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Abstract: The proper promotion of a deep root system is important for maize cultivation to improve
water use efficiency in the arid and semi-arid Loess Plateau. Here, a field experiment was conducted
to assess the effect of combined controlled release urea and normal urea on root growth and water
extraction of maize in dryland fields. Maize in the combined controlled release urea and normal
urea treatment had greater root systems compared to those in the normal urea treatment and no N
application treatment. Compared to the urea treatment, combined controlled release urea and normal
urea advanced the root length density and root weight density in the 0–10 cm soil layer at R1 stage by
30.99% and 45.03% in 2016 and by 20.54% and 19.13% in 2017. The root length density also increased
at the dent stage (R5) by 52.05% and 47.75% in 2016 and 2017, and root weight density increased by
19.58% in 2016. Combined controlled release urea and normal urea promoted production of fine roots
and root distribution, as well as decreased soil water storage (SWS) in the deep soil layer at the R5
stage. The grain yield was positively correlated with root length density and root weight density
in the topsoil layer at the silking stage (R1) and in the whole soil profile at the R5 stage, suggesting
that better root system management is helpful for increasing crop grain yield. Therefore, this work
demonstrates that combined use of controlled release urea and normal urea to higher crop yields
might attribute to increasing water extraction by optimizing in-season maize root morphology and
distribution in the rainfed farmland of the Loess Plateau.

Keywords: controlled release urea; root length density; root weight density; average root diameter;
soil water storage

1. Introduction

Maize grain production must increase by 1.3% per year until 2025 to meet the demands of the
increasing global human population, as it is expected to increase by two to three billion by 2050 [1].
The application of nitrogen (N) fertilizer is one of the main methods to improve crop production [2].
However, the excessive use of N fertilizer has no positive effect on yield [2] and causes a large amount
of undesirable nitrate residual pollution, air pollution with emissions of N2O and NH3, food security
issues, and threats to land health [3–5]. Therefore, modern agriculture should consider both high
yield and environmental sustainability. Studies have shown that reducing the time of organic N is
in soil solution before crop absorption can reduce the risk of N loss and increase N use efficiency
(NUE) which is defined as the ratio of grain yield and the amount of N applied [6]. For that reason,
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topdressing was adopted as a main traditional method to synchronize the N demand of crop and
reduce retention time over the past few decades [7] in the dryland grain production region of Northwest
China. Previous studies have reported that applying N with three splits significantly increased grain
yields with 14.3 and 14.8 kg ha−1 compared to applying N for one time at sowing which increased
grain yields by only 12.8 and 13.5 kg ha−1 in the two experimental years [8]. However, this N practice
is time consuming and laborious. Therefore, a method that both improves NUE and saves labor should
be further probed to achieve sustainable production in agriculture.

In recent years, controlled release urea with one-off application has been partially adopted as
optimal N management to improve NUE and save labor. It is better than the slow-release urea that can
control the rate that N is released into the soil solution to synchronize it with crop N requirements [9]
and increase crop production in China and worldwide [10,11]. However, the controlled release urea has
been considered too expensive to use in cereal crops in developing countries [12], and the release rate
of controlled release urea is affected by temperature and moisture [13]. Therefore, combined controlled
release urea and normal urea has been accepted for many crops [14,15]. A study conducted in Italy
reported that mixed controlled release urea and urea at a ratio of 1:1 and 3:1 increased bermudagrass
forage production by 10.0% and 6.1% relative to the untreated urea treatment [15]. A study conducted
in Northeast China reported that combined controlled release urea and normal urea at a ratio of
7:3 increased the maize grain yield by 9.1–21.0% compared to normal urea treatment [16]. A study
conducted in Northwest China reported that combined controlled release urea and normal urea
at a ratio of 1:2 increased grain yields and nutrient efficiency compared to when solely urea was
applied [17]. Therefore, it is very important to adjust the fertilization ratio of controlled release urea
according to crop and climate characteristics.

Knowledge of root spatial distribution is essential to study the potential of crops to absorb water
and nutrients and obtain ideal crop yields in rainfed farming, especially in the arid and semi-arid
Loess Plateau of China. In general, root growth is genetically controlled [18], but root morphology is
highly plastic [19] and affected by many factors such as water, nutrients, and plant density [20–22].
N deficiency induces root foraging behavior and stimulates deeper root growth to absorb water and
N [23]. However, the excessive application of N fertilizer reduces root biomass [24] and the proportion
of the root system in deeper soil layers [25]. The long-term use of urea improves nutrient levels in
the topsoil and results in root concentration mainly in the topsoil layer [26]. Until now, few studies
have focused on the effect of controlled release urea on crop roots. According to a previous study in
Mozambique, maize root growth showed a clear tendency for higher root density in semi-arid loamy
sandy soil with slow-release urea as a topdressing N fertilizer, compared to when quick-release urea was
used as a topdressing N fertilizer [21]. This implies that crop rooting systems may vary with optimized
application of controlled release fertilizer. However, how roots respond to combined controlled release
urea and normal urea and the mechanism by which they affect root systems of crop production in
arid and semi-arid areas remains unclear and requires further study. An improved understanding
of root-growth response will provide a theoretical basis for the application and popularization of
controlled release fertilizer in maize.

Therefore, a two year field experiment was designed and conducted to focus on the effect of
optimal mixture of controlled release urea and normal urea on root growth and water extraction of
maize in the arid and semi-arid region. For this, we characterized temporal and spatial distribution
patterns of spring maize roots and soil water storage in the later growth period of maize. We also
evaluated the correlation between root length density (RLD) and root weight density (RWD) over
various soil depths and grain yield at different maize growth stages. The study provided the related
mechanism of rational application of controlled release fertilizer on increased crop yield in the semiarid
Loess Plateau area.
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2. Materials and Methods

2.1. Experimental Site

The field experiment was conducted during the 2016 and 2017 growing seasons at Changwu
Research Station of Agriculture and Ecology, which is located in a typical rainfed farming area on the
Loess Plateau in China (Figure 1). Precipitation during the two maize growing seasons (from April to
September) was 390 and 372 mm, respectively (Figure 2). The soil was classified as Cumuli Haplustolls
according to the American soil taxonomy system. Samples from the top 20 cm of soil were taken from
the experimental field before sowing in 2016 to analyze the basic physicochemical properties. The soil
contained 14.67 g kg−1 soil organic matter, 0.94 g kg−1 total N, 7.6 mg kg−1 mineral N (total as NO3

−-N
and NH4

+-N), 15.4 mg kg−1 available phosphorus, 145.5 mg kg−1 available potassium and the soil PH
was 7.8. As the Loess parent material is loose with uneven topography, the soil water erosion and
nutrient loss may take place due to uneven annual precipitation which can result in poor soil [27].
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2.2. Experimental Design

The field experiment was set up with three different N application treatments as follows: no N
application (N0), normal urea alone (NU), and optimized nitrogen application with controlled release
urea and normal urea mixture at a 1:2 ratio (N from controlled release urea: N from normal urea)
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(NC). The total amount of N applied in the NC and NU treatments was 225 kg N ha−1. Each plot
had an area of 63 m2 (7 m × 9 m) and was laid out as a randomized block design with four replicates
per treatment. In the NC treatment, controlled release urea and normal urea were applied as a basal
fertilizer in just one application before planting. In the NU treatment, normal urea was applied as
a split application, with 40% of the total N applied as a basal fertilizer before planting and 30% as
a supplemental fertilizer at the jointing and silking stages. The normal urea used in this experiment
contains 46% N. The controlled release urea used in this experiment was a polymer coated urea
coating 44% N and manufactured by Agrium Inc., Calgary, AB, Canada (Environmentally Smart
Nitrogen [ESN]). The cumulative release rate in the controlled release urea was 80% at 60 days when
the temperature was 25 ◦C. To each plot, P (40 kg ha−1) and K (80 kg ha−1) fertilizers were applied as
a basal fertilizer. All basal fertilizers were uniformly distributed over the soil surface by hand and then
plowed into the soil at a depth of 15–20 cm by rotary tillage.

Maize was seeded at a depth of 5 cm on 24 April 2016 and 26 April 2017 with hand planters to
a stand of 65,000 plants per hectare with intra-rows of 30 cm and an alternating wide and narrow row
spacing of 60 cm and 40 cm, respectively. The plastic film used in this study was 0.008 mm thick white
polyethylene. Holes were made in the trench every 30 cm to allow infiltration. There was no irrigation,
and natural rainfall was the only source of water over the entire maize growing season. The standard
system maize growth period was used to identify the crop growth period [28].

2.3. Sampling and Analyses

Roots were collected from the N0, NC, and NU treatments in 2016 and 2017. A monolith
method [29] was employed to study the spatial distribution of the root system in the soil profiles. A soil
block centered on consecutive two harvest plants with a length of 60 cm and a width of 50 cm was
excavated to a depth of 60 cm at the six leaf stage (V6) and to a depth of 100 cm at silking stage (R1),
milk stage (R3), and dent stage (R5). The soil block was divided into seven (five in V6 stage) depth
intervals: 0–10, 10–20, 20–30, 30–40, 40–60, 60–80, and 80–100 cm. Each soil layer was divided into
30 cubes at 10 cm inter-row and 10 cm intra-row intervals. There were four repeats for harvesting
roots in each treatment in this study. All of the visible roots in each cube were picked out by hand
and packed individually. These roots were then washed using running water and frozen at −20 ◦C
until they were scanned in grey-scale mode at 300 dpi (Epson V800, Suwa, Japan). All images were
analyzed with WinRhizo Provision 5.0 software (Regent Instruments Inc., Quebec, Canada) to obtain
root growth parameters, and then the root was oven dried at 80 ◦C for 48 h to obtain the root dry
weight. The root length and root weight in each soil cube were added together to calculate the total
root length and root weight in one soil layer and in the whole soil profile (0–60 or 0–100 cm soil profile).
The root weight density (RWD, g m−3) and root length density (RLD, cm cm−3) were calculated based
on the following equations [30]:

RWD = M÷V× 106 (1)

RLD = L÷V (2)

where M is the root weight (g), L is the root length (cm), and V is the volume of the soil sample (cm3).
At the R5 stage, an auger was used to collect soil samples at 20 cm intervals in the 0–200 cm

soil profile. All the soil samples were weighed immediately and oven dried at 105 ◦C for 24 h until
a consistent weight was achieved to determine the soil water content (gravimetric water content,
% g g−1). The soil water storage (SWS) in each soil layer at the R5 stage was calculated based on the
following equation:

SWS = H× P× S× 10 (3)

where H is the soil depth (cm), P is the soil bulk density (g cm−3), and S is the soil water content (%) in
each soil layer.
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At harvest, an area of 10 m2 in each plot was manually harvested. It was first dried at 105 ◦C for
30 min and then oven dried to a constant weight at 75 ◦C. Using the standard moisture for maize grain
as a reference, the maize grain yield in this experiment was calculated at 15.5% moisture content [31].

2.4. Statistical Analyses

A two-way analysis of variance (ANOVA) was used to evaluate the changes in RLD and RWD
with sampling years and N application treatments as two fixed factors. Pearson correlations were used
to analyze the relationship between root parameters (root length density and root weight density) over
various soil depths with different growth stages and maize grain yields. Least significant difference
testing at a level of 0.05 was used to test the significance of differences. SPSS 18.0 (SPSS Inc., Chicago, IL,
USA) and SigmaPlot 12.5 (Systat Software Inc., San Jose, CA, USA) were used to perform all statistical
analyses and data plotting.

3. Results

3.1. Root Length Density and Its Distribution in Different Soil Layers

The root length density (RLD) in the three treatments declined with increasing soil depth and the
root system was mainly distributed in the 0–40-cm soil layer (Figure 3). At the R1 stage, the RLD for
treatment NC was significantly higher than those for treatments N0 and NU by 128.4% and 31.0%,
respectively, in 2016, and by 134.3% and 20.5% in 2017. At the R5 stage, the RLD for treatment NC
was significantly higher than that for treatment NU by 52.1%, 66.2%, 74.2%, 113.5%, 97.3%, 68.1%,
and 119.4% in the 0–10, 10–20, 20–30, 30–40, 40–60, 60–80, and 80–100-cm soil layer in 2016, and by
47.8%, 24.2%, 63.2%, and 51.4% in the 0–10, 10–20, 60–80, and 80–100-cm soil layer in 2017.Agronomy 2020, 10, x FOR PEER REVIEW 6 of 16 
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The total RLD in the whole soil profile increased rapidly from V6 to the R1 stage and decreased
slowly until the R5 stage (Table 1). In 2016, the total RLD for NC treatment at the V6 stage was
significantly lower than that for NU treatment. However, the total RLD for NC treatment at the R5
stage was significantly higher than those for N0 and NU treatments. In 2017, there was no difference
among treatments at the V6 stage. However, the total RLD for NC treatment at the R3 and R5 stages
was significantly higher than those for N0 and NU treatments. The ANOVA indicated that sampling
years and treatments had significant effect (p < 0.05) on total RLD at the R3 and R5 stages.

Table 1. Effects of N application treatments on total root length density (cm cm−3) in 0–60 (at six leaf
stage (V6)) and 0–100 cm (at silking stage (R1), milking stage (R3), and dent stage (R5)) soil layers
during the entire growing season in 2016 and 2017.

Year Treatment V6 R1 R3 R5

2016
N0 0.19 b 0.24 b 0.13 b 0.08 c
NC 0.20 b 0.38 a 0.32 a 0.29 a
NU 0.26 a 0.31 ab 0.29 a 0.17 b

2017
N0 0.21 a 0.23 b 0.17 c 0.12 c
NC 0.18 a 0.34 a 0.35 a 0.32 a
NU 0.20 a 0.32 a 0.28 b 0.24 b

Source of variation
Year (Y) ns ns * ***

Treatments (T) ns ** *** ***
Y × T ns ns ns ns

N0: no N application, NC: combined controlled release urea and normal urea at a ratio of 1:2, NU: normal urea
alone. Numbers in each column in the same sampling year followed by different letters indicate significant (p < 0.05)
differences between treatments. ns, not significant; * significant at p < 0.05; ** significant at p < 0.01; *** significant at
p < 0.001.

3.2. Root Weight Density and Its Distribution in Different Soil Layers

Root weight density (RWD) in the three treatments declined with increasing soil depth (Figure 4).
At the R1 stage, the RWD for NC treatment was significantly higher than those for N0 and NU
treatments in the 0–10 cm soil layer by 104.8% and 22.7%, respectively, in 2016, and by 137.7% and
19.1% in 2017. At the R5 stage, the RWD for NC treatment was obviously higher than that for NU
treatment by 19.6%, 42.8%, and 60.1% in the 0–10, 40–60, and 80–100 cm soil layer in 2016, and by 23.6%,
48.3% and 46.7% in the 10–20, 60–80 and 80–100 cm soil layer in 2017. The RWD for NC treatment was
significantly higher than that for N0 treatment in the whole soil profile at the R5 stage in both years.

The total RWD in the whole soil profile increased rapidly from the V6 to R1 stage and decreased
slowly until the R5 stage (Table 2). In 2016, the total RWD for NC treatment was significantly higher
than those for N0 and NU treatments by 72.8% and 20.1% at the R1 stage, 148.4% and 19.4% at R3,
and 139.1% and 15.2% at the R5 stage. In 2017, the RWD for NC treatment was significantly higher than
those for N0 and NU treatments by 103.5% and 13.3% at the R3 stage in 2017. The ANOVA indicated
that sampling years and treatments had a significant effect (p < 0.05) on total RWD in the whole maize
growth stages.
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Table 2. Effects of N application treatments on total root weight density (g m−3) in 0–60 cm (at V6 stage)
and 0–100 cm (at R1, R3, and R5 stages) soil layers during the entire growing season in 2016 and 2017.

Year Treatment V6 R1 R3 R5

2016
N0 33.3 b 86.9 c 57.9 c 52.3 c
NC 40.8 a 150.1 a 143.7 a 125.0 a
NU 37.9 ab 125.0 b 120.4 b 108.5 b

2017
N0 52.6 b 82.0 b 61.5 c 55.5 b
NC 62.7 a 127.2 a 125.2 a 115.7 a
NU 58.2 ab 117.8 a 110.4 b 105.6 a

Source of variation
Year (Y) *** ** *** ns

Treatments (T) ** *** *** ***
Y × T ns ns ** ns

N0: no N application, NC: combined controlled release urea and normal urea at a ratio of 1:2, NU: normal urea
alone. Numbers in each column in the same sampling year followed by different letters indicate significant (p < 0.05)
differences between treatments. ns, not significant; ** significant at p < 0.01; *** significant at p < 0.001.

3.3. Root Diameter

Average root diameter (ARD) was classified based on percentage composition (Figure 5).
ARD < 0.5 mm was much more common in the three treatments at both R1 and R5 stages.
There was no significant difference among treatments on the ARD in the R1 stage in 2016 and
2017. However, the percentage of ARD < 0.5 mm for NC treatment was significantly higher than those
for N0 and NU treatments by 16.5% and 7.6%, respectively, in 2016, and by 4.8% and 6.5% in 2017.
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Figure 5. Average root diameter classes as affected by different N application treatments at R1 and
R5 stages in 2016 and 2017 as follows: no N application (N0), combined controlled release urea and
normal urea at a ratio of 1:2 (NC), and normal urea alone (NU).

3.4. Soil Water and Its Relationship with Root Length Density

Soil water storage (SWS) at the R5 stage is shown in Figure 6. The N0 treatment had the highest
SWS in both years. The SWS was lower with NC treatment than that with NU treatment through
the entire soil profiles (except 100–140 cm soil layer) in 2016 and at the 160–200 cm soil layer in 2017.
Significant (p < 0.001) negative correlations were found between SWS and RLD in the 0–2 m soil profiles
in both experimental years (Figure 7).
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Figure 7. Relationship between root length density and soil water storage with the three treatments in
2016 and 2017 as follows: no N application (N0), combined controlled release urea and normal urea at
a ratio of 1:2 (NC), and normal urea alone (NU) at the R5 stage. *** significant at p < 0.001.

3.5. Root to Shoot Ratio

The root to shoot ratio (R/S) is an important parameter to estimate the distribution of dry biomass
between roots and shoots. The V6 stage had the highest R/S values, which decreased rapidly from the
V6 to the R1 stage and then decreased gradually with the growth and development of the spring maize
(Figure 8). At the R1 stage, the R/S for NC treatment was lower than that for NU treatment by 10.0% in
2017. At the R3 stage, the R/S for NC treatment was lower than that for NU treatment by 12.9% and
14.3%, respectively, in 2016 and 2017. At R5 stage, the R/S for NC treatment was lower than that for
NU treatment by 10.0% and 20.0%, respectively, in 2016 and 2017. The R/S for NC and NU treatments
was lower than that for N0 treatment in both years.
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Figure 8. Root to shoot ratio over the entire growing season with the three treatments in 2016 and 2017
as follows: no N application (N0), combined controlled release urea and normal urea at a ratio of 1:2
(NC), and normal urea alone (NU).

3.6. Correlation Analysis

We next analyzed the correlations between root parameters (root length density and root weight
density) over various soil depths with different maize growth stages under the three N application
treatments and maize grain yields (Table 3). No obvious correlation was found between grain yield and
RLD at the V6 stage in 2016 and 2017. At the R1 stage, the grain yields in both years were significantly
positively correlated with RLD in the 0–20 cm soil layer. However, negative correlations were found in
the 60–80 cm soil layer in 2016 and 80–100 cm soil layer in 2017. At the R3 and R5 stages, grain yields
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exhibited positive correlations with RLD across whole soil profiles in both years (except 20–40 cm at
the R5 stage in 2016, as well as 20–40 and 80–100 cm at the R3 stage in 2017).

Table 3. Correlation coefficients between root parameters (root length density (RLD) and root weight
density (RWD)) over various soil depths with different growth stages under three N application
treatments and maize grain yields.

Year Root Parameters Growth Stage 0–20 cm 20–40 cm 40–60 cm 60–80 cm 80–100 cm

2016

RLD

V6 0.389 0.046 0.081 - -
R1 0.585 * 0.494 0.135 −0.275 0.191
R3 0.865 *** 0.891 *** 0.646 * 0.740 ** 0.718 **
R5 0.844 ** 0.572 0.700 * 0.798 ** 0.669 *

RWD

V6 0.379 0.445 0.245 - -
R1 0.895 *** 0.832 ** −0.126 −0.808 ** 0.135
R3 0.939 *** 0.938 *** 0.948 *** 0.882 *** 0.819 **
R5 0.971 *** 0.954 *** 0.643 * 0.413 0.537

2017

RLD

V6 −0.148 0.236 −0.471 - -
R1 0.922 *** 0.336 0.337 0.308 −0.610
R3 0.915 *** 0.567 0.725 ** 0.797 ** 0.556
R5 0.922 *** 0.928 *** 0.820 ** 0.799 ** 0.880 ***

RWD

V6 0.666 * 0.207 −0.335 - -
R1 0.969 *** 0.512 −0.229 −0.359 −0.757 **
R3 0.979 *** 0.547 0.763 ** 0.687 * 0.700 *
R5 0.984 *** 0.929 *** 0.692 * 0.663 * 0.757 **

N0: no N application, NC: combined controlled release urea and normal urea at a ratio of 1:2, NU: normal urea
alone. * significant at p < 0.05; ** significant at p < 0.01; *** significant at p < 0.001.

The correlations between maize grain yields and RWD showed a similar trend with those of
RLD. At the R1 stage, the grain yields were significantly positively correlated with RWD in 0–20 and
20–40 cm soil layer in 2016 and 0–20 cm soil layer in 2017. However, significant negative correlations
were found in 60–80 cm soil layer in 2016 and in 80–100 cm soil layer in 2017. At R3 and R5 stages,
grain yields exhibited positive correlations with RWD across whole soil profiles in both years (except
60–80 and 80–100 cm at the R5 stage in 2016 and 20–40 cm at the R3 stage in 2017).

4. Discussion

Root systems have a major impact on the uptake of water and nutrients in crops worldwide.
Soil water and nutrients also play a dominant role in root growth and root system architecture [32,33].
Higher RLD provides an advantage for absorbing much more soil water [34]. Strong relationships
between RLD and the depletion of soil water have been reported in different plants [35,36].
However, excessive N application may reduce root biomass and suppress root penetration towards
the deep soil layer [37,38]. In previous agriculture practices, reducing the amount of N and adjusting
the topdressing ratio were widely used to enhance crop yield and plant N uptake. Compared to
conventional N fertilizers, using a controlled release fertilizer has been reported as a practice to
maintain the grain yield and save labor. In our study, compared with the NU treatment, the NC
treatment significantly increased RLD and RWD in the 0–10 cm soil layer at the R1 stage. This was
mainly due to the fact that NC treatment provides relatively excessive N in the early maize growth
stage and N is no longer a limiting factor [2,39]. Therefore, the NC treatment improved plant growth
and induced root distributed in the topsoil in the early growth stage.

Adequate N promotes above-ground growth, increasing the need for roots to absorb a lot of water
and N from deeper soil layers. Therefore, the NC treatment increased the RLD and RWD in the deep
soil layers at the R5 stage. Similar results were also reported by Hu et al. [40], who found that controlled
release urea induced deeper root growth. As a result, the soil absorbed a lot of water [41], which was
consistent with the much lower SWS under NC treatment at the R5 stage. Elevated water use in the
deep soil layer may in turn promote the root system in the deep soil layer [2]. The above-ground
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parts of the plant are more likely to be affected by changes in environmental conditions than the root
system [42–44]. The NC treatment enhanced root growth to absorb soil water and nutrients, increased
dry matter transfer, promoted shoot growth, and eventually decreased R/S. However, the R/S with
N0 treatment was not significantly higher than that with NU treatment because of a serious lack
of N. This might be explained by the fact that severe N or water deficiency limited photosynthetic
product transport from shoots to roots [38]. The decrease in the R/S might be characteristic of crop
evolution. Previous research has suggested that lowering the R/S improves the wheat yield and that
the use of a small R/S wheat breed for cultivation in arid and semi-arid areas is important to enhance
drought-resistance [45].

Our results also showed that root diameters were smaller in the NC treatment than that in the
NU and N0 treatments at the R5 stage, which suggested that combined controlled release urea and
normal urea with one-off application may promote the production of fine roots. Thinner root was
another important index on the roots’ ability to penetrate soil [46], and thus took up much water
in the deep soil layer [47]. Some works have already reported that the deeper root distribution is
a key characteristic of the ideotype maize root architecture for the absorption of water throughout the
entire soil strata, which was beneficial to delay root senescence and improve grain yield [39,42,48].
Our study indicated that the NC treatment might be a good choice for inducing the formation of deep
root systems to improve deep soil water use efficiency and achieve this goal of high grain yield in arid
and semi-arid areas.

Crop grain yield is closely related to root growth and development in the soil. A previous study
reported that the wheat grain yield was positively correlated with the RWD in the 20–40 and 40–60 cm
soil layer at the jointing stage, and in most soil layers at flowering and maturity stages [49]. It also
has been reported that the upper root system has a greater effect on the crop yield than the lower root
system [50]. In our study, the maize grain yield showed obvious positive correlations with RLD and
RWD in the upper soil layer and negative correlations with RLD and RWD in the deep soil layer at
the R1 stage in both years. This finding indicated that at the R1 stage—which is a crucial period for
maize grain yield—root development in the upper soil layer is beneficial to the generation of a high
yield, and the roots in deeper soil layers at the R1 stage may result from water related stress [49].
The proliferation of roots in deep soil layers consumes photosynthetic product to impact crop yields
in the early growth stage [42]. At the R3 and R5 stage, the grain yield showed obvious positive
correlations with RLD and RWD in the whole soil profile in both years. This might be because larger
contact areas between roots and soil enhance nutrient and water capture by the plant. Our findings
support the conclusions of other studies that the root systems across entire soil profiles increase grain
yield [51].

It has been reported that the NU treatment, as a traditional high-yield fertilization mode,
can achieve high yields while reducing nitrogen loss [7,52]. However, split N application might be
accompanied by a high risk of increasing N2O emissions and nitrogen loss which cannot be controlled in
rainfed production systems with relatively strong and frequent precipitation in some growth periods [7].
Our study showed that the NC treatment did not overcome the shortcomings of oversupply in early
growth stages, but it did solve the problem of N insufficiency supply in later growth stages compared
to the NU treatment. Urea is readily transformed into nitrate with appropriate soil temperature and
moisture for crop growth [42]. The application of 2/3 urea could support the growth of maize during
the early growth stage and 1/3 controlled release urea could support the growth of maize during the
later growth stages, which is consistent with previous research [53]. Although the price of urea is
low, the cost of topdressing is high, and the high cost but labor saving feature of the NC treatment
might be a tradeoff in terms of practical production [54,55]. Our previous study showed that the NC
treatment obtained higher net return than the NU treatment [56,57]. Therefore, the NC treatment might
be a better N application type, which increased root distribution in the deep soil layer and improved
the use of deep soil water in the arid and semi-arid climate of the Loess Plateau. However, considering
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the fluctuating precipitation in the Loess Plateau, the effect of controlled release urea and normal urea
mixture on root growth and yield needs to be further studied.

5. Conclusions

The results of this study show that NC treatment is more effective at promoting root growth
during the whole growth period. It is also more effective at producing fine roots and inducing root
proliferation in the deep soil layer during maize’s late growth period. The SWS at the R5 stage was
lower in the NC treatment, indicating the extractability of water from deeper soil layers by roots in the
late growth period in this region was improved. A Positive correlation between the grain yield and
the RLD and RWD in the top soil layer at the R1 stage and in the whole soil profiles at the R3 and R5
stages was observed, implying that improved rooting systems and thus greater soil water extraction
may contribute to the yield increase with a mixture of controlled release urea and normal urea in arid
and semi-arid areas of the Loess Plateau.
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