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ARTICLE INFO ABSTRACT

Handling Editor: Bin Chen Mitigating climate change and improving food production are major challenges worldwide. Applications of
lignite-based bioorganic products (or lignite-based fertilizer) can improve soil physicochemical properties and
crop production in saline-sodic farmland. However, little is known about the effects of lignite bioorganic fer-
tilizer (LBF) on greenhouse gas (GHG) emissions and climate change mitigation. Thus, a two-year field experi-
ment was conducted in saline-sodic farmlands in the upper Yellow River basin, Northwest China. The field
experiment comprised six treatments, including a negative control without any organic fertilizer (CK), a positive
control amended with sheep manure (FYM), and four treatments amended with 1.5 (LBF1), 3 (LBF2), 4.5 (LBF3),
and 7.5 t ha~! (LBF4) LBF. The results showed that the LBF treatments decreased the emissions of CH4 and CO,
while increasing N»O emissions when the application rate was over 3 t ha~!. Additionally, FYM treatment acted
as a CHy source, while LBF2 and LBF3 treatments were both CHy sinks. The LBF3 treatment had the highest net
ecosystem carbon budget (NECB) and the lowest net ecosystem global warming potential (NGWP), which were
6.04 and 4.82 t ha™! and -22.09 and —17.39 t ha™! higher than those of the CK treatment in 2019 and 2020,
respectively. Moreover, the net ecosystem economic budget (NEEB) of the LBF2 and LBF3 treatments was higher
than that of the other treatments. Compared with the CK treatment, the FYM treatment increased the NCEB and
decreased NGWP but it also decreased the NEEB. For nitrogen and carbon cycling, the LBF3 treatment increased
almost all gene families involved in nitrogen cycling, except for nirA and hao, while the FYM treatment reduced
the nirKS, norBC, nosZ, and hao gene families. The modules for carbohydrate metabolism and methanogenesis
were also reduced by the LBF treatments. In conclusion, the LBF2 and LBF3 treatments had higher NECB, NGWP,
and NEEB, indicating that the application of lignite bioorganic fertilizer at 3.0-4.5 t ha™! is appropriate for
climate change mitigation in saline-sodic farmlands in the upper Yellow River basin, Northwest China.
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1. Introduction

With global warming and population growth, mitigating climate
change and improving food production are significant challenges
worldwide (Zhang et al., 2018; Shakoor et al., 2021a). Global warming
will be irreversible in the future, and the average global temperature
will increase by approximately 1.5 °C in the next 20 years (IPCC, 2021).

However, reducing greenhouse gas (GHG) emissions is an effective
method to keep the atmosphere from becoming warmer in the future.
Although the primary source for GHG is the massive burning of fossil
fuels and rapid deforestation, human-caused GHG from agricultural soil
contributes almost 10-14% of the total GHG through manure and syn-
thetic fertilizer (Paustian et al., 2016; Shakoor et al., 2020). Soil sali-
nization has become one of the critical constraints for the sustainable

; GHG, greenhouse gas; NECB, net ecosystem carbon budget; NGWP, net ecosystem global warming potential; NEEB, net ecosystem economic budget.
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development of global agriculture. Around the world, the total areas of
saline and sodic soil are approximately 397 and 434 million hectares,
respectively (Daliakopoulos et al., 2016; Ghosh et al., 2017). In China,
the Hetao Irrigation District (HID), located in the upper Yellow River
basin, is one of the main grain production areas; however, crop growth
in HID is limited by soil salinization caused by the shallow groundwater
table, scarce precipitation, and large evaporation. Soil salinization has
also been proven to be the major factor for reconstructing the global
distribution of soil microorganisms and suppressing nitrogen and carbon
cycling pathways (Lozupone and Knight, 2007; Kelly et al., 2021; Yang
et al., 2021). Thus, the GHG emissions in saline-sodic farmland are
significantly limited (Tang et al., 2016). For instance, Zhang et al.
(2017) reported that higher soil pH and salinity reduced the emissions of
CO9, CH4, and N3O, subsequently lowering the global warming poten-
tial. These results led to the hypothesis that improving crop growth
could change saline-sodic farmland from GHG sources to GHG sinks by
increasing photosynthesis and crop production. Above all, ameliorative
methods need to be taken to improve the soil quality of saline-sodic soil
to increase crop production and mitigate climate change.

In recent years, organic matter, e.g., farmyard manure (FYM) and
raw lignite, has been used to improve soil quality and productivity
(Mahmood et al., 2017; Amoah-Antwi et al., 2020). It has been widely
recognized that applying FYM, a readily available organic fertilizer, can
increase soil organic matter and improve crop yield (Loper et al., 2010;
Zhang et al., 2015; Zhen et al., 2014). For instance, Mahmood et al.
(2017) reported that the application of FYM (15 t ha™!) increased soil
organic carbon by 85%-90%, decreased pH and bulk density by 4%-7%
and 10%, respectively, and improved maize yield by 52%-77%. Previ-
ous studies have consistently proven that the addition of FYM also
improved GHG emissions from the soil and global warming potential
due to an increase in soil respiration (Zhou et al., 2017; Shakoor et al.,
2021b). However, those studies only evaluated the impacts of FYM on
GHGs emitted from the soil, and the increased carbon sink from the
atmosphere achieved by improvement of photosynthesis was barely
reported. Therefore, the effects of the application of FYM on the net
carbon budget and net GHG emission from the crop system were largely
unclear, especially in saline-sodic farmland. Moreover, the application
of FYM provided more organic carbon to the soil, which could improve
nitrogen and carbon cycling in crop systems. However, to the best of our
knowledge, there is still a lack comprehensive analyses of the influence
of FYM on nitrogen and carbon cycling.

Lignite has received attention from researchers as a potential soil
conditioner in recent years (Little et al., 2014; Tsetsegmaa et al., 2018).
Studies have demonstrated that applying lignite or lignite-based fertil-
izer can improve soil organic matter, in turn increasing nutrient holding
and water retention ability as well as crop yield (Nan et al., 2015; Dubey
et al.,, 2019). For instance, Akimbekov et al. (2020) reported that
compared with a control treatment, applying humic acid derived from
lignite improved potato growth and tuber yield by 54.9% and 66.4%,
respectively. Although the application of lignite or lignite-based fertil-
izer has been demonstrated to modify soil physicochemical properties
and in turn improve crop production, the effects of lignite or lignite
products on GHG emissions and net ecosystem carbon budgets (NECBs)
are not well understood. Additionally, lignite or lignite bioorganic fer-
tilizer contains a variety of organic compounds (Akimbekov et al., 2020;
Li et al., 2020), which could provide many substrates for nitrogen and
carbon metabolism and then impact the nitrogen and carbon cycling
pathways.

Above all, although previous studies have proven that the applica-
tion of farmyard manure and lignite or lignite-based fertilizer could
improve soil quality, the impacts of farmyard manure and lignite-based
fertilizer on GHG emissions, the carbon budget, net global warming
potential, and nitrogen and carbon cycling pathways are largely unclear.
Thus, the main objectives of our research are (1) to assess the effects of
farmyard manure and lignite-based fertilizer on soil GHG emissions; (2)
to study the impacts of farmyard manure and lignite-based fertilizer on
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net ecosystem carbon and the economic budget; and (3) to explore the
influence of farmyard manure and lignite-based fertilizer on nitrogen
and carbon cycling pathways in saline-sodic farmlands in the upper
Yellow River basin, Northwest China.

2. Materials and methods
2.1. Experimental site and experimental design

The field experiments were conducted in 2019 and 2020 at the Hetao
Experimental Station of China Agricultural University (41°09'N,
107°39'E, 1042 m.a.s.l) in the upper Yellow River basin, Northwest
China. The experimental site is characterized by a semiarid temperate
continental climate with 2200-2400 mm of potential evaporation. The
annual mean temperature and precipitation are 6.8 °C and 160-180 mm,
respectively. Approximately 50% of the annual precipitation occurs
from July to September. In the study area, the average sunshine duration
is approximately 3230 h, and frost-free conditions last for approximately
130 d, with a maximum frozen soil depth of 1.2 m (Li et al., 2020). The
details of rainfall and air temperature during sunflower growth period
were illustrated in Fig.1.

In the field experiment, six treatments were applied: the control
treatment without organic fertilizer (CK), the farmyard manure treat-
ment amended with sheep manure at 21 t ha™! (FYM), and four treat-
ments amended with lignite bioorganic fertilizer at 1.5 (LBF1), 3 (LBF2),
4.5 (LBF3)and 7.5t ha™! (LBF4). An application rate of 21 t ha~! was
recommended by local farmers, and the rate of lignite bioorganic fer-
tilizer application was chosen based on the manufacturers’ recom-
mended value of 3 t ha™!. The basic properties of the lignite bioorganic
fertilizer are listed in Table 1. All plots were arranged following a
completely randomized block method in this study, and each plot had an
area of 126 m? (7 m x 18 m). Basic physicochemical properties are
summarized in Table 1. As shown in Table 1, the pH, exchangeable so-
dium saturation percentage (ESP), saturated electrical conductivity
(EC,.), saturated sodium adsorption ratio (SAR.), and soil bulk density
are 9.4, 56 (mmoles 1 )% 9.3dsm™, 16.3%, and 1.62, respectively in
0-20 cm, indicating that soils of the study area saline-sodic and of poor
physical and chemical properties.

The lignite bioorganic fertilizer (LBF) is a novel, biochemically
processed lignite product. It has been certified by the OMRI and EU as an
organic fertilizer and soil conditioner (provided by Apaxfon Bioscience
and Technologies Ltd., CO, “Apaxfon”, Baotou, Inner Mongolia, China).
Lignite bioorganic fertilizer (LBF) is produced with lignite through a
series of physicochemical and biochemical reactions. LBF contains a
variety of organic compounds, ranging from large humic matter to small
soluble organic acids. The basic properties of the LBF and FYM are listed
in Table 1.

Sunflower (Guaner No. 1) was sown on June 2nd and June 5th and
harvested on September 16th and September 18th in 2019 and 2020,
respectively. Alternating wide and narrow rows with a wide-row spacing
of 100 cm and narrow-row spacing of 40 cm was adopted in this study.
Thus, the average row spacing was 70 cm. Additionally, the plant
spacing was approximately 50 cm, resulting in a plant density of
approximately 28,500 plants ha~!. The narrow rows were covered by
black plastic film with a width of 70 cm and a thickness of 0.008 mm.
FYM and LBF were supplied as base fertilizers before seeding. In terms of
chemical fertilizer, 81.0 kg ha™! N, 90.3 kg ha™! P, and 30 kg ha™! K
were applied as base fertilizers, and at the budding stage of sunflowers,
25.2kgha ' N, 9.2kg ha™! P, and 5.0 kg ha ! K were applied. To reduce
the limitations of salinity and sodicity on crop emergence, 1800 m> ha™!
water from the Yellow River was applied to the field before seeding. No
irrigation was applied during the growing period of sunflower.
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Fig. 1. Daily minimum and maximum temperatures, and precipitation at the experimental site throughout the sunflower growing seasons (2019 and 2020).

Table 1
The physicochemical properties of the soil, lignite bioorganic fertilizer and
farmyard manure.

Property Soil Lignite bioorganic Farmyard
fertilizer manure
Sand (%) 40.5 - -
Silt (%) 53.5 - -
Clay (%) 6.03 - -
Texture Silt - -
loam
Bulk density (g 1.62 - 0.7
cm %)
pH 9.4 8.48 8.0
ECe (dsm™) 9.3 30.8 -
SARe (mmoles 56 - -
1 1)0.5
ESP (%) 16.3 - -
SOM (g kg™ 6.9 836 530
Total N (%) 0.06 3.09 2.22
Total C (%) 1.61 36.63 24.67
C/N ratio 26.8 11.86 111
AN (mg kg™) 12.5 280.4 -
P (P,05, mg kg™!) 10.6 42,100 -
K (K20, mg kg ™) 258.5 27,800 -
AN + P05+ K30 - 7.0 6.3

(%)

Note: EC, represents the electrical conductivity of saturated paste extract; SAR,
represents the sodium adsorption ratio of saturated paste extract; ESP represents
the exchangeable sodium saturation percentage; SOM represents the soil organic
matter; AN represents the available nitrogen; AP represents the available
phosphorous; AK represents the available potassium.

2.2. Sampling and measurements

2.2.1. Measurement of greenhouse gas fluxes

Soil gases were collected using a static chamber method approxi-
mately every ten days during the sunflower growth period each year (Li
et al., 2020). The static chambers were placed between two rows of
sunflower plants. Five gas samples for each plot were collected at 9:00 to
11:00 with 10-min intervals. The concentrations of three main green-
house gases, CO,, CH4, and N2O, were then measured by GC-2014 gas
chromatography (Shimadzu Scientific Instruments) within 48 h. The
static chamber was made of stainless steel with a size of 40 cm x 40 cm
x 40 cm. The detailed processes for measuring GHG can be found in Li
et al. (2020) and Wang et al. (2014). The flux and total CO2, CHy4, and
N,O emissions were calculated using Egs. (1) and (2), respectively.

p_deM P 273

- 1
dt Vy Py (273+t) ( )

n—1
Fi+F,
E=24x]> (Fit Fins) ’*2 ‘“)Ad] x 107 2
i=1

where F is the greenhouse gas emission flux, mg m~2 h™Y; d./d, is the
variation ratio of the measured greenhouse gas, mg m > h™!; M is the
molar mass of greenhouse gas molecules, g mol~}; t is the air tempera-
ture, °C; P and Py are actual and atmospheric pressure, KPa, respectively;
H is the height of the chamber, m; E is the total emissions of greenhouse
gas during the sunflower growth period, kg ha™%; F;;1 and F; are the
greenhouse gas fluxes measured at times i+1 and i, respectively, mg m >
h_l; and /\d is the number of days between F; 1 and F;.

2.2.2. Soil properties and plant samples

In this study, soil samples in the 0-10 cm soil layer were taken to
measure NH47-N, NO3-N, pH, electrical conductivity (EC), and soil
water content immediately after gas collection. NH;"-N and NO3 -N
were examined by ultraviolet spectrophotometry (UV-3100, China), and
the details of the measurement processes were similar to those of Li et al.
(2020). The EC and pH were potentiometrically measured using a
soil/solution ratio of 1:5 (Li et al., 2021). The soil water content was
determined by the thermogravimetric method. The soil temperature was
measured using a geothermometer (WNY-12, China) inserted to a depth
of 10 cm near the static chamber.

Before experiment, soil samples collected from 0 to 20 cm top layer,
lignite bioorganic fertilizer, and farmyard manure were taken to mea-
sure their basic properties, including soil particle-size distribution, bulk
density, pH, saturate electronic conductivity (EC,), soil cation exchange
capacity (CEC), sodium adsorption ratio (SAR.), exchangeable sodium
(ES), exchangeable sodium percentage (ESP), total N and C, available N
(AN), P (AP), and K (AK), and soil organic matter (SOM). Soil particle-
size distributions were determined using the laser diffraction particle
size analyze (Mastersizer 2000, the UK) (Li et al., 2020), and soil texture
was determined using the US textural classification triangle (Li et al.,
2020). Soil bulk density was measured using the gravimetric method.
CEC was measured by the sodium acetate method (Chapman, 1965). ES
was determined by the ammonium acetate method (Bao, 2000). ESP was
determined as the ratio of ES to CEC. SAR. was the ratio of soluble Na *
to (O.5Caz++0.5Mg2+) 05 (Zaman et al., 2018). The soluble Na™, ca’t,
and Mgt were determined using a potentiometric titration (Titrator
Excellence T5, Switzerland) (Bao, 2000). Total N and C were determined
using an element analyzer (Vario Macro CN, Germany). AN was the sum
of NH4"-N and NO3 ™ -N, which was determined by ultraviolet spectro-
photometer (UV-3100, China). AK was determined using the ammonium
acetate extraction-flame photometry (Model 410 Flame Photometer,
US). AP was determined by the sodium bicarbonate extraction-Mo-Sb
colorimetry method (Li et al., 2021). SOM was determined using the
potassium dichromate volumetric-external heating method (Li et al.,
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2021).

In this study, sunflowers from a 10 m? area in each plot were har-
vested during the late-maturing stage to measure yield. In addition,
three plants in each plot were selected for measuring aboveground dry
biomass. To avoid edge effects, the three plants were chosen based on an
even growth distribution and location; in other words, they were
selected from the middle of the plot. The plants were divided into three
parts (flower, leaf, and stem) and then put into the oven to cease
metabolic activity (105 °C) for 30 min before being dried to a constant
weight at 85 °C for measurement of dry biomass. The root samples
within an area of 40 cm x 40 cm around the root were dug out by a
spade from a 0-40 cm soil depth at the maturity stage of sunflower. All
root samples were carefully washed and then dried to a constant weight
using the same measurement of aboveground dry biomass. After
measuring dry biomass, the dried plant samples were ground to 0.5 mm
with an ultra-micro crusher (XL-30C, China). 50.0 mg plant samples
were weighted and wrapped in tin foil cones, and then C content of each
sample was determined by an element analyzer (Vario Macro CN,
Germany).

2.2.3. Calculation of the net ecosystem carbon budget

The NECB was the difference between carbon input and carbon
emission. In this study, the NECB was calculated as follows (Wu et al.,
2018; Liu et al., 2019):

NECB= C[npm - C{)/AI[JM = GPP + Camendmem - (Rc JFR; + Ch + CH4) (3)

GPP =NPP + R, (@)
NPP = NPP; + NPP, + NPP, 4 NPP, (5)

where NECB is net ecosystem carbon budget, t C ha~'; GPP and NPP are
gross primary production and net primary production, t C ha’!,
respectively, and the ratio of NPP/GPP is almost 0.52 (Wu et al., 2018);
Camendment is the addition of C through application of LBF, t C hafl; R,
and R; are respiration from crops and soil, respectively, t C ha™%; Cy is
carbon removed via harvest, t C ha~!; and CH, is emissions of CH, from
soil, t Cha™!. NPPy, NPP;, NPP;, and NPP; are the net primary production
of flowers, leaves, stems and roots of sunflower, respectively, which
were determined by multiplying dry biomass and C content at sunflower
harvest in this study, t C ha™!. Considering that the organic carbon in the
farmyard manure decomposes quickly in soil, while the organic carbon
in the lignite decomposes slowly and exists in soil for a long time, only
the Camendment Of LBF was considered in this study.

2.2.4. Calculation of NGWP, NGWPI, and NEEB

To comprehensively evaluate the influence of FYM and LBF on global
warming potential, the NGWP, net greenhouse gas intensity (NGWPI),
and NEEB were calculated as follows (Wu et al., 2018; Liu et al., 2019):

44
NGWP =28 x CH +265 X N>0 + Ry = 15 X (Canenamens + NPP) ©)
NGWPI=NGWP/Y 7
NEEB = YB — PC — GWPC 8

where NGWP is net global warming potential, with positive values
indicating global warming potential (GWP) emissions from crop eco-
systems and negative values indicating net sinks of GWP, t CO-equiv-
alentha™%; CHy4, N5O, and R, are emissions of CH4, N,O, and CO», t ha %
Y is sunflower yield, t ha~'; NGWPI is net greenhouse gas intensity (t
t_l); NEEB is the net ecosystem economic budget (thousand Chinese
Yuan (CNY) ha’l); YB is yield benefits, thousand CNY ha! ; and PC and
GWPC are the cost of planting and global warming potential, respec-
tively, thousand CNY ha~. The price of GWP in the Chinese market is
approximately 100 CNY per kg CO-equivalent.
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2.2.5. Measurement of nitrogen and carbon cycling pathways

In this study, the primers 338F and 806R were used to amplify the
16S rRNA gene from bacteria (Bates et al., 2011). The details of soil DNA
extraction and quality control of the raw 16S rRNA gene sequencing
reads can be found in multiple previous studies (Magoc and Salzberg,
2011; Chen et al., 2018; Yang et al., 2021). To estimate the influence of
FYM and LBF on nitrogen and carbon cycling, we focused on the func-
tional gene families in nitrogen and carbon cycling processes. The gene
of each operational taxonomic unit (OTU) was determined by PICRUSt2
software (Douglas et al., 2019). The gene families involved in nitrogen
and carbon cycling were then selected using the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database. In this study, gene families
involved in seven nitrogen cycling pathways, including nitrification,
denitrification, assimilation, nitrogen fixation, ammonification,
dissimilatory nitrate reduction, and assimilatory nitrate reduction, were
compared among treatments, and a total of 47 modules for carbon
cycling pathways were considered in this study.

2.3. Statical analysis

The differences in experimental variables were analyzed using R and
DPS software by one-way analysis of variance (ANOVA). The least sig-
nificant difference (LSD) method was used to determine the significant
differences between values. Structural equation modeling (SEM) for
evaluating the direct and indirect correlations between the soil prop-
erties and greenhouse gas emissions was performed in AMOS v.21.0
software (AMOS, IBM, USA). Structural equation modeling (SEM) was a
comprehensive analysis including factor and pathway analyses. It was
usually used to explore direct and indirect effects of independent vari-
ables on dependent variables, and to explore the importance of inde-
pendent variables to dependent variables. In this study, we used SEM to
explore the direct and indirect factors regulating the NoO, CHy4, and CO4
emissions, as well as to evaluate the contributions of these factors by
assessing the degree of the standardized total effect (direct effect plus
indirect effect). Models with a nonsignificant y? test (ratio of Chi-Square
to df (y2/df), P > 0.05), high goodness of fit index (GFI>>0.90), and low
root mean square error of approximation (RMSEA<0.05) were consid-
ered to be adequate.

3. Results
3.1. Soil greenhouse gas emission

Fig. 3 shows the dynamics of greenhouse gas emissions (CHy4, CO,
and N30) during the growing period of sunflower in 2019 and 2020. As
shown in Fig. 3A and B, in 2019 and 2020, CH4 emissions of the FYM and
CK treatments were generally higher than those of the LBF treatments
(LBF1-LBF4). The highest CH4 emissions were found in the FYM treat-
ment in both 2019 and 2020. Specifically, CH4 emissions of the FYM
were in the ranges of —0.3 to 69.3 pgg m 2 h™! and -8.4 to 67.4 yg m 2
h~!, respectively. The average CH4 emissions of the CK treatment ranged
from —5.9 t0 89.1 pgm~2h ! and -18.4 t0 62.5 pggm 2 h ! in 2019 and
2020, respectively. Regarding the emissions of COo, Fig. 3C and D shows
that the CO5 emissions of the FYM and CK treatments were higher than
those of the LBF treatments (LBF1-LBF4) in both 2019 and 2020. Spe-
cifically, compared with the CK treatment, the LBF treatments (LBF1-
LBF4) reduced the average CO, emissions by 79.6-142.5 mg m~2 h™!
and 31.5-70.4 mg m~2 h™! in 2019 and 2020, respectively, indicating
that the application of LBF decreased CO5 emissions. In addition, the
FYM treatment increased the average CO» emissions by —59.7 and 19.8
mgm~2h~!in 2019 and 2020, respectively, compared to those in the CK
treatment. For N2O emissions, Fig. 3E and F illustrate that the N2O fluxes
of the FYM and LBF4 treatments were generally higher than those of the
other treatments, especially after fertilizer application. The FYM treat-
ment increased the average N,O emissions by 5.1 and 142.2 pgm 2h™!
in 2019 and 2020, respectively, compared to those in the CK treatment,
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Fig. 3. The dynamics of greenhouse gas emissions (CH4, CO5, and N,0) during the growing period of sunflower in 2019 and 2020.
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demonstrating that the application of FYM could augment N;O emis-
sions. In 2019, 2020, the average N2O emissions of the LBF4 treatment
were 9.2 and 132.0 pg m~2 h™! higher than those of the CK treatment,
respectively. It is worth noting that after the application of fertilizer
(June 14, 2019 and July 17, 2020), the N,O emissions of all treatments
increased, especially those of the FYM, LBF3, and LBF4 treatments,
while the CH4 and CO2 emissions rarely changed, indicating that the
application of fertilizer only had a significant influence on NyO emis-
sions in saline-sodic soil.

The cumulative emissions of greenhouse gases (CH4, CO2, and N20)
during the sunflower growth period in 2019 and 2020 are illustrated in
Fig. 4. Fig. 4A and B shows that the FYM treatment increased the cu-
mulative emissions of CH4 by 0.05 and 0.25 kg ha™!, respectively. In
addition, the cumulative emissions of CH4 in the FYM and CK treatments
were both positive, making the FYM and CK treatments CH4 sources.
Compared with the CK treatment, the LBF treatments (LBF1-LBF4)
decreased the cumulative emissions of CHg4, especially the LBF2 and
LBF3 treatments, which decreased the cumulative emissions of CH4 by
0.26 and 0.54 kg ha~! in 2019 and by 0.29 and 0.22 kg ha™! in 2020,
respectively. Additionally, the cumulative emissions of CHy in the LBF2
and LBF3 treatments were negative, making the LBF2 and LBF3 treat-
ments both CHy sinks. As shown in Fig. 4C and D, as the application rate
of LBF increased, the cumulative emissions of CO5 generally showed a
decreasing trend. Compared with the CK treatment, the LBF1 to LBF4
treatments decreased the cumulative emissions of CO3 by
1987.3-3557.6 kg ha ! and 726.4-1668.8 kg ha™! in 2019 and 2020,
respectively, indicating that the application of LBF could decrease soil
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CO emissions. Fig. 4E and F shows that compared with the CK treat-
ment, the FYM treatment increased the cumulative emissions of N3O,
especially in 2020, in which the FYM treatment augmented the cumu-
lative emissions of N2O by 3.27 kg ha™! in comparison with those in the
CK treatment. Additionally, the cumulative emissions of N5O in the LBF2
to LBF4 treatments were 0-0.35 kg ha~! and 1.09-3.04 kg ha! in 2019
and 2020, respectively, which were higher than those in the CK treat-
ment, suggesting that the application of LBF increased NoO emissions
when the application rate was over 3 t ha ",

The effects of soil chemistry properties on GHG emissions are clearly
illustrated in Fig. 5. As shown in Fig. 5, the values of XZ/df, p, GFI, and
RMSEA for the three SEMs indicated that the three SEMs met the sig-
nificance criteria. Fig. 5A and E shows that the soil water content had the
largest direct effect on CH4 emissions, and the total effects of soil water
content on CH4 emissions were also the largest. As shown in Fig. 5B, CO4
emissions were significantly positively affected by soil temperature and
negatively affected by soil pH. Thus, the total effects of pH and soil
temperature on CO, were greater than those of NH4 ", EC, soil water
content, and NOs~ (Fig. 5F). Among all the studied soil chemistry
properties, NH4" and soil temperature significantly and positively
affected NyO emissions, while soil pH had a significantly negative in-
fluence on N3O emissions (Fig. 5C). Soil temperature also indirectly
affected N,O emissions by impacting NH;". NH,4", soil pH, and soil
temperature generally had greater total effects on N2O emissions than
the other soil chemical properties. In addition, the total effect of soil pH
on greenhouse gas emissions showed that soil pH negatively affected
CHjy4, CO», and N5,O emissions.

1.0 Fig. 4. The cumulative emissions of green-
~ *) ®)|  house gas (CHy, CO3, and N3O) during the
2 sunflower growth period in 2019 and 2020.
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-1.0 T T T T T T T T T T T
10000

©) (D)

' 2
5 8000 2 -
2 b ki
s ab
@ 6000 - bed N - abe bo
€ cd
5 d c
o)
9 4000 .
o
2
©
= — —
2 2000
3
[§)

0 T T T T T

12
= (E) (F)

8 104 43
2 |
— a
2 g _

2 ab
8 ab
5 6 — b
)
z b
o 4 —
2
©
— ab a5 ab a a
£ 27 ﬂ b i
° ﬂ

0 T T ITI 1 1 1

FYM CK LBF1 LBF2 LBF3 LBF4 FYM CK LBF1 LBF2 LBF3 LBF4
Treatments Treatments
2019 2020



Z. Chen et al.

X?/df=0.88,p=0.48,GFI1=0.99,RMSEA=0

X?/df=1.1,p=0.40,GF1=0.98, RMSEA=0.05
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Fig. 5. Structure equation model for the standardized direct and indirect impacts of soil properties on greenhouse gas emissions (A-C) and the standardized total

impacts on CH4(D), CO2(E), and NoO(F).

Note: The numbers in the A-C represent the standardized direct impacts on greenhouse gas emissions. The black asterisk means that the effects are significant at p <
0.05 level. EC, TEM, and SWC are soil electricity conductivity, soil temperature, and soil water content, respectively. CK represents the control treatment without
organic fertilizer; FYM is farmyard manure treatment applied with sheep manure of 21 t ha~!; LBF1-LBF4 are four treatments applied with the lignite bioorganic

fertilizer of 1.5, 3, 4.5 and 7.5 t ha™?, respectively.

Table 2
The net ecosystem carbon budget and its components in 2019 and 2020.

Year  Treatment NPP(t  Camendment Ch(tha Cg(tha™!) NCEB
ha 1) (tha 1) ) (tha
1
FYM 6.01+  0.00 235+ 171+ 1.95 +
0.64b 0.18b 0.03b 0.74d
CK 385+  0.00 157+ 211+ 0.17 +
0.05¢ 0.19¢ 0.04a 0.11e
LBF1 593+  0.52 249+ 147+ 2.49 +
0.37b 0.16b 0.07bcd 0.4c
2019  LBF2 816+  1.04 319+ 157+ 4.45 +
0.37a 0.32a 0.03bc 0.71bc
LBF3 948+  1.56 355+  1.27 + 6.21 +
0.47a 0.2a 0.06cd 0.29a
LBF4 531+ 260 151+  1.140.05d  5.26 +
0.29bc 0.32¢ 0.11 ab
FYM 4.04+  0.00 166+ 173+ 0.65 +
0.3cd 0.04bc  0.07a 0.42¢
CK 332+  0.00 115+  1.66 + 0.52 +
0.2d 0.12d 0.02 ab 0.34c
LBF1 357+ 052 145+ 145+ 1.2+
0.12d 0.05cd  0.04abc 0.16b
2020  LBF2 621+  1.04 203+ 14+ 3.81 +
0.1b 0.05ab  0.1bc 0.12a
LBF3 734+ 156 211+ 146+ 5.34 +
0.19a 0.2a 0.01abc 0.06a
LBF4 466+  2.60 113+  1.20.03c 493 +
0.12c 0.09d 0.24a

Note: Values in table are mean + standard deviation; Different letters in same
column indicate significant difference at p < 0.05; NPP, Camendments Ch, Cs, and
NCEB are net primary production, addition C through application of LBF,
removed carbon from harvest, carbon output from soil (CO, and CH,4), and net
ecosystem carbon budget, respectively; CK represents the control treatment
without organic fertilizer; FYM is farmyard manure treatment applied with
sheep manure of 21 t ha~'; LBF1-LBF4 are four treatments applied with the
lignite bioorganic fertilizer of 1.5, 3, 4.5 and 7.5 t ha™?, respectively.

3.2. Net ecosystem carbon budget and global warming potential

The components of the net ecosystem carbon budget in 2019 and
2020 are listed in Table 2. The NPP first increased and then decreased
with the increase in the application rate of LBF. The highest NPPs ob-
tained in the LBF3 treatment were 9.48 and 7.34 t ha! in 2019 and
2020, respectively. The LBF treatments increased the NPP by 0.72-5.63
and 0.25 to 4.02 t ha™! in 2019 and 2020, respectively, in comparison
with that in the CK treatment, indicating that the application of LBF
could increase net primary productivity, especially the application of
LBF at 4.5 t ha~. The NPP of the FYM treatment was 2.16 and 0.72 t
ha™! higher than that of the CK treatment in 2019 and 2020, respec-
tively. Overall, the application of LBF and FYM increased net primary
productivity. Additionally, compared with the FYM treatment, the LBF3
treatment significantly increased the NPP by 57.7% and 81.7% in 2019
and 2020, respectively. The carbon output in harvested grain (Cy) was
also increased by the FYM and LBF treatments, except for the LBF4
treatment. Compared with the CK treatment, the LBF1 to LBF3 treat-
ments obviously increased Cy, by 0.92-1.98 and 0.3 to 0.96 t ha™! in
2019 and 2020, respectively. The Cy, of the FYM treatment was 0.78 and
0.51 tha™!, which was significantly higher than that of the CK treatment
in 2019 and 2020, respectively. In contrast, the application of LBF
decreased the carbon output (Cg) from soil (CO, and CHy), and Cg
generally showed a decreasing trend as the application rate of the LBF
increased in both 2019 and 2020. The LBF treatments decreased the Cg
by 0.54-0.97 t ha™! and 0.2 to 0.46 t ha™! in 2019 and 2020, respec-
tively, compared with those in the CK treatment. Moreover, the Cs in the
FYM treatment was also 0.14 to 0.57 t ha~! and 0.27 to 0.53 t ha™?
higher than that of the LBF treatments in 2019 and 2020, respectively.
Overall, the CK treatment, with the lowest carbon sequestration in
plants and the highest carbon output from the soil, had the lowest net
ecosystem carbon budget (NCEB). Compared with the CK treatment, the
FYM treatment increased NCEB by 1.78 and 0.07 t ha! in 2019 and
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2020, respectively. Additionally, as the application rate of LBF
increased, the NCEB first increased and then decreased. Among all the
treatments, the LBF3 treatment had the highest NCEB, which was 6.04
and 4.82 t ha ! higher than that in the CK treatment in 2019 and 2020,
respectively. It is worth noting that the NCEB in the CK treatment was
positive, making the CK treatment a carbon sink.

Next, considering that compared with the CK treatment, the LBF3
treatment significantly improved the NCEB and the FYM treatment was
a positive control, the carbon budgets in the CK, FYM, and LBF3 were
compared further (Fig. 6). As shown in Fig. 6, compared with the CK
treatment, the LBF3 treatment increased the average carbon stock in the
flowers, leaves, stems, and roots of sunflower by 2.26, 0.66, 1.33, and
0.58 t ha™! across the two experimental years, respectively, which were
all higher than those in the FYM treatment. In general, the average gross
primary production (GPPg) and respiration (Rg) for the crop ecosystem
were both improved by the LBF3 and FYM treatments. However, the
increased GPP( and Ry in the LBF3 treatment were significantly higher
than those in the FYM treatment.

The GWP, NGWP, yield, NGWPI, and NEEB of the treatments are
listed in Table 3 to further show the effects of LBF and FYM on the
environment and net ecosystem economic budget. Compared with the
CK treatment, the LBF treatments decreased the GWP by 2.33-4.41 t
ha~!and 0.58 to 1.07 t ha~! in 2019 and 2020, respectively. The NGWP
values of all treatments were negative, indicating that all treatments in
this study reduced the global warming potential. The LBF3 treatment
had the lowest NGWP value, which was 22.09 and 17.39 t ha~! lower
than that in the CK treatment in 2019 and 2020, respectively. The
NGWPI decreased as the application rate of LBF increased. As the
application rate of LBF increased, the NEEB first increased and then
decreased, and the highest NEEB was found in the LBF3 treatment in
2019 and in the LBF2 treatment in 2020, which was 8.81 and 6.01
thousand CNY ha ™! significantly higher than that in the CK treatment in
2019 and 2020, respectively. Although the FYM treatment decreased the
NGWP, it reduced the NEEB by 2.69 and 7.84 thousand CNY ha™! in
comparison with that in the CK treatment. In addition, compared with
the application of farmyard manure, applying lignite bioorganic
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fertilizer at 3.0-4.5 t ha™! significantly improved net ecosystem carbon
budget, net global warming potential, and net ecosystem economic
budget by 2.5-4.7 t ha™!, -17.8 to —9.2 t CO, ha™!, and 10.3-12.9
thousand CNY ha™?, respectively. Overall, the application of LBF at 3 to
4.5 t ha ! could significantly increase the NEEB.

3.3. N cycling pathways

To further study the effects of LBF and FYM on nitrogen cycling
pathways, the relative abundance of genes for seven pathways of ni-
trogen cycling was compared in this study. Considering that the LBF3
treatment had the highest NCEB and that the FYM treatment was a
positive control treatment, only the gene abundance of nitrogen cycling
pathways in the CK, FYM, and LBF3 treatments was further compared
(Fig. 7).

As shown in Fig. 7A, for the nitrogen fixation process, the LBF3 and
FYM treatments significantly increased the relative abundance of
nifDKH by 17.6% and 94.7%, respectively, in comparison with that in
the CK treatment, indicating that the LBF3 and FYM treatments
increased the reduction of Ny to crop available NH,".

For the nitrification process, compared with the CK treatment, the
LBF3 and FYM treatments significantly increased the relative abundance
of gene families encoding NH,4" to NH,OH conversion (amoABC) and
reduced the relative abundance of those associated with NH;OH to
NO;y~ conversion (hao). Additionally, the LBF3 and FYM treatments
increased the abundance of nxrAB genes involved in converting NOy ™~ to
NO3~ by 4.6% and 20.5%, respectively, compared with that in the CK
treatment.

For the denitrification process, the LBF3 treatment obviously
increased the abundance of the narGHI (NO3™~ to NO5 ™), nirKS (NO,™ to
NO), norBC (NO to N20), and nosZ (NO3~ to NO) gene families by 3.3%,
13.0%, 2.7%, and 9.0%, respectively, in comparison with that in the CK
treatment. Compared with the CK treatment, the FYM treatment
improved the abundance of the narGHI and napAB gene families by
20.7% and significantly reduced the abundance of the nirKS, norBC, and
nosZ gene families by 20.7%, 14.7%, and 11.0%, respectively. Overall,
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Fig. 6. Carbon budget changes under application of farmyard manure and lignite bioorganic fertilizer in a saline-sodic soil with sunflower production.

Note: The values are calculated as (value in the treatment with application of farmyard manure or the lignite bioorganic fertilizer with 4.5 t ha~! minus value in the
control treatment). Oval-shaped boxes is gross primary production for crop ecosystem (GPPy), flower (GPPy), leaf (GPP)), stem (GPPy), and root (GPP,), respectively.
Square-shaped boxes are average carbon stocks in two experimental years, such as flower (Cy), leaf (Cp), stem (C;), root (C,), soil (Csoi1), soil organic carbon (Cgoe) and
harvest yield (Cy), respectively. Unboxed variables are carbon fluxes, including emissions of CH4, amendment C (Camendment), total respiration of crop ecosystem (Ry)
and respiration of flower (Ry), leaf (R)), stem (Rs), root (R,), microbe (R,,), and soil (Rsi1), respectively.CK represents the control treatment without organic fertilizer.
FYM is farmyard manure treatment applied with sheep manure of 21 t ha~!. LBF3 is treatments applied with the lignite bioorganic fertilizer of 4.5 t ha™™.
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Table 3
The global warming potential, net global warming potential, net global warming
potential intensity, and net ecosystem economic budget in 2019 and 2020.

Yield Treatment GWP (t Yield NGWP (t NGWPI NEEB
CO, ha (t ha CO, ha ttH (Thousand
- ) - CNY ha 1)
FYM 6.8 + 3.1+ —6.62 + —-2.29 10.04 +
0.19b 0.4b 3.3bc + 2.17c
1.21be
CK 8.25 + 2+ -0.1 + —0.12 12.73 +
0.29a 0.4c 0.48¢ + 0.24c 2.27bc
LBF1 571 + 3.1+ -8.81 + -2.91 18.29 +
0.56bcd 0.3b 1.81b + 1.78 ab
0.74bc
2019 LBF2 6.25 + 4+ —15.81 —4.32 21.5+
0.33bc 0.7a + 3.3a + 1.53b 3.65a
LBF3 5.26 + 4.5 + -22.19 —4.94 21.54 +
0.42cd 0.4a + 1.29a + 0.07b 2.67a
LBF4 4.75 + 1.9+ -18.71 -11.16 —8.55 +
0.3d 0.7¢ +0.39 + 2.64a 3.9d
FYM 8.61 + 2.7 + —-0.13 + —0.03 6.23 £
0.98a 0.1bc 1.82¢ + 0.67d 0.77¢c
CK 7.46 + 2+ -0.51 + —0.45 13.07 +
0.08 ab 0.4c 1.2¢c +0.7d 1.86b
LBF1 6.39 + 2.8 + -3.31 + —-1.21 14.73 +
0.34b 0.2b 0.61c + 0.85 ab
0.24cd
2020 LBF2 6.88 + 3.8+ —12.24 -3.28 19.08 +
0.78b 0.2a + 0.49b + 0.86a
0.21bc
LBF3 7.02 + 39+ -17.9 + —4.67 16.49 +
0.3b 0.6a 0.06a + 0.38b 3.57 ab
LBF4 6.59 + 21+ —15.89 -7.63 —6.93 +
0.2b 0.3bc +0.88 +0.92a 1.5d
ab

Note: Values in table are mean + standard deviation; Different letters in same
column indicate significant difference at p < 0.05; GWP, NGWP, NGWPI, and
NEEB are global warming potential, net global warming potential, net global
warming potential intensity, and net ecosystem economic budget, respectively.
CK represents the control treatment without organic fertilizer; FYM is farmyard
manure treatment applied with sheep manure of 21 t ha™!; LBF1-LBF4 are four
treatments applied with the lignite bioorganic fertilizer of 1.5, 3, 4.5 and 7.5 t
ha™l, respectively; CNY is Chinese Yuan.

the denitrification process was improved by the LBF3 treatment and
limited by the FYM treatment.

For nitrate reduction processes (dissimilatory (DNRA) and assimi-
latory (ANRA) processes), the LBF3 and FYM treatments had a similar
impact on the abundance of gene families involved in the conversion of
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NOs3~ to NH,4". Specifically, the LBF3 treatment increased the abun-
dance of the narGHI and napAB (NO3~ to NOy~ in DNRA), nrfAH and
nirAB (NO,~ to NH,4" in DNRA), and narA and nasAB (NO3~ to NO,~ in
ANRA) gene families, while only the nirA (NO;~ to NH,4 " in ANRA) gene
families were reduced in the LBF3 treatment. The application of FYM
improved all gene families involved in nitrate reduction processes.
Generally, the nitrate reduction processes, both DNRA and ANRA, were
improved by applying FYM and LBF.

For the assimilation process, the gene families encoding the con-
version of NH4" to organic nitrogen (ginA, gitBD, and GLU) were
improved by 3.7% and 1.5% by LBF3 and FYM, respectively, in com-
parison with those in the CK treatment. For ammonification, the total
relative abundance of the ureC, nitrilase, and formamidase gene families
in the LBF3 and FYM treatments was 10.2% and 10.5% higher than that
in the CK treatment, indicating that the application of LBF and FYM
improved the ammonification of organic nitrogen.

3.4. C cycling pathways

There are 47 modules in carbon cycling pathways, according to
KEGG datasets. However, only the average relative abundance of the
acetyl-CoA pathway involved in the methane oxidation process was
lower than 0.01%. Thus, a total of 46 modules for carbon cycling among
the FYM, LBF3, and CK treatments were analyzed in this study. As shown
in Fig. 8, 46 modules in the carbon cycling pathways could be grouped
into six subgroups: carbohydrate metabolism, carbon fixation in
photosynthetic organisms (CFPO), carbon fixation pathways in pro-
karyotes (CFPP), methanogenesis, methane oxidation, and amino acid
metabolism. Carbohydrate metabolism included a total of 21 modules,
half of which (from glycolysis to propanoyl-CoA metabolism in Fig. 8)
were improved by the LBF3 treatment and the other half of which (from
pentose phosphate pathway to malonate semialdehyde pathway in
Fig. 8) were reduced by the LBF3 treatment in comparison with those in
the CK treatment. In general, the total relative abundance of all modules
involved in carbohydrate metabolism in the LBF3 treatment was 8.9%
lower than that in the CK treatment. In addition, the difference in the
total relative abundance modules for carbohydrate metabolism between
the FYM and CK treatments was minimal. For carbon fixation, the
abundance of modules in CFPO was increased by the LBF3 and FYM
treatments. In contrast, the abundance of modules in CFPP was reduced
by those two treatments, indicating that the application of LBF and FYM
could increase photosynthetic organisms in the soil. In general, the ef-
fects of LBF and FYM on carbon fixation were not significant. For
modules of the methanogenesis process, compared with the CK
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Fig. 7. Percentage changes in nitrogen cycling gene families between the control treatment and the treatment with application of lignite bioorganic fertilizer with

45tha"! (A) or farmyard manure (B).

Note: The values are calculated as (value in the treatment with application of the lignite bioorganic fertilizer with 4.5 t ha~! (A) or farmyard manure (B)/value in the
control treatment - 1) x 100. The black asterisk means that the effects are significant at p < 0.05 level. The italics are names of gene families.
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Fig. 8. Changes in carbon cycling gene families compared with the control treatment.
Note: CFPO, CFPP, ME, MO, and AM are carbon fixation in photosynthetic organisms, carbon fixation pathways in prokaryotes, methanogenesis, methane oxidation,
and amino acid metabolism processes, respectively. FYM and LBF3 are the treatments with application of the lignite bioorganic fertilizer with 4.5 t ha™" and farmyard

manure, respectively.

treatment, the LBF3 treatments reduced the abundance by 11.0%, while
the FYM treatment improved the abundance by 18.5%. For the abun-
dance of modules of methane oxidation, the FYM and LBF3 treatments
improved the abundance by 4.5 and 2.2%, respectively. For amino acid
metabolism (AMM) modules, the LBF and FYM treatments slightly
improved abundance compared with that in the CK treatment.

4. Discussion
4.1. Effects of lignite bioorganic fertilizer and farmyard manure on GHG

Previous studies have widely recognized that organic amendments,
such as farmyard manure and organic fertilizer, influence CHy4, CO, and

N2O emissions directly by carbon and nitrogen compounds present in
these organic fertilizers and indirectly by impacting soil properties (Li
et al., 2020; Shakoor et al., 2021a). In this study, the application of FYM
(sheep manure) increased the CH4 emission rate during the sunflower
growth period. It thus improved the total emissions of CH4 by 0.05 and
0.25 kg ha™! in 2019 and 2020, respectively, in comparison with those
in the CK treatment. This result was consistent with the result of Shakoor
et al. (2021b), who reported that the application of manure fertilizer
considerably increased CH,4 emissions on the basis of a meta-analysis.
Similarly, Pathak (2015) also proved that amendments of manure fer-
tilizer could significantly enhance CH4 emissions. In contrast, the
application of LBF significantly decreased CH4 emissions in both 2019
and 2020 compared with those in the CK treatment, and the application
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of LBF even made soil act as a CHy4 sink for some treatments. This result
was similar to that of Li et al. (2020), who found that LBF amendments
decreased CH,4 emissions in an incubation experiment. Many studies
have proven that CH4 is mainly emitted under anaerobic conditions
(Praeg et al., 2016; Li et al., 2020; Shakoor et al., 2021b). In this study,
the effect of the soil properties on the CH4 emissions was further
explored using SEMs. The results showed that the soil water content had
a positive impact on the CH4 emissions, and the total effect of soil water
content on the CH4 emissions was the largest. Therefore, the FYM
treatment increased the CH4 emissions mainly because the FYM treat-
ment had a higher soil water content (Fig. 5), which resulted in stricter
anaerobic conditions than the other treatments. In addition, the appli-
cation of FYM also improved the growth of crops and increased the
consumption of oxygen, which also caused anaerobic conditions for
methanogenesis (Thangarajan et al., 2013). The reason for the lower
CH4 emissions in the LBF treatments was probably that the application
of LBF increased soil porosity, which limited the process of methano-
genesis and improved the process of methane oxidation (Fig. 8).

Emissions of CO2 from croplands were mainly due to soil microbial
and crop root respiration (Ray et al., 2020). In previous studies, CO5
emissions from croplands were improved by applying animal manure
mainly because animal manure provided organic carbon that increased
the respiration of microbial communities (Watts et al., 2011; Li et al.,
2021; Bore et al., 2017). However, in this study, compared with the CK
treatment, the FYM treatment significantly decreased CO, emissions in
2019, and the difference in CO, emissions between the FYM and the CK
treatments was marginally noticeable in 2020. These different results
might be caused by the application rate of FYM and soil physicochemical
properties (Shakoor et al., 2021a). In addition, compared with the CK
treatment, the LBF treatments reduced total CO; emissions by
1987.3-3557.6 kg ha™! and 726.4-1668.8 kg ha~! in 2019 and 2020,
respectively. Li et al. (2020) also found that the application of LBF
limited CO4 emissions. This result was also consistent with that of Tran
et al. (2015), who reported that the application of lignite decreased the
emissions of CO2. The SEM results showed that the soil temperature had
the largest positive effects on COy emissions (Fig. 5), and lower soil
temperatures were obtained in the LBF treatments, except for the LBF4
treatment. The reason for the lower soil temperature in the LBF2 and
LBF3 treatments was that the application of LBF improved sunflower
growth (except for the LBF4 treatment), which caused more shadowing
of the soil. Therefore, the reason for the lower CO5 emissions in the LBF
treatments (except for the LBF4 treatment) is probably that the lower
soil temperature suppressed soil respiration. In addition, the LBF4
treatment overused lignite bioorganic fertilizer, resulting in an increase
in soil electrical conductivity. Therefore, the mainly reason for the
negative effects of LBF4 on CO, emissions was probably that LBF4
increased soil salinity that suppressed CO2 emissions.

The impact of farmyard manure on soil N3O emissions varied widely
among individual studies. Li et al. (2020) reported that the application
of FYM had little influence on N3O emissions. However, Shakoor et al.
(2021a) found that the addition of FYM significantly increased N,O
emissions. Similarly, in this study, the application of FYM increased N,O
emissions, especially in 2020. In this study, to further study the impact
of soil properties on NyO emissions, an SEM was established to explore
the relationships between N»0O emissions and soil properties. The results
showed that NH4 " content, soil temperature, and soil pH had a greater
effect on N0, indicating that these were the main factors that influ-
enced N,O emissions. Additionally, the NH,;" in the FYM treatment was
higher than that in the CK treatment (Fig. 2). Therefore, the reason for
the higher NoO emissions in the FYM treatment was probably that the
application of FYM increased the soil NH4 ™ for the nitrification process
and subsequently NoO emissions (Hayakawa et al., 2009). This result
was consistent with those of Zhou et al. (2017) and Guenet et al. (2021),
who reported that FYM increased N,O emissions due to decomposable
SOC provided by FYM, which could improve soil N mineralization and
then increase the production of N,O. For the effects of LBF on N»O
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emissions, in this study, the application of LBF increased N2O emissions
when the application rate was over 3 t ha!. This result was consistent
with the findings of Li et al. (2020), who also reported that N5O
increased with an increase in the application rate of LBF. The potential
reasons for this result were mainly that the addition of LBF improved the
NH4" content that provided sufficient substrate nitrification processes
(Thangarajan et al., 2013; Li et al., 2020). However, Fig. 2 shows that
the NH,; " content in the LBF treatments was not obviously higher than
that in the CK treatment. The reason for this result was probably that the
sunflower growth and emissions of N5O in the LBF treatments consumed
more NH4 " than those in the CK treatment.

Additionally, previous studies exploring the effect of FYM and LBF on
N-O emissions at the gene level are scarce. In this study, to further study
the mechanism at the gene level for the effects of FYM and LBF on N3O
emissions, the abundance of gene families in four main processes
(nitrification, denitrification, nitrifier denitrification, and DRNA) that
could cause N0 emissions was compared among treatments. The results
showed that the first step of nitrification (from NH4" to NH,OH) was
improved by applying LBF and FYM. This result was also evidence that
the application of FYM and LBF improved the NH;" content and then
increased the nitrification processes and subsequently NoO production.
In this study, the results also showed that the abundance of hao (NH,OH
to NO, ) was reduced by amendment with FYM and LBF, which caused
the accumulation of NH,OH and then increased N,O emissions. More-
over, the LBF3 treatment improved the abundance of norBC (NO to
N320), while the FYM treatment reduced it in comparison with that in the
CK treatment. Additionally, the DNRA process was increased by
applying LBF and FYM, which probably increased N,O emissions.
Overall, the reason for the increase in N2O emissions in the FYM treat-
ment was mainly that the application of FYM limited the second step of
nitrification (NH20OH to NO5 ) and improved the process of DNRA. The
N2O emissions increased in response to the LBF3 treatment mainly
because the application of LBF not only limited the pathway of NH,OH
to NO5™ in the nitrification process but also increased the pathway of NO
to N»O in the denitrification process and improved the DNRA process.

4.2. Effects of lignite bioorganic fertilizer and farmyard manure on the
soil carbon budget

Generally, in this study, the LBF treatments decreased the GWP by
5.9-14.3% and 24.2-42.4% in 2019 and 2020, respectively, indicating
that the application of LBF could alleviate the GWP. Additionally, FYM
addition increased the GWP in 2019 and decreased the GWP in 2020.
The different precipitation and air temperatures in the two experimental
years probably caused these opposite results in the two experimental
years.

Although many previous studies were conducted to evaluate the ef-
fect of organic additions on global warming potential (Yang et al., 2020;
Shakoor et al., 2021b), very few studies were conducted to investigate
the impact of the application of organic amendments on the carbon
budget and net global warming potential. Actually, it is questionable
whether the influence of organic amendment on the global warming
potential was simply evaluated by greenhouse gas emissions from the
soil because at the same time as greenhouse gas emitted from the soil,
the cropping systems acted as the carbon sink through crop photosyn-
thesis (Liu et al., 2019). Instead, the net ecosystem carbon budget
(NECB), net global warming potential (NGWP), and net ecosystem
economic budget (NEEB) could comprehensively reflect the impact of
the application of organic amendments on global warming potential and
environmental profits. In this study, the NECB was increased by
applying FYM and LBF, indicating that FYM and LBF amendments could
make more carbon sinks in the soil and subsequently alleviate global
warming potential. Among the LBF treatments, the LBF3 treatment had
the highest NECB value in both 2019 and 2020, indicating that the
application of LBF at 4.5 t ha! can be recommended to increase the
carbon budget in the cropping system. It is worth noting that the NECB
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in the CK treatment was positive, showing that the CK treatment was a
carbon sink. There are two probable explanations for this result. On the
one hand, greenhouse gas emissions from saline-sodic soil are signifi-
cantly restricted compared with those from normal farmland (Yang
et al., 2021). On the other hand, optimal agronomic practices, such as
irrigation before seeding and chemical fertilizer input, increased crop
growth and carbon assimilation by crop photosynthesis. This result was
consistent with the findings of Yang et al. (2021), who reported that
optimal agronomic practices could change the carbon source to a carbon
sink in saline-sodic farmland. Similarly, the NGWP also decreased in
response to the FYM and LBF treatments, suggesting that the application
of FYM and LBF could make saline-sodic farmland a greenhouse gas sink,
especially the application of LBF at 4.5 t ha™".

In this study, there was no significant difference in the NEEB between
the LBF2 and LBF3 treatments, indicating that the application of LBF at
3.0 to 4.5 t ha! could obtain the largest net ecosystem economic profits.
Additionally, the NEEB of the LBF4 treatment was negative, indicating
that overuse of LBF resulted in a loss of net ecosystem economic profits.
The NEEB of the FYM treatment was even lower than that of the CK
treatment. This result was mainly because increased profits from FYM
treatment could not offset the cost of FYM. In summary, the application
of LBF at 3.0 to 4.5 t ha~! was is recommended for saline-sodic farmland
to improve the NEEB in the Hetao Irrigation District.

4.3. Effects of lignite bioorganic and farmyard manure on N cycling and C
cycling

Previous studies have consistently evaluated the influence of organic
amendments on soil GHG emissions (Agegnehu et al., 2016; Abagandura
et al., 2019), but very few studies have been conducted to explore how
the application of organic amendments impacts N and C cycling path-
ways. In this study, we identified the impacts of FYM and LBF on the
abundance of functional genes involved in N cycling pathways. Overall,
the difference in functional gene abundance for N cycling between the
CK and LBF3 treatments showed that all functional gene abundances
were improved by the LBF3 treatment, except for the abundances of nirA
and hao. This result was probably because the application of LBF at 4.5 t
ha~! alleviated soil salinity (Fig. 2) and then reduced the limitation of
salinity on gene abundance (Yang et al., 2021; Rath et al., 2018; Zhao
et al., 2020). Notably, the increased gene families involved in the
denitrification and nitrate reduction processes could reduce nitrate
leaching and increase NH4 " content. Additionally, the increased gene
families involved in the ammonification process could also improve
NH4" content. These three processes improve inorganic N availability
for crop growth (Schwaner and Kelly, 2019; Kelly et al., 2021). This
result probably explained why the NPP in the LBF3 treatment was the
largest (Fig. 6). Similarly, compared with the CK treatment, the FYM
treatment also improved the abundance of genes involved in assimila-
tion, ammonification, nitrification, and nitrate reduction, indicating
that the application of FYM could improve NH4" for crop growth.
However, the FYM treatment decreased the gene families involved in the
process of denitrification. In general, the performance of LBF3 for
improving N cycling gene abundance was better than that of the FYM
treatment.

All modules involved in carbon cycling were evaluated in this study.
The results showed that, in general, modules for carbohydrate meta-
bolism in the LBF3 treatment were lower than those in the CK treatment,
indicating that the application of LBF limited the carbohydrate meta-
bolism process. This result was similar to the result of Li et al. (2020).
This result also explained why lower CO, emissions were found in the
LBF treatments. Notably, modules in CFPO were increased by the
application of LBF, while the abundance of modules in CFPP was
reduced, indicating that the application of LBF could improve photo-
synthetic organisms in the soil. Moreover, the LBF treatments reduced
the modules of methanogenesis, while the FYM treatment increased the
modules of methanogenesis. This result also explained why lower CH4
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emissions were obtained in the LBF treatments than in the FYM treat-
ment (Wang et al., 2019; Qi et al., 2020).

5. Conclusion

In conclusion, to the best of our knowledge, this work represents one
of the first studies to estimate the influence of farmyard manure and
lignite bioorganic fertilizer on the net ecosystem carbon budget, net
global warming potential, and nitrogen and carbon cycling pathways in
saline-sodic farmlands. The application of lignite bioorganic fertilizer
significantly decreased the emissions of CH4 and CO5 while increasing
N2O emissions. We found evidence that the application of lignite bio-
organic fertilizer reduced the soil water content and limited the gene
families related to methanogenesis, thus decreasing CH4 emissions. The
modules in carbohydrate metabolism were reduced in the treatment
with the addition of lignite bioorganic fertilizer. This result was prob-
ably the main reason for the reduced CO; emissions in treatments with
lignite bioorganic fertilizer. Lignite bioorganic fertilizer improved the
soil NH4" content, which had a positive relationship with N,O emis-
sions. Additionally, the application of lignite bioorganic fertilizer
increased the abundance of norBC genes and gene families involved in
dissimilatory nitrate reduction and decreased hao gene abundance, thus
triggering the emissions of NO. The application of lignite bioorganic
fertilizer significantly improved the net ecosystem carbon budget. This
made the treatments a net global warming potential sink, especially
when applying lignite bioorganic fertilizer at 3.0-4.5 t ha~!. Ultimately,
the net ecosystem economic budget was obviously improved by 21.5 and
17.8 thousand CNY ha~! in 2019 and 2020, respectively, with the
application of lignite bioorganic fertilizer at 3.0-4.5 t ha~!. In 2019,
2020, although the addition of farmyard manure also improved the net
ecosystem carbon budget by 1.78 and 0.13 t ha~! in comparison with the
CK treatment, it decreased the net ecosystem economic budget by 2.69
and 6.83 thousand CNY ha !, respectively. In addition, compared with
the application of farmyard manure, applying lignite bioorganic fertil-
izer at 3.0-4.5 t ha ! significantly improved net ecosystem carbon
budget, net global warming potential, and net ecosystem economic
budget by 2.5-4.7 t ha™!, -17.8 to —9.2t CO, ha™!, and 10.3-12.9
thousand CNY ha™!, respectively. In conclusion, the application of
lignite bioorganic fertilizer at 3.0-4.5 t ha™! is appropriate for climate
change mitigation in saline-sodic farmlands in the upper Yellow River
basin, Northwest China.
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