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Abstract: As the saline-alkali paddy area continues to grow, the nutrient (e.g., nitrogen (N) and
phosphorus (P)) runoff loss is becoming more serious in the world. The N-fertilizer application affects
the nutrient runoff loss risk in paddy. Selecting suitable fertilizer types to reduce nutrient loss is
beneficial to agricultural sustainability. However, the effects of N-fertilizer application in saline-alkali
paddy are not clear. This study measured the N and P concentration of surface water in saline-alkali
paddy, using various N—fertilizer treatments (i.e., urea (U), urea with urease—nitrification inhibitors
(UI), organic–inorganic compound fertilizer (OCF), carbon—based slow—release fertilizer (CSF),
and no N fertilization (CK)). Based on the structural equation model, both phosphate (PO4

3−-P) and
total−P (TP) concentrations had a positive influence on total-N (TN) concentration regardless of
N−fertilizer types applied. Potential risks of ammonia—N (NH4

+—N) and nitrate—N (NO3
−—N)

runoff losses were reduced in UI treatment, but the TN and TP losses were increased. At the panicle-
initiation fertilizer stage, the NO3

−−N, TN, and TP concentrations in CSF and OCF treatments were
lower than U. The CSF application can control the TP runoff loss risk during the rice-growing season.
UI should not be suggested for the control of nutrient runoff loss in saline-alkali paddy.

Keywords: saline-alkaline paddy; nitrogen fertilizer; nitrogen forms; runoff loss risk; phosphorus loss

1. Introduction

In recent years, the method of planting crops on saline-alkali lands to improve the
property of saline-alkali soil has become increasingly common, but it has also brought
about some agricultural pollution problems [1,2]. Especially in paddy fields, saline-alkali
soil, typically with high salinity and/or high pH, can cause the nitrogen (N) content in the
soil to be lower than that in non-saline-alkali soil, which requires more nutrient input to
ensure a high yield. According to the statistics of the Food and Agriculture Organization of
the United Nations (FAO) [3], the average seasonal N application rate adopted in China was
225 kg/ha, which was higher than the optimum N rate of 200 kg/ha suggested by Ju et al.
(2009) [4], the optimum N rate calculated from the average of economic N rates from field
experiments. A large amount of N has been lost due to the excessive and/or unreasonable
application of N fertilizers, resulting in a series of environmental problems (e.g., nonpoint
source pollution) [5,6]. The prevention and control of agricultural nonpoint source pollution
have become an important environmental problem in the world [7,8]. More than 60% of
surface water environmental problems are caused by agricultural activities in China [9].
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An important source of agricultural nonpoint source pollution is the loss of N, phosphorus
(P), and other nutrients from paddy fields [8,9]. Properties of saline-alkali soil (e.g., high
salinity and pH) would cause N loss and phosphate recalcitrance [10]. Although P is not
easy to lose from water, the improvement measures (e.g., drainage and salt washing after
the reclamation of paddy fields) will aggravate the soil P loss via runoff in paddy fields [11].
At present, the area of saline-alkali paddy fields is expanding all over the world, and the
degree of soil salinization is rising [8]. Therefore, the N and P losses from saline-alkali
paddy fields have also attracted much attention.

Runoff loss is one of the main pathways of N and P losses in paddy fields [5,9].
Since the 1990s, N and P runoff losses from farmland have increased by 46% and 30%,
respectively, resulting in an increasing nutrient (e.g., N and P) export to surrounding
water bodies, thereby posing a threat to the aquatic ecosystems [12]. Fertilization intensity,
fertilization types, and annual precipitation have effects on N and P runoff losses in paddy
fields [5,11]. The application of fertilizer can increase the N and P concentration of saline-
alkali paddy water; the potentiality of N and P runoff losses from the paddy soils owing to
different fertilization types has not been investigated clearly. In addition, there is a coupling
relationship between N and P [9]. The application of N fertilizers can stimulate the P
release in the soil. In the process of topdressing, it will stir the topsoil of the paddy fields
to release P in the soil, which will change the P concentration in the surface water. The
concentrations of N and P in surface water can serve as an indirect indicator of potential
nutrient runoff loss risk in paddy fields [9], as they are direct sources of nutrients in surface
runoff [13]. Thus, it is of great significance to study the changes in N and P concentrations
in surface water after fertilization for the prevention and control of N and P runoff losses in
paddy fields.

Due to the complexity of N and P pollutants along the surface runoff, crop growth, and
development and regionality, although the studies on the loss factors of N and P via surface
runoff in paddy fields have been reported, the study on the control of field fertilization on
the pollution runoff loads of N and P is still in the exploratory stage [5,8,9]. Zhao et al. [14]
found that applications of organic and organic–inorganic compound fertilizers (OCF)
reduced the N loss by 21.86% and 30.41%, respectively, compared with urea (U). Cui
et al. [9] believed that the application of organic fertilizer could effectively reduce N loss
but increase P loss. The studies on N and P losses via surface runoff are mainly based
on non-saline-alkali paddy fields [5,14], while there are few studies on the saline-alkali
paddy fields in Northeast China. Due to the unique properties of the saline-alkali soil, the
response of different N—fertilizer types to N and P losses in saline-alkali paddy fields may
be different from non-saline-alkali paddy fields. Therefore, this study set five treatments
with different N—fertilizers to study the effect of nutrient runoff loss risk in saline-alkali
paddy fields. The main objectives of this study were: (1) to explore the dynamic changes
in various N and P forms in surface water of saline-alkali paddy fields under different
N—fertilizer applications, and (2) to clarify the effect of N—fertilizer types on the potential
risks of N and P runoff losses. This study will provide a theoretical reference for the
sustainable development of the rice planting industry and provide an efficient strategy for
formulating reasonable nonpoint source pollution control in saline-alkali paddy fields.

2. Materials and Methods
2.1. Experimental Design and Operation

Fifteen paddy mesocosms were established in a mobile intelligent canopy. The size
of each mesocosm was 64 cm length × 49 cm width × 36 cm height, which was set up by
the polyethylene material. This experiment was operated from 31 May to 15 October 2021,
with a daily temperature of 2–30 ◦C and a relative humidity of 46–99%. The saline-alkali
paddy soil used in this study was randomly collected from nine saline-alkali paddy fields
(45◦34′18–33′ ′ N, 123◦54′25–42′ ′ E) in Baicheng City, Western Jilin Province, China. The
physical and chemical properties of saline-alkali paddy soil are described in Table S1 of
Supplementary Materials.
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Five N−fertilizer treatments, with three replicates per treatment, were carried out
in fifteen paddy mesocosms at the basal fertilizer (BF) stage. There were four treatments
with different N fertilizers, i.e., U, urea with urease-nitrification inhibitors (i.e., 1% N-(N-
butyl)thiophosphoric triamide (NBPT) and 1% 3,4-dimethylpyrazole phosphate (DMPP),
refer to UI), OCF and carbon (C) based slow-release fertilizer (refer to CSF), and one
treatment without additional N fertilizer as control (refer to CK). The organic–inorganic
compound fertilizer (OCF) has 12% N and 3% K2O, containing 20% organic matter, which
comes from Chinese herbal materials. The carbon-based slow-release fertilizer has a pro-
portion of N, P2O5, and K2O with 24:8:10, containing 10% biochar. At the BF stage, these
N−fertilizer types used were selected by the field investigation in Western Jilin, China.
Urea was used at tillering fertilizer (TF) and panicle-initiation fertilizer (PIF) stages. The
total N fertilizers were applied at 200 kg N/ha (i.e., 6.27 g N/mesocosm), which was
consistent with the actual amount of N fertilizer applied by local farmers in all treatments
(excluding CK); the ratio of three N—fertilizer application ratios with of BF, TF, and PIF was
5:3:2. Table 1 describes the specific application of different N fertilizers in each treatment.
Along with the N fertilizer applied at the BF stage, ammonium phosphate (18% N and 46%
P2O5) and potassium sulfate (50% K2O) were employed as phosphate and potash fertilizers
before rice transplanting, respectively. The total phosphate and potash fertilizers during
the entire rice−growing season were 70 kg P2O5/ha (i.e., 2.20 g P2O5/mesocosm) and
90 kg K2O/ha (i.e., 2.82 g K2O/mesocosm), respectively. The selections of N, phosphate,
and potash fertilizers were based on the field survey of saline-alkali paddy fields in West-
ern Jilin Province, China. The BF was mixed completely with the collected saline-alkali
paddy soil on 30 May 2021, and then each mesocosm was initiated flooded. Dongdao
4 (Oryza sativa L.), a saline-alkali-resistant rice variety, was transplanted into all paddy
mesocosms on 31 May 2021. The same agricultural management, including irrigation, was
performed in all paddy mesocosms. Each paddy mesocosm was regularly irrigated with the
same amount of water, which was maintained at a water depth of 3–5 cm by intermittent
irrigation before crop harvesting. In this study, no precipitation occurred, and insecticides
and pesticides were not applied during the whole experiment period.

Table 1. Application of N fertilizer at different stages in each treatment.

Treatments
Basal Fertilizer Stage (BF) Tillering Fertilizer Stage

(TF)
Panicle-Initiation

Fertilizer Stage (PIF) Total N
Amount
(kg N/ha)N-Fertilizer Types Amount

(kg N/ha)
Other N
Source

Amount
(kg N/ha)

N-Fertilizer
Types

Amount
(kg N/ha)

N-Fertilizer
Types

Amount
(kg N/ha)

CK – –

Ammonium
phosphate

(18% N and
46% P2O5)

27.40 – – – – 27.40

U Urea (46%) 72.60 27.40 Urea 60 Urea 40 200

UI Urea (46%) with 1%
NBPT and 1% DMPP 72.60 27.40 Urea 60 Urea 40 200

OCF
Organic–inorganic

compound fertilizer
(12% N and 3% K2O)

72.60 27.40 Urea 60 Urea 40 200

CSF
C-based slow-release

fertilizer (N:P2O5:K2O
= 24:8:10)

83.50 16.50 Urea 60 Urea 40 200

2.2. Sampling and Chemical Analyses of Surface Water

During the 137-day experiment, the sampling was conducted in a total of 34 days,
including Day 0, 1, 3, 5, 7, and 10 at each initial fertilization and every 5–7 days thereafter.
The fertilization dates of BF, TF, and PIF were 30 May, 13 June, and 10 August 2021,
respectively. A 100 mL polyethylene sampling bottle was used to collect the surface water
sample from each mesocosm on each sampling day. Surface water samples collected from
all treatments were tested for electrical conductivity (EC) and pH using a quality analyzer
(Bante ™, Shanghai, China). The concentrations of ammonia—N (NH4

+—N), nitrite—N
(NO2

−—N), nitrate-N (NO3
−—N), total—N (TN), phosphate (PO4

3−—P), and total-P (TP)
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concentrations were analyzed via the automatic chemical analyzer (Mode Smartchem
200, Italy).

2.3. Statistical Analysis

All experimental data were graphically interpreted using Origin 2021 software (Origin-
Lab Corporation, Northampton, MA, USA). Statistical analysis was performed using SPSS
22.0 software (IBM Corporation, New York, NY, USA). All experimental data were reported
as means and standard deviations of three independent replicates (mean ± SD). The result
of the one-way analysis of variance (ANOVA) was used to determine the significance of the
difference between treatments. Levene’s test was used to test the homogeneity of variances,
and the least significant difference (LSD) was used to perform the multiple comparisons of
mean values. A p-value less than or equal to 0.05 was considered significant in all analy-
ses. The correlation between N and P in water parameters was described using Pearson
correlation analysis. Principal component analysis (PCA) with the correlation matrix was
also carried out with Origin 2021 software. The variables used in PCA were the values of
pH and EC and the concentrations of NH4

+—N, NO2
−—N, NO3

−—N, TN, PO4
3—P, and

TP. Amos 24.0 software (AMOS IBM, USA) was utilized to conduct a structural equation
model (SEM).

3. Results
3.1. EC and pH of Surface Water in Saline-Alkali Paddy Fields

The EC and pH values in surface water of all treatments had a violent fluctuation
trend during the entire rice-growing season (Figure 1). At the BF stage, the highest average
EC value in surface water was observed in OCF treatment, followed by CSF, UI, U, and CK
treatments. Compared to CK (1.07± 0.55 mS/cm), the EC values in UI (1.67 ± 0.98 mS/cm),
OCF (1.89 ± 1.15 mS/cm), and CSF (1.70 ± 0.70 mS/cm) treatments demonstrated a
statistically significant (p < 0.05) increase, respectively. The average EC values at the TF
stage were CK < OCF < U < CSF < UI, and at PIF stage were CK < U < CSF < OCF < UI.
The UI treatment at both TF and PIF stages had significantly (p < 0.05) higher average
EC values than all the other four treatments. The average pH values at the BF stage were
CK < CSF < UI < U < OCF, at the TF stage were U < CK < OCF < CSF < UI, and the
UI treatment (8.57 ± 0.38) at the TF stage had a statistically significant (p < 0.05) higher
pH value than U (8.24 ± 0.43) and CK (8.31 ± 0.25) treatments, respectively. At the PIF
stage, the average pH values were U < CSF < CK < OCF < UI and the UI treatment had
a significant (p < 0.05) higher average pH value than all the other four treatments. The
average pH value in OCF treatment (8.53 ± 0.38) was significantly (p < 0.05) higher than U
(8.16 ± 0.33) and CSF (8.18 ± 0.29), respectively.

3.2. Dynamic Changes in Different N Forms in Surface Water as Rice Grows

Regardless of the N—fertilizer types, the NH4
+—N concentrations in surface water

of all N—fertilizer treatments were higher than CK (Figure 2a). At the BF stage, the
changing trend of NH4

+—N concentration showed a gentle fluctuation, and the average
NH4

+—N concentrations were CK < UI < CSF < U < OCF. The OCF treatment was found
to be significantly (p < 0.05) different from all the other four treatments in the average
NH4

+—N concentrations. The NH4
+—N concentrations in surface water of all N—fertilizer

treatments exhibited an increase–decrease trend after applying TF and PIF, respectively.
At the TF stage, the peak values of all N—fertilizer treatments occurred from Day 3 to
Day 5 after fertilizer application (i.e., from 16 to 18 June 2021). The average NH4

+−N
concentrations were CK < UI < U < OCF < CSF. The CSF, OCF, and U treatments had
significant (p < 0.05) differences with UI and CK treatments, respectively. At the PIF stage,
the peak values of all N—fertilizer treatments occurred from Day 1 to Day 5 after fertilizer
application (i.e., from 10 to 14 August 2021), and the average NH4

+—N concentrations
were CK < UI < OCF< CSF < U. The difference in the average NH4

+—N concentrations
between CK and all N—fertilizer treatments was significant (p < 0.05) (Table 2).
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For all N—fertilizer treatments, the concentrations of both NO2
−—N and NO3

−−N
in surface water were decreased gradually over time in all N-fertilizer treatments at the BF
stage (Figure 2b,c). At the BF stage, the average NO2

−—N and NO3
−—N concentrations

in all N—fertilizer treatments were higher than CK. At TF and PIF stages, both NO2
−—N

and NO3
−—N concentrations in surface water of most N—fertilizer treatments (except UI)

had an increase–decrease trend, which was the same as NH4
+—N. As shown in Table 2,

the U, CSF, and OCF treatments at the TF stage had significantly (p < 0.05) higher average
NO2

−—N and NO3
−—N concentrations than UI and CK treatments, respectively (Table 2).

At the PIF stage, the average concentrations of both NO2
−—N and NO3

−—N followed the
order of CK < UI < OCF < CSF < U, respectively. Therein, the U and CSF treatments of
average NO2

−—N and NO3
−—N concentrations were significantly (p < 0.05) greater than

UI and CK, respectively.
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Figure 2. Concentrations of NH4
+—N (a), NO2

−—N (b), NO3
−—N (c), and TN (d) in surface water

of saline-alkali paddy fields with different N-fertilizer treatments during the rice-growing season.
BF (blue background): basal fertilizer stage; TF (yellow background): tillering fertilizer stage; PIF
(green background): panicle—initiation fertilizer stage. Data presented as mean± standard deviation
(n = 3).

Table 2. The average concentrations of various N forms in surface water of saline-alkali paddy fields
with different N fertilizers.

Treatments N Forms BF Stage (mg/L) TF Stage (mg/L) PIF Stage
(mg/L)

CK

NH4
+—N 0.38 ± 0.31 0.21 ± 0.17 0.16 ± 0.22

NO2
−—N 0.03 ± 0.04 0.07 ± 0.07 0.07 ± 0.08

NO3
−—N 1.26 ± 0.95 0.58 ± 0.55 0.44 ± 0.26

TN 3.62 ± 1.41 3.44 ± 1.80 4.51 ± 4.13

U

NH4
+—N 1.09 ± 0.88 4.22 ± 5.60 6.29 ± 11.32

NO2
−—N 0.06 ± 0.07 1.10 ± 1.27 0.27 ± 0.44

NO3
−—N 1.44 ± 1.12 2.11 ± 1.87 1.26 ± 1.23

TN 6.16 ± 2.95 45.58 ± 47.26 52.40 ± 109.58

UI

NH4
+—N 0.60 ± 0.34 1.11 ± 0.83 4.73 ± 6.43

NO2
−—N 0.06 ± 0.10 0.12 ± 0.16 0.11 ± 0.14

NO3
−—N 1.62 ± 1.61 0.53 ± 0.52 0.62 ± 0.34

TN 15.02 ± 12.20 125.89 ± 149.86 63.32 ± 98.96

OCF

NH4
+—N 1.93 ± 1.71 4.55 ± 5.93 5.77 ± 8.42

NO2
−—N 0.08 ± 0.10 0.81 ± 1.10 0.19 ± 0.20

NO3
−—N 1.53 ± 1.56 1.37 ± 1.34 0.83 ± 0.60

TN 6.63 ± 4.83 49.54 ± 54.56 28.31 ± 45.80

CSF

NH4
+—N 0.89 ± 0.66 4.49 ± 5.88 6.15 ± 10.96

NO2
−—N 0.09 ± 0.10 0.59 ± 0.58 0.22 ± 0.22

NO3
−—N 1.88 ± 1.64 1.63 ± 1.94 0.91 ± 0.55

TN 8.77 ± 4.73 46.85 ± 54.60 32.15 ± 71.15
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The variation trend of TN concentrations in surface water of all treatments was consis-
tent with NH4

+—N during the entire rice—growing season (Figure 2d). The peak values of
all N-fertilizer treatments occurred from Day 0 to Day 7 after TF application (i.e., from 13
to 20 June 2021) and on Day 1 after PIF application (i.e., 10 August 2021). At the BF stage,
the highest average TN concentration was found in UI treatment in surface water, followed
by CSF, OCF, U, and CK treatments. At the TF stage, the average TN concentrations were
CK < U < CSF< OUF < UI (Table 2). The highest average TN concentrations at both BF and
TF stages were observed in UI treatment, and the differences between UI and the other four
treatments were significant (p < 0.05). At the PIF stage, the average TN concentrations were
CK < OCF < CSF< U < UI; therein, UI treatment had higher average TN conventions than
CK and OCF, respectively.

3.3. Concentrations of PO4
3−—P and TP in Surface Water

The change trends of PO4
3−—P concentrations in surface water of all N—fertilizer treatments

are shown in Figure 3a. At the BF stage, the changes in PO4
3−—P concentrations in UI and

OCF treatments were greatly influenced compared with U and CSF, respectively. At both BF and
TF stages, the average PO4

3−—P concentrations were CK < CSF < U < OCF < UI, and the UI
and OCF treatments had significant (p < 0.05) differences with U, CSF, and CK treatments,
respectively. At the PIF stage, the UI treatment (0.19 ± 0.16 mg/L) had a significant
(p < 0.05) higher average PO4

3−—P concentration compared with OCF (0.11 ± 0.12 mg/L),
U (0.07 ± 0.07 mg/L), and CK (0.07 ± 0.08 mg/L), respectively. During the entire rice-
growing season, all N-fertilizer treatments had higher TP concentrations than CK in surface
water (Figure 3b). At the BF stage, the highest average TP concentration was observed in UI
treatment, followed by OCF, U, CSF, and CK treatments, and the UI treatment was found
to be significantly different (p < 0.05) from all the other four treatments. At both TF and
PIF stages, the average TP concentrations were all CK < CSF < OCF < U < UI. The average
TP concentration in the surface water of UI treatment (0.98 ± 1.01 mg/L) at the TF stage
was significantly (p < 0.05) increased with CSF (0.31 ± 0.23 mg/L), OCF (0.46 ± 0.49 mg/L)
and CK (0.25 ± 0.22 mg/L), respectively.

3.4. Correlation Analysis between N and P in Surface Water of Saline-Alkali Paddy Fields

During the entire rice−growing season, the correlation coefficients between EC, pH,
and the concentrations of various N and P forms in surface water were changed by applying
different N fertilizers in saline-alkali paddy fields, and some directions were converted
(Figure 4). Moreover, the positive correlation intensity between pH and EC in all N-
fertilizer treatments was increased compared with CK. The negative correlation intensity
between pH and TP was reduced. Compared with CK treatment, the negative correla-
tion between EC and NH4

+—N concentration was converted to a positive correlation by
different N-fertilizer applications, with the intensities of UI < OCF < U < CSF. There was
a positive correlation between NH4

+—N and TN concentrations in all treatments, with
UI < CK < U < OCF < CSF intensities. Compared with CK treatment, the negative cor-
relation between NO2

−—N and NO3
−—N concentrations was turned into a positive

correlation by applying different N fertilizers, with the intensities of UI < OCF < U < CSF.
There was a positive correlation between NO3

−—N and PO4
3−—P concentrations with

UI < CSF < CK < OCF <U intensities. The positive correlation intensities between PO4
3−—P

and TP concentrations were CK < U < CSF < OCF < UI.
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Figure 3. Concentrations of PO4
3−—P (a) and TP (b) in surface water of different N—fertilizer

treatments during the rice-growing season. BF (blue background): basal fertilizer stage; TF (yellow
background): tillering fertilizer stage; PIF (green background): panicle—initiation fertilizer stage.
Data presented as mean ± standard deviation (n = 3).

The results of PCA clearly showed the variations in EC, pH, and various N and
P forms in surface water of saline-alkali paddy ecosystems with different N—fertilizer
applications, and the first and second principal components jointly explained 41.9–52.8%
(Figure 5). In the first and second principal components, for CK treatment (Figure 5a),
there was a higher correlation between pH and NO2

−—N compared with the other indices,
while EC had a higher correlation with TN. For U treatment (Figure 5b), pH had a higher
correlation with NO2

−—N, NO3—N, and PO4
3−—P, while EC had a higher correlation

with NH4
+—N, TN, and TP, respectively. For UI treatment (Figure 5c), pH had no higher

correlation with all indices, while EC had a higher correlation with NH4
+—N and TN. For

OCF treatment (Figure 5d), pH and EC had higher correlations with NH4
+—N, NO2—N,

and TN, respectively. For CSF treatment (Figure 5e), pH had a higher correlation with
NO2

−—N and NO3
−—N, while EC had a higher correlation with NH4

+—N, TN, PO4
3—P,

and TP.
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Figure 4. Correlations of pH, EC, and various forms of N and P in surface water of saline-alkali
paddy fields with different N-fertilizer applications ((a): CK, (b): U, (c): UI, (d): OCF, and (e): CSF)
during the entire rice—growing season (n = 102). * and ** represent significance at p < 0.05 and
0.01, respectively.
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3.5. Multiple Interaction Pathways among NH4
+-N, TN, and Physiochemical Parameters

To further understand causal relationships among NH4
+—N, TN, and physiochemical

parameters in surface water of saline-alkali paddy fields during the entire rice—growing
season, regardless of the N—fertilizer types, the interaction model among detected factors
was established (Figure 6). Based on the SEMs, pH presented a significant negative influence
on NH4

+—N (β = −2.054, p < 0.01) and TP (β = −0.151, p < 0.05), respectively. On the
other hand, a significant positive influence was observed on NO2−—N (β = 0.177, p < 0.01)
and PO4

3−—P (β = 0.084, p < 0.05). For EC, a significant positive influence was observed
on NH4

+—N (β = 1.652, p < 0.001), NO2
−—N (β = 0.143, p < 0.001), TN (β = 19.172,

p < 0.001), PO4
3−—P (β = 0.079, p < 0.001), and TP (β = 0.087, p < 0.01), respectively,

while a significant negative influence (β = −0.148, p < 0.001) was observed on NO3
−—N.

For NH4
+—N, there was a significant positive influence (β = 3.366, p < 0.001) on TN.

The NO2
−—N had a significant positive influence (β = 2.144 and 1.285, p < 0.001) on

NH4
+-N and NO3

−—N, while a significant negative influence on PO4
3−—P (β = −0.128,

p < 0.001) and TP (β = −0.141, p < 0.05), respectively. For NO3
−-N, there was a significant

positive pathway on NH4
+—N (β = 0.667, p < 0.05), PO4

3−—P (β = 0.078, p < 0.001), and
TP (β = 0.057, p < 0.05), respectively. The PO4

3−-P presented a significant positive influence
(β = 1.151, p < 0.001) on TP. Meanwhile, TP had a significant positive (β = 0.954, p < 0.05)
pathway on NH4

+—N.
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Figure 6. Simplified structural equation models (SEMs) representing hypothesized causal relation-
ships among NH4

+—N, TN, and physiochemical parameters in surface water of saline-alkali paddy
fields during the entire rice-growing season. *, ** and *** represent the significant levels of p < 0.05,
0.01, and 0.001, respectively. Chi-Square: the difference between the expected covariance matrix
and the covariance matrix of the data; P: the significance of fit index; GFI: the goodness of fit index;
CFI: the Bentler’s comparative fit index; RMSEA: the root mean square error of approximation. The
numbers on the arrows indicate the strength of the relationships between variables and are used to
analyze causal relationships.
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4. Discussion

The runoff caused by drainage is one of the ways of nutrient (e.g., N and P) loss during
the rice-growing season [15,16]. The main reason for agricultural nonpoint source pollution
is N and P returning to the surface water with runoff [9]. The N and P concentrations in the
surface water of paddy fields determine the nutrient supply level of rice growth [17,18].
The paddy field is in the state of soaking for a long time after fertilization. During rainfall
and/or over−irrigation, the surface water in paddy fields is usually discharged randomly,
which not only causes the runoff loss of nutrients but also increases the potential risk
of agricultural nonpoint source pollution [5,19–21]. Thus, the study on the dynamic
characteristics of N and P in surface water is significant for clarifying the law of N and P
runoff losses in paddy fields to protect the surface water environment.

The dynamic changes in N and P concentrations in surface water of paddy fields can
reflect the adsorption and/or fixed saturation of nutrients by the paddy soil [22]. Most
N fertilizers are easily transported to adjacent water bodies with rainfall and/or artificial
irrigation runoff due to their high solubility in flooded paddy fields. Based on statistical
data, about 7% of the N fertilizer utilized within Chinese agricultural practices is lost via
surface runoff and subsurface leaching [23]. In addition, the concentrations of TP and
PO4

3−−P in surface runoff were significantly correlated with the respective P forms in
the field ponding water [24]. Therefore, the N and P concentrations in surface water can
reflect the potential of nutrient loss from paddy fields. Fertilizers are the main source of N
and P in the surface water of paddy fields. During the initial stage of fertilization, the N
and P losses in paddy fields are significantly higher than those in unfertilized fields [9]. In
this study, after just fertilization, regardless of the fertilization stages, the concentrations of
various N and P forms in the surface water of paddy fields were increased compared with
CK (Figures 2 and 3), indicating a potential risk of nutrient loss at the beginning of each
fertilization stage. Application of suitable fertilizer types, reasonable control of fertilization
amount, and improvement of the fertilizer utilization rate of crops are necessary measures
to reduce nutrient loss via runoff in paddy fields [25–27]. Moreover, as the fertilizers with
the largest amount, the rational selection of N−fertilizer types is the key to controlling
the N loss via runoff in paddy fields [25]. Due to the physiological response of plants, the
supply of N can increase the absorption and utilization of P by plants [28]. NH4

+−N can
promote the absorption of P by rice and the transport of P to the aboveground tissues,
while the P absorbed by rice is mainly accumulated in the root system when NO3

−−N is
applied [28]. Thus, the selection of N fertilizer also plays an important role in improving
the P absorption capacity of crops and avoiding the risk of P runoff loss in paddy fields.
Compared with non−saline-alkali paddy fields, the soil physicochemical properties and
biological processes of saline-alkali paddy fields are vulnerable to the negative effects of
high salinity and pH, resulting in more nutrient loss via runoff [29,30]. The interaction and
relationship between N and P in the surface water of saline-alkali paddy fields are also
influenced by the N—fertilizer types (Figures 4 and 5). Therefore, selecting the appropriate
N fertilizer for application is the key to controlling the N and P losses via runoff in saline-
alkali paddy fields.

The concentrations of various N forms in the surface water of saline-alkali paddy fields
were normally high in the initial stage of each fertilization stage and gradually decreased
to a low value by the end of each fertilization stage, regardless of the types of N fertilizer
applied (Figure 2). This result is almost similar to Xue et al. [21], who reported the highest
N concentration mainly occurred from Day 0 to Day 10 after applying N fertilizers and then
declined to a low value after 10 days. Both NH4

+−N and NO3
−−N are the main forms

of N loss via runoff in paddy fields, which are the available N that can be directly used
by rice [8,17]. The concentrations of both NH4

+−N and NO3
−−N in the surface water of

paddy fields are affected by the N−fertilizer types, which can affect the N content of rice
growth supplied by paddy soil. For the UI treatment of this study, the application of UI
can inhibit the U hydrolysis and promote crop growth [31,32]; thus, the average NH4

+—N
concentration in surface water of UI treatment at each fertilization stage was observed to
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be lower than U treatment (Figure 2a). At both TF and PIF stages, the average NO3
−—N

concentrations in UI treatment were significantly (p < 0.05) reduced compared with U
(Figure 2c). These results suggested that the potential risks of NH4

+−N and NO3
−−N

runoff losses in saline-alkali paddy fields can be effectively controlled by the addition
of inhibitors. Meanwhile, the concentrations of NO3

−−N in OCF and CSF treatments at
the initial stage of topdressing (i.e., on Day 0 to Day 20 of TF and PIF stages) were lower
than U, and the average NO3

−−N concentrations in OCF and CSF treatments at both TF
and PIF stages were reduced compared with U (Figure 2c). Furthermore, both CSF and
OCF applications significantly (p < 0.05) decreased the average NO3

−−N concentrations in
surface water at the PIF stage, which proved that both OCF and CSF have the potential to
reduce the risk of NO3

−−N runoff loss in saline-alkali paddy fields at the PIF stage.
TN is the sum of soluble−N and granular−N in the surface water of paddy fields, so

the TN loss via runoff is the largest among different N forms [8]. Effectively controlling
the TN runoff loss is one of the main tasks to effectively control the N loss in paddy fields.
The TN concentration in the surface water of paddy fields is affected by N−fertilizer
types, fertilization methods and fertilizing times, etc. [9,33]. In this study, regardless of
N−fertilizer types, the average TN concentration at the BF stage by the deep placement of
N fertilizer was lower than those at topdressing stages (i.e., TF and PIF stages) using the
throwing method (Figure 2d). This result revealed that the deep placement of N fertilizers
can effectively control TN loss via runoff in paddy fields, which was consistent with Min
et al. [33]. Regardless of fertilization stages, the application of UI increased the average TN
concentration compared with all the other treatments (Figure 2d). However, the average
NH4

+−N, NO2—N, and NO3
−−N concentrations in surface water of UI treatment were

all lower than all the other N-fertilizer treatments at the topdressing stages (Figure 2a–c).
These results indicated that the UI addition can increase the risk of TN runoff loss in
saline-alkali paddy fields, and organic-N accounted for the main contribution. The reasons
for these results may be as follows: (1) for UI treatment, the urease inhibitor (i.e., NBPT) can
effectively inhibit the hydrolysis of U and control the speed of U conversion to NH4

+—N, so
the U as organic—N remains in the soil may be directly dissolved in surface water of paddy
fields [31,32]; (2) after the nitrification process was inhibited by the nitrification inhibitor
(i.e., DMPP) in UI treatment, U can remain in the paddy soil in the form of NH4

+-N for
a long time, avoiding the appearance of high NO2

−−N and NO3
−−N concentrations,

and reducing the runoff losses of both NO2
−−N and NO3

−−N [34,35]; (3) the addition
of inhibitors reduces the activity of relevant functional microorganisms (e.g., nitrifying
bacteria) and enzymes (e.g., urease), and even leads to their death [35,36], which may
cause the increase in organic−N in saline-alkali paddy fields. Therefore, although the UI
application can effectively control the risk of inorganic-N (i.e., NH4

+−N, NO2—N, and
NO3

−—N) loss via runoff, there is a serious potential risk of TN runoff loss.
The loss of P, which is one of the necessary nutrients for rice growth, occurs mainly in

the form of dissolved P via surface runoff in paddy fields [37]. The PO4
3−−P and TP con-

centrations in the surface water of saline-alkali paddy fields showed remarkable variation
among the different N-fertilizer treatments (Figure 3). Regardless of the fertilization stages,
the average PO4

3−−P and TP concentrations in the surface water of UI treatment were
also higher than all the other N-fertilizer treatments (Figure 3), which was consistent with
the result of TN (Figure 2d). Based on the SEMs, both PO4

3−—P and TP concentrations in
surface water had a positive influence on TN concentration regardless of N−fertilizer types
applied at the BF stage (Figure 6). Meanwhile, the TN concentration in the surface water
of UI treatment positively correlated with TP (Figure 4c). These results indicated that the
UI application also has the potential risk of P loss via surface runoff in saline-alkali paddy
fields. The PO4

3−—P and TP concentrations in surface water can promote the increase
in TN concentration, thus simultaneously causing the risk of TN runoff loss. For OCF
treatment, the average PO4

3−—P and TP concentrations were decreased with increasing
fertilization times. Therein, the average TP concentration in OCF treatment at the BF stage
was higher than U, while the average TP concentrations at TF and PIF stages were lower
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than U. These results indicated that the application of OCF can increase the P concentration
in surface water of saline-alkali paddy fields in the early rice-growing season and generate
a potential risk of P runoff loss, which are similar to the results of Zanon et al. [16] and
Cui et al. [9]. For CSF treatment, the application of CSF can control the dissolution rate
of nutrients so that the nutrient release rate of fertilizer is consistent with the nutrient
absorption law of crops, thus improving crop nutrient use efficiency and reducing the risk
of nutrient loss [38,39]. In this study, regardless of the fertilization stages, the average TP
concentration in CSF treatment was reduced compared with U (Figure 3b), indicating that
CSF can control the potential risk of P runoff loss in saline-alkali paddy fields. In summary,
CSF is a better choice for avoiding the potential risk of P loss via runoff in saline-alkali
paddy fields during the entire rice—growing season, but UI should not be suggested for
the control of P runoff loss.

5. Conclusions

This study investigated the dynamic characteristics of different forms of N and P
concentrations in surface water of saline-alkali paddy fields under different N−fertilizer
applications and revealed their potential risk of nutrient loss via runoff. Based on the
SEMs, there was a direct and/or indirect relationship among various forms of N and P in
saline-alkali paddy fields. The N-fertilizer types can affect the interaction and relationship
between N and P in the surface water of saline-alkali paddy fields, resulting in different
potential risks of N and P losses via surface runoff. Comprehensively considering the
average concentrations and variation laws of N and P in each fertilization stage, the
application of UI can effectively control the potential risks of NH4

+—N and NO3
−—N

losses via surface runoff, but increase the risks of TN and TP losses, indicating that UI is
not suitable in saline-alkali paddy fields for controlling nutrient loss via runoff. The OCF
application increased the N and P concentrations in surface water of saline-alkali paddy
fields at the BF stage, thus enhancing the potential risk of nutrient loss via surface runoff
compared with U. Meanwhile, OCF had a good potential to control N and P runoff losses at
PIF stage. CSF is a good choice to control the risk of TP loss via runoff in saline-alkali paddy
fields regardless of the fertilization stages and has an effective potential for controlling the
risk of N runoff loss at the PIF stage.
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