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Abstract: The objectives of this study were to evaluate the effects of different fertilizer types and
application rates on ammonia volatilization loss and to explore nitrogen distribution and nitrogen use
efficiency using the 15N isotope tracing technique in different alkaline salt-affected conditions in the
Songnen Plain, Northeast China. The results showed a decreasing trend in ammonia volatilization loss
from ammonium nitrate and ammonium sulfate, but not that from urea, as the electrical conductivity
gradient increased, whereas the reverse trend was found as the pH gradient increased. Ammonia
volatilization loss increased in moderately salt-affected soil compared with that in slightly salt-affected
soil, particularly during the tillering stage, regardless of the N fertilizer rate. The percentage of N
absorbed by rice plants increased from urea but decreased from the soil as the amount of nitrogen
was increased. Interestingly, the N retention rate in soil decreased and rice grain yield and nitrogen
agronomic efficiency increased as the amount of nitrogen increased in both salt-affected soil conditions.
The nitrogen application amount of highest N physiological efficiency was 225 kg·N/ha. Considering
high rice production and a minimal environmental threat, we should fully consider controlling
ammonia volatilization losses by adjusting the fertilizer type and the crop stage when the fertilizer
is applied.

Keywords: alkaline salt-affected soils; ammonia volatilization; nitrogen management; 15N isotope
tracing technique; nitrogen use efficiency

1. Introduction

In modern agriculture, the application of nitrogen (N) fertilizer is important to maintain a high rate
of grain production [1]. However, the extensive use of N fertilizer can result in serious environmental
problems [2]. The efficiency of the use of nitrogen is important to meet the dual needs of increasing
productivity and reducing pollution due to nitrogen losses [3]. Nitrogen use efficiency (NUE) is
commonly used to estimate the utilization situation of N in crops at the farm scale and is defined as
the ratio of N output and input [4]. Improving NUE and decreasing N loss are critical for sustainable
agriculture [5]. Agriculture is the primary source of ammonia volatilization to the atmosphere,
accounting for >50% of the global ammonia volatilization, and N fertilizer applications to crops
account for the majority of agriculture-related ammonia volatilization [6]. Ammonia emissions from
agricultural nitrogen fertilizer application negatively impact both the quality of the environment
and human health; therefore, there is a need to develop methods to reduce ammonia volatilization,
to reduce the wastage of fertilizer resources, and to improve NUE [7]. Ammonia volatilization through
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N fertilizer application into soils has been extensively investigated [8,9]. It has been previously reported
that cumulative ammonia volatilization is greater in no-tillage soils than in moldboard-plowed soils in
laboratory conditions [10]. In direct seeding paddy fields, the type of nitrogen fertilizer was found to be
the main factor responsible for ammonia volatilization loss. Control-released urea and N fertilizer deep
placement was the suitable N fertilizer type and application method for direct seeding paddy fields in
the basal fertilizer stage [11]. Higher rates of ammonia volatilization have been noted in Eastern China,
particularly in the paddy fields of the Taihu Lake region [12]. The objective of the previous study
was to elucidate the mechanisms involved in ammonia volatilization and the factors (soil properties,
climatic conditions, and management practices) that affect ammonia volatilization [13,14]. Rice yield
and NUE can be increased, to some extent, by improving fertilization measurement, irrigation, and
crop cultivation management levels [15]. To reduce ammonia volatilization, there have been a number
of efforts to achieve these goals [16]. Nitrogen losses can be decreased by the application of the main
part of N fertilizer later in the growing season than currently practiced [17]. Deep placement of
nitrogen fertilizer affects the fate of fertilizer nitrogen through influencing nitrogen transformation
and significantly decreasing cumulative ammonia volatilization [18].

In alkaline salt-affected soils, rice has low nitrogen recovery efficiency (RE), mainly due to
losses of ammonia volatilization. An important measure improving N agronomic efficiency and
reducing the environmental effects of N fertilizers from farmland is to decrease N losses [19]. However,
in salt-affected land in Northeast China, there is little published data regarding ammonia volatilization
specific to alkaline salt-affected soils, climate, and agricultural practices. Moreover, there is currently
no optimum fertilizer application measurement for improving rice yield and NUE. Understanding
the interactions among soil salinity, alkalinity and the nitrogen application level is great importance
for improving rice yield and fertilizer use efficiency in alkaline salt-affected soils. The objectives of
the present study were to (1) evaluate ammonia volatilization loss from alkaline salt-affected soils
under different fertilizer applications in the Songnen Plain; (2) assess the influence of environmental
conditions on ammonia emissions to reduce environmental pollution; and (3) use the 15N trace
technique to investigate nitrogen distribution in rice.

2. Materials and Methods

2.1. Experimental Site Description

Two experiments were conducted at the Da’an sodic land experimental station (45◦35′N, 123◦50′E),
Da’an, Jilin, China. The geographical location of the site is shown in Figure 1. The site has a temperate
continental monsoon climate with an average annual air temperature of 4.3 ◦C. The average air
temperature during the growing season is 13.7 ◦C, whereas the average air temperature during
the non-growing season is −4.4 ◦C. The mean annual rainfall is 431.7 mm with approximately 56%
concentrated from July to August and annual frost-free period is about 137 days. The soil of the
experimental site is classified as alkaline salt-affected soil. The salt component in the soil consists
mainly of soda (NaHCO3 and Na2CO3).
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Figure 1. Location of the experimental site, Da’an City, Jilin, China.

2.2. Experiment Design

The effects of fertilizer (application rate of 200 kg·N/ha) on ammonia volatilization losses in
a mixture solution were evaluated in a laboratory simulation experiment. Within this experiment,
the three factors manipulated were electrical conductivity (EC), pH, and the type of N fertilizer.
Three types of N fertilizer were applied: urea (U, N = 46.2%), ammonium nitrate (AN, N = 35%),
and ammonium sulfate (AS, N = 21.2%). We used various chemical reagents, namely 0.1 mol/L
NaCl, 0.1 mol/L Na2CO3, and 0.1 mol/L NaHCO3 to adjust the pH and EC of the mixture solution.
Furthermore, we adjusted each treatment of the mixed solution with deionized water. The adjustments
of the mixed solutions were related to the pH and EC required for the chemical reagent dosage and are
shown in Tables 1 and 2. Three types of N fertilizer were applied at the each treatment of the mixed
solution. The amount of fertilizer application to the container in this study was determined according
to the mixed solution volume. This mixed solution was placed inside of a large, clear glass container.
Moreover, a smaller container containing 20 mL dilute sulfuric acid solution (0.05 mol/L) was placed
inside the large container. The large containers were preserved by sealing with film. Ammonia in the
sealed container was absorbed into the dilute sulfuric acid solution. The experimental containers were
placed in an artificial climate box with daytime air temperature maintained at 25 ◦C and lights on
from 06:00 a.m. to 06:00 p.m., and night time air temperature maintained at 16 ◦C and lights off from
06:00 p.m. to 06:00 a.m. The temperature of the mixture solutions changed with the changes in air
temperature. At the same time, the absorption solution was changed every 24 h, and the old solution
was tested for ammonia content. All treatments are reported in Tables 3 and 4. Each treatment had
three replications. Ammonia volatilization was evaluated for five consecutive days.

Table 1. Adjustments of the mixed solution related to the pH required for chemical reagent dosage.

pH EC (µS/cm) NaCl (mL) Na2CO3 (mL) a NaHCO3 (mL) a

7.59 700 0.75 0.05 0
7.85 700 0.75 0.10 0
8.30 700 0.70 0 0.15
8.55 700 0.35 0 0.45
9.05 700 0.75 0.15 0
9.58 700 0.75 0.25 0

a In each of the columns related to the application concentration, “0”indicates that no chemical reagent was
applied. The mixed solution required chemical reagents: (NaCl: 0.1 mol/L; Na2CO3: 0.1 mol/L; NaHCO3:
0.1 mol/L).
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Table 2. Adjustments of the mixed solution related to the electrical conductivity (EC) required for
chemical reagent dosage.

pH EC (µS/cm) NaCl (mL) a Na2CO3 (mL) a NaHCO3 (mL)

8.55 250 0 0 0.35
8.55 528 0 0 0.75
8.55 754 0.50 0 0.50
8.55 934 0.50 0 0.75
8.55 1137 0.75 0 0.75
8.55 1415 1.00 0 0.75
8.55 1736 1.50 0 0.75

a In each of the columns related to the application concentration, “0”indicates that no chemical reagent was
applied. The mixed solution required chemical reagents: (NaCl: 0.1 mol/L; Na2CO3: 0.1 mol/L; NaHCO3:
0.1 mol/L).

Table 3. Treatment designation, pH, and N application rates for the treatments used in the
simulation experiments.

Fertilizers Days
Control Factors

pH EC (µS/cm) Fertilizer Amount (kg/ha)

(U/AN/AS)

5 7.59 700 200
5 7.85 700 200
5 8.30 700 200
5 8.55 700 200
5 9.05 700 200
5 9.58 700 200

U: urea; AN: ammonium nitrate; AS: ammonium sulfate.

Table 4. Treatment designation, electrical conductivity (EC), and N application rates for the treatments
used in the simulation experiments.

Fertilizers Days
Control Factors

pH EC (µS/cm) Fertilizer Amount (kg/ha)

(U/AN/AS)

5 8.55 250 200
5 8.55 528 200
5 8.55 754 200
5 8.55 934 200
5 8.55 1137 200
5 8.55 1415 200
5 8.55 1736 200

U: urea; AN: ammonium nitrate; AS: ammonium sulfate.

The second experiment conducted in the present study was a pot experiment. Soil was collected
from the top 20 cm soil profile of the field containing local alkaline salt-affected soils. According
to the content of soil salt and the degree of soil alkaline, there were two soil conditions. One soil
was defined as slightly salt-affected soil with lower pH and EC (Table 5), while the other one was
defined as moderately salt-affected soil with relatively higher pH and EC (Table 5). The soil properties
are listed in Table 5. Experiment soil pH was measured by a pH meter in soil-water suspension
in a ratio of 1:5. Soil electrical conductivity (EC) was measured by a DDS-11A conductivity meter
in a soil-water suspension ratio of 1:5. The soil organic matter was measured by the potassium
dichromate oxidation method. Soil total nitrogen was determined using the Kjeldahl method. Soil
alkaline hydrolysis N was measured by the alkali solution diffusion method. Available phosphorus
content in samples from soil was measured by the Mo-Sb colorimetric method. Readily available
potassium of soil was extracted using 1 mol/L ammonium acetate and measured by a flame photometer.
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The experiment was conducted during the rice growing season in 2014. All treatments also received
a basal application of calcium superphosphate (P2O5 14%) and potassium chloride (K2O 60%) of
100 kg/ha, respectively. The 15N-labeled fertilizer used was urea. (U = 10 atom %). The fertilizer
application method used was surface broadcasting. The urea application rates for the treatments are
shown in Table 6. The transplanting and basal fertilization (BF), first supplemental fertilization (SF1),
and second supplemental fertilization (SF2) application dates were 31 May, 16 June, and 2 July 2014,
respectively. At the same time, the corresponding phenological phases of rice were the regreening
stage, the tillering stage, and the booting stage, respectively. Ammonia volatilization was tested in
the following nine consecutive days after each of fertilizer application dates. The rice variety used
throughout the present study was Japonica rice Dongdao 4, one of the elite cultivars used in the
alkaline salt-affected soil area in China. The growth period of Dongdao 4 is about 131 days and it is,
therefore, one of the earlier middle maturity varieties. Sowing of rice seeds and cultivation of seedlings
occurred on 25 April 2014. The rice seedlings were transplanted to pots on 26 May 2014. Each pot was
separated into four hills, with each hill containing five seedlings. During the mature period, one hill
plant was taken from each pot for every treatment, along with topsoil of 0–20 cm in depth for each pot.
Each rice plant was divided into the stem, leaves, and grains and dried for 72 h at 80 ◦C to a constant
weight and weighed. The rest of the three hills’ rice plants in each pot were harvested, and the grain
yield statistics were calculated. A randomized complete block design with five treatments was used:
a control treatment (CK) and four nitrogen application rates of 75 kg·N/ha (N75), 150 kg·N/ha (N150),
225 kg·N/ha (N225), and 300 kg·N/ha (N300). Each treatment had three replicates. Two kinds of
alkaline salt-affected soils were used in 30 pots (60 cm diameter with a depth of 50 cm). The pots were
sealed at the bottom and were placed under a portable rainout shelter. The pots were divided into
five groups according to fertilizer management. The pots with the same fertilizer management were
placed together and buried in the field with 30 cm projecting above ground.

Table 5. Properties of selected alkaline salt-affected soils used in the experiment.

Items
Soil Type

Slightly Salt-Affected Soil Moderately Salt-Affected Soil

Organic matter (g/kg) 19.24 ± 0.46 13.04 ± 0.59
Total nitrogen (g/kg) 2.38 ± 0.31 1.48 ± 0.20

Available nitrogen (mg/kg) 82.31 ± 4.21 67.52 ± 3.76
Available phosphorus(mg/kg) 39.44 ± 2.62 33.62 ± 1.38
Available potassium(mg/kg) 355.2 ± 8.44 320.4 ± 6.30

EC(µS/cm) 354 ± 37.81 374 ± 54.94
pH 7.91 ± 0.12 8.39 ± 0.23

±: Standard deviation (SD).

Table 6. Nitrogen application rates for treatments applied during the rice growing season.

Management Practices
Alkaline Salt-Affected Soils

BF (kg·N/ha) at the
Regreening Stage

SF1 (kg·N/ha) at the
Tillering Stage

SF2 (kg·N/ha) at the
Booting Stage

CK 0 0 0
N75 37.5 22.5 15.0

N150 75.0 45.0 30.0
N225 112.5 67.5 45.0
N300 150.0 90.0 60.0

Transplanting and basal fertilization (BF), first supplemental fertilization (SF1), second supplemental
fertilization (SF2); control treatment (CK); nitrogen application rates were 75 (N75), 150 (N150), 225 (N225),
and 300 (N300) kg·N/ha.
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Daily meteorological data, including rainfall, air temperature, wind speed, and soil surface
temperature, from 25 May to 20 July in 2014, are shown in Figure 2. During the experiment period, the
mean minimum and maximum air temperatures were 17.8 ◦C and 30.1 ◦C, respectively. Total rainfall
during the experimental period was 140.5 mm from 25 May to 20 July in 2014. The average soil surface
temperatures at 8:00 a.m., 02:00 p.m., and 08:00 p.m. were 28.5 ◦C, 36.8 ◦C, and 22 ◦C, respectively.
The mean wind speeds at 8:00 a.m., 02:00 p.m., and 08:00 p.m. were 4.7, 5.5, and 3.7 m/s, respectively.Sustainability 2017, 9, 132  7 of 17 
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Figure 2. Changes in air temperature (a); soil surface temperature (b); wind speed (c); and rainfall 
(d) from 25 May to 20 July 2014, at the experimental site. 
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spectrophotometry. Air was passed through a 0.05 mol/L H2SO4 solution to eliminate traces of 
ammonia.  
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The total nitrogen contents in rice plant samples and soil samples were determined by the 
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through a sieve. Soil samples were dried at room temperature, milled, and passed through a 
sieve. All samples were passed through a 100 mesh sieve to determine the concentration of 15N. 
The 15N concentrations of samples were determined by an isotope ratio mass spectrometer 
(MAT253). Rice RE, nitrogen derived from fertilizer (Ndff), nitrogen derived from soil (Ndfs), 
and soil 15N retention rate were estimated using methods described by Hauck and Bremner [22] 
as shown below: 

NA (g/pot) = N (%) × W (g/pot) (1)

Figure 2. Changes in air temperature (a); soil surface temperature (b); wind speed (c); and rainfall (d)
from 25 May to 20 July 2014, at the experimental site.

2.3. Measurement of Soil Ammonia Volatilization

Ammonia volatilization was evaluated using the enclosure and indophenol blue
spectrophotometry techniques [20,21]. Ammonia in the sealed container was absorbed into a dilute
sulfuric acid solution, following which the absorption solution was analyzed by spectrophotometry.
Air was passed through a 0.05 mol/L H2SO4 solution to eliminate traces of ammonia.

2.4. Nitrogen Analysis

The total nitrogen contents in rice plant samples and soil samples were determined by the Kjeldahl
method. Rice samples (stems, leaves, and grains) were dried, milled, and passed through a sieve.
Soil samples were dried at room temperature, milled, and passed through a sieve. All samples were
passed through a 100 mesh sieve to determine the concentration of 15N. The 15N concentrations of
samples were determined by an isotope ratio mass spectrometer (MAT253). Rice RE, nitrogen derived
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from fertilizer (Ndff), nitrogen derived from soil (Ndfs), and soil 15N retention rate were estimated
using methods described by Hauck and Bremner [22] as shown below:

NA (g/pot) = N (%) ×W (g/pot) (1)

15N (g/pot) = NA × ASample (%)/AFertilizer (%) (2)

Ndff (%) = Aplant (%)/AFertilizer (%) × 100 (3)

Ndfs (%) =1 − Ndff (%) (4)

15NRPlant (%) = 15NPlant (g/pot)/15NFertilizer (g/pot) × 100 (5)

15NRSoil (%) = 15NSoil (g/pot)/15NFertilizer (g/pot) × 100 (6)

where NA (nitrogen amount) represents the total nitrogen of a sample, N represents the nitrogen
percentage of a sample, W (weight) represents the dry weight of a sample, 15N represents the total
15N in a plant or soil sample, ASample (abundance of sample) represents the 15N abundance in a
sample, Aplant (abundance of plant sample) represents the abundance of the 15N in plant samples,
AFertilizer (abundance of fertilizer) represents the abundance of 15N in the labeled nitrogen fertilizer,
Ndff represents nitrogen derived from fertilizer, Ndfs represents the nitrogen derived from soil ,
15NRPlant represents the 15N recovery by the plant, 15NRSoil represents the 15N retention in the soil,
and 15NFertilizer represents the total amount of 15N in the 15N-labeled fertilizer per unit area.

2.5. Data Analysis

The effects of different environmental conditions on ammonia volatilization emissions and N
uptake by crops were compared by one-way analysis of variance, and the Duncan test was used for
separation of means between treatments with IBM SPSS 20.0 statistics software (Armonk, NY, USA,
2011) for Windows. p < 0.05 was considered statistically significant. Graphical presentations were
conducted in the R 3.3.2 version(R Development Core Team, Vienna, Austria, 2008) environment,
including use of the ggplot2 package, and with Origin 9.1 software (OriginLab Corporation,
Northampton, MA, USA, 2013) for Windows.

3. Results

3.1. Simulation Experiments to Quantify Ammonia Volatilization

The ammonia volatilization losses varied greatly with the same N fertilizer levels under different
EC and pH conditions (Figure 3). In the U treatment, the ammonia volatilization losses showed a
positive relationship with EC. Figure 3 showed that ammonia volatilization losses obviously reduced
with increased EC in the AN and AS treatments. The results showed that ammonia volatilization was
significantly higher in the AN and AS treatments than in the U treatment at EC values of 250, 528,
754, 934, 1137, and 1415 µS/cm, respectively. However, the differences between AN treatment and
AS treatment were less at EC of 250–754 µS/cm. There were less differences between the ammonia
volatilization amounts in the AN and U treatments at an EC of 1736 µS/cm. The amounts of ammonia
volatilization in different types of nitrogen fertilizer followed the order of AS >AN > U when the
mixture solution had EC of 934–1736 µS/cm. Figure 3 showed that the ammonia volatilization losses
increased with increased pH in the AN and AS treatments. The ammonia volatilization losses showed
an initial increase, following which they decreased in the U treatments, and the peak occurred at
pH 8.55. Ammonia volatilization of the U and AS treatments increased rapidly with increased pH up
to 8.55. The amounts of ammonia volatilization in different types of nitrogen fertilizer showed the
order of AS > AN > U when the mixture solution pH ranged from 8.55 to 9.58.
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Figure 3. The fitting curves showing how ammonia volatilization losses varied in three kinds of
fertilizer under different electrical conductivity (EC) and pH conditions. (a) Ammonia volatilization
losses varied under different EC and at the same pH condition (pH 8.55); and (b) ammonia volatilization
losses varied under different pH values at the same EC condition (EC: 700 µS/cm). The data for the
ammonia volatilization are the averaged values from three experimental duplicates.

3.2. Rice Nitrogen Migration and NUE

3.2.1. Pot Experiment to Quantify Ammonia Volatilization

The variations in ammonia volatilization losses from different N treatments during the
rice-growing periods are shown in Figure 4. The ammonia volatilization values from two test
soils were significantly affected by N fertilizer application. Figure 4 shows the diurnal variation
in ammonia volatilization at every stage of fertilization. The highest ammonia volatilization rates
were observed in slightly salt-affected soil (N300 treatment) and were reached on the third day
after the first supplementary fertilizer application. The peak of the ammonia volatilization reached
almost 6.5 kg·N/ha a day in slightly salt-affected soil. The same trend was presented in moderately
salt-affected soil after the first supplementary fertilizer application. The ammonia volatilization
losses showed a positive relationship with nitrogen application rates. Higher ammonia volatilization
losses from the high nitrogen treatment occurred after the basal, first, and second additional fertilizer
applications. Similar patterns were observed in slightly salt-affected soil and moderately salt-affected
soil, largely due to the higher N inputs during these periods (related to the CK treatment).

The N losses through ammonia volatilization from the different treatments during rice-growing
periods are presented in Table 7. The total ammonia losses from the CK treatment were 17.18 and
15.91 kg·N/ha in slightly salt-affected soil and moderately salt-affected soil, respectively. The highest
total ammonia losses were recorded in the N300 treatment that reached up to 47.82 and 50.17 kg·N/ha
in slightly salt-affected soil and in moderately salt-affected soil, respectively, accounting for 15.9% and
16.7% of total N inputs into pots, respectively. The cumulative ammonia losses in the N300 treatment
during the first additional fertilization period accounted for 55.3% and 45.7% of the total ammonia
losses in the slightly salt-affected soil and in moderately salt-affected soil, respectively. The total
ammonia losses were much higher than those during the BF period and SF2 period. The ammonia
volatilization losses during the second additional fertilization periods comprising the total seasonal
ammonia losses throughout the rice growth season were lower because of the relatively lower N inputs
during the booting stage in rice.
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CK 6.55c 41.2 5.04c 31.7 4.32d 27.2 15.91 - 
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N225 15.42a 31.9 20.82a 43.1 12.09a 25.0 48.33 21.5
N300 15.27a 30.4 22.95a 45.7 11.95a 23.8 50.17 16.7 

The means with the same letter in the same column have no statistical difference at a least 
significant difference (LSD) of 0.05. 
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Figure 4. The ammonia volatilization losses varied in slightly salt-affected and moderately salt-affected
soils. (a) Slightly salt-affected soil; and (b) moderately salt-affected soil; transplanting and basal
fertilization (BF), first supplemental fertilization (SF1), and second supplemental fertilization (SF2);
the corresponding phenological phases in rice were the regreening stage, tillering stage, and booting
stage, respectively.

Table 7. Ammonia volatilization losses according to different fertilization periods and fertilizer levels
in slightly and moderately salt-affected soils.

Soil Code
BF SF1 SF2 Seasonal Ammonia Losses

Amount
(kg·N/ha)

Seasonal
Losses (%)

Amount
(kg·N/ha)

Seasonal
Losses (%)

Amount
(kg·N/ha)

Seasonal
Losses (%)

Amount
(kg·N/ha)

Total
Inputs (%)

Light

CK 7.65c 44.5 3.84e 22.4 5.69d 33.1 17.18 -
N75 8.90bc 33.1 10.73d 40.0 7.22c 26.9 26.85 35.8

N150 10.02ab 27.3 18.39c 50.1 8.31b 22.6 36.72 24.5
N225 10.03ab 25.6 21.28b 54.3 7.86bc 20.1 39.17 17.4
N300 11.43a 23.9 26.45a 55.3 9.94a 20.8 47.82 15.9

Moderate

CK 6.55c 41.2 5.04c 31.7 4.32d 27.2 15.91 -
N75 11.75b 38.4 11.30b 36.9 7.57c 24.7 30.62 40.8

N150 11.23b 32.1 14.38b 41.1 9.34b 26.7 34.95 23.3
N225 15.42a 31.9 20.82a 43.1 12.09a 25.0 48.33 21.5
N300 15.27a 30.4 22.95a 45.7 11.95a 23.8 50.17 16.7

The means with the same letter in the same column have no statistical difference at a least significant difference
(LSD) of 0.05.

3.2.2. Nitrogen Absorption and Distribution in Rice Plants

Different 15N accumulation, absorption, and distribution amounts were measured in different
parts of the harvested rice plants (Figure 5). The results of the pot experiment and 15N trace technique
showed that the recovery efficiencies of 15N in grain showed no significant differences with increasing
N fertilizer inputs. The recovery efficiencies of 15N in stems and leaves showed no significant
differences with increasing N fertilizer in the moderately salt-affected soil. For the slightly salt-affected
soil, the recovery efficiencies of 15N in stems and leaves (nitrogen application rate of 300 kg/ha) at
different N fertilizer input levels were significantly different (Figure 5a). For the slightly salt-affected
soil, the overall plant RE ranged from 46.75% to 62.95%, increasing with the increase of N fertilizer
input level. For the moderately salt-affected soil, RE ranged from 39.84% to 48.21%, increasing with
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the increase of N fertilizer input level. Plant RE was the highest in the high N treatment. Recovery
efficiencies correlated negatively with the ratios of nitrogen distribution in stems and leaves, and
positively correlated with the ratio of nitrogen accumulation in grain. Grain obtained a higher
performance than stems and leaves with regard to the content of 15N. In the moderately salt-affected
soil (rice grains or stems and leaves), the treatment uptake of Ndff was higher than the slightly
salt-affected soil treatment, respectively. In the slightly salt-affected soil, the uptake of Ndff in different
parts of rice showed a positive relationship with the nitrogen application level, and a significant
difference with different N fertilizer input levels was evident. Similar results were obtained for Ndff in
different parts of rice under the moderately salt-affected soil condition.
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Figure 5. The distribution and transfer efficiency of 15N absorbed by rice in alkaline salt-affected 
soils. (a) Nitrogen recovery efficiencies of different parts of rice; (b) the proportion of nitrogen 
derived from fertilizer; (c) the proportion of nitrogen derived from soil; (d) the proportion of 15N 
retention in the soil; values of slightly salt-affected soil (rice grains), moderately salt-affected soil 
(rice grains), slightly salt-affected soil (rice stems and leaves), and moderately salt-affected soil 
(rice stems and leaves) in recovery efficiency or Ndff or Ndfs, followed by the same letter(s), are 
not significantly different at p < 0.05 for different N fertilizer input levels. Values of the 15N 
retention rate in slightly salt-affected soil and moderately salt-affected soil, followed by the same 
letter(s), are not significantly different at p < 0.05 for different N application levels. The different 
letter(s) indicate a significant difference. 

Figure 5. The distribution and transfer efficiency of 15N absorbed by rice in alkaline salt-affected soils.
(a) Nitrogen recovery efficiencies of different parts of rice; (b) the proportion of nitrogen derived from
fertilizer; (c) the proportion of nitrogen derived from soil; (d) the proportion of 15N retention in the
soil; values of slightly salt-affected soil (rice grains), moderately salt-affected soil (rice grains), slightly
salt-affected soil (rice stems and leaves), and moderately salt-affected soil (rice stems and leaves) in
recovery efficiency or Ndff or Ndfs, followed by the same letter(s), are not significantly different at
p < 0.05 for different N fertilizer input levels. Values of the 15N retention rate in slightly salt-affected
soil and moderately salt-affected soil, followed by the same letter(s), are not significantly different at
p < 0.05 for different N application levels. The different letter(s) indicate a significant difference.

Under the condition of the same degree of soil salinization, grain uptake of Ndfs was lower
than the proportion of the rice stems and leaves in the same application levels of nitrogen (Figure 5c).
The slightly salt-affected soil (rice grains or stems and leaves) treatment uptake of Ndfs was higher
than the proportion of the moderately salt-affected soil treatment. Under the condition of different
degrees of soil salinization (slightly salt-affected soil and moderately salt-affected soil), the uptake
of nitrogen derives from soil by different parts of rice decreased with the increase in the level of
nitrogen application, and a significant difference with the different N fertilizer input level was evident.
A reduction in soil 15N retention rate could be observed in two kinds of alkaline salt-affected soils
with the increase of nitrogen input level (Figure 5d). The 15N assimilated by rice and retained in the
slightly salt-affected soil was higher than that in the moderately salt-affected soil. The average soil 15N
retention rates under four kinds of nitrogen application levels of 75, 150, 225, and 300 kg·N/ha were
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10.0%, 5.8%, 5.0%, and 4.1%, respectively. Under the condition of moderately salt-affected soil, there
was a significant difference in the soil 15N retention rate with the increase of the N fertilizer input level.

In slightly salt-affected soil, the grain yields under different nitrogen levels increased relative
to that of the CK treatment, with the rate increased in the range of 22.8%–49.2% with the increase
of the N fertilizer input (Table 8). For the N300 treatment, the increased yield relative to that of CK
was 128.1% in moderately salt-affected soil. In slightly salt-affected soil, the crop and soil RE was
67.8% in the N300 treatment. In the moderately salt-affected soil, the crop and soil RE showed no
significant difference with increases of the N fertilizer input level. The apparent loss rate of nitrogen
in the N300 treatment was 32.2% and was significantly different from that of other treatments in
slightly salt-affected soil. The highest physiological efficiencies were recorded in the N225 treatment.
The highest nitrogen agronomic efficiency was recorded in the N225 treatment and was 8.0 N·kg/kg
in the slightly salt-affected soil. For the moderately salt-affected soil, the nitrogen agronomic efficiency
reached maximum values in the N300 fertilizer application.

Table 8. The influence of different nitrogen levels on the nitrogen use efficiency.

Soil Treatments Grains (g)

Increase
Yield

Relative
to CK (%)

Crops and
Soil Recovery
Efficiency (%)

Nitrogen
Apparent
Loss Rate

(%)

Physiological
Efficiency
(N·kg/kg)

Nitrogen
Agronomic
Efficiency
(N·kg/kg)

Lightly

CK 81.25c - - - - -
N75 99.75b 22.8 57.1b 42.9a 35.9ab 3.8b

N150 101.25b 24.6 58.5b 43.1a 31.3b 6.4ab
N225 115.75ab 42.5 55.2b 44.8a 55.8a 8.0a
N300 121.25a 49.2 67.8a 32.2b 50.7ab 6.9ab

Moderately

CK 38.25e - - - - -
N75 45.75d 19.6 49.5a 50.5a 24.8b 5.2b

N150 59.25c 54.9 48.8a 51.2a 43.9ab 7.3a
N225 72.25b 88.9 52.4a 47.7a 50.5a 7.9a
N300 87.25a 128.1 51.5a 48.5a 48.1a 8.5a

The means with the same letter in the same column have no statistical difference at a least significant difference
(LSD) of 0.05.

4. Discussion

4.1. Ammonia Volatilization, Nitrogen Absorption, and Distribution by Rice

Simulation experiments showed a decreasing trend in ammonia volatilization loss from AN and
AS, but not that from urea, as the electrical conductivity gradient increased, whereas the reverse trend
was found as the pH gradient increased. The previous study indicated that ammonia volatilization
increases with pH and surface soil NH4

+-N concentrations resulting from the hydrolysis of urea [14].
With regard to the relationship between soil pH and ammonia volatilization, Mandal et al. [23]
showed that ammonia volatilization was higher in soil at a pH exceeding 8 as a result of the increased
hydroxyl ions. In the present study, as shown in Figure 3, the ammonia volatilization losses in the urea
treatments decreased after an initial increase. The peak appeared at pH 8.55. For the urea treatment,
ammonia volatilization increased rapidly with increasing pH up to 8.55, which can be explained due to
differences of soil types and the present study was simulated in the mixed solution. Further research
to estimate ammonia volatilization losses at a field scale under a pH gradient is required. Considering
the high ammonia volatilization losses in AN and AS (Figure 3), urea was a more suitable fertilizer
type for application in alkaline salt-affected soil.

Ammonia volatilization loss increased in moderately salt-affected soil compared with that in
slightly salt-affected soil, particularly during the tillering stage, regardless of the N fertilizer rate.
The amount of ammonia volatilization showed a positive relationship with the nitrogen application
level [24]. The peak ammonia volatilization level was observed on the third day after the application
of N fertilizer [25]. This has once again been confirmed in the potted experiment (Figure 4). In the
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present study, the ammonia volatilization rates from two test soils were significantly affected by N
fertilizer application. The highest ammonia volatilization rates were observed in slightly salt-affected
soil and were reached on the third day after the fertilizer application. The peak ammonia volatilization
rate reached almost 6.5 kg·N/ha a day in slightly salt-affected soil. Ammonia volatilization during
the seasonal growing period accounted for 35.6%–38.0% of total N applied in the Taihu Lake
region of Southeast China [26]. In the present study (Table 7), ammonia volatilization during the
seasonal growing period accounted for 15.9%–40.8% of total N applied in alkaline salt-affected soil.
The amounts of ammonia volatilization after nitrogen application differed according to the crop stage
in the order of tiller fertilizer > first supplemental fertilizer > basal fertilizer > second supplemental
fertilizer [24]. In comparison with the results obtained by Lin et al. [24], our result showed amounts of
ammonia volatilization in the order of first supplemental fertilizer (tillering stage) > basal fertilizer
(regreening stage) > second supplemental fertilizer (booting stage). The temperature at the tiller
stage was relatively higher in the studied region, which led to higher surface water temperature.
Additionally, the lesser surface cover in the tiller stage resulted in an increased potential for ammonia
volatilization loss during this period. Moreover, the ammonia volatilization losses from June to July
comprised most of the total ammonia volatilization losses throughout the rice growth season (Figure 4).
The period of tiller stage was obviously crucial for mitigating the ammonia volatilization losses by
application of lower amounts of fertilizer from alkaline salt-affected soil.

The high N fertilizer application increased the N uptake by rice derived from fertilizer and
the amount of N from soil taken up by rice reduced correspondingly, which resulted in a higher
N surplus in the soil. At the conventional irrigation and fertilizer management level, the recovery
rate of 15N-labeled urea in the rice–soil system was 48%–49% [27]. However, in the present study,
the soil 15N retention rate was reduced with high N fertilizer application. This is because a high
N fertilizer application in alkaline salt-affected soil can improve the physiological efficiency of rice
(Table 8). The present study also showed that rice uptake of nitrogen derived from the soil decreased,
whereas that derived from fertilizer showed a positive relationship with the nitrogen application level.
The recovery rate of 15N-labeled urea in the rice–soil system was 52.2%–55.2% in the present study
(Figure 5a). Ndff in rice plants ranged from 18.7% to 40.0% in all plant tissues [28]. In the present study,
rice plant uptake of Ndff ranged from 16.4% to 62.7% in all plant tissues (Figure 5b). At rice harvest,
4.7%–10.7% of the fertilizer 15N was found in the 0–20 cm soil profile, and the ratio of soil residue
nitrogen in the crop field was in the order of low nitrogen > moderate nitrogen > high nitrogen [29].
In the present study, the average soil 15N retention rates under four kinds of nitrogen application levels
of 75, 150, 225, and 300 kg·N/ha were 10.0%, 5.8%, 5.0%, and 4.1%, respectively (Figure 5d). The N
retention rate in soil decreased as the amount of nitrogen added was increased in both salt-affected
soil conditions.

4.2. Fair Balance among N Fertilizer Level, Ammonia Volatilization, and Productivity

The yield response to enhanced efficiency of nitrogen fertilizers increased to 10.2% in alkaline soils
(pH ≥ 8.0) [30]. Duan et al. [31] estimated that an uptake increase of 1.0 kg·N/ha would result in a rice
yield increase of 40 kg. In the present study, rice uptake per 1 kg nitrogen can increase grain yield from
24.8–55.8 kg in alkaline salt-affected soil (Table 8). Moreover, the agronomic fertilizer N use efficiency
ranged from 3.8–8.5 kg grain/kg. This result was low compared with the values of 15–20 kg grain/kg
reported in Bangladesh by Ahmed et al. [32]. This may be because the soil salt-affected NUE of rice
plants (Table 8). Improving NUE together with reducing the application of N fertilizers is an important
consideration for the protection of the environment and sustainable production of rice [33]. Many
optimized nutrient management strategies have been applied to improve rice yield and NUE in China,
most of which have achieved a higher yield and NUE than the usual fertilizer practices by farmers [34].
Rice planting regions and N rates have a significant influence on grain yield, N uptake, and NUE
values. It has been shown that N rates of 200–250 kg/ha commonly achieved a higher rice grain yield
in most rice planting regions [35]. However, the integrated high-efficiency agricultural practice was
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effective not only in increasing grain yields and improving NUE by the rice, but also in reducing
the ammonia volatilization losses from alkaline salt-affected soil throughout the rice growth season.
In the present experiment, the results (Tables 8 and 9) showed that in slightly salt-affected soil, the
recommended nitrogen application level was 225 kg·N/ha, and in moderately salt-affected soil, the
recommended nitrogen application level was 300 kg·N/ha. Nevertheless, those treatments reflect high
rates of fertilizer application, and an appropriate fertilizer application practice for sustainable rice
production in alkaline salt-affected soil has not been determined in the present study, which will be
further investigated in future research.

Table 9. Relative increased rice grain yield and ammonia volatilization losses between treatments.

Soil Treatments GY-CK (g) GY-T (g) AV-CK (kg·N/ha) AV-T (kg·N/ha)

Lightly

CK 0 0
N75 18.5 18.5 9.67 9.67

N150 20 1.5 19.54 9.87
N225 34.5 14.5 21.99 2.45
N300 40 5.5 30.64 8.65

moderately

CK 0 0
N75 7.5 7.5 14.71 14.71

N150 21 13.5 19.04 4.33
N225 34 13 32.42 13.38
N300 49 15 34.26 1.84

GY-K: Increase yield relative to CK; GY-T: Relative increased rice grain yield between treatments; AV-CK:
Increased ammonia volatilization losses relative to CK; AV-T: Relative increased ammonia volatilization losses
between treatments. The data in the table are the averaged values. Control treatment (CK); nitrogen application
rates were 75 (N75), 150 (N150), 225 (N225), and 300 (N300) kg·N/ha.

5. Conclusions

Our study results demonstrated that ammonia volatilization losses had an increasing trend with
a positive relationship with EC for the urea treatment. The highest ammonia volatilization loss was
recorded at the pH 8.55 stage in the urea treatment. The ammonia volatilization losses showed a
positive relationship with the nitrogen application level. Ammonia volatilization loss increased in
moderately salt-affected soil compared with that in slightly salt-affected soil, particularly during the
tillering stage, regardless of the N fertilizer rate. The overall RE of rice ranged from 39.84% to 62.95%
with increasing N fertilizer input in alkaline salt-affected soils. The highest overall RE was achieved
in the high N treatment plants. The percentage of N absorbed by rice plants increased from urea,
but decreased from the soil as the amount of nitrogen was increased.

The 15N content of grain parts was higher than stems and leaves in rice plants. The average soil 15N
retention rates were 10.0%, 5.8%, 5.0%, and 4.1% under four kinds of nitrogen application levels of 75,
150, 225, and 300 kg·N/ha, respectively. The N retention rate decreased in the soil and rice grain yield
and nitrogen agronomic efficiency increased as the amount of nitrogen increased in both salt-affected
soil conditions. The highest of nitrogen physiological efficiencies were 55.8 and 50.5 N·kg/kg in the
light and moderately salt-affected soils, respectively. The highest nitrogen agronomic efficiency was
8.0 N·kg/kg in the slightly salt-affected soil when nitrogen application rate was 225 kg N/ha.
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