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Abstract: Ridge and furrow plastic mulch (RFPM) and nitrogen (N) application are effective strategies
for improving crop productivity in China’s Loess Plain. However, it is not clear how the ridge—furrow
ratio and nitrogen fertilizer type (NT) affect the use of water, nitrogen, heat, and radiation resources
for the enhancement of rain-fed wheat production. Two nitrogen fertilizer types (traditional urea (TU)
and controlled-release urea (CRU)) and four planting patterns (conventional flat planting (F) and the
RFPM system of 20 cm ridges with 40 cm furrows (RyFy), 40 cm ridges with 40 cm furrows (R4Fy),
and 60 cm ridges with 40 cm furrows (RgFy)) were tested from September 2018 to June 2021 during
the winter wheat growing season. It was found that the RFPM system can increase soil thermal
time (TTgpy) from 41.0 to 152.1 °C d compared to the F. RFPM system thermal effect, which reduced
the vegetative growth period and prolonged the reproductive growth period for 2 to 7 days, which
promoted an increase in the leaf area index (LAI) and final dry matter (DM) accumulation. These
significantly increased the grain yield (GY) in the RFPM system by 51.6-115.2% and enhanced the
thermal time use efficiency (TUE) by 48-99.5%, water productivity (WP) by 37.4-76.3%, radiation use
efficiency (RUE) by 16.3-34.4%, and partial factor productivity of nitrogen (PFPy) by 51.6-115.2%
compared to F. Although a high ridge and furrow ratio in combination with CRU increased the GY
and resource use efficiency, it also exacerbated the soil water depletion, especially in the soil layer
between 40 and 140 cm. Overall, CRU combined with the 40 cm ridge and 40 cm furrow RFPM
system maximized resource efficiency and increased wheat production on China’s Loess Plateau.

Keywords: ridge—furrow ratio; nitrogen fertilizer type; winter wheat; soil hydrothermal; resource use
efficiency; grain yield

1. Introduction

The genotype of seeds is the internal factor that determines the yield potential of
crops, while the water, fertilizer, temperature, solar radiation, and other exterior factors
limit the yield potential [1,2]. Winter wheat (Triticum aestivum L.), a common pasta crop in
northern China, is widely grown on the Loess Plateau [3]. The high solar radiation in this
region can lead to high crop production. However, yields are often low and unstable due
to the region’s scarce rainfall and infertile soils [4]. Therefore, improving soil moisture and
nutrient availability to match solar radiation resources is crucial for achieving greater and
more stable grain yields.
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The efficient storage of precipitation is an effective way to deal with the low avail-
ability of soil moisture [5]. Ridge—furrow plastic mulching (RFPM) is considered the most
effective planting technology in rain-fed agricultural areas due to its ability to collect and
store precipitation [4,6]. Previous studies have shown that the RFPM system facilitated
precipitation infiltration, suppressed soil evaporation, increased daily radiation, and raised
the soil temperature in the early stage of crop growth [7,8]. These changes improved the
photosynthetic assimilation efficiency of the leaves, thus promoting the accumulation of
dry matter and the yield [9,10]. The ridge—furrow ratio in the RFPM system is a critical
indicator that influences resource allocation and can have a significant impact on resource
utilization efficiency and final yield formation in rain-fed farming areas [6,7,11]. Increasing
the ridge width can significantly improve soil water and thermal conditions. Conversely,
reducing the furrow area artificially increases plant density and competition between plants,
resulting in the poor use of solar radiation and heat resources and ultimately reducing the
crop yield [6,12,13]. Thus, it is worth investigating the regulatory effect of the ridge—furrow
ratio on crop resource utilization and yield.

The most common and effective way to improve the low soil fertility of the Loess
Plateau is to apply fertilizer (especially nitrogen) [14,15]. Numerous studies have shown
that N fertilizer application promotes canopy expansion [9,14], leading to the enhanced
interception of radiation and its conversion into biomass, ultimately resulting in increased
grain yield [16,17]. The nitrogen fertilizer type also affects crop growth, development, and
crop production. The new slow-release urea (CRU) fertilizer can effectively improve soil
N availability compared to traditional urea (TU) [6,15,18]. This change resulted in the
extension of the root system downwards, which improved the uptake and utilization of
deep soil nitrogen by the plant root system, thus reducing the mismatch between nitrogen
supply and demand in the middle and late stages of the plant and ultimately delaying early
leaf senescence [14]. Therefore, a higher GY can be obtained by applying CRU compared to
TU [6,15,18,19]. However, there have been few studies on the vital production resources of
different nitrogen fertilizer types, particularly when applying different nitrogen fertilizer
types to RFPM systems.

There have been many studies on the RFPM system, the application of nitrogen to
crops, and critical resource (water, nitrogen, thermal, and radiation) use efficiency [2,8,14].
However, more information is required on the combined effects of the ridge—furrow ratio
and type of N fertilization (NT) on the GY and resource use efficiency of rain-fed winter
wheat in China’s Loess Plateau. In theory, the effects of soil moisture and nitrogen on
growing and developing crops interact with each other [4,20], but it is not clear how N
availability from different nitrogen fertilizer types impacts crop yields under different
ridge—furrow ratios. In addition, little information is available about the internal efficiency
mechanism controlling resource utilization (thermal, water, nitrogen, and radiation). Un-
derstanding these mechanisms could provide a scientific basis for optimizing the RFPM
system and nitrogen fertilizer type selection.

Therefore, the quantitative effects of different ridge—furrow ratios and nitrogen fertil-
izer types on the dynamics and distribution of captured heat, water, nitrogen, and radiation
resources were investigated in a three-year consecutive experiment. Additionally, we
assessed the impact of using the RFPM system with varying ridge—furrow ratios and ni-
trogen fertilizer types on the growth and yield of winter wheat. Furthermore, we aimed
to determine an optimized ratio for ridges and furrows as well as an appropriate type of
nitrogen fertilizer that would result in higher winter wheat yields and resource utilization
efficiency in the region.

2. Materials and Methods
2.1. Site and Description

Experiments were conducted at Shanxi Agricultural University’s Organic Dryland
Agriculture Station (37°25' N, 112°36' E) in Taigu, Shanxi Province, China. The study covers
three consecutive growing seasons from September 2018 to June 2021, during the winter
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wheat growing season. Over the past sixty years (1960-2020), the region has experienced
an average annual precipitation of 462.9 mm and evaporation of 1002.9 mm, which is
typical for a semi-arid agricultural area located on the Loess Plateau. Additionally, the
average annual temperature in this area was recorded as 9.9 °C with a sunshine duration
of approximately 2550 h and a frost-free period lasting around 176 days per year. The
soil texture observed in this study belongs to the cinnamon soils, with a bulk density of
1.29 g cm 3, a field capacity of 23.5%, and a wilting point of 7.3% within the soil profile
extending up to 140 cm depth. The effective phosphorus, available potassium, alkaline
nitrogen, and organic matter contents within the 30 cm soil profile were 18.44 mg kg~ !,
236.87 mg kg~ !, 53.76 mg kg !, and 22.02 g kg !, respectively. The monthly precipitation,
solar radiation, and mean temperature between September 2018 and June 2021 at the
experimental site are shown in Figure 1.
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Figure 1. Monthly precipitation and solar radiation (a) and monthly mean air temperature (b) at the
experimental site during the three planting years (2018-2021) of rain-fed winter wheat crops. The
monthly precipitation and solar radiation are represented by the bar and line symbols, respectively,
in (a).

2.2. Experimental Design

The experiment used a split-plot design with three replications. Two types of nitrogen
fertilizer, including conventional urea (TU) and controlled-release urea (CRU), were selected
for the main plot and four planting patterns (conventional flat planting (F) and the RFPM
system with 40 cm furrow widths and 20, 40, and 60 cm ridge widths as subplots). A
schematic diagram of the different planting patterns and their unit sizes is shown in
Figure 2. A transparent film with a thickness of 0.08 mm was placed over the ridges at the
time of sowing and was later removed after the harvest. A minimum distance of 1.0 m
was maintained between the plots to ensure minimal interference from water and nutrient
migration between adjacent plots.

A basal dressing consisting of pure N, P,Os, and K,O at rates of 180, 150, and
120 kg ha~! was applied before the establishment of the RFPM and F plots, respectively.
The nitrogen fertilizers utilized in the experiments included conventional urea (TU) with a
minimum N content of 46% and controlled-release urea (CRU) with an N content of 24%,
releasing over a period of 90-120 days, from Kingenta Ecological Engineering Co., Ltd.,
Linshu, China. Each plot covered an area approximately measuring 36 m?, and the local
mainstream variety ‘Zhongmai 175" was planted at a density of 150 kg ha~! across all plots.
Pests and weeds were strictly controlled during the growing season to avoid yield loss.
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Figure 2. Field schematic diagrams for four planting patterns (F, RyF4, R4F4, and RgF4) and their unit
sizes of rain-fed winter wheat.

2.3. Sampling and Measurements
2.3.1. Phenology

The phenology of winter wheat was continuously monitored throughout the entire
growing season for each plot. The date was recorded when at least 50% of the plant popu-
lation in the observation plot had reached various stages, including seedling emergence,
re-greening, flowering, and physiological maturity [21].

2.3.2. Soil Temperature and Soil Water Content (SWC)

An automatic soil temperature probe (DS1922L, Analog Devices, Shanghai, China) was
buried 15 cm below the surface between two rows of plants in each plot. This instrument
provided continuous measurements of soil temperature (°C) at intervals of every 4 h during
the entire growth period of wheat.

Soil samples for winter wheat were taken using a hand drill at a depth of 140 cm
with sampling points spaced every 20 cm at various stages including sowing, seedling
emergence, flowering, grain filling, and maturity. In F treatments, soil samples were taken
midway between two rows of wheat. In RFPM treatments, soil samples were collected at
three specific locations: the center ridge point, the junction point between the ridge and
furrow, and the center furrow point. These soil samples were then placed in an aluminum
box and dried in a forced-air oven at a temperature of 105 °C for a duration of 24 h to
determine the soil water content (SWC).

2.3.3. Leaf Area Index (LAI) and Accumulation of Dry Matter (DM)

During the main phenological period, a total of twenty plants were selected at random
from each plot for the evaluation of the leaf area index (LAI) and the dry matter (DM).
The LAI represents the ratio between the overall leaf area of leaves within a plot and the
plot’s area. The individual leaf area is determined by multiplying a leaf’s length with its
maximum width, then multiplying the result by 0.75 [22]. To obtain DM, wheat plants were
chopped and subjected to drying in a forced-air oven at 105 °C for thirty minutes initially,
then maintained at a temperature range of 65-70 °C for at least seventy-two hours.
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2.3.4. Grain Yield

At physiological maturity, six rows of 1 m-long wheat plants were harvested manually
from the middle of each plot. The grain was then dried in a forced-air oven to determine the
moisture content. Finally, the grain yield was calculated at a moisture content of 14% [3].

2.4. Data Calculation
2.4.1. Soil Thermal Time (TT,;) and Thermal Time Use Efficiency (TUE)

The cumulative soil thermal time (TTgyy, °C) for winter wheat from sowing to maturity
was calculated using the method described by McMaster et al. (1997) [23]:

TTson = Z(Tmean - Tbase) 1)

where Tiean represents the daily mean temperature of the soil, while Ty,¢e denotes winter
wheat’s basic soil temperature of 0 °C. All the available data with Tean below the basic
soil temperature were treated as equal to 0 °C.

The TUE (kg ha~! (°C d)~1) for the winter wheat grain yield was calculated according
to the method proposed by Subrahmaniyan et al. (2018) [24]:

TUE = Grain yield /TTyy (2)
where TT,y; (°C d) is winter wheat soil thermal time throughout the growing season.

2.4.2. Intercepted Photosynthetically Active Radiation (PAR;) and Radiation Use
Efficiency (RUE)

The amount of PAR; (MJ m~2) intercepted by the wheat canopy was computed using
Zhang et al.’s (2019) [2] exponential function:

PAR; = ) 0.5R(1 — e <AT) (3)

where R (M] m~2) represents the daily solar radiation, while k denotes the light extinction
coefficient (0.65 for winter wheat [25]) and LAI indicates the leaf area index.

The formula proposed by Subrahmaniyan et al. (2018) [24] was used to calculate the
RUE (g MJ 1) for the wheat grain yield:

RUE = GY/PAR; (4)

where GY (g m~?2) is the grain yield of wheat and PAR; (MJ m~?) is the photosynthetically
active radiation intercepted by the leaves during the entire growing season of the winter
wheat crop.

2.4.3. Soil Water Storage (SWS), Evapotranspiration (ET), and Water Productivity (WP)

Using the formula introduced by Mo et al. (2017) [12], the indicators of SWS (mm), ET
(mm), and WP (kg mm ! ha™!) were calculated as follows:

SWS =SD x SWC x p 5)
ET = P + ASWS ®)
WP = GY/ET )

where SD is the depth of the soil layer (mm), SWC is the water content of a given soil
layer (%), p is the soil’s bulk density (g cm™3), and P corresponds to total precipitation
received during the winter wheat growth period (mm), whereas ASWS (soil water depletion)
indicates variation in stored soil water from sowing to the maturity stage for winter wheat
crops (mm).
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2.4.4. Partial Factor Productivity of N (PFPy)

The formula provided by Qiang et al. (2022b) [15] was used to calculate the PFPy
(kg kg™"):
PFPN = GY/IR (8)

where GY is the grain yield of wheat (kg ha~—!) and IR is the nitrogen input rate (kg ha™!).

2.5. Statistical Analysis

The ANOVA technique implemented through SPSS Statistics 18 (IBM, Chicago, IL,
USA) statistical software facilitated assessment of the ridge—furrow ratio’s impact along
with the nitrogen fertilizer type and planting year on grain yield, resource allocation, and
utilization patterns. Significant differences among treatments were compared utilizing the
LSDg o5 test. Graphics were generated employing Origin 8.5 (OriginLab, Northampton,
MA, USA) drawing software.

3. Results
3.1. Dry Matter (DM) Accumulation Dynamics

The planting pattern, nitrogen fertilizer type, and growing season significantly affected
the DM (Figure 3). Regardless of the nitrogen fertilizer type and growing season, DM
followed the order of RgF4 = R4F4 > RyFy > F over the whole growth period. The effect of
the N fertilizer type on vegetative dry matter accumulation was not significant. However,
CRU increased DM levels during the reproductive growth period compared to TU. The
DM at maturity value was greatest in the 2020-2021 season, followed by the 2019-2020 and
2018-2019 seasons, with values of 9125.9, 5578.7, and 5175.4 kg ha™!, respectively.

3.2. Leaf Area Index (LAI) Dynamics

The planting pattern, nitrogen fertilizer type, and growing season significantly affected
the LAI (Figure 4). Averaged across the nitrogen fertilizer type and growing season, LAI
followed the order: R¢Fs = R4F4 > RoF4 > F over the whole growth period. Applying
CRU significantly increased LAI, particularly during the reproductive growth period. The
mean value for LAI was highest during the 2020-2021 season, followed by 2018-2019 and
2019-2020, with values of 2.8, 1.3, and 1.2 m? m 2, respectively.

(a) 2018-2019 TU CRU
—o—F —o-RF, 4 RF, —v RF, !
I 1
X
I
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Figure 3. Cont.
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Figure 3. Dynamic of dry matter accumulation for the two nitrogen fertilizer types (TU and
CRU) under four planting patterns (F, RyFy4, R4F4, and R¢Fy) over three wheat growing seasons
in 2018-2019 (a), 2019-2020 (b), and 2020-2021 (c). Bars are LSDs at p < 0.05.
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Figure 4. Dynamic of leaf area index for the two nitrogen fertilizer types (TU and CRU) under
four planting patterns (F, RyF4, R4F4, and RgFy) over three wheat growing seasons in 2018-2019 (a),
2019-2020 (b), and 2020-2021 (c). Bars are LSDs at p < 0.05.

3.3. Crop Phenology

The crop phenology was significantly affected by the growing season (Y), nitrogen
fertilizer types (NT), and planting patterns (P) (Figure 5). The sowing (So)-seedling emer-
gence (Se) period generally became longer as the ridge—furrow ratio decreased, whereas the
opposite occurred for the re-greening (Re)-flowering (Fi) and Fi-maturity (Ma) stages. The
CRU extended the total growth period by about 2 days compared to applying TU, and the
difference between the two nitrogen fertilizer types was greatest during the Fi-Ma stage.
The differences in the meteorological factors meant that the mean value for the length of
the whole growing season was longest in 2019-2020, followed by 2018-2019 and 2020-2021,
with values of 259, 256, and 252 d, respectively.

3.4. Grain Yield (GY)

Grain yield (GY) was significantly influenced by Y, NT, and P (Figure 6). The average
GYs for the 2018-2019, 2019-2020, and 2020-2021 wheat cropping years were 2314.1, 3084.1,
and 5699.6 kg ha~!, respectively. The RFPM system produced significantly greater GYs
than the F planting treatment. Wheat GY increased with increasing ridge width and was
maximized at 40 cm ridge width. Averaged across three growing seasons, CRU increased
GY by an average of 11.8% compared to TU.
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Figure 6. Effect of two nitrogen fertilizer types (NT) and four planting patterns (P) on grain yield
over the three winter wheat growing seasons of 2018-2019 (a), 20192020 (b), and 2020-2021 (c).
Different lowercase letters on the histogram of the same year represent significant differences at the
0.05 probability level for different treatments.

3.5. Resource Use Efficiency
3.5.1. Thermal Time and Radiation Use Efficiency

The thermal time use efficiency (TUE) and radiation use efficiency (RUE) were both
significantly affected by Y, NT, and P (Table 1). Both TUE and RUE increased with the
ridge—furrow ratio, with mean values of 0.99, 1.47, 1.95, and 1.98 kg ha=1 (°C d)’l for TUE,
and 0.85,0.99,1.14,and 1.14 g MJ 1 for RUE in the E, RyF4, R4Fs, and R¢Fy treatments,
respectively. The CRU increased the TUE and RUE values more than TU, with TUE
and RUE values of 1.68 kg ha=! (°C d)~! and 1.07 g MJ !, respectively, for CRU and
1.51 kg ha=! (°C d)~! and 0.99 g MJ !, respectively, for TU. Averaged across NT and P,
the mean TUE values were 0.90, 1.37, and 2.51 kg ha=1 (°C d)~! in 2018-2019, 2019-2020,
and 2020-2021, respectively, while the mean RUE values were 0.85,0.93,and 1.30 g MJ 1,
respectively.

Table 1. Thermal time use efficiency (TUE) and radiation use efficiency (RUE) were affected by the
two nitrogen fertilizer types (NT) and four planting patterns (P) during 2018-2021 rain-fed wheat
growing seasons.

TUE [kg ha~1 (°C d)~1] RUE (g MJ )
NT P
2018-2019 2019-2020 2020-2021 2018-2019 2019-2020 2020-2021
F 048 e 0.81f 1.67d 0.70 de 074 e 112e
. RoF, 0.76 d 119e 223 ¢ 0.80 cd 0.87 cd 1.20 de
RyFy 1.14 be 1.51 cd 2.83b 0.96 ab 0.94 be 1.33 dc
ReFy 1.07 ¢ 1.59 be 2.85b 0.89 be 0.96 abc 1.35b
F 042 e 092 f 1.66 d 0.61e 0.81 de Llle
CRU RyF, 0.83d 141d 238 ¢ 0.82 cd 1.00 ab 1.25cd
RyFy 1.23 ab 1.73 ab 3242 1.02a 1.05a 1542
ReFy 130a 1.77a 329a 1.04a 1.05a 157a

A significant difference between treatments at the 0.05 probability level is indicated by different lowercase letters
following the same column value.

3.5.2. Water Productivity and Partial Factor Productivity of N

The water productivity (WP) and the partial factor productivity of N (PFPy) were
significantly affected by Y, NT, and P (Table 2). Both WP and PFPN rose as the ridge—furrow
ratio increased, with mean values of 10.9, 14.9,19.1, and 19.1 kg ha=! mm~? for WP and 12.2,
18.4,25.5, and 26.2 kg kg’l for PFPy in the F, RyF4, R4Fy, and ReFy treatments, respectively.
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The CRU increased WP by 7.8% and PFPy by 14.1% compared to TU. Averaged across NT
and P, the mean WP values were 10.7,13.1, and 24.2 kg ha—! mm~1!in 2018-2019, 2019-2020,
and 2020-2021, respectively, while the mean PFPy values were 12.9, 17.1, and 31.7 kg kg_l,
respectively.

Table 2. The water productivity (WP, kg ha=! mm™~!) and partial factor productivity of N (PFPy,
kg kgfl) were affected by the two nitrogen fertilizer types (NT) and four planting patterns (P) during
2018-2021 rain-fed wheat growing seasons.

WP (kg ha—1 mm~—1) PFPy (kg kg™1)
NT P
2018-2019 2019-2020 2020-2021 2018-2019 2019-2020 2020-2021
F 6.4d 8.4d 18.1d 6.5d 9.7 e 20.1d
TU RyFy 9.6 c 11.7 c 21.8 ¢ 10.5¢ 14.6d 271c
R4F,4 12.7b 14.8 ab 27.1b 16.3b 19.0 be 35.3b
RgFs 13.2 ab 155a 26.0b 15.3b 20.2b 36.2b
F 56d 9.2d 16.9d 57d 11.0e 199d
CRU RoFy 99c 13.3 bc 229c 11.5¢ 176 ¢ 292c¢
R4Fy 139 ab 16.1a 299 a 18.1a 22.1a 421 a
RgFy 142a 16.5a 314 a 19.0a 229 a 434 a

A significant difference between treatments at the 0.05 probability level is indicated by different lowercase letters
following the same column value.

3.6. Distribution of Soil Thermal Time (TT,;), Evapotranspiration (ET), and Intercepted
Photosynthetic Active Radiation (PAR) during the Winter Wheat Growing Season

3.6.1. Soil Thermal Time (TT,;)

The soil thermal time (TT,;) was significantly affected by Y, NT, and P (Table 3).
Averaged across Y and P, CRU significantly increased TT,y; over TU, with values of
2363.6 °C d for CRU and 2322.8°C d for TU. The difference was significant during the
Fi-Ma stage, but there was no significant difference during the rest of the growth stages.
Generally, the RFPM system had higher TT,; values than F, with increases in TTy; of 1.8%,
5.8%, and 6.7% under RyF,, R4Fy, and RgF4 compared to F, respectively, when values were
averaged across the three seasons. Increasing the ridge—furrow ratio led to a decrease in
TTgoi during the Re—Fl growth stage, whereas it increased TT,; during the other growing
stages. TT,; capture was affected by solar radiati on during the growth period and was
highest during 2018-2019 (2541.0 °C d), followed by 2019-2020 (2242.7 °C d) and 2020-2021
(2245.8 °C d). The effects of NT x P and P x Y on TTs; capture throughout the growing
season were both significant (p < 0.05), which means that the effect of P on this parameter
varied significantly with NT and Y. In contrast, NTxY had no significant effect on TTj;
(p > 0.05), suggesting that the Y effects on this parameter were similar and independent of
TU or CRU.

3.6.2. Evapotranspiration (ET)

The evapotranspiration (ET) during all the growth periods was significantly affected
by Y, NT, and P (Table 4). Applying CRU significantly increased ET over TU, with values
of 229.8 and 218.8 mm for CRU and TU, respectively. The difference was greatest during
the Fi-Ma period. Averaged across Y and NT, ET increased with increasing ridge width,
except during So-Se. ET by winter wheat was affected by rainfall and significantly varied
among growing seasons. The ET values showed the following trend in the three planting
seasons: 2018-2019 < 2019-2020 = 20202021, and NT x P effects on ET were not significant
(p > 0.05), suggesting that the four planting patterns performed similarly in CRU and TU.
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Table 3. Soil thermal time (TTy;, °C d) captured during the main growth stages as affected by the
two nitrogen fertilizer types (NT) and four planting patterns (P) over the 2018-2019, 2019-2020, and
2020-2021 growing seasons (Y).

TTseq Capture at Various Growth Stages TT,,; Capture during

freatment So-Se Se-Re Re-Fi Fi-Ma Growth Period
NT
TU 442.7 a 538.1a 596.3 a 745.6 b 2322.8b
CRU 4442 a 536.8 a 597.6 a 7849 a 2363.6 a
P
F 431.7 ¢ 498.4d 632.0 a 700.3 ¢ 22624 c
RyFy 4409b 529.1 ¢ 595.2b 738.1b 23034Db
R4Fy 4475a 550.5 b 584.3b 810.2 a 23925 a
Rg¢Fy 4538 a 572.0a 576.4 ¢ 812.3a 24145 a
Y
2018-2019 470.1a 513.3b 672.6 a 885.0 a 2541.0 a
2019-2020 427.7b 519.9b 581.2b 7139b 2242.7b
2020-2021 432.6b 579.3 a 537.1c¢ 696.8 ¢ 2245.8b
ANOVA
NT ns ns ns ** **
P - - - - o
Y - *x *x - -
NT x P ns ns ns ** **
NT x Y ns ns ns ** ns
PxY ns ns ** ** >
NTxPxY ns ns ns ** *

So-Se, from sowing date to seedling emergence; Se-Re, from seedling emergence to re-greening stage; Re-Fi,
from re-greening stage to flowering stage; Fi-Ma, from flowering stage to maturity; and So-Ma, from sowing
date to maturity. Within the NT, P, and Y treatments, the symbols *" and “**' mean significant at the level of
p = 0.05 and 0.01, respectively, and ‘ns” means not significant at the level of p = 0.05. A significant difference
between treatments at the 0.05 probability level is indicated by different lowercase letters following the same
column value.

3.6.3. Photosynthetically Active Radiation (PAR)

The photosynthetically active radiation (PAR) interception during the growth period
was significantly affected by Y, NT, and P (Table 5). The effect of NT on PAR was greatest
during the reproductive growth stages. However, P affected PAR interception throughout
the winter wheat growing season. Photosynthetically active radiation interception increased
with the ridge—furrow ratio, and the mean values averaged among NT and Y were 243.1,
322.7,390.1, and 398.1 MJ m~2 for F, RyF4, R4F4, and R¢Fy, respectively. The highest PAR
interception occurred in 2020-2021 (427.9 M] m~2), followed by 2019-2020 (326.5 MJ m~2)
and 2018-2019 (261.1 MJ m~2). There was no significant difference (p > 0.05) between NT
and P in terms of PAR interception, indicating that the positive impact of P on the PAR was
the same regardless of the nitrogen fertilizer type.

3.7. Soil Water Depletion

The depletion of soil water during the growing season was significantly influenced by
the Y, NT, and P (Figure 7). Averaged over the NT and Y, the depletion of soil water over
the three growing seasons was in the following order: 2020-2021 > 2018-2019 > 2019-2020,
with values of 130.9, 94.0, and 64.1 mm, respectively. The NT treatment affected soil
water depletion within the 40-100 and 100-140 cm soil layers and followed the trend of
CRU > TU, but it did not affect soil water depletion in the 0—40 cm soil layer. Soil water
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depletion increased with the ridge—furrow ratio, and the mean values averaged among
NT and Y were 71.6, 92.9, 108.7, and 112.2 mm for E, RyF4, R4Fy, and R¢Fy, respectively.
The results also showed that the difference in soil water depletion was greatest in the
40-140 soil layer.

Table 4. Evapotranspiration (ET, mm) during the main growth stages as affected by the two nitrogen
fertilizer types (NT) and four planting patterns (P) over the 2018-2019, 2019-2020, and 2020-2021
growing seasons (Y).

ET at Various Growth Stages

Treatment ET during Growth Period
So-Se Se-Re Re-Fi Fi-Ma
NT
TU 289a 443a 83.7a 619b 218.8b
CRU 28.7 a 45.6 a 87.8a 67.8a 229.8 a
P
F 34.1a 293 ¢ 76.3 ¢ 60.2 ¢ 199.8 ¢
RyFy 28.8b 439b 839b 63.6b 220.2b
R4Fy 25.7 ¢ 532 a 90.4 a 67.5a 2369 a
RgFy 264 c 534 a 924 a 68.1a 2404 a
Y
2018-2019 421a 421b 547 ¢ 71.7 a 210.6 b
2019-2020 29.2b 352¢ 108.3 a 58.1c 230.8 a
2020-2021 15.0c¢ 57.6 a 94.3b 64.7b 231.6a
ANOVA
NT ns ns ns * **
P . - - - -
Y . - - - o
NT x P ns ns ns ns ns
NT x Y ns * ** ** ns
PxY . * - - ns
NTxPxY * * ns ns ns

So-Se, from sowing date to seedling emergence; Se-Re, from seedling emergence to re-greening stage; Re—Fi,
from re-greening stage to flowering stage; Fi-Ma, from flowering stage to maturity; and So-Ma, from sowing
date to maturity. Within the NT, P, and Y treatments, the symbols *" and **' mean significant at the level of
p = 0.05 and 0.01, respectively, and ‘ns” means not significant at the level of p = 0.05. A significant difference
between treatments at the 0.05 probability level is indicated by different lowercase letters following the same
column value.

Table 5. Photosynthetically active radiation (PAR, MJ m~2) interception during the main growth
stages as affected by the two nitrogen fertilizer types (NT) and four planting patterns (P) over the
2018-2019, 2019-2020, and 2020-2021 growing seasons (Y).

PAR Interception at Various Growth Stages PAR Interception
Treatment . .
So-Se Se-Re Re-Fi Fi-Ma during Growth Period
NT
TU 6.7 a 180.0 a 94.0a 52.1b 332.7b
CRU 6.9 a 180.6 a 958 a 61.0a 3443 a
P
F 37¢ 1444 ¢ 63.2¢ 31.8¢ 243.1c
RoFy 56b 169.3b 945b 533 b 322.7b
R4Fy 8.7a 201.1a 110.5a 69.8 a 390.1a

RgFs 91a 206.4 a 1114 a 713 a 398.1a
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Table 5. Cont.

PAR Interception at Various Growth Stages PAR Interception
Treatment . . during G th Period
So-Se Se-Re Re-Fi Fi-Ma uring Grow erio
Y
2018-2019 6.6 b 131.0c¢ 754 ¢ 48.1b 261.1c¢
2019-2020 8.1la 170.6 b 99.2b 48.6 b 326.5b
2020-2021 5.6b 2393 a 110.1a 729 a 4279 a
ANOVA
NT ns ns ns xx **
P *3% *3% *% *% *3%
Y 3% L *3% *% *%
NT x P ns ns ns * ns
NT x Y ns ns ns ns ns
PxY * ** ns ** ns
NTxPxY ns ns ns ns ns

So-Se, from sowing date to seedling emergence; Se—Re, from seedling emergence to re-greening stage; Re—Fi,
from re-greening stage to flowering stage; Fi-Ma, from flowering stage to maturity; and So-Ma, from sowing
date to maturity. Within the NT, P, and Y treatments, the symbols *" and “**' mean significant at the level of
p = 0.05 and 0.01, respectively, and ‘ns’ means not significant at the level of p = 0.05. A significant difference
between treatments at the 0.05 probability level is indicated by different lowercase letters following the same
column value.
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Figure 7. Soil water depletion in the 040, 40-100, and 100-140 cm soil layers for the NT treatments
(TU and CRU) under the four planting patterns (F, R2F4, R4F4, and R6F4) over the 2018-2019 (a),
2019-2020 (b), and 2020-2021 (c) growing seasons. Different lowercase letters on the same soil layer
represent significant differences for the different treatments at the 0.05 level of probability.
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4. Discussion
4.1. Crop Growth and Phenology

Soil moisture, nutrients, solar energy, and thermal energy are the key environmen-
tal factors affecting crop growth [26,27]. The results from this study showed that the
RFPM system significantly increased the LAl and DM compared to F over the three wheat
growing seasons. This could be attributed to fact that the RFPM system created favor-
able hydrothermal conditions in semi-arid areas, which significantly promoted leaf ex-
tension and the interception of PAR, thus increasing photosynthetic assimilation and dry
matter accumulation [9,11,28]. In addition, the LAI and DM both followed the order:
RgF4 = R4F4 > RyF4 > F over the whole growth period. This implied that there was a
threshold value for the promotion effect of the RFPM system on crop growth, and excessive
ridge widths artificially led to high plant densities in the furrows, which aggravated com-
petition between plants, resulting in premature senescence of the middle and lower leaves
of plants and the inhibition of dry matter accumulation [29,30]. The results also showed
that CRU increased the LAI and DM, especially during the reproductive growth stage
(Figures 3 and 4). This was mainly due to the fact that the CRU application significantly
improved soil N availability, especially in the mid and late periods. This delayed leaf
senescence and increased DM accumulation [15]. It is well-known that mulching can
regulate the relationship between soil moisture and thermal status, thus affecting the crop
development process [24,31]. In this study, the RFPM system prolonged the total growth
period and the reproductive growth stage by 1-5 days and 1-9 days compared to that of
F, respectively (Figure 5). A possible reason for this difference was that the RFPM system
significantly improved soil water availability, root activity, the absorption of additional
water and nitrogen, and delayed leaf senescence, which prolonged the overall growth
period [29,31,32].

4.2. Crop Resource Allocation and Resource Use Efficiency

Numerous studies have shown that crop yield depended on the amount of resources
absorbed and the allocation of the resources among different growth stages [27,33]. Con-
sistent with previous studies [2,8], ET in this study increased with the ridge—furrow ratio,
except during the So—Se period (Table 4). This was because soil evaporation rather than
transpiration determined ET at the seedling stage, and larger ridge widths significantly
reduced ET by reducing soil evaporation [6,13]. The TTs; capture values increased with
ridge width over the whole growth period, except during the Re—Fi period (Table 3). This
was related to the fast crop growth rate and the larger leaf area preventing light from pene-
trating the leaves and reaching the ground, thus reducing the soil warming effect [2,24].
Photosynthetically active radiation interception at the various growth stages followed the
trend of F < RyF4 < R4F4 = RgFy (Table 5). This was mainly due to the superior hydrothermal
conditions created by the RFPM system, which improved seedling establishment and sub-
sequent crop canopy development in the RFPM system. This meant that the RFPM system
had a higher LAI than that of F (Figure 4), which improved the interception of radiation
by leaves [14]. Applying CRU increased the absorption of resources (ET, TT,;, and PAR)
compared to TU. Differences were greatest during reproductive growth, as there was no
significant difference in N availability between the two N fertilizers during vegetative
growth, meaning that differences occurred mainly during late growth [6,15,18].

The ability of plants to capture and utilize resources is the key to determining crop
growth and yield [33,34]. In our study, the RFPM system (especially with greater ridge
widths) produced higher resource (TUE, RUE, WP, and PFPy) use efficiencies compared
to F (Tables 1 and 2). The effect on TUE may be attributed to the warming effect of the
RFPM system in the early growth stage leading to improved early seedling establishment,
DM accumulation, and ultimately promoting the transport of dry matter from vegetative
organs to grains [2]. The effect on RUE may be attributed to the RFPM system always
resulting in higher LAIs compared to the conventional flat planting (F) throughout the
growing season (Figure 4). This would increase the interception of solar radiation, the
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photosynthetic rate, and ultimately GY [7,28,30]. The effects on WP may be attributed
to the RFPM system converting some ineffective rainfall into effective rainfall and to
increases in the crop transpiration proportion of ET, which would increase the canopy
photosynthetic capacity and ultimately GY [5,8,35]. The effect on PFPyN may be attributable
to the RFPM system, particularly when the width is greater, because it improves the soil
water conditions. Thus, there was a possible synergistic effect between N and water on the
yield performance [4,10,20]. In line with previous research [6,15,18], our study showed that
applying CRU led to greater resource use efficiencies than TU.

4.3. Crop Yield

Water scarcity is the main limiting factor for winter wheat productivity in the Loess
Plateau rain-fed agricultural area [3,5]. In our study, the RFPM system achieved higher
GY than F, possibly because the RFPM system can significantly improve soil moisture
availability, minimizing the adverse effects of drought on crop growth [4,13]. Improving
the availability of soil moisture has a direct effect on soil temperature and N availability,
and ultimately promotes canopy growth and resource utilization, which in turn increases
crop yields [2,14,29]. Changing the size of the ridge and furrow is a common measure
that is used to regulate resource utilization and crop production. In this study, when the
ridge width was <40 cm, crop yields increased with ridge width. However, there was no
effect when the ridge was too wide (>40 cm) because the GY of R4F4 was equal to R¢Fy
(Figure 6). This is mainly because increasing the ridge width can significantly improve
soil hydrothermal conditions, thus promoting the utilization of resources and ultimately
crop yields. However, too wide a ridge wastes the solar energy resources of the rainwater
harvesting area (ridge) and exacerbates the competition for resources in the furrow, which
is not conducive to yield increases [11,13]. It can be predicted that, beyond a certain point,
GY will decrease as the ridge—furrow ratio increases.

4.4. Soil Water Depletion

Crop ET can be significantly increased by using CRU and wider ridges in rain-fed
cropping areas [6,36]. At 0—40cm, the planting year affected soil water depletion, but NT
and P did not. This may be because the consumption of soil moisture by NT and P in the
0—40 cm soil layer was phased and weak, and the considerable ET due to meteorological
factors eventually eliminated any differences. In the 40-100 and 100-140 cm soil layers,
a higher ridge—furrow ratio or applying CRU tended to intensify soil water depletion. A
potential reason for this was that the RFPM system led to increased root growth depth and
root activity [32], which improves the root’s ability to absorb moisture from deeper layers
of the soil to reduce drought stress [2,12]. Soil moisture in the 0—40 cm layer was easily
recovered during the summer fallow period, according to the soil water balance [3,37], but
it was not clear whether deep soil moisture (40-140 soil layer) was restored during the
fallow period, especially in dry years. Deep soil moisture is an important water source
that enables the next stubble crops to cope with periodic drought [38]. Thus, the use of an
optimal ridge and furrow size and an appropriate fertilization strategy directly affected the
sustainability of rain-fed farmland production.

5. Conclusions

Improving soil water and nutrient availability is important for high yields and resource
efficiency in winter wheat farming in the rain-fed agricultural region of the Loess Plateau
in China. Implementing RFPM, especially with higher ridge-furrow ratios, facilitated
canopy growth and increased its ability to capture more sunlight, resulting in increased
evapotranspiration and dry matter accumulation. It also prioritized the allocation of crucial
production resources such as water, nitrogen, radiation, and heat towards the reproductive
growth phase. These modifications constitute an internal mechanism that drives resource
efficiency within the REPM system and leads to a substantial improvement in winter wheat
GY by 51.6-115.2%, TUE by 48.3-99.5%, WP by 37.4-76.3%, RUE by 16.3-34.4%, and PFPy
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by 51.6-115.2% compared to F. Furthermore, applying CRU increased the absorption and
utilization of resources compared to TU, particularly during the reproductive growth stage.
We suggest that the R4F, treatment combined with CRU could be a suitable integrated
resource planting pattern for rain-fed winter wheat production. However, the effect of
planting patterns and fertilization strategies on the annual soil moisture balance deserves
further investigation, as it has a direct impact on the sustainability of soil moisture.
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