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Abstract: Open-ditch controlled drainage is an important water management measure used to reduce
drought and waterlogging stress in many areas in the world. Such measures are essential to promote
the crop yield, make full use of rainfall resources, reduce regional drainage discharge (Q) and reduce
water environmental pollution. To quantify its effects, an open-ditch controlled drainage and crop
yield simulation model was developed in an area located in Northern Huaihe River Plain (NHRP),
Anhui Province, China. The model was calibrated and validated. The changes in crop yield and Q
were simulated under different main-ditch water-depth control schemes, field ditch layout and outlet
weir height control schemes from 1991 to 2021. Compared with the current situation, the change in
crop yield caused by the main ditch schemes was significantly higher than that caused by the field
ditch schemes. The change in Q caused by the field ditch schemes was greater than that caused by the
main ditch schemes, with values of 60% and 0.02%, respectively. Combined control schemes could
further increase the crop yield and reduce the Q. The results have practical application value for
ensuring good crop yields and reducing farmland drainage in the NHRP and other similar regions.

Keywords: controlled drainage; crop yield; farmland drainage; farmland non-point

1. Introduction

In recent years, as a result of climate change, extreme climate events such as extremely
high temperatures and heavy rain have occurred more frequently [1,2], which pose a se-
rious threat to agricultural production [3,4] and jeopardize global food production and
food security [5,6]. Approximately 70% of the world’s water withdrawals are used for
agriculture [7,8]; therefore, it is necessary to improve water-use efficiency with the water
management measures to meet the increasing water demand caused by future population
growth, economic development, urbanization and climate change. A report by the United
Nations announced the 17 Sustainable Development Goals of the 2030 Agenda for Sustain-
able Development, in which Goals 2 and 6 emphasize achieving food security, promoting
sustainable agriculture, and ensuring water availability and sustainable management [9].
Therefore, from the perspective of agricultural water management, it is crucial to formulate
new water resource management measures [10,11].

Controlled drainage has great potential to save water, control water pollution and
increase crop yields, representing the best water management measure for agricultural
production in many regions such as Europe and the USA [12,13]. Controlled drainage is
an improvement on traditional free drainage, which is realized by installing a structure
in the outlet of a drainage ditch or subsurface drain [14]. Controlled drainage plays a

Agriculture 2022, 12, 1167. https:/ /doi.org/10.3390/agriculture12081167

https://www.mdpi.com/journal/agriculture


https://doi.org/10.3390/agriculture12081167
https://doi.org/10.3390/agriculture12081167
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0002-5050-558X
https://orcid.org/0000-0002-0071-6055
https://doi.org/10.3390/agriculture12081167
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture12081167?type=check_update&version=3

Agriculture 2022, 12, 1167

2 of 25

positive role in preventing agricultural drought and waterlogging disasters, ensuring the
normal growth of crops, making rational use of water resources and promoting economic
development [15-17]. Youssef et al. [18] used DRAINMOD and DRAINMOD-NII to simu-
late the effect of controlled drainage on the hydrology and nitrogen dynamics for 48 sites
across the Midwestern United States and found that the average reductions in subsurface
drainage and N were 29.4% and 32.3%, respectively. Jouni et al. conducted field experi-
ments with different drainage depths and found that controlled drainage with subsurface
drainage not only improved the crop yield but also reduced subsurface drainage flow and
nutrients [16]. Li et al. examined the salt leaching effect of natural rainfall in a semiarid
irrigation area and found that proper management of the water table through a field ditch
system may improve water use efficiency [19]. In addition, Jia et al. evaluated drainage
discharge for different crop fields and ditches and found that controlled drainage may
reduce subsurface discharge through field ditches by up to 94%, which is a very attractive
option for saving water and reducing water pollution to the Yellow River [20]. Parsons et al.
analysed a typical open-ditch drainage system in eastern North Carolina and found that
controlled drainage increased the relative yields over conventional drainage and also de-
creased drainage outflows [21]. Kroger et al. examined the hydrological characteristics of
low-grade weirs and found that weir management yielded useful information for non-point
source pollutant reduction [22]. Wang et al. studied the influence of a main ditch control
project on groundwater in the region and showed that main ditch controlled drainage can
ensure crop growth by controlling groundwater [23,24]. Tang et al. studied the impact
of different main ditch controlled drainage schemes on the drought and waterlogging of
corn and wheat and found that controlling the main ditch water level at a high value can
alleviate the effects [25]. Ren et al., through sand tank experiments, studied the effects
of different drainage measures and layout forms on farmland drainage and found that
compared with subsurface drain drainage, combined drainage with open ditch and subsur-
face drainage increased drainage by 22.4-32.3% [26]. However, the current researches on
controlled drainage mainly focuses on controlled subsurface or field ditch drainage [16] and
main ditch controlled drainage [23-25]. There is a lack of research on field ditch controlled
drainage and the combined main ditch and field ditch controlled drainage. In particular,
the effects of combined main ditch and field ditch control on the crop yield and farmland
drainage discharge need be further studied.

China is under the combined influence of East Asian tropical monsoons and East
Asian subtropical monsoons; therefore, it is one of the countries with the most serious
drought and waterlogging disasters due to the unique natural geography and monsoon
climate [27]. The phenomenon of alternating drought and waterlogging occurs in many
places in China [28,29], as well as in other parts of the world [30]. From 1950 to 2020, the
annual average crop areas influenced by drought and waterlogging were 199.81 thousand
hectares and 9.53 billion hectares, respectively [27,31]. The Northern Huaihe River Plain
(NHRP) is one of the key grain, cotton, and oil-producing areas in China. Influenced by
the monsoon climate and geomorphology, the region has significant spatial variation and
interannual variability in rainfall, and drought and waterlogging disasters alternate [32,33].
To effectively reduce waterlogging damage, a large number of open ditches were built from
the 1960s to the 1980s, but excessive drainage led to a severe lack of surface water storage.
As local crop growth relied mainly on precipitation or groundwater recharge [25], excessive
drainage created a serious drought problem [23]. Through years of practice, an effective
method to solve this problem was developed in the NHRP, namely, the establishment of an
open-ditch controlled drainage system, including main ditches, branch ditches and field
ditches (agricultural ditches, side ditches, etc.) and the installation of sluices on the main
ditches for control [24]. Wang et al. studied the influence of engineering control measures
on the groundwater level in main ditches in farmland in the NHRP [23,24]. Tang et al.
studied the effects of different main ditch control levels on drought and waterlogging in
farmland [25]. However, at present, there are few studies on field ditch control schemes in
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the NHRP, and most of them focus on the drainage mode of subsurface drainage pipes and
main ditches [26,34].

The NHRP is a typical rain-fed and alternating drought-waterlogging agricultural
area. The current main ditch control scheme relies only on experience. For a long time,
due to a lack of attention to the application and benefits of agricultural drainage, support
for the functioning and maintenance of existing engineering control measures, such as
dams and sluices, has been weakened, and old field ditches have been silted and blocked,
resulting in the controlled drainage capacity not being properly managed [17]. Therefore,
this study uses the existing surface water flow model [35,36], soil water and groundwater
movement model [35,37], open ditch water movement model [38—41], and crop growth
model [42—44] to develop an open-ditch controlled drainage and crop yield simulation
model (ODCDCYSM). By simulating different sluice control schemes for main ditches and
layout and outlet weir height control drainage schemes for field ditches, the effect of com-
bined control schemes on crop yield and regional drainage discharge (Q) were evaluated,
and then the optimal control scheme was selected to provide a basis for increasing the crop
yield, reducing the Q, and achieving sustainable agricultural development and the efficient
utilization of agricultural water resources in alternating drought and waterlogging areas.

2. Materials and Methods
2.1. Study Area

The study area is located in the NHRP, Anhui Province, China (33°5'55"-33°18'19" N,
116°8'17"-116°14'37" E), mainly in Lixin County (Figure 1a,b). The study area is 22.3 km
long from north to south and 7.2 km wide from east to west, with an area of 115.3 km?,
of which approximately 60.5 km? is cultivated land. The region is flat and the elevation
gradually changes from 31.93 to 27.56 m, with an average gradient of approximately
1:5100. The terrain is high in the northwest and low in the southeast. The study area has
a warm temperate subhumid monsoon climate, with significant spatial and interannual
variations in rainfall [32,33]. The meteorological data were obtained from the Lixin County
meteorological station, which is located in the south of the study area, at 116°10'50" E,
33°07'12" N, approximately 1.76 km away from the Chezhe ditch sluice. According to
the meteorological data, the annual average precipitation for 1991-2021 was 924 mm, of
which approximately 62.3% and 37.7% were concentrated in June-August (rainy season)
and September-May (dry season), respectively.

There are five main ditches in the study area, from west to east, namely Xihongsi ditch,
Zhonghongsi ditch, Donghongsi ditch, Chezhe ditch and Zhuma ditch. The Zhonghongsi
ditch and Donghongsi ditch are located in urban areas and are mainly used for domestic
sewage drainage and urban landscaping, with uncontrolled outlets. The Xihongsi ditch,
Chezhe ditch and Zhuma ditch run through the study area from north to south; their main
function is to collect farm drainage discharge from field ditches, after which they travel
southward towards the Fumengxin River and eventually discharge into the Huaihe River
(Figure 1b). The southern part of each of the three main ditches is equipped with sluices
near the outlet, which are opened to drain during the rainy season and closed in the dry
season to raise the groundwater level for crops. However, at present, the Xihongsi ditch
and the Zhuma ditch sluices are useless due to disrepair. The Chezhe ditch sluice is the
main measure used to control drainage. Based on the field ditch system built in the 1960s
to 1980s, the current pattern was gradually formed after years of adjustment to meet the
needs of road construction and land development. According to a field investigation and
statistical data on Google Maps, the average spacing of the field ditches is 250 m, the depth
of the ditches is 1.2 m, and the outlets of the ditches are uncontrolled.
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Figure 1. Overview of the study area, where (a) shows the location of the study area, the topographic
map of Anhui Province was obtained from the National Administration of Surveying, Mapping and
Geographic Information of the People’s Republic of China (http://www.nasg.gov.cn/ (accessed on
15 May 2022). The DEM source of the NHRP was obtained from the NASA (National Aeronautics
and Spacing Administration) website (http://reverb.echo.nasa.gov/reverb/ (accessed onl5 May
2022)); (b) shows the open ditch system in study area; and (c) shows the land use of study area.

The main soil textures of the study area are Shajiang black soil (silty clay) and silt sand.
The Shajiang black soil in the upper layer has poor permeability, heavy texture and small
soil pores, and it easily becomes dry and hard [45]. The lower layer is brown-yellow silt
sand, mainly composed of feldspar quartz, with good permeability. The area is dominated
by rain-fed cultivation, food crops in the study area include corn, wheat, soybean, etc., and
the planting pattern is mainly a winter wheat-summer corn double cropping system with
a wide area. The growing area of crops is shown in Figure 1c (the area planted with wheat
is equal to the total area of corn and soybean cultivation).

HOBO water level data loggers (HOBO water level data logger, Onset Computer
Corporation, Riverside, CA, USA) were installed in the Chezhe ditch, Xihongsi ditch
and Zhuma ditch to record the changes in water level at each section of the ditch (see
Figure 1b). To observe the effect of main ditch controlled drainage on regional groundwater,
54 observation wells were placed in five observation lines perpendicular to the direction of
flow of the main ditch to monitor the groundwater level change process (see Figure 1b).
Among them, 8 wells, Nos. J1-J8, are in the ] line, which is about 14.6 km from the Chezhe
ditch sluice in the north; 7 wells, Nos. N1-N7, are in the N line, which is about 12.9 km
from the Chezhe ditch sluice in the north; 16 wells, Nos. M1-M16, are in the M line, which
is about 6.2 km from the Chezhe ditch sluice in north; 10 wells, Nos. S1-S10, are in the
S line, which is about 2.8 km from the Chezhe ditch sluice in north; and 13 wells, Nos.
D1-D13, are in the D line, which is about 2.8 km from the Chezhe ditch sluice in north.

Crop yield data were mainly obtained from field measurements and the Anhui Statis-
tical Yearbook [46]. From 2019 to 2021, corn in the fields near the groundwater observation
wells in the study area was measured, and an average yield of 8110.3 kg/ha was obtained.
From 2020 to 2021, wheat in the fields near the groundwater observation wells was mea-
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sured, and an average yield of 7609.8 kg /ha was obtained. Data for other years were mainly
obtained from the Anhui Statistical Yearbook [46].

2.2. Brief Introduction to the ODCDCYSM

Based on the groundwater numerical simulation function of MODFLOW [37], this
paper adopts the regional pseudo-three-dimensional soil water groundwater simulation
method, regarding the unsaturated zone as a vertical soil column, and uses the one-
dimensional Richards equation to solve the soil water movement process [35]. The SCS
runoff curve method was used to calculate surface flow production processes for different
land-use features [36]. The water balance equation was used to solve the confluence
process in branch ditches and field ditches [39]. The Saint-Venant equations were used
to solve the confluence process of the main ditch [38]. The soil water, groundwater, ditch
drainage discharge and crop yield under different conditions were simulated, and the
Erosion/Productivity Impact Calculator (EPIC) model [42] was used to simulate the crop
growth and yield. Then, the influence of changing the main ditch water depth, field ditch
layout and field ditch outlet weir heights control scheme on the Q and crop yield was
simulated. The relationship between various parts of the ODCDCYSM is shown in Figure 2.
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Figure 2. The frame diagram of ODCDCYSM. BC: boundary condition; GW: groundwater; RCN:
runoff curve number; WA: water absorption; P-M: Penman-Montes.
2.2.1. Surface Runoff

This paper simulates the surface runoff process according to the runoff characteris-
tics of different land uses. For the farmland with a single underlying surface, the one-
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dimensional Richards equation (Equation (1)) is used to simulate and solve the soil water
movement on the vertical section of the farmland. According to the solution result of
Equation (1), the rainfall without infiltration on farmland surface within each time step
is regarded as the surface runoff (Qs,), and the equation of surface water balance is
Equation (2) [35].

a o d

oh
== <I<(h)az> + = (K(h) + 5, )
qurrf =p—F-E 2)

where 6 is the volumetric water content [L3’L 3], ¢ is time [T], & is the water pressure head
[L], z is the spatial coordinate [L] (positive upward), / is the root water uptake [T-1],
and K(h) is the unsaturated hydraulic conductivity [LT!], Qsusf is the flow yield in the
time period [L], P is daily precipitation [L], F is the surface infiltration [L], E is surface
evaporation [L].

For land-use types such as city, forest, and grassland, the SCS runoff curve method is
used to calculate the runoff with the Equation (3) [36]:

(p—1o) > T
qurrf = {épl,;+5) Z ; Ia’ 3)
a

where I, is the initial abstractions which includes surface storage, interception and infiltra-
tion prior to runoff [L], and S is the retention parameter [L].

Rainfall confluence is accomplished through field ditch, branch ditch and main ditch.
The water balance equation is used to calculate the drainage volume of field ditch (Equa-
tion (4)) [39]. The Hooghoudt equation is used to calculate the exchange capacity between
the field ditch and groundwater (Equation (5)) [40,41].

Vigjit1 — Vg,

At-+1 = ngin - ngout + Bxg(Pr —Ew— Qgrx8>Lx3’ @)
]
8kd.m + 4km?
-z v

where Vi, 1 and V,, ; represent the water volume in the field ditch at time j + 1 and j
respectively [L3], Qugin is the total amount of field flow into the field ditch [L3T-1, Qxgout is
the flow from the branch ditch to the main ditch [L3T 1], P, and E,, are precipitation rate
and evaporation rate respectively [LT 1], By, is the average water surface width of the field
ditch [L], Qgxg is the recharge rate of the field ditch water storage to the groundwater in
the current period [LT~!]. g is drainage discharge per unit of drainage area [LT~!], k is the
hydraulic conductivity of the soil [LT~1], m is the maximum elevation of the water table
above the drains [L], L is the drainage spacing [L], de is the depth of the impermeable layer
below the drains [L].

The drainage process of the branch ditch is calculated by the water balance equation
(Equation (6)) [39]:

Vagjit1 — Vag,j

At+1 = Z ngil’l,i - QZgOllt + Z szg,o(Pr — Ew —_ Qg,o)ALo/ (6)
] i=1

o=1

where Vi, 1 and V¢ ; represent the water volume in the branch ditch at time j + 1 and
j, respectively [L3], Qzgin 1s the total amount of field ditch into the branch ditch [L3T71],
Qzgout is the flow from the branch ditch to the main ditch [L3T-1], Buyzg is the average water
surface width of the branch ditch [L], Q; is the recharge rate of the branch ditch water
storage to the groundwater in the current period [LT!]. Subscript i represents the i field
ditch of the branch ditch, Subscript m represents the m section of the branch ditch, and
ALy, is the length of the branch ditch in segment m [L].
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The confluence and drainage process of the main ditch is calculated by using Saint-
Venant's equations (Equation (7)) [38]:

{ % +B% =g @
aa—? + %(zx%) +gAd + gASf = qus
where Q is the discharge in main ditch [L3/T], s is the distance in the direction of movement
of the water [L], B is the water surface width of the ditch [L], H is the ditch water level
[L], A is the area of the overwater section [L?], q is the net lateral discharge into the ditch
[L2T1], w is the flow correction coefficient; g is the acceleration of gravity [LT~2], vs is the
velocity of g along the direction of the flow [LT~!], Sf is the gradient of friction resistance.
Referring to the river boundary and drain boundary in MODFLOW 2005 [37], the
exchange volume between ditch water and groundwater in branch ditch and main ditch is
calculated as follows:
(1) When there is water flow in the ditch:

Quw = Ca(Zy — Zu), (8)

where Qg is the discharge of the main and branch ditch into the field ditch [L3T-1], C,is
the hydraulic conductivity of soil between ditch and groundwater [L>T~'], Z; and Z,, are

ditch water level and groundwater level, respectively [L].
(2) When the ditch dries up:
O — Ca(Zavot — Zw)  Zavot < Zw, ©)
0 Zapot > Zuw

where Z 3, is the ditch bottom elevation [L].

2.2.2. Groundwater Movement

The MODFLOW numerical model based on finite difference method is used to calcu-
late the regional groundwater movement. The governing equation of the model is shown
in Equation (10) [37]:

d oH oH

— | Kiim— W=Sq— 1
axi< 1]axj> + SS ot ( 0)
where i, j = 1-3, represent the x, y and z directions, respectively; K;; denotes the saturation

hydraulic conductivity tensor [LT~1], H is the pressure head [L], W is the flux of source/sink
per unit volume [L3T~1], S is the specific yield of the porous medium; and t denotes time [T].

2.2.3. Evapotranspiration

The Penman-Montes equation (Equation (11)) recommended by FAO-56 [47] based on
the principles of energy balance and aerodynamics is used to calculate the daily potential
evapotranspiration ET}, of crops.

A(Rn - G) +puCp(eS - €a)/7’a

AET, =
P A+y(1+71s/1q)

/ (11)

where ET is the evapotranspiration rate, [LT!]; A is the psychrometric constant [L>T~2], R,,
is net radiation [MT 3], G is the soil heat flux [MT 3], 0a is the mean air density at constant
pressure, [ML~3]; cp is the specific heat of the air; (es — ¢;) is the vapor pressure deficit
[ML~1T—2]; r, is the surface resistance [TL~1], and 7, is the aerodynamic resistance [TL1].

When crops are present on the ground, ET) is calculated and then separated into
E, (potential evaporation) and T} (potential transpiration) based on the LAI of the crops,
calculated in Equations (12) and (13) below. For each field, the calculated E, and T), are
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added into Richards equation to calculate the actual evapotranspiration and soil water
movement for the day.
Ty = (1 —exp(—fLAI))ET,, (12)

E, = ET, — T, (13)

where f is the light extinction coefficient, LA is the leaf area index of crops.

2.2.4. Crop Growth Model

The EPIC model is used to simulate the growth and yield formation process of crops;
the model mainly includes five parts: the potential biomass growth, water use, nutrient
absorption, growth stress, and crop yield [42,43]. Crop model parameters are driven
by meteorological data, and daily heat unit accumulation is used to calculate daily crop
biomass accumulation, root growth, height and LAI. The Beer’s law equation is used to
calculate interception of solar radiation. The LAI is estimated as a function of heat units,
crop stress, and crop developmental stage. The intensity of stress factors is used to estimate
the influence degree of stress factors such as soil resistance, temperature and water on the
root system, and the actual daily growth of the crop is calculated by taking day as the time
step. According to the actual daily growth of the crop, a part of the new growth is added to
determine the water absorption of the root system of the crop. The rest is allocated to the
above-ground part (the above-ground biomass). Finally, the accumulated above-ground
biomass is used to calculate crop yield through the harvest index (Equation (14)) [42,44].

yld = HI-Ba, (14)

where yld is the simulated crop yield [ML~2], HI is the harvest index; Ba is the weight of
accumulated above ground biomass [ML—2].

2.3. Crop yield and Regional Drainage Discharge

Efforts are ongoing to make full use of rainfall resources, reduce nitrogen, salt, and
other chemicals entering the river with farmland drainage discharge and reduce farmland
non-point source pollution on the premise of ensuring crop yield; research shows that the
total amount of nitrogen and other chemicals excluded from farmland mainly depends
on the total water volume of farmland drainage [34,48]. Therefore, this paper selects the
following two indicators to evaluate the regional open ditch control drainage system. The
first indicator is the crop yield. The crop yield of each simulation unit is calculated based
on the EPIC model, and the per-unit yield of corn and wheat are obtained from the area-
weighted average. The second indicator is the regional drainage discharge (Q), which is
the daily average of the sum of the discharge of the five main ditch outlets.

2.4. Scenario Simulation Settings
2.4.1. Single-Factor Main Ditch Water Depth Control Schemes

Different main-ditch water-depth control scenarios were set in the dry season and
rainy season according to the local rainfall characteristics and the actual operation of the
main ditch (scenario 1 in Table 1). Based on the actual main ditch control rules and the
possible sluice control scheme, the sluice control schemes of the Chezhe ditch, Xihongsi
ditch and Zhuma ditch were set in steps of 0.5 m, with a total of 16 schemes (Table 1). The
field ditch remained unchanged and represented the current situation (i.e., the drainage
spacing was 250 m, drainage depth was 1.2 m, and the ratio of weir height to drainage
depth was 0).
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Table 1. Single-factor main ditch water depth control schemes.

Scenario WD in Dry Season (m) WD in Rainy Season (m)
Number WD Number Open Sluices Close Sluices WD Number Open Sluices Close Sluices

1 A Always close (5) D 4 3

2 B 5 4

3 C 45 3.5

4 B 5 4 D 4 3

5 E 3.5 2.5

6 F 3 2

7 C 4.5 3.5

8 D 4 3

9 c 43 35 E 35 25

10 F 3 2

11 D 3

12 D 4 3 E 3.5 2.5

13 F 3 2

14 E 3.5 2.5

15 E 3.5 2.5 F 3 2

16 F 3 2 F 3 2
Note: WD is water depth. The dry season refers to September to May of the following year, and the rainy season
refers to June to August. The data in the “Open Sluices” column indicate the minimum ditch water depth when
opening the sluice, for example, “4” means opening the sluice when the water surface is 4 m or more away from
the ditch bottom; the data in the “Close Sluices” column indicates the maximum ditch water depth when the gate
is closed. For example, “3” indicates that the gate is closed when the water surface is less than or equal to 3 m
from the ditch bottom.
2.4.2. Single-Factor Field Ditch Schemes

To study the effects of different field ditch layouts and control schemes on crop yield
and Q, 3 drainage spacings (100 m, 250 m, 400 m), 3 drainage depths (0.8 m, 1.2 m, 1.6 m)
and 3 ditch outlet control drainage schemes (ratio of weir height to drainage depth: 0,
1/2, 1) were set, which were combined into 27 scenarios. Main-ditch water-depth control
represented the current situation (scenario 1 in Table 1) and remained unchanged. The
current field ditch situation was scenario 13 in Table 2.
Table 2. Single-factor field ditch schemes.
Ratio of Weir Height to Drainage Depth
Drainage Spacings (m)  Drainage Depths (m) 0 0.5 1

Scenario Number

0.8 1 2 3
100 1.2 4 5 6
1.6 7 8 9
0.8 10 11 12
250 1.2 13 14 15
1.6 16 17 18
0.8 19 20 21
400 1.2 22 23 24
1.6 25 26 27

2.4.3. Combined Control Scheme Settings

First, from among the single-factor main ditch schemes and field ditch schemes, four
main ditch schemes (M1-M4; scenarios 5, 9, 12 and 14 in Table 1) and three field ditch
schemes (F1-F3; scenarios 17, 23 and 26 in Table 2), which were better than the current
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situation (MOFOQ; scenario 1 in Table 1 and scenario 13 in Table 2), were selected for combined
control. There were 12 combined control schemes, as shown in Table 3.

Table 3. Combined main ditch and field ditch control schemes.

Main Ditch Control Schemes Field Ditch Control Schemes
Scenario . WD in Dry Season (m) WD in Rainy Season (m)
Number Ditch Plan il y Drainage Drainage Ratio of
Open Close Open Close Spacings (m) Depths (m)  Weir Height
Sluices Sluices Sluices Sluices

0 MOFO 5 5 4 3 250 1.2 0

1 M1F1 250 1.6 0.5

2 M1F2 5 4 45 3.5 400 1.2 0.5

3 M1F3 400 1.6 0.5

4 M2F1 250 1.6 0.5

5 M2F2 45 3.5 35 2.5 400 1.2 0.5

6 M2F3 400 1.6 0.5

7 M3F1 250 1.6 0.5

8 M3EF2 4 3 35 2.5 400 1.2 0.5

9 M3F3 400 1.6 0.5

10 MA4F1 250 1.6 0.5

11 M4F2 35 2.5 3 2 400 1.2 0.5

12 MA4F3 400 1.6 0.5

3. Results and Discussion
3.1. Model Calibration and Validation

The observed main ditch water level, groundwater level and crop yield were used for
calibration and validation of the model, including the main ditch water level of a typical
section (the M Line to Chezhe ditch sluice), the groundwater level of 54 observation wells
at the observation lines (J, N, M, D and S lines, Figure 1b), and measured crop yields from
2017 to 2021. The model calibration period was 882 days from 1 January 2017 to 1 June 2019.
The model validation period was 731 days from 2 June 2019 to 1 June 2021. The coefficient
of determination (R?), standardized root mean square error (NRMSE), root mean square
error (RMSE), and the relative error (RE) were selected as indexes to evaluate the simulation
results [49-52]. The calculation equation of each index can be seen Supplementary material
(Equations (51)-(53)).

The surface runoff module mainly used the SCS runoff curve method, and the CN
values were shown in Table S1. The soil hydraulic parameters were calibrated according
to the initial values of the measured data. Table S3 shows the values of the soil hydraulic
parameters in the Van Genuchten-Mualem formula [35]. Parameters such as the soil
permeability coefficient (k) and roughness (1) at the bottom of the main ditch, according
to the water level of the main ditch in the ditch confluence module, were calibrated. The
calibration results are shown in Table S2. The groundwater module was mainly calibrated
for the hydraulic conductivity and specific yield, and the results are shown in Table S3.
The data from EPIC’s Crop Parameters Database in the USA were used as the initial
values of the crop parameters in the model [42], which were adjusted according to the
crop yield (see Table S4). In Huang-Huai-Hai Plain, the hydraulic conductivity of silty
clay was 1-4.7 m/d, the hydraulic conductivity of silt sand was 5-17 m/d, the specific
yield of silty clay is 0.03-0.06, the specific yield of silt sand was 0.09-0.17 m/d [53], and
the soil permeability coefficient at the bottom of the ditch was 0.01-2.93 m/d [54,55]. The
ccalibrated hydraulic conductivity, specific yield and soil permeability coefficient at the
bottom of the ditch were within the above range.

3.1.1. Main Ditch Water Level

In the calibration and validation period, according to the calculated main ditch wa-
ter level of the typical section (the M Line to Chezhe ditch sluice), the R? values were
0.57 and 0.68, respectively; the NRMSEs and REs were all 0 m; the RMSEs were 0.23 and
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0.27 m, respectively; the REs were all 0 m (Figure 3a,b). Figure 3c,d shows the comparison
of simulated and observed water level during the calibration and validation period, respec-
tively. The simulated values were basically the same as the observed values and the ditch
water level changes drastically during the opening of the sluices, resulting in the difference
between simulated value and measured value being relatively large.
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Figure 3. Simulation of groundwater level and main ditch water level in the study area during
calibration period and validation period. Comparison of the main ditch levels during the calibration
period (a) and the validation period (b). Comparison of measured and simulated water level in main
ditch during the calibration period (c) and the validation period (d). Comparison of the groundwater
levels during the calibration period (e) and the validation period (f).
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3.1.2. Groundwater Level

In the calibration and validation period, according to the calculated groundwater level
from all groundwater level observation wells at Lines J, N, M, S and D in the study area, the
NRMSEs were 1.1% and 1.8%, respectively; the RMSEs were 0.31 and 0.48 m, respectively;
the REs were all 0.00 m; and the R? values were all above 0.71 (Figure 3e,f). The NRMSEs
were less than 0.25, REs were less than 0.2, and R? values were greater than 0.65, indicating
that the groundwater level simulation results were reliable [49].

3.1.3. Crop Yield

Table S5 shows the comparison between simulated and measured values of annual av-
erage corn and wheat yields in the study area from 2017 to 2021. The yield of the two crops
was simulated well. The NRMSE, RMSE and RE of summer corn were 1.3%, 105.1 kg/ha
and —0.0071 kg/ha, respectively. The NRMSE, RMSE and RE of winter wheat were 1.2%,
84.9 kg/ha and 0.0001 kg/ha, respectively. This indicated that the yield simulation results
of corn and wheat were reasonable and reliable.

3.2. Effects of Single-Factor Main Ditch and Field Ditch Control Schemes on Crop Yield and Q

To study the effects of main ditch sluice control schemes and field ditch layouts and
control schemes on the crop yield and Q and to explore feasible drainage management
measures for the NHRP, different main ditch and field ditch scenarios were set. Based on
meteorological data from the 30 years from 1991 to 2021, the above models were used to
simulate the changes in crop yield and Q. The effects of the open ditch control drainage
system on crop yield and Q were analysed, and the optimal scenarios were selected to
achieve the dual goals of ensuring crop yield and reducing farmland drainage discharge
and to provide technical support for increasing food production and reducing Q.

3.2.1. Effects of Single-Factor Main Ditch Water Depth Control on Crop Yield and Q
(1) Effects of Single-Factor Main Ditch Water Depth Control on Crop Yield

Figure 4 shows the changes in the average annual corn and wheat yield and Q from
1991 to 2021 under the different main ditch water depth control schemes. In scenarios with
the same uppermost and downmost limits of main ditch water depth (UDLMDWD) in
the dry season (taking B as an example, corresponding to scenarios 2—-6), the corn yield
increased with the decrease in UDLMDWD in the rainy season. The corn yield reached the
maximum in scenario 6, increasing by 2.5% compared with the current scenario (scenario 1).
This result shows that the UDLMDWD should not be too high in the rainy season. When
it is too high, the water in the field cannot be discharged in time, the corn may be under
waterlogging stress, and the corn yield will decrease [13]. As demonstrated by Jouni et al.
and Wayne Skaggs et al. [14,16], controlled drainage had a positive impact on the corn
yield. The wheat yield first increased and then decreased with the decrease in UDLMDWD,
and the wheat yield reached the maximum in scenario 5. The UDLMDWD for wheat in
the rainy season was higher than that for corn. The average annual rainfall in the dry
season in the study area was 349.8 mm, which was far lower than the water requirement
range (450-650 mm) of wheat [56]. Therefore, more water needs to be stored during the
rainy season to meet the demand of wheat growth. In the case of the same UDLMDWD
in the rainy season (taking F as an example, corresponding to scenarios 6,10,13,15 and
16). With the decrease in UDLMDWD in the dry season, the corn and wheat yields did
not change much and were approximately 8499 kg/ha and 7566 kg/ha, respectively. Due
to the uneven distribution of local rainfall throughout the year, most of the heavy rain
occurred in the rainy season [32], and the control of the main ditch in the dry season had
little impact on crops.
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Figure 4. Changes in evaluation indexes under different main ditch water depth control schemes.
(a) Crop yield; (b) regional drainage discharge (Q).

The corn and wheat yields were both the lowest in scenario 2. The UDLMDWD
values in the rainy season and dry season were both relatively high; the yield of corn was
reduced by 1176.6 kg/ha and the yield of wheat was reduced by 822.8 kg/ha. The corn
yields were highest for corn in scenario 16 (8505.5 kg/ha) and highest for wheat in scenario
14 (7569.2 kg /ha), with wheat requiring a higher UDLMDWD than corn. The aim was
to increase the crop yield as much as possible, and compared with the current situation,
the yield was increased through the single-factor main ditch control schemes, as show
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in Table S6. The scenarios that increased the yield of both crops at the same time were
scenarios 5, 9, 12 and 14.

(2) Effects of Single-Factor Main Ditch Water Depth Control on Q

According to Figure 4b, in the case of the same UDLMDWD in the dry season (taking
B as an example, corresponding to scenarios 2-6), Q showed a trend of first increasing, then
decreasing and then increasing with the decrease in UDLMDWD in the rainy season. This
indicated that in schemes D and E, the interaction between the main ditch and groundwater
was strong, and most of the ditch water was supplied to the groundwater. In scenario 5,
the minimum Q was reached (2.6 m3/s), which was 3.2% less than the current situation
(scenario 1). In the case of the same UDLMDWD in the rainy season (taking F as an example,
corresponding to scenarios 6, 10, 13, 15 and 16). With the decrease in UDLMDWD in the dry
season, Q showed a trend of first decreasing and then increasing, but the change was not
large, and the difference between the maximum and minimum values was only 0.004 m3/s.
The results show that UDLMDWD in the dry season had little effect on Q, which may be
related to the low rainfall in the dry season.

The minimum Q in scenario 14 was 2.51 m3/s, which was 5.2% lower than that of
the current scenario. The Q values of scenarios 6, 10, 13, 15 and 16 were large, reaching
3.15m?/s in scheme (F) with the UDLMDWD in the rainy season, increasing by approxi-
mately 18.7% compared with the current scenario. Q decreased only through the control of
the main ditch, as shown in Table Sé6.

From the dual perspective of improving the rainfall utilization and reducing farmland
drainage discharge to reduce farmland non-point source pollution, scenario 14 was the best
scheme that satisfied both crop yield increases and Q reductions among the single-factor
main ditch control schemes, followed by scenarios 5, 9 and 12.

3.2.2. Effects of Single-Factor Field Ditch Control Schemes on Crop Yield and Q
(1) Effect of Drainage Spacings of Field Ditches

Figure 5a,b show the changes in corn and wheat yields and Q in the study area under
the condition of only considering changes in field ditch drainage spacings. The drainage
spacings were 100 m, 250 m and 400 m, the drainage depth was 1.2 m, and the ratio of weir
height to drainage depth was 0 (free drainage). According to Figure 5a, as the drainage
spacing increased, the corn yield increased accordingly, and the maximum corn yield was
obtained when the drainage spacing was 400 m. The local area mainly relied on water
lifting for irrigation, so the cost is high, and local food crops are only rain-fed and are in a
state of drought most of the time, resulting in higher crop yields in scenarios with a large
drainage spacing and poor drainage conditions. The wheat yield first increased and then
decreased as the drainage spacing increased, and the maximum wheat yield was obtained
when the drainage spacing was 250 m, mainly because when the drainage spacing was
small, the rainwater drained away in time, and when there was no rain for many days, the
area easily suffered from drought. When the drainage spacing became larger, the drainage
conditions in the field were poor, and the crops were susceptible to waterlogging when
the rainfall intensity was high or rainfall was continuous for several days. Under drought
conditions, a larger drainage spacing reduces drainage discharge, thus reducing potential
drought stress, which can be beneficial in improving crop yields. In wet conditions, the
smaller drainage spacing removes excess water in time, thus reducing waterlogging and
increasing crop yields. The results were consistent with the results of Acharya et al. [57] as
well as Ghane and Askar [58] regarding the effect of spacing between subsurface drainage
pipes on the crop yield.
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Figure 5. Changes in crop yield and Q under the effect of different field ditch control schemes.
(a,b) Drainage spacing; (c,d) drainage depth; (e f) weir height.

Figure 5b shows the change in Q with different field ditch drainage spacings. When
the drainage spacing was increased, the Q increased. This was mainly because when the
drainage spacing became larger, the number of small ditches decreased, and the recharge
of groundwater through field ditches in surface water decreased, resulting in an overall
increase in surface drainage discharge.

(2) Effect of Field Ditch Drainage Depth

Figure 5c,d show the changes in corn and wheat yields and Q in the study area under
the condition of only considering changes in the drainage depth of the field ditch. The
drainage spacing was 250 m, drainage depths were 0.8 m, 1.2 m and 1.8 m, and the ratio of
weir height to drainage depth was 0 (free drainage). According to Figure 5c, the drainage
depth increased, the corn yield first decreased and then increased, and the wheat yield
increased, reaching the maximum when the drainage depth was 1.6 m. Compared with the
current situation (drainage depth of 1.2 m), the yield of the two crops did not change much,
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which indicated that field ditch drainage depths between 0.8 and 1.6 m had little effect on
crop yield.

Figure 5b shows the change in Q with different field ditch drainage depths. With
an increase in the drainage depth, the Q increased. This was mainly because the bottom
elevation of the field ditch became lower. When the groundwater level and ditch depth
were the same, the difference in water level between the ditch and groundwater level
decreased, and the recharge rate and amount from the ditch to the groundwater decreased.
The results were consistent with the results of Muhammad et al. [59] regarding the effect of
depth between subsurface drainage pipes on Q.

(3) Effect of Field Ditch Weir Height

Figure 5e,f show the changes in corn and wheat yields and Q in the study area under
the condition of only considering changes in the ratio of weir height to drainage depth.
The drainage spacing of the field ditches was 250 m, the drainage depth was 1.2 m, and
the ratio of weir height to drainage depth was 0, 1/2 and 1, corresponding to weir heights
of 0 m, 0.6 m and 1.2 m, respectively. According to Figure 5e, the weir height increased,
and the corn yield first increased then decreased, and reached the maximum when the weir
height was 0.6 m. The wheat yield decreased, and the wheat yield was the largest when the
weir height was 0 m. When the weir height was 1.2 m, compared with the current situation,
corn and wheat yield were reduced by 567.7 kg /ha and 15.2 kg /ha, respectively. Therefore,
field ditches should be kept free draining to make the crop as productive as possible. With
an increase in the weir height, the drainage capacity of the ditch decreased, the amount of
water retained in the field ditch increased, and the Q decreased continuously.

Compared with the current situation, the changes in corn yield, wheat yield and Q
caused by changes in field ditch drainage spacings change were 155.8 kg/ha, 9.7 kg/ha
and 0.08 m3/s, respectively. The changes in the corn yield, wheat yield and Q caused by
the change in drainage depths in field ditches were 5.1 kg/ha, 1.2 kg/ha and 0.08 m?/s,
respectively. The changes in corn yield, wheat yield and Q caused by changes in the field
ditch weir heights were 511.2 kg/ha, 19.9 kg/ha and 1.24 m3/s, respectively. In conclusion,
the variation in crop yield and Q were significantly influenced by the weir height, followed
by the drainage spacing and depth.

(4) Optimal Scenario Analysis of Single-Factor Field Ditch Schemes

Figure 6 shows the change in average annual yield of corn and wheat and Q from
1991-2021 for all the different combinations of scenarios considering three factors: field
ditch drainage spacing, drainage depth and ratio of weir height to drainage depth. Figure 6a
shows that among the different field ditch schemes, the corn yield reached the maximum
in scenario 26, and compared with the current situation scenario (scenario 13), the yield
increase rate was 0.05%. The corn yield reached the minimum in scenario 21, and scenarios
12,15, 18, 24 and 27 were almost similar to scenario 21, with a corn yield of approximately
7687 kg/ha when the field ditch weir height was 1.2 m. Compared with the current
situation (Scenario 13), the corn yield reduction rate was 5.4-8.1%. The maximum wheat
yield was obtained under scenario 16, and the minimum was obtained under scenario
2, with a non-significant wheat yield variation of approximately 27.6 kg/ha, indicating
that field ditch control had little effect on the wheat yield. The crop yield improvements
obtained with field ditch control measures compared with the current scenario are shown
in Table S7. In summary, the scenarios that simultaneously achieved crop yield increases in
the two crops were scenarios 16 and 17.
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Figure 6. Changes in evaluation indexes under different field ditch water depth control scheme.
(a) Crop yield; (b) regional drainage discharge (Q).

According to Figure 6b, the Q values of scenarios 7, 9, 16, 22 and 25 were relatively
large, reaching 3.7 m3/s, and the weir height was 0 m. Compared with the current situation,
the increase range of the Q was 1.3-2.5%. The Q values of scenarios 12, 15, 18, 21 and 24
were relatively small, where Q was reduced by more than 60% from the current situation
scenario, and the weir height was 1.2 m. Through field ditch control measures, the Q
decreased compared with the current scenario, as shown in Table S7.

Since changing field ditch control measures had no significant effect on the wheat
yield, the results considering only the corn yield and Q showed that scenario 26 was the
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best scenario to achieve an increase in crop yield and decrease in Q under the single-factor
field ditch control schemes, followed by scenarios 23 and 17.

3.3. Effects of Combined Control Schemes for Main Ditch and Field Ditch on Crop Yield and Q

In the process of field runoff and crop growth, changes in the crop yield and Q are the
result of the combined action of multiple factors. The interaction of multiple factors may
enhance (or weaken) the influence of a single factor on the crop yield and Q and enhance
(or weaken) the degree of drought and waterlogging. Therefore, it was important to reveal
that the combined control of the main ditch and field ditch had an important effect on the
crop yield and Q.

An optimal open-ditch controlled drainage system was established to effectively re-
duce the loss of crops after drought and waterlogging disasters and the water environment
pollution caused by farmland drainage discharge. From the single-factor main ditch and
field ditch schemes, the schemes that could increase the crop yield and reduce the Q were
selected for combined control, the changes in crop yield and Q under combined control
were analysed, and the optimal combined control scheme was obtained.

3.3.1. Effects of Combined Control Schemes on Crop Yield

Table 4 compares the crop yield under the combined control schemes and the current
situation. Compared with the current situation (MOFO), the corn and wheat yields increased
with mean values of 156.7 kg /ha and 1.6 kg/ha, respectively. The maximum yield increase
for corn occurred in M4F3 (166.7 kg/ha) and the maximum yield increase for wheat
occurred in M4F2 (2.4 kg/ha). These two schemes had the same main ditch control scheme
M4 (opening and closing the sluice at 3 m and 2 m in the rainy season, and at 3.5 m and
2.5 m in the dry season).

Table 4. Comparison of crop yield and regional drainage discharge with the current situation under
the combined control schemes.

Corn Wheat Regional Drainage Discharge

Scenario .
Ditch Plan Emission

Number . Increased . Increased 3 .
Yield (kg/ha) Yield (kg/ha) Yield (kg/ha) Yield (kg/ha) Q (m°/s) Re(cril:l;}t;)on

0 MOFO0 8272.1 — 7567.2 — 2.69 —

1 M1F1 8418.9 146.8 7568.4 1.2 2.10 0.60

2 M1F2 8431.3 159.2 7568.7 15 2.33 0.36

3 M1F3 8437.4 165.3 7567.7 0.5 2.28 0.41

4 M2F1 8418.9 146.8 7568.9 1.7 2.10 0.60

5 M2F2 8433.1 161.0 7568.9 1.7 2.34 0.36

6 M2F3 8435.7 163.6 7568.5 14 2.28 0.41

7 M3F1 8422.3 150.3 7569.2 2.0 2.10 0.60

8 M3F2 8431.9 159.8 7569.0 1.8 2.33 0.36

9 M3F3 8438.4 166.4 7568.1 0.9 2.28 0.41

10 M4F1 8410.9 138.8 7568.8 1.6 2.05 0.64

11 M4F2 8427.7 155.6 7569.6 2.4 2.29 0.40

12 M4F3 8438.7 166.7 7569.0 1.8 2.24 0.45

Note: Those in red in the table indicate that the five scenarios with yields of the two crops and regional drainage
were better than the current scenario.

Figure 7a,b compare the crop yields under the combined control schemes and the
single-factor main ditch schemes (M, the field ditch control scheme reflected the current
situation). Compared with the single-factor main ditch schemes, with the field ditch control,
the corn yield increased overall, except for a slight decrease in the M2F1 scenario (yield
reduction of 0.1 kg/ha). The scenario with the maximum yield increase in corn was M4F3,
and the scenarios with higher corn yield increases were a combination of main ditch control
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schemes (M1-M4) and field ditch control scheme F3 (drainage spacing 400 m, drainage
depth 1.2 m, ratio of weir height to drainage depth 1/2), which showed that this field
ditch scheme was suitable for the growth of corn. The overall variation in wheat yields
was small, and the range was approximately 0-1.2 kg /ha, with the maximum wheat yield
increase occurring in M3F1. The scenarios with a higher wheat yield increase were a
combination of main ditch control schemes (M1-M4) and field ditch control scheme F2
(drainage spacing 400 m, drainage depth 1.2 m, ratio of weir height to drainage depth 1/2),
which shows that this field ditch scheme was suitable for the growth of wheat. In general,
the drainage depth of field ditches had a certain impact on the crop yield, but it was not
significant. By comparison, for field ditch control schemes F3 and F2, the drainage depth
in the dry season of the wheat growing period was lower than that in the rainy season
of the corn growing period, and the drainage capacity of wheat was weaker than that of
corn. Ghane et al. [58] compared the corn yield in deep and shallow ditches in the eastern
United States and found that the corn yield in shallow ditches increased in dry years and
decreased in wet years, which indicates that the corn yield is related to soil characteristics,
dry and wet weather, and field ditch specifications.

Figure 7c,d compared the crop yields under the combined control scheme and the
single-factor field ditch scenario (F, the main ditch control scheme reflected the current
situation). Compared with the single-factor field ditch schemes, the average yields of corn
and wheat were increased by main ditch control by about 124.7 kg/ha and 5.5 kg/ha,
respectively. The scenarios with the highest increases in corn and wheat yields were
M2F2 and MA4F2, respectively. By comparison with the crop yields of the single-factor
main ditch scheme (i.e., the crop yield increases of the field ditch control scheme), the
yields of corn and wheat increased by —0.1-29.8 kg/ha and —1.2-1.1 kg/ha, respectively.
Ghane et al. [60] conducted a farm experiment in Ohio, USA, and found that under the
condition of controlled drainage, smaller changes in the groundwater level would lead
to smaller changes in the corn yield. The influence of main ditch control on groundwater
level change was greater than that of field ditch control. Therefore, the effect of main ditch
schemes on the crop yield was greater than that of field ditch schemes.

In conclusion, the combined main ditch and field ditch control schemes had a positive
effect on crop growth in all of our combined control schemes, and the change in crop yield
caused by the main ditch schemes was greater than that caused by the field ditch schemes.
The yields of corn and wheat both increased under the combined control schemes, and the
yield change of corn was greater than that of wheat.
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Figure 7. Comparison of crop yield and regional drainage discharge under the effect of combined
control schemes. (a,b) Crop yield compared with the single-factor main ditch schemes; (c,d) the crop
yield compared with the single-factor field schemes; (e f) regional drainage discharge compared with
the single-factor main ditch and filed ditch schemes. YM1-YM4: the crop yield under the single-factor
main ditch schemes; YF1-YE3: the crop yield under the single-factor field ditch schemes; QM1-QM4:
the Q under the single-factor main ditch schemes; QF1-QF3: the Q under the single-factor field
ditch schemes.

3.3.2. Effects of Combined Control Schemes on Q

From Table 4, it can be seen that compared with the current situation scenario, the
Q decreased. The scheme with the largest reduction in Q was M4F1, with a decrease of
0.64 m3/s. Figure 7e,f compare the Q values under the combined control schemes and
the single-factor main ditch schemes (M1-M4). Compared with the single-factor main
ditch schemes, field ditch control led to a decrease in Q, and the schemes with the greatest
reduction were combinations of main ditch schemes (M1-M4) and field ditch scheme F1,
with an average reduction in Q of 0.47 m>/s (Figure 7e). Compared with the single-factor
field ditch schemes, main ditch control resulted in a small change in Q, and the schemes
with the largest reduction in Q were combinations of main ditch scheme M4 and the
field ditch schemes (F1-F3), with a reduction of approximately 0.12 m?/s (Figure 7f). In
general, the combined control schemes effectively reduced the Q and protected the water
environment, and the field ditch schemes had a more significant emission-reduction effect
than the main ditch schemes. Some studies have found that the reduction in pollutant
concentrations is mainly associated with a reduction in Q [59-61]; Moloney et al. [62]
found that level of connectivity of a surface ditch plays a major role in determining the
magnitude of the P loss risk associated with a particular ditch. Therefore, the combined



Agriculture 2022, 12, 1167

22 of 25

control schemes would effectively reduce the Q and farmland chemical emissions. The
above results show that field ditch schemes were more effective in reducing emissions than
main ditch schemes in all of our schemes.

In conclusion, combined main ditch and field ditch control schemes had a positive
effect on reducing the Q and farmland non-point source pollution in this study. Under
the combined control schemes, the Q was reduced, and field ditch schemes were more
beneficial to reduce the Q than main ditch schemes. Compared with the current situation,
the combined scheme that achieved both an increase in crop yield and decrease in Q was
MA4F3 (the top-five schemes that meet both the highest increasing values in crop yield and
decreasing values in Q compared to the current situation are shown in Table 4).

4. Conclusions

In this paper, an open-ditch controlled drainage and crop yield simulation model
(ODCDCYSM) was developed to simulate the drought and waterlogging situation and
controlled drainage schemes in the 115.3 km? study area in the Northern Huaihe River
Plain (NHRP) in Anhui Province, China. Based on the meteorological data from 1991 to
2021, different single-factor main ditch schemes, single-factor field ditch schemes, and
the combined main ditch and field ditch control schemes were simulated to analyse the
effects of each scheme on corn and wheat yields and regional drainage discharge (Q).
By comparison with the current situation, a combined control scheme to reduce the Q while
ensuring the normal growth of crops in the region was optimized. The main conclusions
are as follows:

(1) The ODCDCYSM could accurately simulate the changes in groundwater level, main
ditch water level and crop yields in the study area. The model provides an effec-
tive tool to quantify the effect on main and field ditches on regional drought and
waterlogging situation reflected by crop yields and Q.

(2) Uppermost and downmost limits of main ditch water depth (UDLMDWD) in the dry
season had little effect on corn and wheat yields and Q. The yield of crops increased
with a decrease in UDLMDWD in the rainy season. The scenarios with larger Q values
occurred when the UDLMDWD in the rainy season was low, and the Q increased by
approximately 18.7% compared with the current situation.

(8) The crop yield and Q increased with an increase in the drainage spacing and drainage
depth of the field ditch. With an increase in weir height, the crop yield and Q decreased.
The corn and wheat yields were most affected by the weir height, followed by the
drainage spacing and drainage depth of the field ditch. The wheat yield was less
affected by changes in field ditch schemes.

(4) Combined control schemes could further improve the crop yield compared with either
main ditch schemes or three-field ditch schemes. The effect of main ditch schemes
was greater than that of field ditch schemes. Comparing corn and wheat, the corn
yield increased by more than the wheat yield. Among the different schemes, the most
significant yield increases occurred in the combination of main ditch schemes (M1-M4)
and field ditch scheme F3 (with drainage spacing 400 m, drainage depth 1.6 m, ratio
of weir height to drainage depth 1/2). The combined control schemes could further
reduce the Q, and the effect on Q was greater for the field ditch schemes than for
the main ditch schemes. The most significant reduction effects of Q occurred in the
combination of main ditch schemes (M1-M4) and field ditch scheme F1 (drainage
spacing 250 m, drainage depth 1.6 m, ratio of weir height to drainage depth 1/2).

(5) The combined scheme that achieved both increased crop yields and decreased Q
was M4F3 (main ditch: sluices were the opened and closed at the ditch water depths
of 3.5 m and 2.5 m in the dry season and at 3 m and 2 m in rainy the season; field
ditch: drainage spacing 400 m, drainage depth 1.6 m, ratio of weir height to drainage
depth 1/2).
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agriculture12081167/s1, Figure S1. The rainfall and observed
groundwater level change process of the representative field near the Chezhe ditch M2 (a) and
far from the Chezhe ditch M5 (b) from 2015 to 2019. Table S1: Main parameters of surface runoff
generation module; Table S2: Main parameters of ditch confluence module; Table S3. Main parameters
of soil water and groundwater module; Table S4: Main parameters of crop growth module; Table S5:
Comparison of observed and simulated crop yields (kg/ha); Table S6: The crop yield and regional
drainage discharge (Q) under the single-factor main ditch water depth control schemes were better
than the current situation; Table S7: The crop yield and regional drainage discharge (Q) under the
single-factor field ditch control schemes were better than the current situation.
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