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Abstract: Controlled drainage (CD) is an important agricultural measure for maintaining soil
moisture and nutrients, controlling groundwater level, and increasing crop yield. In arid regions,
CD can be used to improve the water supply in agriculture and reduce environmental pollution. In
this study, we investigated the effect of CD, including a drainage depth of 40 cm (CWT1) and 70 cm
(CWT?2) during the plant growth period, free drainage (FD), and open ditch drainage (OD) on the
migration of water, nutrients, and salts in the soil; the dynamics of groundwater level; the loss of
soil nitrogen; and the growth of oilseed sunflower plants. Compared with FD, CD increased the
water and nutrient content in the soil, reduced nitrogen loss, and enhanced the ability of the soil to
continuously supply nitrogen to the oilseed sunflower plants, which benefited plant growth at later
growth stages and reduced environmental pollution. During the period between irrigation at the
budding stage and harvest stage, the average soil water content in the 0-20 cm soil layer in CWT1
increased by 3.67%, 4.78%, and 0.55%, respectively, compared with that in CWT2, FD, and OD. The
soil mineral content in CWT1 was 25.17%, 35.05%, and 17.78% higher than that in CWT2, FD, and
OD, respectively, indicating that higher soil salinity occurred at the later stage of plant growth in
CWT1, which actually had little effect on the plants due to their enhanced salt tolerance and in-
creased need for water and nutrients at that stage. In addition, CD delayed the decline in ground-
water level, which allowed the plants to use groundwater at later growth stages, and as a result the
yield and water use efficiency were improved. CWT1 significantly increased oilseed sunflower yield
by 4.52-11.14% and increased water use efficiency by 1.16-10.8%. Moreover, CWT1 also increased
the survival rate of the oilseed sunflower plants by 2.62-2.92%, and the plants demonstrated good
growth. Therefore, under CD conditions, plants used soil water and nitrogen more efficiently and,
as a result, their productivity was increased, and the water quality was improved.

Keywords: Controlled drainage; Water content; Salinity (EC); Mineral nitrogen; Nitrogen loss; Yield
of oilseed sunflower

1. Introduction

Controlled drainage has a long history of use and is widely applied globally [1-4]. In
arid and semi-arid regions, soil salinization can be prevented by drainage. In humid and
semi-humid regions, excessive water can be drained away to reduce the risk of yield loss,
allowing farmers to cultivate a greater variety of crops. In temperate regions, drainage
facilitates the reclamation of flood-stricken areas and provides better growth conditions

for crops [5]. The advancement of science and technology and the increasing attention to
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agriculture have encouraged the wide application of concealed drainage technology in
agricultural production [6]. However, underground drainage has an adverse effect on sur-
face water quality, and the excessive nutrients cause environmental pollution [7]. Under-
ground drainage systems have been identified as the main source of nutrients as well as
pollutants. Nutrients, herbicides, and pesticides are discharged from the soil body
through drainage, which reduces nutrient utilization efficiency and results in environ-
mental pollution [8]. The issues associated with environmental protection and soil pollu-
tion have attracted increasing attention. In addition to the use of concealed pipes to reduce
soil salinization and discharge excessive water to provide a suitable environment for
crops, minimizing the unnecessary adverse effect of the drainage system on hydrology
and water quality has become a main goal for the development of new drainage systems
[9,10]. Controlled drainage is considered to be a sustainable management method that can
be used to save water, decrease nutrient leaching, reduce drought stress, and increase

yield, and has therefore become a prospective trend in agricultural production.

In arid areas, controlled drainage (CD) has become increasingly popular in the
treatment of saline soil due to its advantages, which include lower land space
requirements, low pollution, long durability, stability, no weeds, lower labor
requirements, less earthworks, easy management, operation, and maintenance, and
mechanized construction convenience [11] . Studies have shown that soil salinization is
one of the major causes of the decline of agricultural productivity in many arid and semi-
arid regions in the worldc [12,13]. In most cases, conventional irrigation and crop
management measures cannot reduce soil salinity[14], and so using concealed drainage
to reduce soil salinization offers a solution. In the second half of the 20th century,
concealed drainage was widely introduced in many parts of the world[15]. Ghumman et
al. [16] reported that the long-term use of concealed drainage effectively reduced soil
salinity, reduced the area of saline soil by 10-40%, and increased social and economic
benefits by 1.8-2.5%. A study performed by Ali et al. [17] showed that concealed drainage
removed a large amount of salts from the soil. In the first three years after concealed
drainage was introduced, the soil salinity decreased linearly. The same result was
obtained in a newly salinized area whereby saline soils were reduced from 75% to 30%
within four years, and the soil salinity was expected to decline further. The study
performed by Li et al.[18] indicated that if the groundwater was maintained at a level
suitable for crop growth by using an engineered drainage system, the salts in the soil could
be well balanced under natural rainfall conditions. The appropriate management of
groundwater levels using a drainage system enables crops to effectively use groundwater
and promotes the leaching of soil salinity by natural rainfall, thereby increasing water use
efficiency.

CD refers to the use of a control device to raise or lower the drainage outlet in order
to adjust the draining intensity to meet the requirements of agricultural field. CD can be
used to maintain a higher groundwater level during the growing season, thus making it
easier for crops to absorb and utilize shallow groundwater and nutrients at critical growth
stages; meanwhile, it reduces the discharge of soil chemicals and nutrients, thereby
facilitating environmental protection. In arid areas, a key issue that needs to be resolved
is how to maintain the balance between water and salt in the field during CD process [19].
It is also very important to understand the migration of soil water and salts during the
process. CD with concealed pipes is a new management measure for farmland drainage,
and a number of studies have showed that this measure was able to lower the amount of
water drained away from farmlands, thereby reducing the amount of nitrogen
loss[10,20,21]. A study conducted by Wang et al. [20] indicated that the implementation of
CD reduced the loss of NO;-N in dryland soil by about 20.53%; reduced NH;-N loss by
an average of 18.9%; increased crop yield by 0.11%; and reduced the amount of drained
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water by 19.23%. Using the DRAINMOD-NII simulation model, Luo et al. [9] predicted
that both shallow drainage and CD reduced the annual drainage amount and NO;-N loss
by 20%-30% and affected crop yield by -3% (reduced yield) to 2%, depending on the
distance between drainage ditches or pipes. Mohamed et al.[21] reported that CD reduced
the amount of annual underground drainage by 86 mm (30%) on average, and reduced
the annual N loss by 10.9 kg N hm (32%). They also used the DRAINMOD model to
predict the dynamics of drainage, and the DRAINMOD-NII prediction showed that the
reduction of N loss under CD conditions was mainly caused by increased denitrification.
The trend of the reduction of annual drainage amount and nitrogen loss under CD
conditions predicted by RZWQM-DSSAT was similar to that predicted by the
DRAINMOD/DRAINMODNII model.

A comprehensive study to understand the response of crop, soil, salt, and fertilizers
to CD using concealed pipes has not been conducted so far in the Hetao irrigation district
where the soil is typically salinized. Due to severe salinization, the soil in the district has
poor permeability and, as a result, irrigation at the later stage of growth of oilseed sun-
flower plants may cause a high rate of plant death. However, if the plants were to be under
water deficit stress at later growth stages, CD could then be used to satisfy the needs of
plants for water and nutrients at later growth stages. Our study was performed in an area
with moderately salinized soil in the Hetao irrigation district. We aimed to examine the
effects of different drainage systems on soil water content, salinity, mineral nitrogen con-
tent, and the quality of drainage water; understand the regularity of the response of soil-
crop—environment system to drainage methods; and determine the best drainage system
that can benefit crop yield, reduce environmental pollution, and improve water and ferti-
lizer use efficiency.

2. Materials and Methods

2.1 Overview of the experimental area

The comprehensive test of concealed drainage was carried out from May to October
in 2020 in a field (40°4528"N, 108°38"16"E; 1,018.88 m altitude) in the Urad irrigation area
located in the lower reaches of the Hetao irrigation district, which is in a mid-temperate
continental climate zone and has variable temperature, dry and windy weather, abundant
light energy, low precipitation, strong evaporation, and a short frost-free period. It is a
typical arid area with an annual average temperature of 6-8°C, rainfall of 196215 mm,
evaporation of 2,172.5 mm, frost-free period of 130 d, wind speed of 2.5-3 m/s, sunshine
duration of 3,230.9 h, and maximum soil frost depth 1.2 m. The effective rainfall during
the oilseed sunflower growing season (May to September) was 227.8 mm (Figure 1).
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Figure 1. Rainfall and temperature during the growth period of oil sunflower

2.2 Soil properties

Undisturbed soil samples from the 0—1 m soil layer were taken using a ring knife and
were then used for the indoor determination of bulk density, saturated (mass) water
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content, water holding capacity, and saturated hydraulic conductivity. The samples
included a total of six layers (0-10, 10-20, 20-40, 40-60, 60-80, and 80-100 cm), and three
replicate samples were taken from each soil profile. The soil (0-100 cm) had an initial
average water content of 22.57%, electrical conductivity ECis0f 1.27 dS-m™, and pH of 8.8.
The basic physical properties of the soil in the experimental area are shown in Table 1,
and the soil nutrients in the plow layer were determined (Table 2).

Table 1. Soil physical properties in the experimental area

Soils Soil bulk Soils saturated water field moisture  saturated hydraulic
layer/cm density(g/cm?) type capacity/% capacity/% conductivity(cm/s)
0-20 1.426~1.464 Silt 0.352~0.354 0.219~0.230 3.939x10°
20-40 1.468~1.472 Silty loam 0.360~0.365 0.238~0.242 3.798x10°
40-60 1.470~1.476 Silt 0.346~0.351 0.240~0.246 1.238x10°
60-80 1.483~1.488 Silt 0.340~0.347 0.229~0.234 2.073x10
80-100 1.485~1.490 Silt 0.348~0.353 0.239~0.241 5.176x10
Table 2. Nutrient content of the plow layer
. organic Total Available Available Available
Soils layer
matter(g-kg™) N(g-kg™) N(mg-kg™) P(mg-kg™) K/(mg-kg™)
Plowed layer 13.54 0.85 86 9.432 218

2.3 Experimental design

The experiment included four field plots that were 40 m long and 30 m wide, and the
space between plots was 10 m. PVC plastic cloth was buried in the soil at 1 m depth around
each plot to prevent inter-plot interference. The drainage systems included free drainage
(FD), open ditch drainage (OD), and CD. Each concealed drainage plot was equipped with
two pipes (80 mm diameter) concealed beneath a 100 cm soil layer and arranged with a
slope of 1%o.. The distance between the two concealed pipes was 20 m. CD included the
CWT1 and CWT2 treatments, in which the drainage depth was adjusted to 40 and 70 cm,
respectively, during the plant growth period. Set up 3 replicates for each treatment, a total
of 12 test plots. The spots for sampling soil in the concealed drainage plots were arranged
at0, 2.5, 5, and 10 m from a concealed pipe. The layout of the design is shown in Figure 2
(B is the distance between concealed pipes; L is the length of the concealed pipe). Local
conventional drainage ditches (1.5 m depth) were adopted in OD, and the distance
between ditches was 100 m. The spots for sampling soil in the OD plots were arranged at
0.4, 12.5, 25, and 50 m from a drainage ditch. Soil was regularly sampled every 10 d and
was also sampled before and after each irrigation and rain. Sampling was repeated three
times in each plot. Before planting, land leveling was carried out using a laser device, and
the property of the saline soil in the experimental field was improved by adding
desulfurized gypsum (30 t/hm?) to replace the harmful sodium ions adsorbed by the soil,
as well as fine sand (dune sand) (85.05 m3/hm?) to improve soil permeability.

The field was irrigated (2,050 m3/hm?) on May 20, 2020 (spring irrigation). On June 1,
the field was fertilized with 130 kg/hm? urea (N content was 46%), 290 kg/hm?
diammonium phosphate (N content was 18% and P20s content was 44%), and 150 kg/hm?
potassium sulfate (K2O content was 50%). After that, the soil was covered with plastic
membranes. The seeds of the oilseed sunflower variety ‘AO33” were sown by hand in the
holes that were punched on the membranes and arranged in rows (60 cm space between
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rows and 20 cm space between plants), and the planting density was 4.95x104 plants/hm?.
After sowing, the opening of the holes was covered with fine sand. On July 18, when the
buds were growing, the plants were irrigated (900 m3/hm?) and fertilized with urea (130
kg/hm?). The plants were harvested on September 29. The growth stages of the oilseed
sunflower plants are shown in Table 3. Yellow River water (the degree of mineralization
was about 0.67 g/L) was used in irrigation with the help of a water pump, and the amount
of water used in the irrigation was measured and controlled using a water meter.

® Sampling point
Groundwater level

Pipe /Dramage ditch
observation well

[ ]
A Negative pressure gauge

a b

Drainage ditch

Figure 2. Field layout diagram for Layout of field plots (a)and Device for controlling drainage(b)

Table 3. Growth stages of oilseed sunflower in 2019

Growth Seedling Budding Flowering Maturity
. Harvest
period stage stage stage stage

Date 6/10~7/12  7/13~8/4 8/5~8/26  8/27~9/24 9/29
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2.4 Data collection and measurement methods

2.4.1 Determination of soil salinity and water content

A soil drill was used to collect the soil at 0-100 cm depth, which was divided into six
layers (0-10, 10-20, 2040, 40-60, 60-80, 80-100 cm), following which the soil was brought
back to the laboratory for determination. The electrical conductivity of the soil was
determined by measuring the soil extract with a mass ratio of soil:water 1:5 using a Leici
DDS-307A conductivity meter (INESA Scientific Instrument, Shanghai, China). Soil water
content was measured using the oven-drying method.

2.4.2 Determination of soil mineral nitrogen content

At the seedling, budding, flowering, and maturity stages, the soil at 0-100 cm depth
was sampled and divided into six layers (0-10, 10-20, 2040, 40-60, 60-80, 80-100 cm).
The soil mineral nitrogen was extracted using the calcium chloride extraction method[22],
the content of which was determined using a continuous flow analyzer.

2.4.3 Record of seedling emergence

The seedling emergence rate was investigated in the experimental field in early June,
and a hand-held counter was used to record the number of seedlings in each plot. The
number of oilseed sunflower plants was also counted in each plot at harvest.

2.4.4 Yield test

At the maturity stage, 20 standard plants were selected from the inside of each plot,
and the plants were individually harvested for yield test.

2.5 Data processing and analysis

Origin 2018 and Excel 2016 (Microsoft Corp., Redmond, WA, USA) were used for data
processing and plotting. SPSS 17.0 (SPSS Inc., Chicago, USA) was used in variance analysis, and
the multiple comparisons adopted the Least Significant Difference (LSD) method.

2.5.1 Calculation of seedling emergence rate and survival rate

Seedling emergence rate and survival rate were calculated based on the recorded
data using the following equations:
Emergence rate (%)=(The number of seedlings per unit area/planting density)x100%

)

Survival rate (%)=(The number of survival plants per unit area/the number of
seedlings per unit area)x100% (2)

2.5.2 Water use efficiency

Soil water use efficiency (WUE) was calculated using the following equation

Y
WUE=E 3

where WUE is soil water use efficiency (kg-hm=2-mm-); Y'is grain yield (kg-hm2); and
ET is the amount of water (mm) consumed by oilseed sunflower plants during the entire
growing period.

Water consumption was calculated using following water balance equation

ET=P+I+G-L-D—-AW (4)

In the equation, P is precipitation (mm); I is the amount of irrigation (mm); G is the
amount of groundwater replenishment (mm); L is the amount of leakage in deep layers
(mm); D is the amount of lateral drainage (mm); and AW is the change in the average soil
water content in the 0-100 cm soil layer between the beginning and the end of the experi-
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ment (mm). The direction of soil water movement was determined by measuring soil wa-
ter potential using a field negative pressure gauge. The groundwater replenishment and
leakage in the deep soil layer were calculated based on Darcy's law.

3. Results

3.1 Effect of controlled drainage on farmland soil water content

The vertical distribution of soil water content in the 0-100 cm soil layer under
different drainage conditions is shown in Figure 3. After spring irrigation, due to the
larger amount of water, the soil water content was high. CWT1, CWT2, and FD all had
drainage pipes concealed beneath the 100 cm soil layer, and the difference in soil water
content between them was small. Due to the slow drainage, OD had a slightly higher soil
water content than concealed drainage, which was 0.59—4.86% higher than that in CWT1,
CWT2, and FD. After irrigation at the budding stage, due to the 40 cm drainage depth,
CWT1 discharged less water from the soil during the plant growth period compared with
the other drainage systems, thereby providing better water and fertilizer conditions for
the growth of plants at their later growth stages. This increased transpiration and water
consumption; thus, the difference in soil water storage in the 0-1 m soil layer between
CWT1 and the other drainage systems at later stages of plant growth was reduced. The
order of soil water content in the different drainage systems was CWT1>0OD>CWT2>FD.

The roots of oilseed sunflower plants were mainly distributed in the 0—40 cm soil
layer. During the period between irrigation in July and harvest in September, the average
soil water content in the 0-20 cm soil layer in CWT1 increased by 3.67%, 4.78%, and 0.55%,
respectively, compared with CWT2, FD, and OD; and the average soil water content in
the 20—40 cm soil layer increased by 2.63%, 4.25%, and 0.09%, respectively, and thus CWT1
provided better water conditions for the plants at the later growth stage. Water deficit had
an evident effect on the growth of the oilseed sunflower plants. Figure 3a and 3b showed
that at the later growth stages the oilseed sunflower plants were under water deficit stress,
and the plants in CWT1 were less affected by the stress. The soil water content in the 40—
100 cm soil layer in CWT1 was the highest, being 1.10-3.36% higher than that in CWT2,
FD, and OD, suggesting that CWT1 benefited the soil water supply.
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Figure 3. Dynamic changes in soil moisture content in different treatments for 0-20cm(a), 20-40cm(b),40-60cm(c), 60-80cm(d), 80-
100cm(e), 0-100cm(f) under drainage depth of 40 cm during the plant growth period (CWT1), drainage depth of 70 cm during the
plant growth period (CWT2), free drainage(FD), open ditch drainage(OD)

3.2 Effect of controlled drainage on farmland soil salinity (EC)

The salinity (expressed by EC) of the different soil layers in the 0-100 cm soil profile
in the different drainage system is shown in Figure 4. There were great differences in soil
salinity between the different drainage systems at each growth stage. Before spring
irrigation, due to strong evaporation, the soil salinization was severe, resulting in salts
mainly accumulating in the shallow soil, and so the salinity of the 0—40 cm soil layer was
evidently greater than that of the 40-100 cm soil layer.

The main purpose of spring irrigation was to reduce salt stress on the seedlings as
much as possible by leaching. The drainage depth in both CWT1 and CWT1 was 100 cm
at this time, which showed a better effect on desalination after spring irrigation and
brought about suitable growth conditions for the seedlings. As shown in Figure 4a, at the
seedling stage, the EC value of the 0—20 cm soil layer in CWT1, CWT2, and FD was 0.65-
0.66 dS'm™, and there was no significant difference between them. Due to the large
distance between ditches, OD showed low drainage efficiency and a poor effect on
desalination and, as a result, at the seedling stage the EC value of the soil in the 0-20 cm
soil layer in OD was 38.69—42.27% greater than that in CWT1, CWT2, and FD, and the
difference was significant (P<0.05). The soil desalination rate in the 20-40 cm soil layer
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was 113.79-115.79% in CWT1, CWT2, and FD, but 59.74% in OD. The soil desalination
rate in the 0-100 cm soil layer in CWT1, CWT2, and FD was 105.56-106.94%, while that in
OD was 43.48%. The purpose of irrigation at the budding stage was to provide sufficient
water and nutrients for plant growth. Irrigation at the budding stage showed a weak effect
on salt leaching due to the smaller amount of irrigation water, and the effect varied with
drainage depth. At the budding stage, the EC values of the soil in the 0-20 cm and 2040
cm soil layers in OD were 23.40% and 16.17% higher than that in FD, and the differences
were significant (P<0.05), while the differences in the EC value between CWT1, CWT2,
and FD were not significant. During the period between the flowering stage and maturity
stage, the soil began to salinize. At the flowering stage, the EC value of the soil in the 0-
20 cm soil layer in CWT1 was 6.67%, 11.83%, and 14.29% higher than that in CWT?2, FD,
and OD, and the differences were significant (P<0.05); the EC value of the soil in the 20—
40 cm soil layer in CWT1 was 14.18% higher than that in OD, and there was no significant
difference between CWT1, CWT2, and FD. At the maturity stage the salinization rate of
the soil in the 0—40 cm soil layer in CWT1, CWT2, FD, and OD increased by 39.10%, 32.58%,
26.86%, and 19.02%, respectively, compared with that at the time before sowing, and the
soil salinization rate in CWT1 and CWT2 was higher. At the late growth stages the salt
tolerance of the oilseed sunflower plants increased and thus the plants required more
water and nutrients. Therefore, soil salinity had less of an effect on the plants at the later
growth stages, and CD was able to effectively provide a suitable amount of water and
nutrients for the plants at that time.

The salinity of the soil in the 40-100 cm soil layer in all the drainage systems was
lower (Figure 4c,4d,4e), and the difference in soil salinity between drainage systems in
this soil layer was less than that in the 0-40 c¢m soil layer. At the pre-sowing stage and
seedling stage, the salinity of the soil in the 40-100 cm soil layer and in the 0-40 cm soil
layer in all the drainage systems showed the same change trend. At the budding stage,
due to the variation in drainage depth, the EC value of the soil in CWT1 was 9.24% and
9.68% higher than that in CWT2 and FD, respectively, and the difference was significant
(P<0.05). At the maturity stage, the EC values of the soil in CWT1 and CWT2 were 10.62%
and 9.44% higher than that in FD, and were 9.44% and 11.08% higher than that in OD,
respectively, and the differences were significant (P<0.05). At the maturity stage, the EC
values of the soil in CWT1, CWT2, FD, and OD were 1.25 dS‘m™, 1.24 dS‘m, 1.13 dS-m,
and 1.11 dS'm, respectively.
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Figure 4. Changes in soil salt (EC) content in different treatments for 0-20cm(a), 20-40cm(b),40-60cm(c), 60-80cm(d), 80-100cm(e), O-
100cm(f) under drainage depth of 40 cm during the plant growth period (CWT1), drainage depth of 70 cm during the plant growth
period (CWT?2), free drainage(FD), open ditch drainage(OD)

3.3 Effect of controlled drainage on soil mineral nitrogen content

The soil mineral nitrogen content in the plow layer (0—40 cm) in different drainage
systems at different growth stages is shown in Figure 5. As plenty of fertilizers were
applied when the seeds were sown, the mineralization rate of inorganic fertilizer was fast
at the seedling stage, the content of mineral nitrogen was higher, and there was no
significant difference between drainage systems. At the budding stage, the mineral
nitrogen content in the soil in the different drainage systems varied significantly with
drainage depth. The soil mineral nitrogen content in CWT1 was 25.17%, 35.05%, and 17.78%
higher than that in CWT2, FD, and OD, respectively, and the differences were significant
(P<0.05). A similar profile of mineral nitrogen content was also found at the flowering
stage. As a result of the difference in drainage depth, the order of soil mineral nitrogen
content in the different drainage systems was CWT1>OD>CWT2>FD. The soil mineral
nitrogen content in CWT1 was 40.91%, 50.25%, and 13.99% higher than that in CWT?2, FD,
and OD, respectively, and the differences were significant (P<0.05). Growth at the
budding stage and flowering stage was critical for oilseed sunflower plants and had a
great effect on grain yield. CWT1 resulted in a stronger capability of the soil to
continuously supply nitrogen to the oilseed sunflower plants. At the end of the growing
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period, the differences in soil mineral nitrogen content between drainage systems were
significantly reduced, and the difference in soil mineral nitrogen content between CWT1
and OD was not significant. The soil mineral nitrogen contents in CWT1 and OD were
significantly greater than that in CWT2 and FD, suggesting that the plants in CWT1
absorbed and utilized more mineral nitrogen at the middle and later stages of growth.
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Figure 5. Changes in soil mineral nitrogen content in different treatments for the plow layer (0—40 cm) under drainage depth of 40
cm during the plant growth period (CWT1), drainage depth of 70 cm during the plant growth period (CWT2), free drainage(FD),
open ditch drainage(OD)

3.4 Effect of controlled drainage on the amount and quality of drainage water and nitrogen loss

The effect of drainage systems on the amount and quality of drainage water after
irrigation at the budding stage is shown in Table 4. Due to the shallower drainage depth,
the CWT1 drainage amount was 15.74% and 28.18% lower than that in CWT2 and FD,
respectively. The drainage amount in OD was also smaller as a result of the low drainage
efficiency caused by the large distance between drainage ditches. The average
concentration of NO;-N in the drainage water in CWT1 was 1.90%, 5.18%, and 39.29%
lower than that in CWT2, FD, and OD, respectively, and the average concentration of NH
+-N was 1.11%, 22.32%, and 39.63% lower than that in CWT2, FD, and OD, respectively.
The drainage water in CWT1 had a lower nitrogen concentration, which reduced
environmental pollution and encouraged environmental protection.

The loss of NH,-N and NO;-N in the soil in different drainage systems after irrigation
and fertilization at the budding stage is shown in Table 5. The loss of NO,-N and NH,-N
in CWT1 was the smallest, which was 17.24% and 29.41% lower than that in CWT2 and
FD, respectively, and the differences were significant (P<0.05). The loss of NO,-N in CWT2
was significantly reduced by 14.71% compared with that in FD. Due to the smaller
drainage amount, the loss of NO;-N in OD was also smaller. There was no significant
difference in the loss of NO;-N between OD, CWT1, and CWT2. NH,-N could be easily
absorbed by negatively charged soil colloids, thereby having weak mobility, and so the
difference in the loss of NH;-N between the different drainage systems was smaller than
that of NO;-N. The loss of NH,-N in CWT1 was 42.31% higher than that in FD, and the
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difference was significant (P<0.05). There was no significant difference in NH; -N loss
between CWT1, CWT2, and OD.

Table 4. Drainage and NH;,-N, NO;-N content in drainage after irrigation in different treatments

Treatment CWT1 CWT2 FD oD

Drain outflow (mm) 4.23 5.02 5.89 1.89
NOs-N concentration (mg-L1) 5.67 5.78 5.98 9.34
NHa-N concentration (mg-L-) 3.55 3.59 4.57 5.88

Table 5. Loss of NH,-N, NO;-N after irrigation in different treatments

Treatment CWT1 CWT2 FD OD
NOs-N losses 0.24+0.01 ¢ 0.29+0.01b 0.34+0.02a 0.27 +0.02 bc
NHs-Nlosses 0.15+0.01b  0.18+0.02ab 0.26+0.01 a 0.17+0.01 ab

Different letters after the same column of data indicate that the difference between treatments is 5% significant

In summary, after irrigation and fertilization at the budding stage, for concealed
drainage, the deeper the drainage depth, the greater the loss of NH,-N and NO;-N in the
soil. Controlled drainage due to the smaller buried depth of the concealed pipe outlet
during the growth period, the smaller the amount of nitrogen loss, Controlled drainage
stabilized the groundwater level, decreased the hydraulic gradient of the runoff, reduced
the flow rate of the drainage water, lowered the capability of water flow to carry away
nitrogen, and prolonged the retention of soil water in the farmlands. As a result, the loss
of NH; -N and NO; -N declined. CWT1 reduced nitrogen loss and retained sufficient
nutrients for the oilseed sunflower plants.

3.5 Effect of controlled drainage on the groundwater level of farmlands

The groundwater levels in the different drainage systems are shown in Figure 6. After
irrigation in May and July, the changes in groundwater level in all drainage systems were
basically the same, and the change trend could be clearly categorized into stable, rising,
and falling phases. After spring irrigation, the drainage depths of CWT1, CWT2, and FD
were all 100 cm, and there was no significant difference in the groundwater level between
them. Due to the low drainage efficiency, the decline of groundwater level in OD was
slow and delayed. In late June, the groundwater level in OD was 10.94-14.62% deeper
than that in CWT1, CWT2, and FD, respectively. After irrigation at the budding stage, the
drainage systems had varied drainage depths, and thus the groundwater levels differed.
CWT1 caused a higher groundwater level. The average groundwater level in CWT2 and
FD was 5.14% and 10.18% lower than that in CWT1, respectively. The controlled drainage
depth during the plant growth period differed in the different drainage systems. When
the groundwater level dropped to 100 cm, the difference in groundwater level between
the drainage systems gradually reduced. CWT1 resulted in a higher groundwater level
and higher soil water content, which was helpful for plant growth and groundwater
replenishment.
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Figure 6. Variation in groundwater depth in different treatments under drainage depth of 40 cm during the plant growth period

(CWT1), drainage depth of 70 cm during the plant growth period (CWT?2), free drainage(FD), open ditch drainage(OD)

3.6 Effect of controlled drainage on oilseed sunflower yield

Table 6 shows the effects of different drainage systems on the emergence rate, growth,
and yield of oilseed sunflower plants. In OD, the leaching after spring irrigation was
insufficient, and the higher soil salinity nagatively affected germination. The emergence
rate in OD was significantly lower than that in the concealed drainage systems (CWT1,
CWT?2, and FD). Concealed drainage systems significantly increased the emegence rate by
2.54-2.68% (P<0.05). Due to its ability to bring about better water and fertilizer conditions
for the plants at later growth stages, CWT1 benefited the survival of the plants. Compared
with the other drainage systems, CWT1 significantly increased the survival rate of the
plants by 2.62-2.92% (P<0.05).

Plant height and stem diameter differred in the different drainage systems. Table 6
shows the average plant height and stem diameter after irrigation and fertilization at the
budding stage. Rapid plant growth was obserevd at the budding stage. The CD systems
provided good growth conditions for the oilseed sunflower plants. The plant height in
CWT1 was 4.52%, 6.76%, and 13.99% higher than that in CWT2, FD, and OD, respectively,
and the differences were signifiant (P<0.05). The plant height in CWT2 was 2.14% and 9.06%
higher than that in FD and OD, respectively, and the differences were significant (P<0.05).
The difference in stem diameter between drainage systems was less than that of plant
height. The stem diameter in CWT1 was 9.16% and 20.91% higher than that in FD and OD,
respectively, and the differences were significant (P<0.05). There was no significant
difference in stem diameter between CWT1 and CWT2. CD increased the plant height and
stem diameter and had a greater effect on plant height than on stem diameter.

Compared with CWT2, FD, and OD, CWT1 significantly increased the oilseed sun-
flower yield by 4.52%, 7.69%, and 11.14%, respectively (P<0.05). The yield reduction in
CWT2 and FD was caused by the loss of a large amount of water and nutrients after irri-
gation at the budding stage, and the deficit of water and nutrients stressed the plants at
later growth stages. Due to the fact that the leaching of salts in OD was insufficient after
spring irrigation, the yield reduction in OD was caused by salt stress that was detrimental
to seedling emergence and plant growth. The order of water use efficiency of the plants
in different drainage systems was CWT1>CWT2>FD>0OD. Compared with CWT2, FD, and
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OD, CWT1 significantly increased the water use efficiency by 1.16%, 4.57%, and 10.8%,
respectively. In summary, maintaining 40 cm drainage depth (CWT1) during the plant
growth period not only improved the survival rate and yield of plants, but also increased
the water use efficiency.

Table 6. Effects of different treatments on the seedling emergence, growth, and yield of oilseed sunflower

Treatment Germination Survival height Stem diamter  Yield ET  Water use efficiency
rate(%) rate(%)  (cm) (mm) (kg:-hm?)  (mm) (kg-hm2mm-1)
CWT1 90.24a 96.62a 185.00a 27.29a 3836.11a  258.01a 14.87a
CWT2 90.14a 94.00b 177.00b 26.00ab 3670.33b  253.46b 14.70b
FD 90.28a 93.71b 173.29¢ 25.00b 3562.10c  250.56¢ 14.22¢
OD 87.60b 93.70b 162.29d 22.57c 3451.50d  257.19a 13.42d

Different letters after the same column of data indicate that the difference between treatments is 5% significant

4. Discussion

4.1 Effect of controlled drainage on the water content and salinity of farmland soil

Suitable soil water content and salinity are conducive to plant growth and the
efficient use of water[23]. In arid and semi-arid areas, concealed drainage is mainly used
to reduce soil salinity and minimize soil salinization[24,25]. In our study in the Hetao
irrigation district, we irrigated the field before sowing and allowed free drainage to reduce
the soil salinity so as to improve the conditions for the emergence and growth of seedlings.
During the plant growth period, we controlled the drainage to provide suitable water and
nutrient conditions for plant growth and to improve water and fertilizer use efficiency. A
larger amount of water was used during spring irrigation, which achieved a good
desalination effect through leaching, following which the soil salinity was suitable for
seedling emergence.

During the growth period, plants rely on groundwater, and thus efficient irrigation
is crucial for reducing leakages in deep soil and minimizing water wastage [23]. Studies
have shown that CD has a great effect on groundwater level. CD extended the detention
of shallow water in the farmlands after irrigation and fertilization at the budding stage,
and as a result, more water was stored in the soil[26,27]. Additionally, CD has a positive
effect on the temporary increase in groundwater level in farmlands. CD reduced the
fluctuations in groundwater level, increased water storage in the soil, and promoted the
absorption of water by plants during the growth period[28,29], which is consistent with
the results of our study. By controlling drainage, the groundwater level could be brought
to a controlled level. The groundwater moved upward through capillary action to
maintain soil water content, and as a result of this the shallow groundwater could be used
by plants. In addition, when there was insufficient water for irrigation, CD could be used
to prevent excessive drainage so as to delay the water stress that is detrimental to the
growth and yield of plants[30,31].

4.2 Effect of controlled drainage on soil nitrogen and nitrogen loss

Studies have shown that increasing the drainage limit for paddy fields strengthens
the anaerobic environment in the paddy soil and inhibits the nitrification of soil
microorganisms, thereby increasing the NH;-N content in the soil[32], which to some
extent differs from the results of our study. Our study was conducted in an arid area. Early
crop growth, the aerobic condition in the soil was conducive to the nitrification of NH;-
N, and NO;-N gradually accumulated in the soil[33]. After irrigation, the water quickly
moved down and joined the groundwater, and so the irrigation water did not provide
suitable conditions for denitrification. Meanwhile, the rising groundwater level brought
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sufficient water and nutrients for nitrification, resulting in the increase of NO;-N content
in the soil.

CD can be used to reduce the loss of nitrogen in the soil[21,34], such that there is
sufficient nitrogen in the soil for plants, thereby reducing environmental pollution[35].
Nash et al. [36] reported that in all the sorghum production seasons (2010-2013), the NO;
-N concentration of the drainage in CD was 6.03-9.63 mg-L less than that in FD; and the
average cumulative loss of NO;-N in the soil in CD was 0.68-6.16 kg-hm less than that
in FD. Negm et al. [37] predicted the loss of nitrogen in soil using the DRAINMOD-DSSAT
model and found that the soil nitrogen content in FD was 69.7-100.8 kg N hm2, while the
soil nitrogen content in CD was 66.8-94.7 kg N hm=. Similarly, in our study, the average
concentrations of NO;-N and NH, -N in the drainage in CD were lower than that in FD.
The regularity of the loss of NO,-N was similar to that of NH;-N. The loss of soil nitrogen
was inevitable in the drainage system using concealed pipes, as NO;-N can easily migrate
with water, the draining of which to the outside of the soil body would result in environ-
mental pollution. Raising the drainage outlet could effectively alleviate this problem[38].

The effect of CD on nitrogen loss depended on the nitrogen concentration and
drainage amount, and thus the effect of CD on nitrogen loss might vary. Our results
showed that setting the drainage depth to 40 cm (CWT1) during the plant growth period
retained more nitrogen in the soil after irrigation at the budding stage. Furthermore, the
soil was somewhat sticky and the downward movement of water was slower, which
caused less nitrogen loss and extended the retention of the nitrogen in the plow layer soil
(0—40 cm), allowing the plants to utilize it. Raising the drainage outlet during the growth
period also had a positive effect on environmental protection.

4.3 Effect of controlled drainage on crop yield

The effect of controlled drainage on crop yield might vary[39]. Most studies have
showed that controlled drainage technology has a positive effect on crop yield[20,40,41].
There were also findings that drainage method had little effect on crop yield or was not
an important contributory factor to crop yield[42,43]. Fang et al. [41] reported that from
1996 to 2008, the average maize yield in CD was 3% higher than that in FD. Tolomio and
Borin [44] showed that maize had the most active response to CD. CD technology in-
creased maize yield by 26.3%. In dry years, when plants were under drought stress, the
effect of CD was more evident. Our study showed that CD had a positive effect on the
yield of oilseed sunflower. As the drainage was controlled after irrigation at the budding
stage, the soil had sufficient water and nutrient for plants, which promoted the growth of
the roots and facilitated the accumulation of dry matter in the oilseed sunflower plants,
thus increasing grain yield. As shown in Figure 7, when the controlled drainage depth
was 40 cm, the yield of oilseed sunflower was higher (3,836.11 kg/hm?). As the roots of
oilseed sunflower plants were mainly distributed in the 0—40 cm soil layer, after irrigation,
an amount of salts in the plow layer soil was leached and drained away. Increasing the
drainage depth caused much greater loss of irrigation water and soil nutrients, decreased
water and nutrient use efficiency, and reduced yield. Overall, CD is an important technol-
ogy to balance water, salinity, and nutrients in the soil and is also an important measure
to achieve the efficient use of water and fertilizer. In view of concerns around water short-
age, groundwater overexploitation in well-irrigated areas, and the unreasonable use of
chemical fertilizers, the application of controlled drainage has broad application pro-
spects.
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5. Conclusions

The effect of controlled drainage on the soil water-crop-environment system was
examined through field experiments in an oilseed sunflower farmland, and the changes
in water, nutrients, and salts in the soil were quantified. The results showed that CD was
able to increase water and nutrient shortages in the soil, thereby increasing the yield.
Compared with FD, CD reduced the concentration of nitrate in the drainage and the loss
of it, and the NO;-N loss in the CD system was reduced by 14.71-29.41%. There was a
higher degree of salinization at the later stages of plant growth, but at this stage the plants
had enhanced tolerance to salts and had increased need for water, and thus soil salinity
had a smaller effect on plant growth at later growth stages. CD also increased the height,
stem thickness, water use efficiency, and the yield of oilseed sunflower. Therefore, it has
great potential in the development of CD technology for increasing crop yields and

improving water quality.
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