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Abstract: Water storage pit irrigation (WSPI) has been proven effective in improving the water use
efficiency of fruit trees in Loess Plateau, but so far there are still no matching efficient fertilization
management methods. A two-year experiment was conducted to explore the management strategy of
fertilization under the consideration of apple production and environmental sustainability. N isotope
tracer technique was used to study the distribution of labelled nitrogen in soil, leaf, root and fruit.
Moreover, the yield in different fertilizer managements were observed to evaluate the apple production.
The results showed that increasing the amount of fertilizer could increase the accumulation of fertilizer
nitrogen in soil, but also increased the risk of nitrogen leaching. Under the same amount of fertilizer,
split fertilization can effectively increase of fertilizer nitrogen in soil by a mean of 4.7 times. Further,
N300 application with split fertilization effectively increased apple yield. The yield of N300Il treatment
was higher than other treatment by maximum 68.5%. In addition, the root system mainly absorbed
the fertilizer nitrogen applied in the current year, and the fruit mainly absorbed the fertilizer nitrogen
applied in the previous year, but there was no significant difference in the leaves.

Keywords: water storage pit irrigation; fertilizer management strategy; label nitrogen;
fertilization years; soil nitrogen distribution; structure nitrogen; apple yield; agricultural
environment sustainability

1. Introduction

The climate of the Loess Plateau in North China is dry, the temperature difference in the morning
and evening is large, and the intensity of sunshine is high [1,2]. These climatic characteristics have
created one of China’s major premium apple producing regions [3,4]. At the same time, however,
these characteristics also contribute to inherent deficiencies in agricultural production, such as the lack
of soil moisture and soil fertility [5,6]. In the face of these shortcomings, the traditional solution is
to increase the amount of irrigation and fertilizer. However, a large number of studies have shown
that, for many plants, there is a threshold for both irrigation and fertilization, and a blind increase in
irrigation and fertilization does not significantly increase crop yield [7-9].

To improve the efficiency of irrigation water use and crop yield, scholars have proposed many
irrigation techniques suitable for different crops and terrain [10-12]. However, the Loess Plateau
in North China is windy all year round, and the salinity of irrigation water is high. Most of the
orchards in this area are in the hilly area, and the slope of the ground is large. Traditional water-saving
irrigation and fertilization methods cannot give full play to their effectiveness. Therefore, in view of
the challenges faced by the Loess Plateau in North China, water storage pit irrigation (WSPI) uses the
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unique irrigation water infiltration method, effectively avoiding the irrigation difficulties brought about
by environmental conditions [13]. A large number of studies have shown that WSPI can effectively
reduce surface transpiration, increase soil moisture content in fruit tree root area, and improve water
use efficiency [14-16].

However, there are few studies on the low soil fertility that is another limiting factor of agricultural
production in the Loess Plateau of North China. As we know, nitrogen is an important nutrient
element and an important index of soil fertility [17,18]. Optimizing fertilization management can
improve soil fertility and promote plant growth and yield [19], and reduce the risk of environment
pollution [20], such as reducing excess greenhouse gas emissions and groundwater pollution due to
fertilizer leaching [21,22]. Therefore, finding effective nitrogen management that matches irrigation
patterns is essential for reducing water and nitrogen losses, improving soil fertility, and improving
agricultural sustainability [23,24].

At present, the research on fertilization management mainly includes soil-measuring formula
fertilization [25], split fertilization [26], and so on. The main focus is on independent fertilization
management on plant yield and fertilizer utilization. In some studies, isotope tracing techniques were
used to study nitrogen distribution in soils and plant organs [27,28]. However, few studies consider
the distribution of fertilizer nitrogen at different time scales, especially for apple planting. Therefore,
it is necessary to understand the distribution and absorption of fertilizer nitrogen at different time
scales for estimating the long-term effects of fertilization on soil and plants.

It is of practical and guiding significance to explore the high efficiency fertilizer management,
especially the amount and timing of fertilization, under the condition of WSPI. The main purpose of this
study was to evaluate the effect of nitrogen fertilizer management mode on (1) soil fertilizer nitrogen
distribution, (2) accumulation of fertilizer nitrogen in various organs of fruit trees, and (3) apple yield
during fertilization year and next year.

2. Materials and Methods

2.1. Site and Climatic Condition

This field experiment was conducted in Taigu Apple Test Base (112°29” E, 37°23’ N) from April to
September 2018 and April to September 2019. In this location, the average annual rainfall is about
460 mm, the average annual temperature is 9.8 °C (Figure 1) and the soil type is mainly sandy loam
(Table 1). The soil organic matter is 11.79 g kg ™!, the total nitrogen is 1.01 g kg™!, the total potassium is
1943 ¢ kg_l, the pH is 8.12, and the soil volume massis 1.47 g cm3.
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Figure 1. Precipitation and temperature during experiment in Taigu Apple Test Base.
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Table 1. Physical properties of soil in Taigu Apple Test Base.

Depth(cm) Soil Texture Field 3Capejgity Saturatesd M?isture Bulk De_nsity
(cm’ cm~3) (cm® cm—3) (g cm™3)
0-20 silt loam 0.30 0.51 1.49
20-40 silt loam 0.29 0.52 1.47
40-60 silt loam 0.28 0.52 1.44
60-80 silt loam 0.29 0.48 1.50
80-120 silt loam 0.29 0.44 1.56
120-160 loam 0.32 0.50 1.45

2.2. Experimental Design

In this study, 5 treatments were set up, including 2 irrigation methods (furrow irrigation and
WSPI), 2 fertilizer amounts (300 kgN ha~! and 600 kgN ha~'), and 2 types of fertilizer application times
(single application and split applications). Each treatment was repeated 3 times. Seven-year-old apple
trees were the experimental objects, which were comprised of “red fuji” section grafted onto shao
series(sh), interstack, and crabapple rootstock (Malus robusta Rehd). The row spacing was 4 m and
tree spacing was 2 m. The irrigation method of CK treatment was furrow irrigation. The ridges were
parallel to the tree rows (height of 20 cm). The wide between ridges was 2 m. The apple trees were
located in bottom of furrow (Figure 2a). For WSPI, as shown in Figure 2b, the center of the storage pit
was located at 1/2 of the projection radius of the crown. In our study, the distance was 75 cm to the
trunk of an apple tree. Four water storage pits were arranged around an apple tree. The depth of the
water storage pit was 40 cm, and the radius was 15 cm. For WSPI treatment, each irrigation amount
was 50 mm (the maximum irrigation depth of 120 cm, and the irrigation limit of 60-90% of the field
capacity), and irrigation was performed on 24 May, 19 July, and 25 August in 2018 and 9 May, 23 June,
11 July, and 18 August in 2019, respectively. For furrow treatment, the irrigation amount and date was
same as the WSPI treatment.

» i~ Soil sampling point
= Water storage pit
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Figure 2. Schematic of the irrigation systems: (a) furrow irrigation; (b) field 3-D schematic of WSPI;
(c) sampling point for WSPIL.

Manure was applicated with 1000 kg ha~! as base fertilizer on 20 October in 2017 and 25 October
in 2018. The manure fertilizing method was digging circular furrows at the edge of canopy projection
and backfilling soil after the fertilization. The application depth is 20 cm.The type of topdressing was
urea. The fertilizer consists of 1’N-labeled urea (Shanghai Chemical Research Institute, N> abundance
10.22%) and unlabeled ordinary urea, with a ratio of 27 to 1000. The mixed urea was applied only in
2018, and the same amount of unlabeled ordinary urea was applied in 2019.

For single fertilization treatment (N300I and N600I), the full amount of nitrogen fertilizer was
applied on 24 May 2018 and 9 May 2019 (late flowering). Then, for the treatment of split fertilization
(CK, N300II and N600II), the first fertilization applied half of the total amount of fertilizer at the same
date as the application of single fertilization treatment, and the second fertilization applied the other
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half nitrogen fertilizer on 19 July 2018 and 11 July 2019 (fruit expansion). Moreover, only organic base
fertilizer applied for NO treatment. For furrow irrigation (CK), fertilizer was evenly scattered around a
fruit tree. For water storage pit irrigation, fertilizer is evenly distributed in the storage pit. Irrigation
was performed immediately after fertilization. Other field management practices were consistent with
those in local orchards. The specific experimental treatment is shown in Table 2.

Table 2. The experiment treatment.

Treatment Irrigation Method Fertilization Time Fertilizer Amount (kgN ha1)
CK Furrow irrigation twice 300
Nj3pol WSPI once 300
N300H WSPI twice 300
Ngool WSPI once 600
N600H WSPI twice 600
Nop WSPI none 0

2.3. Sampling and Test Methods

Soil samples were collected using soil drills on 20 September in 2018 and 9 May, 22 May, 26 July
and 19 September in 2019. The sampling depth was 160 cm, and one sample was taken every 20 cm.
the sampling point was shown in Figure 2c.

Fruit and root samples collected on 21 September in 2018 and 25 September in 2019. Yield
measurements were carried out at the same date. Root samples were collected using root drill,
sampling depth was 160 cm. Sampling point was same as soil sampling point (Figure 2c). Leaf samples
were collected on 19 September in 2018 and 20 September in 2019. Each treatment collected 12 leaves,
in which 3 leaves were collected in each direction.

The soil samples and the cleaned plant samples were respectively dried, ground and sieved.
Then the 1°N enrichment was determined using isotope ration mass spectrometers (DeltaV, Thermo
Finnigan, San Francisco, CA, USA).

2.4. Calculation and Data Analysis

The percentage of nitrogen absorbed from the N-fertilizer in plant structures (leaf, root and fruit)
or in soil layers was calculated as Ndff = (15N excess of sample/lSN excess of fertilizer) X 100%.

A single factor ANOVA application was used to analyze the data by SPSS Statistics 17.0
(IBM, Amonk, NY, USA). The Duncan test at p < 0.05 was used to analyze significant interactions
within treatments. Drawings were developed using Origin9.0 (Originlab, Northampton, MA, USA).

3. Results

3.1. Fertilizer Nitrogen Residues in Soil

There were significant differences in Ndff in shallow soils (0—40 cm) under different irrigation
methods (CK vs. N300II). However, the differences in deep soil were not significant (Table 3 and
Figure 3a). The fertilizer nitrogen of high fertilizer application treatment concentrated at 60-140 cm
soil layer (Figure 3b) compared with that of low fertilizer application treatment. However, in single
fertilization treatment (N300I and N600II), the effect of nitrogen amount on nitrogen residue was not
significant (Table 3). Fertilizer nitrogen residues in 40-140 cm soil layers were significantly affected
by fertilization times (Figure 3c). At low fertilizer amount treatment (300 kgN-ha™!), the difference
of Ndff between shallow and middle layers was significant. At high fertilizer amount treatment
(600 kgN-ha™?), the difference of Ndff between middle and deep layers was significant (Table 3).
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Table 3. The Ndff (%) of different soil layers.

Treatment  Shallow (0-40 cm) Middle (40-100 cm) Deep (100-160) Total
CK 13.69 + 5.69a 7.57 £ 9.92ab 0.97 +0.21a 6.61 + 2.77ab
N300I 1.32 £ 0.31b 1.37 + 0.40a 0.83 +0.12a 1.14 £ 0.13a
N300I 3.22 + 2.40ab 7.47 + 2.38ab 0.93 + 0.15a 3.96 + 1.22a
N600I 2.18 +1.30b 1.30 + 0.46a 0.80 +0.17a 1.33 £ 0.28a
N600IT 1.79 £ 0.17b 16.37 + 8.29b 10.73 + 7.74b 10.61 + 3.02b

Statistically significant differences (p < 0.05) in the same column are indicated by different letters.
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Figure 3. The distribution of Ndff (%) in different depth: (a) CK and WSPI, the data of WSPI from
N300IL (b) N300 and N600, the data from WSPI treatment. (c) single application and split application,
the data from WSPI treatment.

3.2. Change of Fertilizer Nitrogen Residues in Next Year

There were differences in nitrogen residues of labeled fertilizer in the second year (Figure 4).
On the whole, the distribution of fertilizer nitrogen in each soil layer was similar to that in the current
year, and that under WSPI was mainly concentrated in the middle and deep layers, and that under
furrow irrigation was mainly concentrated in the shallow and middle layers. The labeled nitrogen
residues of high nitrogen amount were more than that of low nitrogen amount in each layer. In addition,
split fertilization increased the accumulation of labeled nitrogen in soil layers compared to single
fertilization. Notably, the detection on 22 May 2019 showed a significant increase in the deep soil of
the N60OII treatment. And, the labeled nitrogen in the shallow and middle layers decreased. This may
be due to the fact that irrigation promoted the migration of labeled nitrogen to the deep soil. Moreover,
the detection on 19 September 2019 showed that, only in N60OII treatment, labeled nitrogen in deep
soil was higher than that in middle soil.

3.3. The Distribution of Labelled N in Tree Organs

There were significant differences in the nitrogen ratio of apple tree fruits, leaves and roots under
different treatments (Table 4). For fruit, the fertilizer nitrogen ratio of twice application treatment
(N300Il and N600II) was significantly higher than that of other treatments in both years. For leaves,
two applications with high nitrogen amount (N600II) significantly increased the fertilizer nitrogen
content of leaf. The concentration of leaf fertilizer nitrogen treated with high amount once application
(N600I) and furrow irrigation (CK) was significantly lower than that of other treatments in both years.
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For roots, the fertilizer nitrogen ration with low nitrogen amount was higher than that with high
nitrogen amount in 2018 (N300I > N600I and N300II > N600II). However, the root content of labeled
fertilizer nitrogen in 2019 was different from that in 2018. Further, the root uptake of low nitrogen
amount treatment was significantly lower than that of high nitrogen amount treatment (N300I < N600I

and N300II < N60OLI).
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Figure 4. Residues of fertilizer nitrogen applicated in previous year: (a) fertilizer nitrogen residues
in shallow layer; (b) fertilizer nitrogen residues in middle layer; (c) fertilizer nitrogen residues in

deep layer.
Table 4. Ndff (%) in apple tree structures.
2018 2019
Treatment
Fruit Leaf Root Fruit Leaf Root

CK 336+073a 287+05%9%a 540+053a 9.62+045a 3.11+0.6la  7.46 +0.36a
N3gol 6.06 +0.65b 9.83+0.63bc 2720+ 0.52b 11.55+0.66a 9.96+0.9%  17.21 +0.15b
N3golI 11.83+0.71c  833+098b 2256 +0.33c 32.13+0.75b 6.77 +0.85c  13.80 = 0.23¢
Negool 598 +0.45b  3.74+0.86a 24.39+0.22d 10.57+£0.83a 250 + 0.44a  23.29 + 0.51d
Negooll 11.58 £0.79¢ 1771 +1.14d 17.07 + 0.45e 21.33 £0.64c 11.85+0.92c 22.12 +0.21e

3.4. The Yield of Apple

Irrigation and fertilization management have a significant impact on apple yield (Figure 5).
Compared with single fertilization treatments, split fertilization treatments with the same amount of
fertilizer significantly increased apple yield under WSPI. High fertilizer amount application decreased
the apple yield, but the difference was not significant. Moreover, under the same fertilizer management,
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WHSPI increased the apple yield significant, compared with the traditional furrow irrigation. The yield
of N300Il treatment was higher by maximum 68.5%.
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Figure 5. Apple yields of different treatment. Statistically significant differences (p < 0.05) are indicated
by different letters.

4. Discussion

Rational irrigation and fertilization can effectively promote plant growth and yield, but excessive
irrigation and fertilization reduce the water and fertilizer use efficiency [29,30], even causing
environment pollution [21,22]. The difference of irrigation methods impacts the distribution of
soil moisture [31,32]. Our research indicated that the irrigation method also affects the distribution of
fertilizer nitrogen. Compared with furrow irrigation, WSPI can effectively reduce the accumulation of
nitrogen in shallow layer (Table 3 and Figure 3a), which could reduce the potential risk of ammonia
volatilization [33]. Moreover, the change of fertilization management also affects the distribution
of fertilizer nitrogen. The content of fertilizer nitrogen in middle layer in N300Il treatment was
significantly higher than that in other treatments under WSPI (Table 3 and Figure 3). The result of Wu
showed that split application could improve soil nitrogen levels [34]. The fertilization management
which was split application with low nitrogen amount not only reduced shallow nitrogen residue but
also did not increase deep nitrogen leaching significantly. This may be due to the direct infiltration of
the fertilizer solution into the middle soil (40-100cm) through the water storage pit [16], which reduces
the adsorption of nitrogen from the shallow soil to the fertilizer nitrogen. And the amount of each
fertilization was not enough to induce nitrogen leaching. In agricultural production, soil nitrogen
is an important part of soil fertility. It is important to improve soil fertility for sustainable orchard
production. In this study, the fertilization management of two fertilizations with high nitrogen (IN600II)
amount promotes the fertilizer nitrogen concentrate in deep layer in the second year. However, the low
nitrogen application mode concentrated the fertilizer nitrogen in middle layer in the second year
(Figure 4). It can be speculated that high nitrogen application could increase the risk of nitrogen
leaching and increase the risk of groundwater pollution in long-term fertilization. A similar conclusion
was showed by Bohman [35].

In this study, we found that there were differences in utilization strategies of fertilizer nitrogen
that applicated in different years among apple tree structures (Table 4). In low nitrogen application
treatment (N300), the roots were more likely to use fertilizer nitrogen applicated in the current year,
and the fruit was more likely to use that application in the previous year. However, there was not
significant difference in leaves uptake fertilizer nitrogen application in different years. This may be
related to the nitrogen use strategy of apple tree as perennial trees. Perennial trees redistribute the
absorbed nitrogen at the end of growth, and storage some of it in some structures preparing for next
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year [36]. Further, some scholars suggested that nitrogen application will affect the performance of
rhizosphere microorganisms, and then affect the absorption of nutrients by plants [37]. In addition,
a large number of studies have shown a significant correlation between fertilization management and
agricultural yields [38-40]. In this study, the yield of twice fertilization with low nitrogen amount
(N300II) was highest among the treatments in both years. This fertilization management method could
significantly increase apple yield in Loess Plateau.

In summary, at the same fertilization conditions, WSPI can promote the concentration of fertilizer
in the middle soil, reduce the accumulation of nitrogen in the surface soil, and reduce the risk of
ammonia volatilization. However, high nitrogen application (N600) increases the transport of fertilizer
nitrogen to the deep soil, which may increase the risk of deep leaching. Compared with single
fertilization, split fertilization can promote the nitrogen residue in the soil for a long time, and at the
same time, split fertilization can significantly increase apple yield.

5. Conclusions

Water storage pit irrigation can effectively reduce the accumulation of nitrogen in the shallow
layer and reduce the risk of gas loss of fertilizer nitrogen. Under the WSPI method, fertilizer nitrogen in
the soil increases with the amount of fertilizer applied. However, a high amount of fertilizer application
increased the risk of nitrogen leaching and the accumulation of soil nitrogen in the next year. Under the
condition of the same amount of fertilizer, split fertilization can effectively increase the nitrogen residue
in the middle soil fertilizer. Further, there were differences in the utilization strategies of fertilizer
nitrogen applicated in different years among apple tree structures. The roots were more likely to use
fertilizer nitrogen applicated in the current year, and the fruit was more likely to use that application in
the previous year. However, there was no significant difference in leaves uptake of fertilizer nitrogen
application in different years. Moreover, split fertilization with low nitrogen application effectively
increased apple yield. Therefore, considering the impact on the environment, the impact on long-term
soil fertility, and the yield of apples, the irrigation and fertilization management method that is split
fertilization with low nitrogen amount (300 kgn-ha~!) based on WSPI is suitable for the apple orchard
in the Loess Plateau of North China.
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