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Abstract: Wolfberry production has become a major agro-industry on the Qinghai–Tibetan Plateau,
causing increased nitrogen (N) pollution and greenhouse gas (GHG) emissions. Appropriate N
fertilizer rate and nitrification inhibitors may mitigate GHG emissions and improve N use efficiency.
A 2-year field experiment was conducted to measure the effects of N application rate and nitrapyrin
on GHG emissions, to reduce GHG emissions and N pollution. We used eight treatments: Control
(CK), 667 kg·ha−1 N (Con), 400 kg·ha−1 N (N400), 267 kg·ha−1 N (N267), 133 kg·ha−1 N (N133),
400 kg·ha−1 N plus 2.00 kg·ha−1 nitrapyrin (N400I2.00), 267 kg·ha−1 N plus 1.33 kg·ha−1 nitrapyrin
(N267I1.33) and 133 kg·ha−1 N plus 0.67 kg·ha−1 nitrapyrin (N133I0.67). Compared with Con treatment,
N400 maintained fruit yield and increased net income, but saved 40% of N fertilizer and decreased the
cumulative N2O emission by 14–16%. Compared to N400, N267 and N133 treatments, the cumulative
N2O emission of N400I2.00, N267I1.33 and N133I0.67 treatments was reduced by 28.5–45.1%, 26.6–29.9%
and 33.8–45.9%, respectively. Furthermore, N400I2.00 resulted in the highest wolfberry yield and net
income. The emissions of CH4 and CO2 were not significantly different among treatments. Moreover,
the global warming potential (GWP) and the greenhouse gas emission intensity (GHGI) of N400I2.00

declined by 45.6% and 48.6% compared to Con treatment. Therefore, 400 kg·ha−1 N combined
with 2.00 kg·ha−1 nitrapyrin was shown to be a promising management technique for maintaining
wolfberry yield while minimizing GWP and GHGI.

Keywords: wolfberry; N fertilizer rate; nitrapyrin; greenhouse gas emissions; yield

1. Introduction

Global warming due to excessive GHG emissions is now a serious global issue drawing
unprecedented scientific and political attention. China is one of the largest emitters of
GHG. The country aims to decrease GHG by 60–65% per unit of gross domestic product
by 2030 [1]. Agriculture, the largest anthropogenic source, directly releases considerable
amounts of GHG to the atmosphere [2,3]; this accounts for 17% of total release in the world,
but close to 30% in China [4]. On a 100-year scale, the global warming potential of CH4
and N2O is 28 and 265 times than that of CO2, respectively [5]. It is predicted that annual
GHG emissions in arable land will be about 564 Tg CO2-equivalent in 2030 [6].

To meet the growing demand for food, N fertilizer input is increasing in agriculture,
especially in China. Wolfberry (Lycium barbarum L.), a salt-tolerant and drought-resistant
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shrub, is mainly grown in northwest China [7,8]. Because of the unique climatic condition
and geographical environment, wolfberry production has become a major agro-industry in
Qaidam, on the Qinghai–Tibetan Plateau. Plantings reached 49,900 ha in 2020 [9]. However,
in the search for high yields, excessive N fertilizer input in wolfberry production has re-
duced N use efficiency (NUE) and increased costs, N pollution and GHG emissions [10–12].
Moreover, previous studies have shown that high N inputs negatively affect soluble solids
and other quality indicators of wolfberry fruit [13–15]. Therefore, rational N fertilization
is of great significance to provide a theoretical basis for reducing GHG emission and
improving wolfberry yield and quality.

Optimizing N fertilizer applications and using nitrification inhibitors may be effective
strategies to improve N use rate and reduce the environmental costs of agricultural pro-
duction [16,17]. It was revealed that N2O emission significantly decreased due to reduced
N fertilizer rates [18–21]. The cumulative N2O emission decreased by 68.8% during the
experiment when N fertilizer was decreased by 53.3% [22]. Wang et al. [23] found that
the N2O loss was lowered by 72.2 g·ha−1 when fertilizer N input was 33.3% lower. In
apple orchards, when N fertilizer was decreased from 800–400 kg·ha−1 N, N2O cumulative
emission decreased by 43.3% [24]. On the basis of standard current farmer practice, N
application rate decreased by 22.9% and 21.9%, resulting in the reduction of GHGI [25]. A
reduction in N application rate also helped to decrease CH4 emissions [26].

Nitrapyrin can delay the conversion of ammonium (NH4
+) to nitrate (NO3

−) by in-
hibiting the activities of nitrifying bacteria in soil. This improves N retention in the soil and
enhances N utilization rates [27,28]. Zhou et al. [29] found that nitrapyrin could decrease
N2O emissions and GHGI by 61.4% and 28.5%, respectively, in paddy fields. In the Midwest
of the United States, applying nitrapyrin significantly lowered GHG emissions, while the
yield and soil N retention increased by 7.0% and 28.0%, respectively [30]. Moreover, a
nitrification inhibitor effectively undermined the denitrification in an apple orchard by
15.8–53.1% [31]. It is worth noting that there is a low residual amount of the nitrification
inhibitor itself in the soil, and there is no ecological risk [32,33]. Consequently, nitrapyrin
and optimum N fertilizer rate have broad potential in mitigating GHG emissions and
preventing environmental pollution.

At present, excessive N fertilizer significantly increases GHG emissions, which has
negative effects on wolfberry quality and the environment. In the Qaidam area, the
application of N fertilizer in production of wolfberry lacks scientific theoretical basis, and
the problems of low N utilization rate, waste of agricultural resources and high production
cost caused by blindly investing a large amount of N fertilizer are common. Furthermore,
few reports have focused on the effects of optimum N fertilizer rate and nitrapyrin on GHG
emissions in wolfberry on the Tibetan Plateau. Therefore, we hypothesized that reasonable
N fertilizer rate and nitrapyrin, in combination, could mitigate greenhouse gas emissions.
A 2-year field study was carried out in a wolfberry orchard on the Qinghai-Tibetan Plateau
to: (i) investigate greenhouse gas fluxes across optimum N fertilizer rate combined with
nitrapyrin; (ii) elucidate the effects of optimum N fertilizer rate combined with nitrapyrin
on GHG emissions and wolfberry yield; (iii) quantify GWP and GHGI of CH4 and N2O
emission under optimum N fertilizer rate combined with nitrapyrin.

2. Materials and Methods
2.1. Description of Study Site

A field experiment was conducted at Nomuhong Farm (96◦20′ E, 36◦25′ N) in Gol-
mud City, Qinghai Province, Qinghai–Tibet Plateau from 2019 to 2020, with an altitude of
2760 masl and a typical plateau continental climate. The average annual sunshine du-
ration is 3600 h and the evaporation is 2800–3000 mm per annum. About 66.8% of the
annual precipitation occurs from June to October. The soil type is sandy loam classified as
grey-brown desert soil according to Chinese Soil Taxonomy [11]. The physicochemical prop-
erties of 0–20 cm soil were determined according to Bao [34], and the main parameters were:
1.51 g·cm−3 bulk density, 8.49 pH, 1.43 g·kg−1 total N, 3.05 g·kg−1 total P, 23.1 g·kg−1 total K,
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19.5 g·kg−1 organic matter, 82.6 mg·kg−1 Olsen-P, 69.76 mg·kg−1 alkaline hydrolyzed ni-
trogen and 210.8 mg·kg−1 available K. Wolfberry is the predominant economic plant in
Nuomuhong farm with an increasing area planted per annum.

2.2. Experimental Design and Field Management

An area of 10-year-old wolfberry trees (Lycium barbarum L.) was selected for the experi-
mental site; the experiments were carried out in the same field for two consecutive years dur-
ing 2019 and 2020. A randomized complete block design was employed with 8 treatments
(3 replications). The treatments were: (i) no N fertilization (CK), (ii) 667 kg·ha−1 N (Con),
(iii) 400 kg·ha−1 N (N400), (iv) 267 kg·ha−1 N (N267), (v) 133 kg·ha−1 N (N133),
(vi) 400 kg·ha−1 N plus 2.00 kg·ha−1 nitrapyrin (N400I2.00), (vii) 267 kg·ha−1 N plus
1.33 kg·ha−1 nitrapyrin (N267I1.33), (viii) 133 kg·ha−1 N plus 0.67 kg·ha−1 nitrapyrin (N133I0.67).
Each plot was 39 m2 (13 m × 3 m), with a row spacing of 2 m and plant spacing within
rows of 1.5 m.

Commercial organic fertilizer (Qinghai Enze Agricultural Technology Co., Ltd., Xining,
China; the fertilizer is the product of sheep manure fermentation after maturity: organic
matter, 51.7%; N, 3.7%; P2O5, 1.1%; K2O, 2.0%) was applied at 1667 kg·ha−1 and cal-
cium triple superphosphate (Yuntianhua Group Co., Ltd., Kunming, China, P2O5, 46%) at
724 kg·ha−1 (equivalent to 333 kg·ha−1 pure P2O5) were applied in each treatment, which is
the typical rate used by farmers. Half of the total N (Urea, Yuntianhua Group Co., Ltd., Kun-
ming, China, N, 46%) and 50% nitrapyrin (Zhejiang Aofutol Chemical Co., Ltd., Shaoxing,
China, 70%) input with commercial organic fertilizer and calcium triple superphosphate
were applied as basal fertilizers, which were evenly distributed into fertilization holes
(0.30 m away from root, 0.20 m deep × 0.50 m long × 0.25 m wide) between rows on
19 May 2019 and 15 May 2020. The remainder (50% total N and nitrapyrin) was top-dressed
in the same location on 30 June 2019 and 5 July 2020. Urea and nitrapyrin of each treatment
were mixed thoroughly before fertilization. The wolfberry orchard was flood irrigated
7 times a year with a total irrigation quota of 6000 m3·ha−1. Other field managements, such
as irrigation, were the same as that used by local farmers.

2.3. Gas Sampling and Measurements

Greenhouse gas samples were collected in each plot from May to October in 2019 and
2020, using a closed static chamber–gas chromatography method [35]. Each gas collecting
equipment included a chamber and a base. The chambers (0.5 m deep × 0.5 m long × 0.5 m
wide) were composed of a stainless-steel frame, and covered with cystosepiment to prevent
dramatic temperature changes inside the chamber. The chamber base was inserted 20 cm
into the soil before the experiment. A three-way valve was connected at a distance of 35 cm
from the bottom of the chamber, and a temperature detection port was arranged beside
the valve. A small fan was installed at the top of the box’s diagonal corner to mix gas. The
chamber was fitted into the frame base with a groove (2 cm width) during sampling, and
the groove was full of water to seal. Sampling was conducted from 9:00–12:00 am. At 0, 15,
30 and 45 min after the chamber was closed, the gas was extracted with a 50 mL syringe
and injected into the sealed air bags. Gas samples were determined by gas chromatogra-
phy (Agilent 7890A, Agilent Technologies, Palo Alto, USA) equipped with a 63Ni-electron
capture detector for N2O detection at 350 ◦C and a flame ionization detector for CH4 and
CO2 detection at 200 ◦C. Frequency of gas collections was daily for 7 days after fertilization,
3 days after irrigation, 1 additional measurement at the time of daily precipitation more
than 20 mm; the remaining experimental time samples were collected once a week [35].

2.4. Environmental Factors Measurements

Air temperature and precipitation data were obtained from a meteorological station
adjacent to the experimental site. A thermometer was used to measure the 10 cm soil
temperature before the first gas sample was collected and after the last gas sample was
taken. A digital thermometer within the chamber provided the average air temperature
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inside the chamber, which was used to calculate the gas flux. Wolfberry fruit from each plot
was collected to determine the weight of fresh fruit on 29 July, 20 August and 14 September
in 2019 and 4 August, 25 August and 19 September in 2020. The fresh fruits were dried in a
greenhouse and then weighed.

2.5. Calculation

Soil gravimetric water content was calculated to 10 cm depth according to Equation
(1). Gravimetric water content and soil bulk density were separately determined with the
oven-drying method and cutting ring method [36].

WFPS(%) =
Soil gravimetric water content(%)

1− Soil bulk density
2.65

× 100% (1)

Fluxes of N2O, CH4 and CO2 were estimated using Equation (2) [37].

F =
273

273 + T
× M

V
×H× dc

dt
(2)

where F (µg N2O-N m−2·h−1 or µg CH4-C m−2·h−1 or mg CO2-C m−2·h−1) is the net flux.
In additition, T (◦C) is the mean of air temperature in the chamber, M (28 g N2O-N mol−1

for N2O, 12 g CH4-C mol−1 for CH4, 12 g CO2-C mol−1 for CO2) is the molecular weight
of N2 or C. V is mole volume (22.4 L·mol−1) at 273 K and 1013 hPa, H (m) is the chamber
height, c is the concentration of N2O (µL·L−1), CH4 (µL·L−1) or CO2 (mL·L−1) in volume
mixing ratio. Finally, t (h) is the time of chamber closure, dc/dt (µL·L−1·h−1 for N2O and
CH4, mL·L−1·h−1 for CO2) is the initial rate of change in N2O, CH4 or CO2 concentration
in the chamber enclosure [38].

Gas fluxes and cumulative emissions were calculated using a linear or non-linear
model [39,40] and the direct interpolation method [41,42], respectively. Direct N2O emission
factor was calculated according to the following formula:

EFN2O(%) =
R− RCK

F
× 100% (3)

where R and RCK separately represent the cumulative N2O emission (kg·ha−1 N2O-N)
from applied N fertilizer per plot and CK plot, and F is the N fertilizer rate for one year
(kg·ha−1 N).

GWP is calculated using Equation (4) where the unit of GWP is CO2-eq kg·ha−1; RCH4
and RN2O are the cumulative CH4 and N2O emissions (kg·ha−1). On the time scale of
100 years, the GWP of unit mass CH4 and N2O is 265 times and 28 times of CO2.

GWP = RCH4 ×
16
12
× 28 + RN2O ×

44
28
× 265 (4)

GHGI is an indicator for comprehensive evaluation of greenhouse effect. As shown in
Equation (5), its unit is CO2-eq kg·Mg−1; the yield is in wolfberry dried fruits (Mg·ha−1).

GHGI =
GWP
Yield

(5)

2.6. Statistical Analysis

Using IBM SPSS Statistics 23.0, and all raw data were verified with respect to exhibiting
normality (Kolmogorov–Smirnov test) and homogeneity of variance (Levene’s test). For
multiple comparisons, we used Fisher’s protected least significant differences (LSD) at the
5% level of probability. Pearson’s correlation was used to analyze the correlation between
greenhouse gas emission and soil water-filled pore space (WFPS) or 10 cm soil temperature
(Tsoil). We performed linear, quadratic and exponential curve fittings to simulate the
response of greenhouse gas emission to N rate, then used the determination coefficient (R2)
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to select the optimum curve. Origin 2018 software (OriginLab, Northampton, USA) was
used for drawing figures.

3. Results
3.1. Environmental Factors

The total rainfall during the wolfberry growing season was 48.3 mm in 2019 (139 days)
and 28.6 mm in 2020 (144 days); 13.7 mm precipitation occurred on 3 July 2019, accounting
for 28.4% of the total precipitation (Figure 1). The air temperature increased to seasonal
highs and then decreased during each observation period (from May to October). The
maximum and minimum air temperatures in 2019 and 2020 during the growing season
were 25.0 ◦C and 21.7 ◦C in August, 5.8 ◦C and 3.2 ◦C in October, respectively. The average
air temperature was lower in 2020 (14.4 ◦C) than in 2019 (17.5 ◦C).
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Figure 1. Precipitation and air temperature during experiment. 

WFPS increased following seven flood irrigation events. Due to heavy rain on 3 July 
2019 and 21 June 2020, WFPS peaked after the second irrigation in two years. There was 
no difference in average WFPS between 2019 (58.3%) and 2020 (58.2%), nor was there a 
significant difference in WFPS among treatments in the same year. The 10 cm soil temper-
ature decreased and then increased with the occurrence of irrigation, reaching the highest 
value in August in both years (Figure 2). The peak values of the 10 cm soil temperature 
were 19.5 °C and 21.1 °C in 2019 and 2020, while the minimum was 8.1 °C and 5.6 °C, 
respectively. The mean value of the 10 cm soil temperature was 13.7 °C in 2019, with an 
increase of 6.2% over 2020. 

Figure 1. Precipitation and air temperature during experiment.

WFPS increased following seven flood irrigation events. Due to heavy rain on 3 July
2019 and 21 June 2020, WFPS peaked after the second irrigation in two years. There
was no difference in average WFPS between 2019 (58.3%) and 2020 (58.2%), nor was
there a significant difference in WFPS among treatments in the same year. The 10 cm
soil temperature decreased and then increased with the occurrence of irrigation, reaching
the highest value in August in both years (Figure 2). The peak values of the 10 cm soil
temperature were 19.5 ◦C and 21.1 ◦C in 2019 and 2020, while the minimum was 8.1 ◦C
and 5.6 ◦C, respectively. The mean value of the 10 cm soil temperature was 13.7 ◦C in 2019,
with an increase of 6.2% over 2020.

3.2. GHG Emissions
3.2.1. N2O Emission

The N2O emissions after N fertilizer application or irrigation significantly increased to
various degrees (Figure 3a). Peak N2O emission was observed for 3–5 days after N fertiliza-
tion following irrigation. The N2O peaks of Con treatment reached 1765.40 µg·m−2·h−1 on
19 May 2019 (fertilization combined with irrigation on 16 May 2019) and
1783.30 µg·m−2·h−1 on 8 July 2020 (top-dressing N fertilizer following irrigation on 5
July 2020). N400I2.00 resulted in lower N2O peaks than Con over the two years. Moreover,
emission peaks of N400I2.00, N267I1.33 and N133I0.67 treatments were lower than that of N400,
N267 and N133 treatments. Pearson’s correlation showed N2O emission was significantly
positively correlated with WFPS and 10 cm soil temperature (p < 0.05) (Figure 4).
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Nitrogen fertilization significantly increased the cumulative N2O emissions compared
with the CK treatment and the extent also varied with the addition of nitrapyrin and year
(p < 0.05) (Table 1). When no nitrapyrin was added, the cumulative N2O emissions in 2019
and 2020 were significantly positively correlated with N application rate; the determination
coefficients were 0.952 and 0.902, respectively (Figure 5). In contrast to Con treatment,
the cumulative N2O emission of N400 and CK decreased by 13.87–16.37%, 86.70–90.13%,
respectively. Excluding the reference treatment, the cumulative N2O emissions were
the highest when the N application rate was 400 kg·ha−1 in 2019 and 2020, which were
5.72 kg·ha−1 and 8.38 kg·ha−1, respectively. Nitrapyrin addition significantly reduced
the cumulative N2O emissions and EFN2O under the same N application rate. Compared
with N400, N267 and N133 treatments, N400I2.00, N267I1.33 and N133I0.67 treatments with
nitrapyrin decreased cumulative N2O emissions by 45.1%, 26.6% and 45.9% in 2019 and
28.5%, 29.9% and 33.8% in 2020. In two years, in contrast with N400, N267 and N133
treatments, the EFN2O of N400I2.00–N133I0.67 treatments were significantly lower than N400,
N267 and N133 treatments, which was significantly decreased by 53.3–69.6% in 2019 and
32.3–42.6% in 2020.
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Table 1. Cumulative emissions of GHG, wolfberry yields, GWP and GHGI from wolfberry orchard with different treatments.

Year Treatment
Yield

(Mg·ha−1)
Net Income
(USD·ha−1)

N2O CH4
Cumulative

Emission
(kg·ha−1)

CO2
Cumulative

Emission
(Mg·ha−1)

GWP
(kg·ha−1)

GHGI
(CO2-eq kg ·Mg−1)

Cumulative
Emission
(kg·ha−1)

EFN2O
(%)

2019

Reference
treatment

Con 7.20 ± 0.24 cd 37,184 ± 1273 c 6.84 ± 0.01 a 0.89 ± 0.01 d −0.71 ± 0.05 a 1.67 ± 0.05 a 2822.18 ± 6.48 a 391.67 ± 4.27 a

CK 6.37 ± 0.23 e 33,197 ± 1236 d 0.91 ± 0.06 g - −0.78 ± 0.03 b 1.66 ± 0.05 a 347.98 ± 25.43 g 59.79 ± 4.79 g

N fertilizer
without

nitrapyrin

N400 7.44 ± 0.23 bc 38,614 ± 1237 abc 5.72 ± 0.17 b 1.20 ± 0.04 b −0.69 ± 0.04 a 1.70 ± 0.04 a 2354.72 ± 70.25 b 316.49 ± 11.99 b

N267 7.34 ± 0.25 cd 38,148 ± 1333 bc 3.72 ± 0.20 c 1.05 ± 0.07 c −0.77 ± 0.08 b 1.66 ± 0.08 a 1518.52 ± 81.14 c 206.88 ± 9.44 c

N133 7.03 ± 0.32 d 36,821 ± 1685 c 2.70 ± 0.04 e 1.35 ± 0.01 a −0.70 ± 0.03 ab 1.68 ± 0.04 a 1097.36 ± 18.16 e 156.10 ± 1.37 d

N fertilizer
with

nitrapyrin

N400I2.00 7.87 ± 0.17 a 40,841 ± 883 a 3.14 ± 0.09 d 0.56 ± 0.01 e −0.75 ± 0.02 ab 1.65 ± 0.05 a 1279.59 ± 37.53 d 162.59 ± 8.60 d

N267I1.33 7.70 ± 0.15 ab 40,059 ± 810 ab 2.73 ± 0.11 e 0.46 ± 0.03 f −0.69 ± 0.05 a 1.70 ± 0.07 a 1111.48 ± 46.69 e 144.35 ± 8.78 e

N133I0.67 7.04 ± 0.25 d 36,629 ± 1333 c 1.46 ± 0.03 f 0.41 ± 0.04 f −0.76 ± 0.01 ab 1.66 ± 0.04 a 581.50 ± 10.52 f 82.60 ± 0.96 f

2020

Reference
treatment

Con 7.93 ± 0.29 bc 41,068 ± 1558 bcd 9.73 ± 0.63 a 1.31 ± 0.08 e −1.40 ± 0.04 ab 2.25 ± 0.03 a 3997.62 ± 263.60 a 504.11 ± 11.71 a

CK 6.71 ± 0.34 f 37,666 ± 853 f 0.96 ± 0.13 f - −1.30 ± 0.13 ab 2.15 ± 0.03 a 351.27 ± 54.53 f 52.35 ± 2.03 h

N fertilizer
without

nitrapyrin

N400 8.01 ± 0.12 bc 41,658 ± 626 bc 8.38 ± 0.18 b 1.86 ± 0.02 c −1.35 ± 0.10 ab 2.22 ± 0.06 a 3437.61 ± 78.44 b 429.16 ± 4.10 b

N267 7.73 ± 0.14 cd 40,244 ± 732 cde 6.22 ± 0.35 c 1.97 ± 0.13 b −1.39 ± 0.02 ab 2.12 ± 0.06 a 2537.43 ± 145.72 c 328.26 ± 19.87 c

N133 7.45 ± 0.09 de 39,048 ± 498 ef 4.64 ± 0.11 d 2.77 ± 0.03 a −1.42 ± 0.03 ab 2.12 ± 0.04 a 1877.44 ± 45.90 d 252.01 ± 3.07 e

N fertilizer
with

nitrapyrin

N400I2.00 8.46 ± 0.11 a 43,995 ± 567 a 5.99 ± 0.19 c 1.26 ± 0.02 e −1.38 ± 0.12 ab 2.18 ± 0.04 a 2442.51 ± 81.99 c 288.71 ± 5.34 d

N267I1.33 8.08 ± 0.16 bc 42,067 ± 768 b 4.36 ± 0.14 d 1.27 ± 0.01 e −1.44 ± 0.12 b 2.20 ± 0.08 a 1760.92 ± 62.30 d 217.94 ± 2.97 f

N133I0.67 7.58 ± 0.13 d 39,546 ± 694 de 3.07 ± 0.09 e 1.59 ± 0.04 d −1.28 ± 0.04 a 2.17 ± 0.08 a 1231.04 ± 40.68 e 162.41 ± 2.53 g

p-value

Year * * * * * * * *
N rate * * * * NS NS * *

nitrapyrin * * * * NS NS * *
Year × N rate NS NS NS NS NS NS NS NS

Year ×
nitrapyrin NS NS NS NS NS NS NS NS

N rate ×
nitrapyrin NS NS NS NS NS NS NS NS

Year ×
nitrapyrin × N

rate
NS NS NS NS NS NS NS NS

Note: All values in the table are mean ± standard error (n = 3); different letters after the data in the same column indicate significant differences among different treatments in the same
year at 0.05 level. * indicates p < 0.05, NS indicates no significant difference. Cost–benefit analysis included assessment of the total costs, income from fruit sales and net economic benefit
[43]. The average price of wolfberry (dried fruit) —5.97 USD·kg−1, triple superphosphate—328 USD·t−1, organic fertilizer—179 USD·t−1, urea—296 USD·t−1, labor cost of harvest—0.67
USD·kg−1.
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3.2.2. CH4 Uptake

CH4 emissions were influenced by year (p < 0.05), but nitrapyrin and N fertilizers
were not. Likewise, the combined effects of N application rate, nitrification inhibitors, and
years did not affect CH4 emissions (Table 1). The CH4 emissions were negative during the
growing season (Figure 3b). The highest values of CH4 emission were 75 µg·m−2·h−1 and
170 µg·m−2·h−1, while absorption peaks were 205 µg·m−2·h−1 and 211 µg·m−2·h−1 in 2019
and 2020. The CH4 cumulative emissions were not obviously different among treatments.
Moreover, CH4 emissions showed no significant correlation between soil moisture and
10 cm depth soil temperature (Figure 4).

3.2.3. CO2 Flux

Similar to CH4 emissions, the CO2 flux was affected by year (p < 0.05) and the
law of CO2 flux was in line with the atmospheric variation with peaks in July and Au-
gust (Figure 3c). CO2 flux increased to 314 mg·m−2·h−1 from May to July in 2019, then
slowly decreased to −35 mg·m−2·h−1 in early October. The peak value of CO2 flux was
253 mg·m−2·h−1 in July and the minimum was 10 mg·m−2·h−1 at the beginning of Oc-
tober in 2020. In both years, cumulative CO2 flux was not significantly different among
treatments. During the growing season, CO2 flux was positively correlated with soil
temperature (Figure 4).

3.3. Wolfberry Yield, GWP and GHGI

Although the yield of wolfberry varied greatly among different years, the trend in
yield variation among different treatments was consistent within both years. Besides, the
yield was influenced by nitrapyrin and N application rates (p < 0.05) (Table 1). The yield
ranged from 7.03–7.87 Mg·ha−1 and 7.58–8.46 Mg·ha−1 in 2019 and 2020, respectively.
When no nitrapyrin was added, wolfberry yield increased first and then decreased with
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N application rates increasing from 0 to 667 kg·ha−1. When the N application rate was
400 kg·ha−1, the yield of wolfberry reached the highest, which were 7.44 Mg·ha−1 and
8.01 Mg·ha−1 in 2019 and 2020, respectively. Compared with Con and CK treatment,
the wolfberry yield of N400 treatment increased by 1.01–3.33%, 16.80–19.37%, respectively.
Meanwhile, the change in net income was similar with yield. At the same N application rate,
the yield and net income were significantly higher in the treatment with nitrapyrin than that
of without nitrapyrin, and N400I2.00 treatment produced the highest yield and net income in
2019 (7.87 Mg·ha−1, 40,841 USD·ha−1) and 2020 (8.46 Mg·ha−1, 43,995 USD·ha−1). Relative
to N400 treatment, N400I2.00 treatment had 5.7% and 5.6% higher yield in both years. When
the combined N application rates were 423 kg·ha−1 and 524 kg·ha−1 in 2019 and 2020, the
fruit net income was both the highest, 38,880 USD·ha−1 and 41,483 USD·ha−1, respectively
(Figure 6).
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Similar to the effect of yield, N application rates, nitrification inhibitors and different
years can also affect GWP and GHGI independently (p < 0.05) while the two or three
together did not (Table 1). GWP and GHGI had significant differences among treatments.
N fertilizer input significantly improved GWP and GHGI, while the addition of nitrapyrin
decreased GWP and GHGI under the same N application rates. The Con treatment pro-
duced the highest GWP of 2822 kg·ha−1 and 3998 kg·ha−1 in 2019 and 2020, respectively.
In comparison to Con treatment, GWP of N400, N267 treatments declined by 16.6%, 46.2%
and 14.0%, 36.5% in two years. Meanwhile, compared with N400, N267 and N133 treatments,
GWP of N400I2.00, N267I1.33 and N133I0.67 treatments decreased by 45.6%, 26.8% and 47.0%,
while the GHGI decreased by 48.6%, 30.2% and 47.1%, respectively. GHGI ranged from
52.35–504.11 CO2-eq Mg·kg−1 in the study period. The GHGI peaked in Con treatment,
with the lowest at N133I0.67 treatment. N400I2.00, N267I1.33 and N133I0.67 treatments lowered
GHGI by 30.2–48.6% vs. N400, N267 and N133 treatments without nitrapyrin.

4. Discussion
4.1. Effects of N Fertilizer Rate on Yield, GHG Emissions, GWP and GHGI

Scientific N management may reduce N fertilizer rate without compromising fruit
yield [44,45]. Compared with no N fertilization, the input of N-fertilization can increase
the yield of wolfberry; however, our study shows that excessive N application (e.g., Con)
will reduce the yield of wolfberry. This may be due to the synergistic and antagonistic
effects between nitrogen and other elements. High N input may lead to excess nutrient
growth of wolfberry, causing unbalanced nutrient absorption [46]. Moreover, a previous
study showed that long-term high N level led to reduced soil pH and root vigor [47]. In
our study, compared to 667 kg·ha−1 N treatment, a reduction of approximately 40% in
N rate did not reduce wolfberry yield, which indicated that 667 kg·ha−1 N was exces-
sive for a one-year growth cycle of wolfberry. Therefore, on the basis of maintaining or
increasing the yield, appropriate N amount and timing can improve economic benefits
for the sustainable development of wolfberry industry. In combination with economic
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benefits, when no nitrification inhibitor is applied, an N application rate of 423 kg·ha−1 in
2018 and 524 kg·ha−1 in 2019, which we recommend in wolfberry orchards with similar
fertility, maximized net income, increasing net income by 1–5% but savign N fertilizer by
21–37%, respectively, compared to Con treatment. Therefore, excessive N input would
reduce net income, while reducing N input reasonably could maximize net income and
improve wolfberry production.

Zhang et al. [48] and Liu et al. [49] stated that N application in agriculture led to
substantial GHG emissions in China, contributing nearly 50% of the total GHG emis-
sions from agriculture in China. In our study, the main contribution of GWP was N2O.
The N2O emission was significantly positively correlated with nitrogen application rate
(p < 0.05). N2O emission peaks occurred within one week after N application following
irrigation. The occurrence of emission peaks typically coincided with high soil moisture
(such as 19 May 2019 and 15 May 2020). One likely reason was that N input disrupted the
C/N balance of microorganisms and stimulated microbial activity to some extent, which
promoted N2O emission [50]. Moreover, N application provided sufficient substrates for
microorganism, so that the intermediate products, NH2OH and NO2

− were released and
improved in the process of soil ammonia oxidation, which was positively correlated with
N2O emissions [51–53]. Another likely reason is high temperature improved the activity of
soil microorganism and flood irrigation resulted in an anaerobic environment conducive to
denitrification [54,55]. Denitrifying microorganisms under high temperature and humidity
conditions increase N2O emissions. In this study, average daily N2O emissions from wolf-
berry receiving 0–667 kg·ha−1 N ranged from 6.55–67.57 g N2O-N ha−1·d−1. Similarly, in
eastern China, average daily N2O emissions from an apple orchard were 71.78 g N2O-N
ha−1·d−1 [20]. At a similar nitrogen rate, we report lower N2O emissions. This may be due
to the lower temperature and humidity on the Qinghai–Tibet Plateau, which reduces the
N2O generation by inhibiting microorganisms to a certain extent. The soil N surplus due
to high N application might increase N2O emissions; therefore, the cumulative emissions
of N2O in 2020 was higher than that in 2019 in this study. Therefore, it is reasonable to
expect that a reduction in the N fertilizer rate to an optimum level could substantially
reduce N2O emissions.

Our study showed that N fertilizer application had no significant effect on CH4 uptake.
A meta-analysis showed that stimulation or inhibition of CH4 oxidation depended on N
additions, with a threshold of 100 kg·ha−1 N [56]. However, the N application rate in our
study was 133–667 kg·ha−1, so the excessive N input might conceal the effect of inorganic
N on methanotrophy. Moreover, CH4 uptake is an extremely complex process, which is
affected by environmental conditions and agricultural management [57]. Soil environment
can affect soil respiration [46,58,59]. In our study, a significant positive correlation was
detected between CO2 flux and soil temperature. This might be due to the fact that CO2
is the product of plant root and soil microbial respiration. High temperature stimulated
this process and promoted CO2 emissions. The temperature ranged from 5–25 ◦C in our
study, and the increase in temperature might enhance the activity of soil microorganisms
and accelerate the decomposition of organic matter, leading to an increase in CO2 flux [60].

Increasing the N application rate greatly contributed to GHG emissions. Previous
research indicated that N application increased annual N2O and CH4 emissions, although it
benefited atmospheric CO2 sequestration into soil. The net effect is an increase in GWP and
GHGI [61]. In our study, both GWP and GHGI of N400 treatment were 40% lower compared
with Con treatment, indicating that 667 kg·ha−1 N was excessive for wolfberry production,
causing high GHG emissions, low NUE and waste of agricultural resources. Excessive N
fertilizer input is the main source of N2O emission and had a noticeable impact (increase)
on GWP and GHGI. It is possible to reduce greenhouse gas emissions through optimizing
N application rate, thereby further reducing the GWP of wolfberry orchard [62,63]. Results
from this study also prove reasonable regulation on soil temperature and moisture was
beneficial for mitigating GHG emissions.
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4.2. Effects of Nitrapyrin on Yield, GHG Emissions, GWP and GHGI

Nitrification inhibitors have been used to regulate N conversion to nitrate-N and
subsequent nitrous oxides. These inhibitors are also considered an effective measure to
increase NUE. In our study, with the same N application rate, combining treatments with
nitrapyrin increased yield. Because it inhibits the activity of ammonia-oxidizing bacteria,
consequently delaying the conversion of NH4

+ into NO3
−, leading to the reduction in

substrate that produces N2O emission [64]. Furthermore, the uptake of NH4
+ required

lower energy for plant N assimilation than NO3
− [65].

Our experiment showed the addition of nitrapyrin under the same N fertilizer appli-
cation rate reduced the cumulative N2O emissions. The main reason was that nitrapyrin
reduced the activity of soil nitrifying bacteria, and then inhibited the oxidation process
of NH4

+ to NO2
− in nitrification, thereby reducing the accumulation of NO3

−-N and the
emission of N2O [66]. Nitrification inhibitors have been widely reported as an effective
management measure to reduce N loss and improve NUE, but the effect of nitrification
inhibitors on CO2 and CH4 was rarely studied [67–69]. In our experiment, no significant
difference was detected in net CO2 and CH4 between treatments. The effects of nitrification
inhibitors on emissions may be jointly influenced by many factors, such as soil temperature,
pH and soil oxidation–reduction potential. These factors were combined and lead to no
significant effect of N fertilization on CO2 and CH4 emissions. The specific influencing
process and interaction mechanism of these factors need further study.

GHGI reflected the total GHG emissions per unit of yield. This study showed that
optimum N application combined with nitrapyrin significantly reduced GWP and GHGI,
compared with N fertilizer alone. When CH4 and N2O emissions were expressed as CO2
equivalents, N2O was the main contributor to GWP. The contribution of N2O emission to
GWP was as high as 99%. Nitrapyrin inhibited nitrification and reduced N2O emission,
thereby reducing GWP and GHGI. These results showed that N application combined with
nitrapyrin was a recommended cultivation method for high productivity and sustainable
agriculture, considering environmental and economic efficiency.

4.3. Effects of N Fertilizer Rate Combined with Nitrapyrin on Yield, GHG Emissions, GWP and GHGI

Fertilization is an important means to maintain soil fertility and ensure stable food
production. However, the phenomenon of excessive chemical fertilizer (especially N
fertilizer) and low fertilizer utilization rate is widespread in crop production. Nitrification
inhibitors are a widely used synergist for N fertilizer, effectively reducing N loss. In our
study, 400 kg·ha−1 N combined with 2.00 kg·ha−1 nitrapyrin maximized net income in
both years, which was the recommended N management. Furthermore, compared to
400 kg·ha−1 N combined with 2.00 kg·ha−1 nitrapyrin, 267 kg·ha−1 N combined with
1.33 kg·ha−1 nitrapyrin did not result in a great decrease in net income (by 2–4%), but that
reduced GHG emission by 13–27%, and saved N fertilizer by 33%. Therefore, on the base of
output and environmental impact assessment, 267 kg·ha−1 N combined with 1.33 kg·ha−1

nitrapyrin was the recommended N management in the study site. The combination
helps to mitigate GHG emission and reduce N loss, thus improving wolfberry N uptake,
and increasing NUE. An appropriate N fertilizer rate combined with nitrapyrin not only
reduced GHG emissions, but also saved agricultural resources, which was beneficial for
increasing economic benefits and achieving agricultural safe production. It was also the key
to realizing the coordinated development of soil production and environmental function.
If the optimized method was adopted across the Qaidam, the wolfberry yield would
effectively increase, and N fertilizer input would decline by roughly 60%. Consequently,
it was considered as a powerful strategy for the development of an agronomic system,
benefiting both agriculture and environment.

5. Conclusions

Compared with Con treatment (i.e., standard current farmer practice), appropriately
reducing N application rate could maintain wolfberry fruit yield and improve net income,
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but greatly reduce GHG emissions and GWP. The recommended N application rate was
423 kg·ha−1 in 2018 and 524 kg·ha−1 in 2019, that maximized net income in wolfberry
orchards with similar fertility. The nitrapyrin combined with N application could increase
wolfberry fruit yield but reduce GHG emissions and N loss. Both management practices
had positive effects, decreasing N2O emission, while having no significant impact on CH4
uptake and CO2 emission. This strategy should be considered when the main concern is
mitigating N2O emission. The recommended N management was 400 kg·ha−1 N combined
with 2.00 kg·ha−1 nitrapyrin maximized net income in the production of wolfberry in
Qaidam. However, if simultaneously considering on economic profit and ecological benefit,
267 kg·ha−1 N combined with 1.33 kg·ha−1 was the optimal N application management
that could maintain net income, but save N input and reduce N pollution.

Author Contributions: Conceptualization, H.S. and Y.G.; methodology, J.L. and H.S.; software,
J.L. and Y.X.; validation, J.L. and Y.X.; formal analysis, J.L. and H.S.; investigation, H.S. and S.X.;
resources, S.X. and R.Z.; data curation, J.L. and Y.X.; writing—original draft preparation, J.L. and J.M.;
writing—review and editing, Y.X., Y.G. and H.S.; visualization, H.S. and J.L.; supervision, H.S., Y.X.,
and R.Z.; project administration, H.S.; funding acquisition, H.S and R.Z.; All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Department of Science and Technology of Qinghai province,
China, Grant No. [2020-HZ-805], and Open Fund of State Key Laboratory of Plateau Ecology and
Agriculture of Qinghai University, Grant No. [2020-KF-001].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data in this study are available from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wu, H.Y.; Huang, H.J.; Tang, J.; Chen, W.K.; He, Y.Q. Net Greenhouse Gas Emissions from Agriculture in China: Estimation,

Spatial Correlation and Convergence. Sustainability 2019, 11, 4817. [CrossRef]
2. Carlson, K.M.; Gerber, J.S.; Mueller, N.D.; Herrero, M.; MacDonald, G.K.; Brauman, K.A.; Havlik, P.; O’Connell, C.S.; Johnson,

J.A.; Saatchi, S.; et al. Greenhouse gas emissions intensity of global croplands. Nat. Clim. Change 2017, 7, 63–68. [CrossRef]
3. Yang, W.; Feng, G.; Tewolde, H.; Li, P.F. CO2 emission and soil carbon sequestration from spring- and fall-applied poultry litter in

corn production as simulated with RZWQM2. J. Clean. Prod. 2019, 209, 1285–1293. [CrossRef]
4. Tian, Y.; Zhang, J.B.; He, Y.Y. Research on spatial-temporal characteristics and driving factor of agricultural carbon emissions in

china. J. Integr. Agric. 2014, 13, 1393–1403. [CrossRef]
5. Knoblauch, C.; Maarifat, A.A.; Pfeiffer, E.M.; Haefele, S.M. Degradability of black carbon and its impact on trace gas fluxes and

carbon turnover in paddy soils. Soil Biol. Biochem. 2011, 43, 1768–1778. [CrossRef]
6. Zhang, W.F.; Dou, Z.X.; He, P.; Ju, X.T.; Powlson, D.; Chadwick, D.; Norse, D.; Lu, Y.L.; Zhang, Y.; Wu, L.; et al. New technologies

reduce greenhouse gas emissions from nitrogenous fertilizer in China. Proc. Natl. Acad. Sci. USA 2013, 110, 8375–8380. [CrossRef]
[PubMed]

7. Ji, D.J.; Zhang, D.F.; Fan, G.H.; Wang, Z.L. Leaf morphology of main Lycium barbarum varieties in Chaidamu area. Sci. Technol.
Qinghai Agric. For. 2020, 3, 13–16, 48.

8. Duan, C.X.; Chen, J.F.; Li, J.B.; Feng, H.; Wu, S.F.; Meng, Q.T.; Meng, Q.T.; Siddique, K.H.M. Effects of organic amendments and
ridge-furrow mulching system on soil properties and economic benefits of wolfberry orchards on the Tibetan Plateau. Sci. Total
Environ. 2022, 827, 154317. [CrossRef]

9. Luo, W.P.; Qi, G.M.; Li, H.F. Variation of frost in Qaidam basin and its influence on planting Wolfberry. Sci. Technol. Qinghai Agric.
For. 2020, 4, 21–27, 31.

10. Nie, J.W.; Wang, Y.J.; Tian, Y.; Peng, C.H.; Wang, H.; Liu, Z.Y.; Zhu, B. Effects of combined applying Chinese milk vetch and
chemical fertilizers on CH4 and N2O emissions from double cropping paddy fields. Plant Nutr. Fert. Sci. 2018, 24, 676–684.

11. Lu, J.J.; Liu, X.H.; Xu, S.Q.; Yang, L.Y.; Zhang, Y.; Sheng, H.Y. Effects of Nitrogen Applications on Soil Inorganic Nitrogen in
Wolfberry Field of Qaidam. Acta Agric. Boreali-Occident. Sin. 2020, 29, 1389–1398.

12. Fan, Y.Q.; Hao, X.M.; Carswell, A.; Misselbrook, T.; Ding, R.S.; Li, S.; Kang, S.Z. Inorganic nitrogen fertilizer and high N
application rate promote N2O emission and suppress CH4 uptake in a rotational vegetable system. Soil Tillage Res. 2021,
206, 104848. [CrossRef]

http://doi.org/10.3390/su11184817
http://doi.org/10.1038/nclimate3158
http://doi.org/10.1016/j.jclepro.2018.10.251
http://doi.org/10.1016/S2095-3119(13)60624-3
http://doi.org/10.1016/j.soilbio.2010.07.012
http://doi.org/10.1073/pnas.1210447110
http://www.ncbi.nlm.nih.gov/pubmed/23671096
http://doi.org/10.1016/j.scitotenv.2022.154317
http://doi.org/10.1016/j.still.2020.104848


Agriculture 2022, 12, 1063 14 of 16

13. Song, Y.C.; Chen, X.L.; Ren, X.L.; Gao, X.D. Combined effects of regulated deficit irrigation and reduced nitrogen fertilization on
yield and growth of Chinese wolfberry. Xibei Nongye Xuebao 2019, 28, 1666–1673.

14. Luo, X.P. Advancement, current status and advantages of wolfberry industry in Qinghai Province. Sci. Technol. Qinghai Agric. For.
2019, 4, 42–45, 81.

15. Wang, C.G. Discussion on the problems and countermeasures in the development of Lycium Barbarum industry in Haixi
Prefecture. South China Agric. 2019, 13, 103–112.

16. Qiu, Y.H.; Liu, J.S.; Hu, C.X.; Zhao, C.S.; Sun, X.C.; Tan, Q.L. Effects of Nitrogen Application Rates on Nitrous Oxide Emission
from a Typical Intensive Vegetable Cropping System. Nongye Huanjing Kexue Xuebao 2010, 29, 2238–2243.

17. Li, Y.; Ju, X.T. Rational nitrogen application is the key to mitigate agricultural nitrous oxide emission. Nongye Huanjing Kexue
Xuebao 2020, 39, 842–851.

18. Liu, J.G.; You, L.Z.; Amini, M.; Obersteiner, M.; Herrero, M.; Zehnder, A.J.B.; Yang, H. A high-resolution assessment on global
nitrogen flow in cropland. Proc. Natl. Acad. Sci. USA 2010, 107, 8035–8040. [CrossRef]

19. Shcherbak, I.; Millar, N.; Robertson, G.P. Global metaanalysis of the nonlinear response of soil nitrous oxide (N2O) emissions to
fertilizer nitrogen. Proc. Natl. Acad. Sci. USA 2014, 111, 9199–9204. [CrossRef]

20. Xie, B.H.; Gu, J.X.; Yu, J.B.; Han, G.X.; Zheng, X.H.; Xu, Y.; Lin, H.T. Effects of N fertilizer application on soil N2O emissions and
CH4 uptake: A two-year study in an apple orchard in eastern China. Atmosphere 2017, 8, 181. [CrossRef]

21. Huang, T.; Hu, X.K.; Gao, B.; Yang, H.; Huang, C.C.; Ju, X.T. Improved nitrogen management as a key mitigation to net global
warming potential and greenhouse gas Intensity on the North China plain. Soil Sci. Soc. Am. J. 2018, 82, 136–146. [CrossRef]

22. Li, Y.Q.; Liu, G.; Hong, M.; Wu, Y.; Chang, F. Effect of optimized nitrogen application on nitrous oxide emission and ammonia
volatilization in Hetao irrigation area. Huanjing Kexue Xuebao 2019, 39, 578–584.

23. Wang, C.; Chen, B.L.; Yusuyin, Y.; Wang, Q.D.; Chai, Z.P. Effect of nitrogen application rate on ammonia volatilization and nitrous
oxide emission in Korla fragrant pear orchard. Agric. Res. Arid Areas 2019, 37, 157–164.

24. Zhu, Z.J.; Yang, L.L.; Feng, T.; Tong, Y.A. Characteristics of N2O emissions from different fertilization treatments in Weibei
dryland apple orchard. Agric. Res. Arid Areas 2020, 38, 59–65.

25. Mu, C.; Chen, X.H.; Lin, W.J.; Hu, H.N.; Wu, L.Q. Nitrogen balance status and greenhouse gas mitigation potential in typical
Oolong tea production areas. Nongye Ziyuan Yu Huanjing Xuebao 2020, 37, 186–194.

26. He, T.H.; Yuan, J.J.; Luo, J.F.; Lindsey, S.; Xiang, J.; Lin, Y.X.; Liu, D.Y.; Chen, Z.M.; Ding, W.X. Combined application of biochar
with urease and nitrification inhibitors have synergistic effects on mitigating CH4 emissions in rice field: A three-year study. Sci.
Total Environ. 2020, 743, 140500. [CrossRef]

27. Akiyama, H.; Yan, X.Y.; Yagi, K. Evaluation of effectiveness of enhanced-efficiency fertilizers as mitigation options for N2O and
NO emissions from agricultural soils: Meta-analysis. Glob. Change Biol. 2010, 16, 1837–1846. [CrossRef]

28. Sun, Z.M.; Zhang, K.; Liu, J.T.; Si, H.S.; Wang, Y.Q. Effects of nitrogen regulators on fertilizer nitrogen transformation in meadow
cinnamon soil and on pakchoi growth. Ying Yong Sheng Tai Xue Bao 2012, 23, 2497–2503.

29. Zhou, X.; Wu, L.H.; Dai, F.; Dong, C.H. Effects of combined biochemical inhibitors and fertilization models on CH4 and N2O
emission from yellow clayey field during rice growth season. Shengtai Yu Nongcun Huanjing Xuebao 2018, 34, 1122–1130.

30. Wolt, J.D. A meta-evaluation of nitrapyrin agronomic and environmental effectiveness with emphasis on corn production in the
Midwestern USA. Nutr. Cycl. Agroecosyst. 2004, 69, 23–41. [CrossRef]

31. Ge, S.F. Study on Gross Nitrification-Denitrification and Ammonia Volatilization Losses in Apple Orchard. Master’s Thesis,
Shandong Agricultural University, Taian, China, 2011.

32. Randall, G.W.; Vetsch, J.A. Nitrate losses in subsurface drainage from a corn-soybean rotation as affected by fall and spring
application of nitrogen and nitrapyrin. J. Environ. Qual. 2005, 34, 590–597. [CrossRef]

33. Zhang, Z.Q.; Gao, Q. Effects of nitrification inhibitor nitrapyrin application in agricultural ecosystems and influencing factors: A
review. Zhongguo Turang Yu Feiliao 2022, 4, 249–258.

34. Bao, S.D. Soil and Agricultural Chemistry Analysis, 3rd ed.; Li, G.Z., Yang, G.D., Eds.; China Agricultural Press: Beijing, China, 2000;
pp. 30–108, 179–180.

35. Lyu, X.D.; Wang, T.; Ma, Z.M.; Zhao, C.Y.; Siddique, K.H.; Ju, X.T. Enhanced efficiency nitrogen fertilizers maintain yields and
mitigate global warming potential in an intensified spring wheat system. Field Crops Res. 2019, 244, 107624. [CrossRef]

36. Blake, G.R.; Hartge, K.H. Bulk Density. In Methods of Soil Analysis, Part 1: Physical and Mineralogical Methods; Klute, A., Ed.; Soil
Science Society of America, American Society of Agronomy, Inc.: Madison, WI, USA, 1986; pp. 363–375.

37. Gao, B.; Ju, X.T.; Su, F.; Meng, Q.F.; Oenema, O.; Christie, P.; Chen, X.P.; Zhang, F.S. Nitrous oxide and methane emissions from
optimized and alternative cereal cropping systems on the North China plain: A two-year field study. Sci. Total Environ. 2014,
472, 112–124. [CrossRef]

38. Zheng, X.H.; Mei, B.L.; Wang, Y.H.; Xie, B.H.; Wang, Y.S.; Dong, H.B.; Xu, H.; Chen, G.X.; Cai, Z.C.; Yue, J.; et al. Quantification of
N2O fluxes from soil-plant systems may be biased by the applied gas chromatograph methodology. Plant Soil 2008, 311, 211–234.
[CrossRef]

39. Hu, X.K.; Su, F.; Ju, X.T.; Gao, B.; Oenema, O.; Christie, P.; Huang, B.X.; Jiang, R.F.; Zhang, F.S. Greenhouse gas emissions from a
wheat-maize double cropping system with different nitrogen fertilization regimes. Environ. Pollut. 2013, 176, 198–207. [CrossRef]

40. Huang, T.; Yang, H.; Huang, C.C.; Ju, X.T. Effect of fertilizer N rates and straw management on yield-scaled nitrous oxide
emissions in a maize-wheat double cropping system. Field Crops Res. 2017, 204, 1–11. [CrossRef]

http://doi.org/10.1073/pnas.0913658107
http://doi.org/10.1073/pnas.1322434111
http://doi.org/10.3390/atmos8100181
http://doi.org/10.2136/sssaj2017.06.0199
http://doi.org/10.1016/j.scitotenv.2020.140500
http://doi.org/10.1111/j.1365-2486.2009.02031.x
http://doi.org/10.1023/B:FRES.0000025287.52565.99
http://doi.org/10.2134/jeq2005.0590
http://doi.org/10.1016/j.fcr.2019.107624
http://doi.org/10.1016/j.scitotenv.2013.11.003
http://doi.org/10.1007/s11104-008-9673-6
http://doi.org/10.1016/j.envpol.2013.01.040
http://doi.org/10.1016/j.fcr.2017.01.004


Agriculture 2022, 12, 1063 15 of 16

41. Mosier, A.R.; Halvorson, A.D.; Reule, C.A.; Liu, X.J. Net global warming potential and greenhouse gas intensity in irrigated
cropping systems in northeastern Colorado. J. Environ. Qual. 2006, 35, 1584–1598. [CrossRef]

42. Barton, L.; Kiese, R.; Gatter, D.; Butterbach-Bahl, K.; Buck, R.; Hinz, C.; Murphy, D.V. Nitrous oxide emissions from a cropped soil
in a semi-arid climate. Glob. Change Biol. 2008, 14, 177–192. [CrossRef]

43. Guo, S.; Jiang, R.; Qu, H.C.; Wang, Y.L.; Misselbrook, T.; Gunina, A.; Kuzyakov, Y. Fate and transport of urea-N in a rain-fed
ridge-furrow crop system with plastic mulch. Soil Tillage Res. 2019, 186, 214–223. [CrossRef]

44. Zhang, F.S.; Cui, Z.L.; Chen, X.P.; Ju, X.T.; Shen, J.B.; Chen, Q.; Liu, X.J.; Zhang, W.F.; Mi, G.H.; Fan, M.S.; et al. Integrated Nutrient
Management for Food Security and Environmental Quality in China. Adv. Agron. 2012, 116, 1–40.

45. Ge, S.F.; Zhu, Z.L.; Wei, S.C.; Jiang, Y.M. Technical approach and research prospect of saving and improving efficiency of chemical
fertilizers for apple in China. Yuanyi Xuebao 2017, 44, 1681–1692.

46. Yang, L.L.; Wang, Y.H.; Han, W.S.; Ma, L.Y.; Yang, G.C.; Han, Y.Y.; Tong, Y.A. Excessive nitrogen application leads to excess
nutrient growth of fruit trees, inhibits reproductive growth, and causes unbalanced nutrient absorption. Nongye Huanjing Kexue
Xuebao 2021, 40, 631–639.

47. Cai, Z.J.; Sun, N.; Wang, B.R.; Xu, M.G.; Huang, J.; Zhang, H.M. Effects of long-term fertilization on PH of red soil, crop yields
and uptakes of nitrogen, phosphorous and potassium. Plant Nutr. Fert. Sci. 2011, 17, 71–78.

48. Zhang, G.; Wang, X.K.; Sun, B.F.; Zhao, H.; Lu, F.; Zhang, L. Status of mineral nitrogen fertilization and net mitigation potential of
the state fertilization recommendation in Chinese cropland. Agric. Syst. 2016, 146, 1–10. [CrossRef]

49. Liu, W.W.; Zhang, G.; Wang, X.K.; Lu, F.; Ouyang, Z.Y. Carbon footprint of main crop production in China: Magnitude,
spatial-temporal pattern and attribution. Sci. Total Environ. 2018, 645, 1296–1308. [CrossRef]

50. Shang, H.L.; Peng, Y.Z.; Zhang, J.R.; Wang, S.Y. Effect of C/N Ratio on Nitrous Oxide Production During Denitrification with
Different Electron Acceptors. Huanjing Kexue 2009, 30, 2007–2012.

51. Venterea, R.T.; Coulter, J.A. Split application of urea does not decrease and may increase nitrous oxide emissions in rainfed corn.
Agron. J. 2015, 107, 337–348. [CrossRef]

52. Smith, K.A. Changing views of nitrous oxide emissions from agricultural soil: Key controlling processes and assessment at
different spatial scales. Eur. J. Soil Sci. 2017, 68, 137–155. [CrossRef]

53. Cao, W.C.; Song, H.; Wang, Y.J.; Qin, W.; Guo, J.H.; Chen, Q.; Wang, J.G. Key production processes and influencing factors of
nitrous oxide emissions from agricultural soils. Zhiwu Yingyang Yu Feiliao Xuebao 2019, 25, 1781–1798.

54. Rodrigues, M.Â.; Coelho, V.; Arrobas, M.; Gouveia, E.; Raimundo, S.; Correia, C.M.; Bento, B. The effect of nitrogen fertilization
on the incidence of olive fruit fly, olive leaf spot and olive anthracnose in two olive cultivars grown in rainfed conditions. Sci.
Hortic. 2019, 256, 108658. [CrossRef]

55. Du, Y.G.; Ke, X.; Li, J.M.; Wang, Y.Y.; Cao, G.M.; Guo, X.W.; Chen, K.L. Nitrogen deposition increases global grassland N2O
emission rates steeply: A meta-analysis. Catena 2021, 199, 105105. [CrossRef]

56. Aronson, E.L.; Helliker, B.R. Methane flux in non-wetland soils in response to nitrogen addition: A meta-analysis. Ecology 2010,
91, 3242–3251. [CrossRef]

57. Wu, X.; Liu, H.F.; Zheng, X.H.; Lu, F.; Wang, S.; Li, Z.S.; Liu, G.H.; Fu, B.J. Responses of CH4 and N2O fluxes to land-use
conversion and fertilization in a typical red soil region of southern China. Sci. Rep. 2017, 7, 10571. [CrossRef]

58. Bhanja, S.N.; Wang, J.Y. Influence of environmental factors on autotrophic, soil and ecosystem respirations in Canadian boreal
forest. Ecol. Indic. 2021, 125, 107517. [CrossRef]

59. Zhao, M.; Guo, S.L.; Wang, R. Diverse soil respiration responses to extreme precipitation patterns in arid and semiarid ecosystems.
Appl. Soil Ecol. 2021, 163, 103928. [CrossRef]

60. Qiu, F.; Jiang, Y.J. Effect of temperature on CO2 emission rate of soil with different organic matter content. China Pet. Chem. Stand.
Qual. 2011, 31, 68.

61. Shang, Q.Y.; Yang, X.X.; Gao, C.M.; Wu, P.P.; Liu, J.J.; Xu, Y.C.; Shen, Q.R.; Zou, J.W.; Guo, S.W. Net annual global warming
potential and greenhouse gas intensity in Chinese double rice-cropping systems: A 3-year field measurement in long-term
fertilizer experiments. Glob. Change Biol. 2011, 17, 2196–2210. [CrossRef]

62. Ju, X.T.; Lu, X.; Gao, Z.L.; Chen, X.P.; Su, F.; Kogge, M.; Römheld, V.; Christie, P.; Zhang, F.S. Processes and factors controlling
N2O production in an intensively managed low carbon calcareous soil under sub-humid monsoon conditions. Environ. Pollut.
2011, 159, 1007–1016. [CrossRef]

63. Liu, C.; Wang, K.; Zheng, X. Responses of N2O and CH4 fluxes to fertilizer nitrogen addition rates in an irrigated wheat-maize
cropping system in northern China. Biogeosciences 2012, 9, 839–850. [CrossRef]

64. Cammarano, D.; Basso, B.; Holland, J.; Gianinetti, A.; Baronchelli, M.; Ronga, D. Modeling spatial and temporal optimal N
fertilizer rates to reduce nitrate leaching while improving grain yield and quality in malting barley. Comput. Electron. Agric. 2021,
182, 105997. [CrossRef]

65. Dawar, K.; Khan, A.; Sardar, K.; Fahad, S.; Saud, S.; Datta, R.; Danish, S. Effects of the nitrification inhibitor nitrapyrin and mulch
on N2O emission and fertilizer use efficiency using 15N tracing techniques. Sci. Total Environ. 2021, 757, 143739. [CrossRef]

66. Vilarrasa-Nogué, M.; Teira-Esmatges, M.R.; Pascual, M.; Villar, J.M.; Rufat, J. Effect of N dose, fertilization duration and application
of a nitrification inhibitor on GHG emissions from a peach orchard. Sci. Total Environ. 2020, 699, 134042. [CrossRef]

67. Lan, T.; Han, Y.; Roelcke, M.; Nieder, R.; Cai, Z.C. Effects of the nitrification inhibitor dicyandiamide (DCD) on gross n
transformation rates and mitigating N2O emission in paddy soils. Soil Biol. Biochem. 2013, 67, 174–182. [CrossRef]

http://doi.org/10.2134/jeq2005.0232
http://doi.org/10.1111/j.1365-2486.2007.01474.x
http://doi.org/10.1016/j.still.2018.10.022
http://doi.org/10.1016/j.agsy.2016.03.012
http://doi.org/10.1016/j.scitotenv.2018.07.104
http://doi.org/10.2134/agronj14.0411
http://doi.org/10.1111/ejss.12409
http://doi.org/10.1016/j.scienta.2019.108658
http://doi.org/10.1016/j.catena.2020.105105
http://doi.org/10.1890/09-2185.1
http://doi.org/10.1038/s41598-017-10806-z
http://doi.org/10.1016/j.ecolind.2021.107517
http://doi.org/10.1016/j.apsoil.2021.103928
http://doi.org/10.1111/j.1365-2486.2010.02374.x
http://doi.org/10.1016/j.envpol.2010.10.040
http://doi.org/10.5194/bg-9-839-2012
http://doi.org/10.1016/j.compag.2021.105997
http://doi.org/10.1016/j.scitotenv.2020.143739
http://doi.org/10.1016/j.scitotenv.2019.134042
http://doi.org/10.1016/j.soilbio.2013.08.021


Agriculture 2022, 12, 1063 16 of 16

68. Tian, D.; Zhang, Y.Y.; Zhou, Y.Z.; Mu, Y.J.; Liu, J.F.; Zhang, C.L.; Liu, P.F. Effect of nitrification inhibitors on mitigating N2O and
NO emissions from an agricultural field under drip fertigation in the North China Plain. Sci. Total Environ. 2017, 598, 87–96.
[CrossRef]

69. Zhou, X.; Wang, S.W.; Ma, S.T.; Zheng, X.K.; Wang, Z.Y.; Lu, C.H. Effects of commonly used nitrification inhibitors-dicyandiamide
(DCD), 3,4-dimethylpyrazole phosphate (DMPP), and nitrapyrin-on soil nitrogen dynamics and nitrifiers in three typical paddy
soils. Geoderma 2020, 380, 114637. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2017.03.220
http://doi.org/10.1016/j.geoderma.2020.114637

	Introduction 
	Materials and Methods 
	Description of Study Site 
	Experimental Design and Field Management 
	Gas Sampling and Measurements 
	Environmental Factors Measurements 
	Calculation 
	Statistical Analysis 

	Results 
	Environmental Factors 
	GHG Emissions 
	N2O Emission 
	CH4 Uptake 
	CO2 Flux 

	Wolfberry Yield, GWP and GHGI 

	Discussion 
	Effects of N Fertilizer Rate on Yield, GHG Emissions, GWP and GHGI 
	Effects of Nitrapyrin on Yield, GHG Emissions, GWP and GHGI 
	Effects of N Fertilizer Rate Combined with Nitrapyrin on Yield, GHG Emissions, GWP and GHGI 

	Conclusions 
	References

