Araus ef al. 2003, Reynolds et al. 2007,
Wahbi ef al. 2011, Yasir et al. 2013, Wang et al. 2016), as
well as under different soil water conditions such as
irrigation amounts and methods (Elazab et al. 2015).
However, little information exists about A'*C and GY for
different irrigation depths based on root distribution. In
this study, a positive (but not significant) correlation was
found between AL and GY. A possible reason could be a
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correlation between AL and GY. Firstly, based on the
physiological mechanism of A'*C and plant photosynthesis
(Farquhar et al. 1989), g values were higher in response
to higher irrigation depth compared to surface irrigation,
and therefore would result in an increasing in A*C, while
an increase in photosynthetic capacity would decrease the
AC by decreasing C; values, thus reducing the correlation
between AC and GY. Secondly, a positive linear
association between A*C and soil water content has been
pointed out (Wei et al. 2015). However, for GY values of
winter wheat, the highest yield would not always be
obtained with the highest soil water content (Zhang et al.
2008). Thirdly, high A*C values in plant tissue might be
due to the accumulation in early growth period (Yasir et
al. 2013). Finally, some studies have highlighted that
different irrigation treatments introduce different
correlation between APC and GY (Monneveux et al.
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