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Abstract: Drip irrigation is an effective method to utilize waste saline-sodic land with a high water
table. For reasonable and sustainable utilization of saline-sodic soil under such conditions, spatiotem-
poral changes in total nitrogen (TN), total phosphorus (TP), and soil organic matter (SOM) were
investigated during the utilization process. The soil was sampled from newly built raised beds before
planting (0 y) and beds in three adjacent plots had been planted with Lycium barbarum L. for one
(1y), two (2'y), and three years (3 y), respectively, at the end of the growing season. Soil samples
were obtained at four horizontal distances from the drip line (0, 10, 20, and 30 cm) and four vertical
soil depths (0-10, 10-20, 20-30, and 30—40 cm). The results showed that the average TN and TP of
the soil profile increased with the planting year and were approximately 0.68 and 1.81 g-kg~! in the
soils of 3 y, approximately 84.9 and 42.4% higher than that of 0 y, respectively. SOM decreased in
the first growing season and then continuously increased in the following planting years, reaching
8.26 g-kg ! in the soils of 3 y, which was approximately 38.2% higher than that of 0y. TN, TP, and
SOM contents were high in soils around the drip line and decreased with distance from the drip line.
In both horizontal and vertical directions, TN, TP, and SOM varied slightly in soils of 0, 1, and 2 y,
while in soils of 3 y, TN and SOM decreased with increased distance in both horizontal and vertical
directions and TP decreased obviously only within 10 cm in both directions. This indicated that the
contents and distributions of soil nutrients in such saline-sodic soils could be improved with planting
year under drip irrigation with local saline groundwater and especially around the drip line as the
soil around the dripper was quickly ameliorated.

Keywords: planting year; nutrient distribution; soil organic matter (SOM); total nitrogen (TN); total
phosphorus (TP)

1. Introduction

The landform of the Yinchuan Plain, located in the Ningxia Hui Autonomous Region,
northeast China, consists of the tilted plain of Helan Mountain and the alluvial-proluvial
plain of the Yellow River. The Plain dips gently from south to north. It belongs to arid
and semiarid regions and is characterized by strong evaporation and low precipitation. In
most areas, salts accumulate more than those leached during cultivation, and so saline-
sodic soil is widespread in the plain. Local farmers have tried to reclaim and utilize the
saline-sodic soils for many years—traditional methods, such as furrow drainage [1-3],
rice planting or paddy-upland rotation [4,5], and leaching have been used during the
reclamation process [6,7]. Results have shown that after long periods of such practices,
they succeeded in most areas but failed or were not sustainable along the west side of the
Yellow River in the northern part of Yinchuan Plain. In the riverside area, the water table is
high, drainage is poor, and seasonal salinization and desalinization frequently alternated
due to cultivation and irrigation. In addition, adequate soil drainage, which is in shortage
in this area, is considered an essential prerequisite for successful soil amelioration using
these methods [8]; therefore, soil salinity in this area worsened after reclamation.
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Drip irrigation applies water at a low discharge rate and high frequency, maintains
a high water potential in root-zone soil, decreases soil surface evaporation [9-11], pushes
soil salts toward the fringes of the wetting area, and reduces the concentration of salts in
the rooting zone [12]. Drip irrigation could alleviate waterlogging and the raising of the
water table as often occurs with surface irrigation or leaching [13] and also prevent the
leaf burning caused by sprinkler irrigation with saline water [14]. Furthermore, because
of its high application frequency, high matric potential can compensate for the decreasing
osmotic potential caused by saline water [10]. In recent years, drip irrigation with fresh
water or saline water to utilize saline-sodic soils has been practiced in many areas, and
successful achievements, with high production obtained and soil salinity controlled, were
reported [15-19].

Based on the previous research and according to the hydrogeological conditions of
the riverside, drip irrigation was then employed to utilize the saline-sodic soils along the
west side of the Yellow River in the northern part of Yinchuan Plain. Given the condition
of no fresh or mild salty water available, leaching of soil salts can be achieved by using
abundant highly salty water. Specifically, our drip irrigation system with highly salty
groundwater (ECw value at 7.8 dS m~! or higher) can be used for the enhanced leaching of
salts from soils. After several years of this practice, saline-sodic soils were successfully and
sustainably utilized: L. barbarum grew very well during the first year and in the following
years, and high yield and fruit quality were obtained compared with that planted on
productive soil and irrigated with fresh water. This implied that soil was ameliorated
during the utilization process.

The feasibility of drip irrigation was the first step in our research, but it is difficult
to judge soil quality only from the perspective of crop survival or to provide a basis for
how to optimize the irrigation parameters. The evolution of soil quality is the essence
of saline-alkali land amelioration. There are many indicators that represent soil quality,
including parameters of soil physics, soil chemistry, soil biology, etc. There might be
a certain correlation among these indicators. Testing all indicators to comprehensively
evaluate changes in soil quality is costly and unnecessary to guide agricultural production.
The survival of plants is the most direct indicator, but it is qualitative and does not reflect the
changing process of soil quality. Previous studies have shown that there was indeed some
association between soil nutrients and soil quality [20,21]. Soil nutrients and soil organic
matter (SOM) are soil indicators that directly affect crop growth [22-24]. Therefore, they can
be used to reflect the changes in soil quality. Studies have shown that the nutrient content
of the saline-sodic soil increased due to the improved microbial community structure and
C and N cycling in the soil during the ameliorating process [25]. Soil organic matter plays
a major role in agricultural soils as an integral part of nutrient cycling, improving soil
aggregate stability and soil health, and furthermore, supporting plant production [26].
Research has also shown that soil nutrients and SOM were the material basis of soil fertility,
and their content could reflect the availability of soil [27].

Since Lycium barbarum L survived and grew with an increase in planting years, in this
study, we hypothesized that in the experiment field, after irrigating with saline water, soil
nutrients and soil organic matter (SOM) as important indicators of soil quality might be
improved with planting years. The potential for soil utilization could be determined from
the viewpoint of soil nutrients and SOM [28]. Therefore, the objectives of this study were to
(1) investigate whether the nutrients and SOM contents increased as the soil was irrigated
by drip irrigation with saline water and (2) analyze the spatial distribution of nutrients and
SOM in the root layer and thus estimate the changes in soil environment conditions. To
achieve this goal, soil total nitrogen (TN), total phosphorus (TP), and SOM were monitored
and analyzed.
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2. Materials and Methods
2.1. Experiment Site

The field experiment was conducted at Lingsha, in Pingluo County, Ningxia Hui Au-
tonomous Region, China (38°59' N, 106°45" E, and 1095 m above sea level). The area mainly
consists of alluvial-proluvial plains and is characterized by an arid climate. The mean
annual temperature is approximately 9 °C. The mean annual precipitation is approximately
185 mm, most of which is received during June-September. The mean annual evaporation
is 1825 mm, which is almost ten times the mean annual precipitation. During the test years
from 2007 to 2009, the accumulated evaporation in the growing season was 1175.7 mm,
1226.3 mm, and 1279.3 mm, respectively, while precipitation was 141.4 mm, 246.6 mm, and
153.5 mm.

The experiment field was located approximately 4 km from the Yellow River. The soil
contained large amounts of salts; the water table was persistently high, with depths of only
30-40 cm below the surface; drainage was poor due to the lack of a feasible drainage system
in the area, the presence of a shallow slope, and the high cost of artificial drainage. Fresh
water is scarce and the groundwater is highly saline, with total dissolved solids (TDSs) of
approximately 7.3 g L1,

The experimental field was an original saline-sodic soil that had not been exploited,
and the water table was approximately 30-40 cm deep. The dominant soil was an aridisol
with a silt texture (7.6% sand, 92% silt, and 0.4% clay). The average soil bulk density was
1.32 g~m’3, the gravimetric saturated soil water content was 38.3%, and the SOM content
of the 0-40 cm layer was 5.1 g-kg~!. Soil salts mainly accumulated in the surface soil,
and the electrical conductivity of the saturated paste extract (ECe) decreased rapidly with
depth from 62.3 dS-m~! (0-10 cm) to <13.5 dS-m~! (>10 cm) while pH increased from 7.5
to approximately 7.8. Sodium (Na*) was the major cation and chloride (C1~) was the major
anion, representing 87.7% of total cations and 89.5% of total anions in the topsoil (0-10 cm),
respectively (as molar ratios) (Table 1).

Table 1. pH, electrical conductivity of saturated paste extract (ECe), and concentrations of major ions
(soil-water = 1:5) in the experimental field.

Major Anions/mmol-kg—1 Major Cations/mmol-kg~1

Soil Layer pH EC.
/em /dS-m~1 HCO3;~ S0,42~ Cl- K* Na* Ca?*  Mg?*
0-10 7.5 62.3 6.0 245 260.6 0.5 219.0 10.0 20.3
10-20 7.8 13.5 8.0 1.0 22.5 0.1 21.8 1.5 5.1
20-30 7.8 9.0 8.0 0.5 13.5 0.1 8.2 1.5 4.1
3040 7.8 10.2 7.5 2.0 13.5 0.0 8.2 2.0 4.1
The groundwater was saline with total dissolved solids of approximately 7.3 g-L~1.
The major cation in the groundwater was Na*, accounting for 81.5% of total cations; and the
major anions were CI™ and sulfate (SO4%), accounting for 77.7 and 15.0% of total anions,
respectively (Table 2).
Table 2. pH, total dissolved solids (TDS), and ionic concentrations in the irrigation water.
- DS Major Anions/mmol-kg~1 Major Cations/mmol-kg~1
P gLt HCO;~ S042- Cl- K* Na* Ca?t Mg?*
7.6 727 74 15.3 79.4 0.3 96.1 33 7.5

2.2. Agronomic Practice

Before the experiment, the field was a wasteland with sparsely distributed Artemisia
anethifolia growing; therefore, experience with the utilization of this site could be a guide
for soils in the region. During the utilization process, raised beds (0.8 m high, 75 m long,
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and 0.6 m wide with a ridge surface) were built with a ridge slope of 58° to relatively lower
the groundwater. The distance between the two beds was 3 m. Drip lines with emitters at
0.2 m intervals were placed in the center of each bed. Lycium barbarum L. seedlings were
planted adjacent to an emitter at 1-m intervals. Polyethylene mulch, with the same width
as the ridge surface, was then applied over the beds along the drip line.

Local saline groundwater was pumped and used as irrigation water to avoid raising
the water table by applying externally sourced fresh water, and also to lower the water
table as the irrigation water evaporated and was consumed by plants. Irrigation started
immediately after mulch covering, with 36 mm of water applied during the first 3 d to decrease
the effects of salinity on seedlings. Soils were irrigated twice daily (8:00-10:00 and 18:00-20:00)
with a discharge rate of 0.6 L-h~!. At the end of the growing season, approximately 36 mm
of water was applied for autumn irrigation to leach soil salts that had accumulated during
the growing season and minimize the risk of resalinization during the plants” dormant stage.
Urea, phosphorus acid, and potassium nitrate were fertigated daily with irrigation water from
8:00-10:00. The same irrigation and fertigation scheduling were applied in the following years
and also in the newly utilized field. In 2008, irrigation was initiated on 15 April immediately
after seeding and implemented according to the irrigation schedule. During the growing
season, the irrigation practice was adjusted and suspended when it rained or when the water
table was too high following heavy rainfall. Irrigation ceased on 17 October, and the total
water applied was approximately 605 mm. Fertigation started on 1 May and ceased on 1
September, with application amounts of approximately 270, 67.5, and 135 kg-ha~! for urea,
phosphorus acid, and potassium nitrate, respectively.

2.3. Experiment Design

The experiment was carried out in 2008 on three adjacent plots: one was originally a
wasteland of saline-sodic soil and the other two had been planted for one and two years,
respectively. Each plot had an area of 36 m x 75 m that contained 12 beds, with a total
area of the experiment field of 0.81 ha. Every four beds were divided as a replicate and
each treatment had three replicates. To investigate the changes in soil nutrients during the
utilization process according to planting year, soil samples were collected on the newly
built bed on the wasteland using an auger (2.5 cm in diameter and 10 cm high) before
irrigation (0 y). At the end of the growing season (15 October), soil samples were extracted
from the beds planted for one (1 y), two (2 y), and three years (3 y), respectively. The
samplings in the bed profile were distributed at four horizontal distances from the drip
line (0, 10, 20, and 30 cm) and four vertical soil depths (10 cm intervals within 0-40 cm).
There were three replicates of soil samplings from each planting year.

2.4. Measurements

The soil samples were air-dried and passed through a 0.25 mm mesh sieve. The
samples were then analyzed for TN (g-kg ') using the Kjeldahl digestion procedure [29],
in which 1.00 g of air-dried soil was weighed and added to 5 mL of concentrated sulfuric
acid and then boiled in a digestion furnace. After the sample in the test tube became
grayish-white and slightly green, it was boiled for 1 h. After digestion, the sample was
cooled and finally distilled. TP (g-kg~!) was determined by molybdenum antimony blue
colorimetry after digestion by H,SO4 and HCIOy [30]. SOM (g-kg~!) was determined
using the potassium bichromate titrimetric method [31]. One gram of air-dried soil was
weighed and added to 5 mL of the K,C;O7 solution of 0.8 mol-L~!, followed by adding
5 mL of concentrated sulfuric acid, and then it was left to stand in a paraffin bath for 5 min.
After the sample was transferred to a flask, O-phorphine was added and it was measured
via titration.
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2.5. Data Analysis

TN, TP, and SOM values for each horizontal position in soils for each planting year
were their average contents of all vertical layers under the position; TN, TP, and SOM
values for each layer were their average contents of all horizontal positions of the layer.

All data gathered in the study were recorded and classified using Microsoft Office Excel
2023. Analyses of variance (ANOVAs) were conducted using SPSS 26.0 statistical software
(SPSS Inc., Chicago, IL, USA). The significance of the effect of all variables was examined
by one-way ANOVA. Spatial distributions on the surface according to the distance from
the emitters (30 cm) and a depth of 40 cm were created using Surfer 8.0 (Golden Software
Inc., Golden, CO, USA).

3. Results
3.1. Spatiotemporal Changes in TN in Soil Profiles

The distribution of TN in soil profiles of 1, 2, and 3 y decreased with distance from the
drip tape but was randomly distributed in the soil profile of 0 y (Figure 1). It seemed that
the effect of the planting year on the TN distribution in the soil profile was marked during
the first growing season as a result of continuous drip irrigation. Once the soil had been
planted, the distribution of TN in the soil profile did not vary much in the following years.
The gradients of TN in the soil profile increased with planting year (Figure 1), indicating
that TN was distributed more unevenly as planting years increased.
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Figure 1. Distribution of total nitrogen (TN) (g-kg~!) in soil profile for different planting years.

In the horizontal direction, within 30 cm of the drip line, the TN of each position
increased slightly during the first growing season; however, TN increased substantially
during the second planting year with an increment of >0.2 g-kg~!, and also increased
during the third planting year, but with a much more gradual increase as the distance to
the drip line increased (Figure 2a). The spatial variation of TN was not obvious in the
horizontal direction (Figure 2a). In soils of 0, 1, and 2 y, TN varied within 0.05 g-kg_l, while
in soils of 3 y, the TN decreased as the distance to the drip line increased (with variation
within 0.1 g-kg™1).

Similar to that in the horizontal direction, the TN in all soil layers increased with
the planting year. The TN of each soil layer increased slightly (<0.04 g-kg~!) during the
first growing season and increased rapidly (approximately 0.22 g-kg~!) during the second
planting year. During the third planting year, TN increased markedly by approximately
0.12 g'kg ! in the top 10 cm layer; however, its increment decreased with soil depth, and
in the 3040 cm layer, TN increased by only approximately 0.05 g-kg~! (Figure 2b). The
changes in TN between layers in the unplanted soil (0 y) were not obvious, and in the
planted soils (1, 2, and 3 y), the TN decreased with increased soil depth (Figure 2b). Similar
to the variation in the horizontal direction, TN varied within 0.05 g-kg~! in a vertical
direction in soils of 0, 1, and 2 y, but within 0.13 g-kg ! in soils of 3 y.
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Figure 2. Changes in TN with horizontal distance (0, 10, 20, and 30 cm) and soil depth (0-10, 10-20,
20-30, and 3040 cm) for different planting years. (a) Horizontal direction; (b) vertical direction.

The average TN of the soil profile increased with the planting year (Figure 3). During
the first growing season, TN increased slightly; however, in soils of 2 y, TN was larger than
for 1 y and increased by approximately 60%; during the third planting year, the increment
was less and TN increased by only approximately 0.07 g-kg ! (i.e., 11.9% of 2 y). Differences
between 0 y and 1 y and between 2 y and 3 y were not significant (p < 0.05), while the
differences between 0 y and 1 y and between 2 y and 3 y were significant (p < 0.05).
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a
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Figure 3. Changes in average TN of soil profile within planting year (in the fitted function, dependent
variable y is the value of corresponding TN and independent variable x stands for planting year;
x=0,1,2,3,4). Different letters on the error line mean significant correlation at the 0.05 level of
probability (bilateral). Error bars indicate standard deviation and specify sample size n = 9.

Regression analysis showed that the relationship between TN of the soil profile and
the planting year could be expressed as:

TN =0.12x +0.33 R®>=0.90 p<0.01 (1)

TN is the average TN of the soil profile and x is the planting year, x € {0, 1, 2, 3}.

Surveys showed that, in typical farmland in Pingluo, TN was approximately
1.0 g-kg_l [32]; therefore, according to the variation tendency, TN of the saline-sodic
soil would reach levels of typical farmland after another three years.
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3.2. Spatiotemporal Changes TP in Soil Profile

In the profile of unplanted soil, TP was randomly distributed and changed within
0.5 g-kg 1. In soils of 1y, TP decreased radially from the drip line, and this distribution
was relatively stable in the following planting years (Figure 4). The gradient of TP also
decreased radially in the soil profiles of 1, 2, and 3 y from the drip line but had a random
distribution in the soil profile of 0 y. This indicated that the effect of the planting year on
the distribution of TN in the soil profile was high during the first growing season but not
thereafter, and that in later years, the influence of the planting year on TN was mainly in
changes in content and gradient.
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Figure 4. Distribution of total phosphorous (TP) (g-kg ") in soil profile for different planting years.

TP increased with planting year at each position in a horizontal direction (Figure 5a).
In soils of 1y, TP increased to 1.49 g-kg ! immediately under the drip line, approximately
21.7% more than of 0 y; beyond 20 cm from the drip line, the increment decreased with
horizontal distance and was not obvious. During the second planting year, in soils within
30 cm of the drip line, TP increased slightly with an increment range of 0.08-0.10 g-kg !
During the third planting year, the TP of each horizontal position increased more obviously
than the previous year, except at 30 cm from the drip line, the farthest position from
the drip line, where TP barely changed; however, in soils immediately under the drip
line, TP increased rapidly reaching 2.5 g-kg_l, an increase of 59.4% of 2 y. Changes in
TP content in the horizontal direction varied with planting year (Figure 5a). In soils of
0y, TP did not clearly change, with a range of 1.25-1.30 g-kg~!. In soils of 1 and 2 y,
TP decreased horizontally with a lower range in variation of approximately 0.16 and
0.13 g-kg~!, respectively. In soils of 3y, in soils immediately under the drip line, TP was
apparently larger than that of other horizontal positions—decreasing rapidly from 2.50 to
1.59 g-kg ! within 0-10 cm and fluctuating slightly within 10-30 cm.

In the vertical direction, TP in all soil layers also increased yearly (Figure 5b). During
the first growing season, TP of the top 10 cm increased to 116.2% of 0 y, but the increment
decreased with soil depth and was only 2.6% for the 30—40 cm layer. During the second
planting year, the TP of the 0-20 cm increased more than that of the 20-40 cm layer, and the
increments of TP of layers within the depth of 0—40 cm were all <10%. During the third
planting year, the increment of TP for each layer was obviously larger than that in previous
years, especially in the top 10 cm layer where TP increased by 0.69 g-kg~!, approximately
145.9% compared to that in 2 y. The distribution of TP in a vertical direction varied with
planting year (Figure 5b). In soils of 0 y, TP increased with soil depth. In soils of 1y, TP
firstly decreased with soil depth in the top 10 cm and then increased in deeper layers. In
soils of 2 y, TP decreased with soil depth in the upper 20 cm layer and then increased
deeper than the 20 cm layer. In soils of 3 y, TP in the top 10 cm was obviously larger than in
the deeper layers and rapidly decreased within 0-20 cm, from 2.18 to 1.63 g-'kg ! (i.e., a
25.4% reduction)—in the deeper layers, TP increased with depth.
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Figure 5. Changes in TP with horizontal distance (0, 10, 20, and 30 cm) and soil depth (0-10, 10-20,
20-30, and 3040 cm) for different planting years. (a) Horizontal direction; (b) vertical direction.

The average TP of the soil profile increased as the planting year increased (Figure 6).
The increment was approximately 0.11, 0.14, and 0.29 g-kg~! during the first, second, and
third planting years, respectively, with growth rates of 8.9, 9.9, and 19.1%. The analysis of
variance indicated that the TP of 0 y was significantly less than 2 y and 3 y (p < 0.05), and
differences between other treatments were not significant (p < 0.05).
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o L y=0.18x +1.06
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Figure 6. Changes in average TP of soil profile within planting year (in the fitted function, dependent
variable y is the value of corresponding TP and independent variable x stands for planting year; x =0,
1,2, 3, 4). Different letters on the error line mean significant correlation at the 0.05 level of probability
(bilateral). Error bars indicate standard deviation and specify sample size n = 9.

Regression analysis showed that the relationship between the TP of the soil profile
and the planting year could be expressed as:

TP=0.18x+1.06 R?>=095 p<0.01 )

TP is the average TP of the soil profile and x is the planting year, x € {0, 1, 2, 3}.
Surveys showed that the TP of soils in Ningxia was approximately 0.8 g-kg~! [33];
thus, TP in the saline-sodic soil was higher than for typical farmland.

3.3. Spatiotemporal Changes in SOM in the Soil Profile

In soils of 0 y, SOM varied within 0.5 g-kg~! and was randomly distributed in the soil
profile (Figure 7). In soils of 1, 2, and 3 y, SOM decreased radially from the area around
the drip line and so did its gradient, especially close to the drip line. This indicated that
the distribution of SOM, similar to distributions of TN and TP, was mainly formed during
the first growing season, and the effects of the planting year on SOM were shown in the
increment of SOM content and its gradients in the soil profile.
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In the horizontal direction, the SOM of each position had the same trend of variation
with the planting year, in which it decreased during the first growing season and increased
in the following years (Figure 8a). During the first growing season, the changes were clear
for the SOM of each position in the horizontal direction, except for the position immediately
under the drip line, with a range of reductions in SOM of 0.5-1 g-kg ~!. During the second
planting year, increments of all positions were within the range 2.0-2.5 g-kg~! and all
changes were clear. During the third planting year, in the soils immediately under the drip
line, SOM rapidly increased, with an increment of approximately 2.2 g‘kg*1 ; however, the
increment decreased with increased distance from the drip line, and >20 cm was reduced
to approximately 0.5 g-kg . Differences in SOM content in the horizontal direction were
found after soils had been planted for three years (Figure 8a). In soils of 0, 1, and 2 y, SOM
changed little with increased distance from the drip line. However, in soils of 3 y, SOM
showed a marked decrease within 20 cm of the drip line and only slightly beyond 20 cm;
within 30 cm of the drip line, it decreased from 9.27 to 7.65 g-kg ! (a 17.4% reduction).
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Figure 8. Changes in SOM with horizontal distance (0, 10, 20, and 30 cm) and soil depth (0-10, 10-20,
20-30, and 30—40 cm) for different planting years. (a) Horizontal direction; (b) vertical direction.

In the vertical direction, the SOM of each soil layer had the same variation tendency
with the planting year; however, this decreased during the first growing season and
increased in the following years (Figure 8b). The change range of SOM during the second
planting year (approximately 2.0-2.7 g-kg~!) was larger than for the other years. During
the third year, the SOM increment was unevenly distributed with depth such that SOM
decreased as soil depth increased, from 2.0 g-kg~! in the 0~10 cm layer to 0.5 g-kg ! in
the 2040 cm layer. Differences in the SOM content in the vertical direction, similar to
differences in the horizontal direction, were obvious after soils had been planted for three
years. In soils of 3 y, SOM obviously decreased with soil depth from 12 g-kg~! in the top
10 cm layer to 7.34 g-kg ! in the 3040 cm layer (a 22.9% reduction; Figure 8b).
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The average SOM content in the soil profile decreased, with a reduction of approxi-
mately 0.7 g-kg ! during the first growing season. During the second planting year, SOM
content obviously increased with an increment of approximately 2.4 g-kg ™!, approximately
50% more than that of 1 y. During the third planting year, SOM continuously increased but
its increment decreased to 1.1 g-kg ™! (Figure 9). The analysis of variance indicated that
the SOM of 1 y was significantly less than other years (p < 0.05), and the SOM of 0 y was
significantly less than 2 y and 3 y (p < 0.05). The difference between 2 y and 3 y was not
significant (p < 0.05).

12 -
10 y=1.06x+3.79 a
- R2=0.77 -
bo
4
L8 r a
= I 1
2 b =
6 L
I c
4
Oy ly 2y 3y
Planting year

Figure 9. Changes in average SOM of soil profile within planting year (in the fitted function, dependent
variable y is the value of corresponding SOM and independent variable x stands for planting year; x =0,
1,2, 3, 4). Different letters on the error line mean significant correlation at the 0.05 level of probability
(bilateral). Error bars indicate standard deviation and specify sample size n = 9.

Regression analysis showed that the relationship between the SOM of the soil profile
and the planting year could be expressed as:

SOM =1.06x+3.79 R?>=0.77 p<0.01 (3)

SOM is the average SOM of the soil profile and x is the planting year, x € {0, 1, 2, 3}.

Surveys showed that the SOM of typical farmland in Pingluo was approximately
14.0 g-kg ! [32]; therefore, according to the variation tendency, the SOM of the saline-sodic
soil should reach the level of typical farmland after another six years.

4. Discussion

The hallmark of the successful improvement and utilization of saline-sodic soil is that
the soil quality gradually improves with the application of the improvement technology,
whereby soil structure improves, soil salt content decreases, soil nutrients increase, etc. The
improvement of the soil’s physical and chemical properties provided conditions for soil
water and fertilizer conservation. Studies have shown that the content of nutrients and
organic matter always increases with the age of soil improvement [4,9]. However, some
studies have shown that soil nutrients tend to be consumed with an increase in planting
years. This depends on the initial soil conditions, the irrigation and fertilization schedule,
the regional climate conditions, planting crops, etc.

Nitrogen is one of the major nutrient elements in the soil, and the nitrogen content reflects
the soil fertility conditions. Some studies have shown that the soil nitrogen content increased
year by year with the improvement of saline-sodic soil, and the increment of the surface layer
(0~20 cm) was higher than that of 20~40 cm [34]. Under drip irrigation, the roots of crops
were mainly distributed in the surface soil with high moisture content, and the fixation and
absorption of soil nitrogen were carried out in the area with high root density, so the soil
nitrogen content was rich in the root zone [34]. Meanwhile, the salt content may affect the root
growth of crops. The root growth would be inhibited by high soil salt content, and thus the
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root nitrogen fixation would be inefficient, which increases the risk of nitrogen leaching [35].
TN content increased from 0.3 g-kg ! to 0.45 g-kg~! with the increase in planting year duo
to the area directly under the emitter gradually desalted [34]. When irrigation water quality
varied, the soil nitrogen content changed correspondingly as the leaching water volume
changed. In particular, when salt water was used for irrigation, the irrigation amount was an
important factor that affected salt accumulation. Only when the irrigation amount reached a
certain degree could the upper soil be completely desalted. Therefore, the irrigation amount of
salt water should not be too low. Paradoxically, excessive irrigation caused the other extreme,
which directly led to the leaching of soil nitrogen [36]. Bowman et al. (2006) pointed out that
saltwater irrigation with suitable salinity would not cause the leaching of soil nitrogen and
groundwater pollution as long as the irrigation amount was sufficient to prevent the salt in
the root area from reaching the level that would be harmful to crops [37]. Our study indicated
that TN content in the soil increased with the planting year and was mainly distributed in
the wetting body of drip irrigation, findings that are consistent with the above results of
previous studies. As there were large numbers of fissures in the newly built beds, urea and
nitrate-N were easily leached out of the root layer, and the soil structure might also facilitate
the volatilization of ammonium-N into the atmosphere [38—40]. Soils, especially around the
drip line, may have been continually altered by drip irrigation and swelled, broken, and
dispersed, thus impeding the leaching of nitrate and increasing TN in the soil profile [41].
Since saline groundwater was used for drip irrigation in this study, the soil was irrigated at a
high frequency to maintain high water potential. Soil water in the wetting body kept moving
downward persistently, and soil nitrogen was leached out. However, TN in the wetting body
still maintained a high level. This might be because, in this area, the organic N absorbed by
crops and soil microorganisms may be the main component of total nitrogen. In addition, the
increase in TN of the root layer during the third planting year slowed, possibly due to the
uptake by growing plants [42].

P is immobile and easily adsorbed by soil particles, and therefore accumulated around
the drip line and did not redistribute uniformly through the soil profile [43,44]. Research
has shown that in saline-sodic soil, soil structure was poor before reclamation, and it was
ameliorated as the soil was desalted. Since it provided more opportunities for soil particles to
absorb phosphate fertilizer, more phosphorus was retained [45,46]. The content of TP was the
highest in the layer of 0~10 cm and decreased with soil depth. It increased from 0.6~0.8 g-kg
after three years [34]. The results of this paper were consistent with the results of previous
studies, as during the earlier planting years, irrigation water moved in larger soil pathways
and P was transported with less chance of adsorption. However, during later planting years,
irrigation water mainly moved through the macro- and micro-pores of soil and, therefore, a
small amount of P moved via matrix flow and mostly accumulated in the surface soil [47].
The accumulation of P increased with planting years as the fertilizer may have exceeded the
crop requirements [48,49].

SOM is one of the significant features in soil management. It provides essential infor-
mation to improve the nutrients of the crops and increase the soil properties in agriculture.
After the salt was effectively leached, the growth of plants was gradually vigorous, and the
plant residues and roots were preserved in the soil [50] so that SOM increased gradually
from 3.3 g-kg ! to 6 g-kg~! during the three-year period [34]. The results of this paper were
consistent with Wang et al. (2014) except the first planting year. Although the irrigation and
planting management practices enhanced soil health and allowed sustained agricultural
productivity, SOM decreased during the first growing season, possibly because more was
disintegrated than returned under the large soil structure and porosity conditions. This
conclusion is consistent with other studies, which reported that soil quality can be greatly
degraded after cultivating virgin soils [51]. Soil structure may have been ameliorated dur-
ing the irrigation practice and surface residues, roots, and SOM may have been maintained
in the soil profile as no tillage occurred after planting [52,53]. Therefore, SOM showed a
marked increase during the following planting year. The SOM affected by soil nutrients
and structure also radially decreased from the drip line in the soil profile [54-56].
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Changes in TN, TP, and SOM indicated that soil nutrient conditions were promoted
yearly, especially around the drip line in which roots mostly spread, and that the distribu-
tion of nutrients was favorable for root growth. The variation tendencies of TN, TP, and
SOM in the soil profile indicated that the soil nutrient conditions would reach levels of
typical farmland after a further six years of utilization. However, during the first growing
season, small increments in TN and TP meant that improvements due to the use of soil
fertilizer were not obvious and a large part of the fertilizer moved and was leached into
deeper layers or shallow groundwater, which might lead to environmental risks at the early
stage of utilization [57]. Therefore, fertilization scheduling should be optimized, and less
fertilizer should be used during the first growing season.

5. Conclusions

This study examined the changes in TN, TP, and SOM in the root layer during the process
of utilization of saline-sodic soils via drip irrigation using saline groundwater. TN, TP, and
SOM all had a tendency to increase with the planting year. TN increased slightly during the
first season but rapidly increased in the second year. TP kept growing at an average rate of
12.6%. SOM slightly decreased during the first growing season and continuously increased
in the following years. At the end of the third year, TP reached the level of typical farmland,
while according to linear regression analysis, TN and SOM would reach the level of typical
farmland after another three and six years, respectively. The distributions of TN, TP, and SOM
were formed during this period, in which all of them decreased radially from the dripper with
small gradients. During the second planting year, TN and SOM (and also their gradients) in
the profile increased, while the gradient of TP only slightly changed. The increment of TP
was obvious during the third planting year. TN and SOM also increased, but less than in
the previous year. Meanwhile, TN, TP, and SOM accumulated around the dripper, and their
gradients were greater than before. The contents of TN, TP, and SOM around the dripper
were higher than the level of typical farmland; therefore, it formed a relatively enriched area
of soil nutrients and could offer a better soil environment for crops. In both horizontal and
vertical directions, TN, TP, and SOM increased in each horizontal position or vertical layer
with the planting year. All indexes decreased as the distance to the drip line increased, and
they decreased with increasing soil depth except TP. The distribution characteristics showed
that TN, TP, and SOM were prone to accumulating under the drip line and in the surface
layer. Overall, the soil quality of such heavy saline-sodic soil improved with the planting year
using drip irrigation with local saline groundwater. Though the improvement was slow and
might take approximately 6~9 years to reach the level of typical farmland, the soil around the
dripper was quickly ameliorated.
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