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Abstract: Biochar application is an important measure to regulate SOC. However, the effects of biochar
application on soil respiration and SOC fraction of the saline soil have been scarcely investigated.
Therefore, in this study, we monitored the annual SOC, nutrients, temperature, water content, and
respiration rate under three maize-straw-derived biochar application doses (0, 15, and 30 t·hm−2).
Biochar enriched the soil in terms of fast-acting potassium and phosphorus, alkali-hydrolyzable N,
NO−3 -N, and NH+

4 -N to varying degrees. One-time biochar application in the trial year continued
to fertilizer retention in the following year. Mineral-associated organic carbon and SOC contents
increased with time after biochar application, whereas the changes in particulate organic carbon
content were the opposite; soil respiration rate was reduced by 7.7–14.7%, and the reduction increased
with the dose as well in successive years. The soil respiration rate and soil temperature showed a
significant linear correlation, but the application of a high amount of biochar reduced the correlation
between the two. Considering the soil respiration rate and physicochemical properties, the best
biochar application rate for saline soil is suggested to be 30 t·hm−2. This study is of great significance
for soil carbon sequestration, emission reduction in saline areas, and the realization of a “carbon
peak” in the sense of farmland.

Keywords: biochar; climate change; soil respiration; organic carbon; saline soil

1. Introduction

The balance of the soil carbon pool, which is the largest pool among those in terrestrial
ecosystems, is approximately 2500 Pg, and the soil organic carbon (SOC) pool is approx-
imately 1550 Pg [1]. SOC particulate organic carbon (POC), mineral-associated organic
carbon (MAOC), and changes in their ratio, not only affect the soil structure, water-holding
capacity, buffering, and crop-nutrient availability, but also affect the carbon balance be-
tween soil and atmosphere [2]. Global warming has been known to result in the release
of terrestrial carbon, suggesting positive feedback between global warming and soil res-
piration [3]; even minor changes in the carbon pool can affect global atmospheric CO2
levels [4]. As agricultural soils participate most actively in the soil carbon pool [5], studying
the changes in soil respiration and SOC in agricultural fields has positive implications for
soil carbon sequestration, emission reduction, and climate-change mitigation [6].

Biochar is a new environmental functional material that improves soil physicochemical
properties, carbon sequestration, and emission reduction, and is widely used in agricultural
soils as a tillage measure [7]. Studies have shown that the addition of biochar can improve
the effectiveness of soil nutrients and their uptake by plants [8–10] and increase the content
of fast-acting soil nutrients [11]. Biochar can mitigate climate change by binding organic
carbon to soil particles, thereby reducing soil respiration [12], and by increasing the soil
carbon sink, or carbon storage [13]. The carbon sequestration capacity depends on the
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retention of carbon sequestered by biochar after pyrolysis and the stability of carbon
sequestration [14]. A short-term application of biochar to soil results in an increase in the
forest [15], wetlands [16], and agricultural land [17], and a reduction in soil respiration.
However, this short-term effect is influenced by land use and strongly depends on soil
moisture and temperature conditions [18]. Additionally, Ge et al. [19] explored the changing
patterns of soil respiration in subtropical Moso bamboo plantations at different periods and
found that biochar addition reduced soil respiration rates and annual cumulative soil CO2
emissions during both growing and non-growing seasons. Mohan et al. [20] also found that
soil respiration rates were reduced to varying degrees after the application of rice-husk and
corn-stover biochar for a certain period of time. As far as relevant studies are concerned,
the application of biochar to soil can inhibit soil respiration. However, some studies have
found that the unstable C input from biochar itself may lead to the decomposition of
organic matter in the original soil, thereby increasing the substrate for microbial action
and promoting carbon emissions [21]. The function of biochar as a long-term soil carbon
reservoir seems to be overestimated, and its function is at least partially offset by its ability
to promote the decomposition of native organic matter [22]. It is evident that there is still
uncertainty regarding the role of biochar in decomposition, conversion of native SOC,
and reduction in soil respiration. These challenges inevitably raise questions about the
long-term application of biochar as a carbon-sequestration and emission-reduction material
in soils.

The application of biochar is an important measure to regulate SOC, not only because
it directly increases carbon input and changes the effectiveness of SOC, but also because
it has an important impact on the transformation process of the soil carbon pool, which
in turn affects soil carbon fixation and greenhouse gas emissions [23]. Differences in the
type of soil and biochar, cropping system, and other conditions can cause changes to the
physicochemical properties of soil and thus affect SOC mineralization rates to varying
degrees. A previous study reported that biochar application promoted the formation of
SOC and enriched soil carbon content [24], and the SOC content increased proportionately
with biochar application [25]. Cui et al. [26] found that biochar application increased total
soil carbon content by 26% in the presence of apoplankton and, under warmer conditions,
increased soil effective phosphorus and organic carbon concentrations. It is generally
believed that POC is composed of organic carbon combined with sand particles, which
usually include undecomposed or semidecomposed plants, animal residues, etc. It is
susceptible to environmental factors, has a fast turnover rate in the soil, and can be used as
a sensitive indicator of SOC changes. The effect of biochar addition on the content of these
two SOC fractions has rarely been reported.

Recently, studies on the effects of applied biochar on SOC pools have mainly been fo-
cused on ecosystems with non-saline soils, such as woodlands, acidic farmlands, wetlands,
and paddy fields, and have concentrated on discontinuous experimental cycles, such as
crop-growth periods, seeding periods, and indoor trials. Few studies have investigated
the effects of applied biochar on annual soil respiration and SOC in saline soils. However,
the high degree and wide distribution of soil salinization in Inner Mongolia are directly
related to soil physicochemical properties and microbial activity, and affect respiration and
soil organic matter, which are exacerbated by the solid freeze–thaw action in the area. Gas
emissions from soils during freeze–thaw cycles may account for 20–70% of the total annual
amount and are a hot source of atmospheric greenhouse gas emissions [27]. The effects of
biochar application on soil respiration and SOC fraction of the saline soil in the irrigation
area are unclear. Therefore, in this study, a field trial was conducted on saline soil in the
irrigation area in Inner Mongolia to investigate the effects of biochar application on annual
soil respiration and SOC. This study provides a scientific basis and technical support for
improving the properties of saline soil.



Atmosphere 2022, 13, 2038 3 of 16

2. Materials and Methods
2.1. Overview of the Study Area

The experiment was conducted between November 2019 and September 2021 in the
experimental demonstration project area of “changing salt and increasing grass (forage) to
promote herding” in Wuyuan County, Bayannur City, Inner Mongolia Autonomous Region
(40◦46′30”–41◦16′45” N, 107◦35’70”–108◦37’50” E). The site was located in the hinterland
of the Inner Mongolia Loop Plain, which has a typical temperate continental climate with
a dry climate, long soil-freezing period, and serious soil salt aggregation in winter and
spring. According to local weather records, the average multiyear temperature, rainfall,
total radiation, and sunshine hours in the study area were 6.1 ◦C, 177 mm, 153.4 kcal·cm−2,
and 3231 h, respectively. The sunshine hours during the freezing and thawing periods
accounted for 44% of the year. The average minimum ground temperature and depth
of permafrost were −12.3 ◦C and 100–130 cm, respectively. The soil entered the freezing
period in early November, and all frozen layers melted around the middle of April in the
following year.

Five 1 m × 1 m sample squares were selected before the start of the experiment, and
soil samples of 0–20 cm were collected using a 50 mm diameter auger to remove surface
plants and other debris. The soil samples were mixed uniformly and placed in sealed bags,
brought back to the laboratory within 24 h, dried naturally, and sieved through a 2 mm
sieve for determination of their basic physical and chemical properties. The soil texture
was chalky loam with pH 8.87, conductivity value of 1.88 mS·m−1, salinity of 3.59 g·kg−1,
cation exchange capacity (CEC) of 7.56 cmol·kg−1, organic matter of 12.33 g·kg−1, fast-
acting phosphorus of 7.53 mg·kg−1, fast-acting potassium of 351.50 mg·kg−1, and alkaline
nitrogen 58.91 mg·kg−1, sand 16.70%, slit 79.03%, and clay 4.27%.

2.2. Experimental Design

Three biochar levels were used in this experiment: 30 t·hm−2 (B30), 15 t·hm−2 (B15),
and 0 t·hm−2 (B0). The plots were 40 m long and 4 m wide, with a net area of 160 m2.
Three replicates were set up for each treatment, for a total of nine plots. To avoid the lateral
transport of water and fertilizer in the soil, each plot was separated by a cofferdam (2.0 m
wide and 0.3 m high). Biochar was evenly spread on the test plots on 15 October 2019, and
evenly mixed with the 20 cm soil layer using a rototiller, after which no more biochar was
applied. Corn-straw biochar from Liaoning Jinhefu Agricultural Development Co., Ltd.,
was used as the test biochar. The biochar was prepared by pyrolysis at 360 ◦C under anaero-
bic conditions, with pH 8.75, fast-acting phosphorus 307.52 mg·kg−1, fast-acting potassium
786.50 mg·kg−1, alkali-hydrolyzable N 401.94 mg·kg−1, carbon content 364.07 g·kg−1, ni-
trogen content 7.56 g·kg−1, phosphorus 0.17 g·kg−1, and carbon-to-nitrogen ratio 81.57.

Water and fertilizer management were the same for all the experimental plots. The
experiment was carried out on 25 April 2020 and 20 April 2021, with two spring irrigations
and salt suppression at a water volume of 225 mm in surface irrigation. The test crop was
sunflower of variety “902”, which is commonly grown by local farmers. It was planted by
mulching and spot-sowing manually at a spacing of 60 cm between rows and 50 cm between
plants. Manual ploughing was carried out before sowing to a depth of approximately 30 cm.
Diamine phosphate, having N and P mass fractions of 18% and 46%, respectively, was
applied at the rate of 450 kg·hm−2. The base fertilizer, applied at the rate of 337.5 kg·hm−2,
had N, P, and K mass fractions of 15% each. Common urea was applied as a N source at
the rate of 75 kg·hm−2 at the budding, flowering, and filling stages. Other management
practices were consistent with local production practices.

The experimental study period was divided into four phases: the freezing and thawing
period (FTP1) and crop-growth period (CP1) for the first year, and the freezing and thawing
period (FTP2) and crop-growth period (CP2) for the second year. With reference to the
meteorological data of previous years, the freeze–thaw period was specifically divided
into the first freezing period (FFP), freezing period (FP), and thawing period (TP). For FFP,
when the daily minimum temperature starts to reach below 0 ◦C, the soil surface layer
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starts to freeze until the daily maximum temperature reaches below 0 ◦C. For FP, when the
daily maximum temperature continues to be below 0 ◦C, the freezing front moves rapidly
downward until the soil reaches the maximum freezing depth, and the snow no longer
melts. For TP, when the daily maximum temperature reaches above 0 ◦C in spring and the
snow starts to melt, the soil layer starts to thaw in both directions until the full thawing
stage. The specific test phase divisions and dates are listed in Table 1.

Table 1. The stages of the trial period and their corresponding dates.

Stage
2019–2020 Freezing and Thawing Period (FTP1)

2019–2020
Crop-Growing
Period (CP1)

2020–2021 Freezing and Thawing Period (FTP2)
2020–2021

Crop-Growing
Period (CP2)

First Freezing
Period (FFP1)

Freezing
Period (FP1)

Thawing
Period (TP1)

First Freezing
Period (FFP2)

Freezing
Period (FP2)

Thawing
Period (TP2)

Start time 5 November
2019

16 December
2019

21 February
2020

27 May
2020

2 November
2020

2 December
2020

28 February
2021

29 May
2021

End time 16 December
2019

21 February
2020

15 April
2020

17 September
2020

2 December
2020

28 February
2021

15 April
2021

25 September
2021

2.3. Sample Collection and Index Determination
2.3.1. Soil Respiration Measurement

The soil respiration rate was measured using a PS-3000 (Beijing LICA United Technol-
ogy Limited, Beijing, China) fully automatic portable respiration system connected to an
SC-11 respiration chamber. Fixed points were selected for each treatment at three locations:
between rows, between plants, and at the edge of the strips. To reduce disturbance to
the soil surface, the burial position of the polyvinyl chloride (PVC) ring (191 mm inner
diameter, 200 mm outer diameter, and 10 cm length) was kept constant throughout the test
cycle. The chamfered end of the PVC ring was pressed into the soil for approximately 5 cm,
and approximately 5 cm of the part was exposed to remove the debris inside the ring. Each
PVC ring was measured once, two cycles were set, each treatment was repeated thrice, and
the average value was taken as the daily soil respiration value. The collection time was
set from 9:00 a.m. to 12:00 p.m., and the collection frequency was set to approximately
once every 20 days during the freezing period because of the cold climate and difficulty of
sampling. During the first freezing and thawing periods, the soil was in a state of freezing
and thawing because of the large temperature differences between day and night in the
local climate, and soil greenhouse gas emissions fluctuated greatly during this period.
Therefore, the collection frequency was set at approximately once every 10 days. The
crop-growth period was sampled according to the growth stages of sunflower (seedling,
budding, flowering, filling, and maturity), with minor adjustments according to changes in
management measures, rainfall, and other conditions. Total soil respiration for the different
treatments were calculated as follows [28]:

Di = Rs × 3600× 24× 44× 10−6 (1)

CS = ∑i=last−1
i= f ist

[
Di + Di+1

2
× (Ni+1 − Ni − 1) + Di

]
+ Dlast (2)

where CS is the total amount of soil respiration (t·hm−2); Di is the CO2 emission rate on
the day of measurement (g·m−2); Rs is the CO2 emission rate on the day of measurement
(µmol/m2·s); 44 is the molar mass of CO2 (g·mol−1); 3600, 24, and 10−6 are conversion
factors; first and last denote the first and last soil CO2 emission rates, respectively; and Ni+1
and Ni denote the i + 1 and i measurements, respectively.

2.3.2. Soil Hydrothermal Factor Determination

While measuring soil respiration, soil samples were collected at a depth of 0–20 cm
following the soil core method by using a hand-held power sampler. Sample collection
procedure was repeated three times; a portion of the collected samples was immediately
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placed in an aluminum box and then oven-dried at 105 ◦C for 24 h in the laboratory until
constant weight. For the soil temperature in the 0–20 cm soil layer, the monitoring interval
was set to once every 4 h. Data were recorded at the end of the experiment. The specific
soil hydrothermal index determination method is shown in Table 2.

Table 2. Methods and equipment for the determination of soil physicochemical properties.

Soil Parameter Test Method Equipment

Soil moisture content Drying Blast soil drying oven (101-3)
Soil temperature NA Soil temperature sensor (TM-03)

Fast-acting potassium 0.5 mol/L NaHCO3 and molybdenum antimony sulfate UV-Vis spectrophotometer (UV-5300PC)
Alkali-hydrolyzable N 1.0 mol/L NaOH alkaline diffusion NA
Fast-acting phosphorus via ammonium acetate (pH 7.0) Flame photometer (Sherwood M410)

NO−3 -N 2 mol/L potassium chloride solution Flow analyzer (AA3)
NH+

4 -N
Soil organic carbon Digestion method using potassium dichromate NA

Particulate organic carbon Using a chemical dispersant (sodium
hexametaphosphate: NaHMP)

followed by physical fractionation [29]

NA

Mineral-associated organic carbon NA

NA: not available.

2.3.3. Collection and Determination of Soil Samples

Soil samples and extracted gas were collected simultaneously. When there was snow
cover during the freeze–thaw period, the area with consistent snow thickness was selected
for sampling. The soil surface layer covered with snow was cleared with a shovel before
sampling and covered again with snow after sampling was completed. Mixed soil samples
were collected randomly from five sample points in each treatment area, and sufficient
samples were taken in quadrature. The soil samples were placed in plastic bags immediately
after being cleared of impurities such as plant roots and stones, brought back to the
laboratory for natural air-drying, and sieved through 2 mm. The specific soil nutrient index
determination method is shown in Table 2.

2.4. Statistical Analyses

The measured soil respiration rate was fitted to the soil temperature in the 0–20 cm
soil layer, and the following relationship was obtained:

R = aT + b (3)

where R is the measured soil respiration rate; T is the corresponding 0–20 cm soil tempera-
ture; and a and b are characteristic parameters obtained from the fit.

The measured soil respiration rate was fitted to the soil water content in the 0–20 cm
soil layer, and the relationship obtained is shown below.

R = AW2 + BW + C (4)

where R is the measured soil respiration rate; W is the corresponding 0–20 cm soil water
content; and A, B, and C are the characteristic parameters obtained by the fit.

One-way analysis of variance (ANOVA) was conducted using SPSS (v22.0, IBM,
Chicago, IL, USA) to compare the effects of biochar addition on soil respiration, nutrients,
and organic carbon indicators. Correlation analysis was applied to compare the coupling
relationship between soil respiration rate and hydrothermal factors using linear regression
analysis. Pearson correlation coefficients were calculated to explore the correlation between
soil respiration and its physicochemical properties (n = 36), with p < 0.01 being highly
significant and p < 0.05 being significant. Finally, plots were created using Microsoft
Excel 2021.
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3. Results and Analysis
3.1. Soil Nutrient Content Dynamics

As shown in Figure 1, an overall trend of fluctuation in the content of each soil nutrient
was observed. Throughout the experimental period, biochar application enriched soil
fast-acting potassium, alkali-hydrolyzable N, fast-acting phosphorus, NO−3 -N and NH+

4 -N
contents. The contents of each nutrient increased with the increase in biochar application,
exhibiting the same performance after 2 years. However, the effects of different treatments
on soil nutrients were not consistent across different periods. Compared with the B0
treatment, the B15 and B30 treatments increased soil fast-acting potassium content by
~1.8–27.8% and ~7.7–38.1%, respectively, and showed significant differences between the
biochar treatment and the control treatment in all periods except for the 2 year freezing
period. The biochar treatments significantly increased the soil alkali-hydrolyzable N content
in both the first and second years of the experiment, with the B15 and B30 treatments
increasing by ~9.5–47.3% and ~14.9–44.5%, respectively. Except for the B15 treatment,
which reduced the soil fast-acting phosphorus in the first year of crop growth, the biochar
treatments were significantly different from the control treatment in the rest of the period.
The B15 and B30 treatments increased the 2 year average fast-acting phosphorus content by
21.0% and 29.9%, respectively, compared with that of the B0 treatment. The application of
biochar promoted the conversion of NH+

4 -N to NO−3 -N and improved nitrogen utilization.
Overall, biochar application reduced soil NO−3 -N, and NH+

4 -N contents at the beginning of
application, and with the increase in biochar application time, the effect of biochar improved
soil inorganic N content gradually. Notably, the average change in NO−3 -N content in the
B15 and B30 treatments, compared with that in the B0 treatment, reached 63.1% and
76.1%, and the B15 and B30 treatments increased the NH+

4 -N content by ~3.3–23.3% and
~15.4–23.3%, respectively. It can be seen that the one-time application of biochar in the test
year can continue to play a role in the fertilizer retention in the following year and can
increase soil fertility to different degrees.
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3.2. Soil SOC Fraction Response

SOC and its fractions generally increased with the biochar application rate under
the B15 and B30 regimes (Figure 2). As can be seen from the figure, biochar application
significantly increased the overall soil surface organic carbon content, and the differences
between treatments were more significant in the early stage of the experiment. The mean
SOC contents under the B15 and B30 treatments were 7.5 and 8.2 g/kg, respectively, which
were 12.7% and 22.4% higher than that of the B0 treatment, respectively. The mean values of
POC content under the B0, B15, and B30 treatments were 1.5, 1.8, and 2.1 g/kg, respectively,
and the POC contents at the B15 and B30 treatments were 24.4% and 43.3% higher than that
in the B0 treatment, respectively. MAOC content increased significantly with the increase in
biochar application, and the average MAOC contents for the B15 and B30 treatments were
9.4% and 16.5% higher compared with that of the B0 treatment, respectively. During the
experimental period, the MAOC contents under the B0, B15, and B30 treatments fluctuated
and increased with time from 4.7, 5.3, and 5.9 g/kg to 6.3, 6.6, and 6.8 g/kg, respectively.
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Figure 2. Different fractions of annual SOC in response to biochar addition. (Note: Different lowercase
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3.3. Annual Variation in Soil Respiration Rate

The annual changes in soil respiration rate under different biochar application condi-
tions showed the same trend as the one shown in Figure 3. During FFP and FP, the CO2
flux is fixed in the frozen layer due to the freezing effect, and the overall level is relatively
low. With the rise in temperature during TP and CP, CO2 is released, and the soil CO2 flux
is at the peak of emission.

On the whole, compared with other periods, the application of biochar significantly
inhibited soil respiration rate during the CP. The soil respiration rate during the CP showed
an initial trend of rising up to certain peak and then falling. The soil respiration rate
decreased with the extension of the test period. The greater the amount of biochar applied
under the same conditions, the lower the soil respiration rate. This can be confirmed by
the results, wherein the average soil respiration rates of B15 and B30 were lower than
those of B0 treatment by 9.7% and 18.0% in the first year of the test period, and 13.4% and
17.7% lower in the second year of the test period, respectively.

The differences in the cumulative soil respiration rates during the test period are shown
in Figure 4. It can be seen from the figure that the application of biochar can significantly
reduce the cumulative soil respiration rate in each period, while the effect is more significant
during CPs. The cumulative soil respiration rates for B15 and B30 treatments were 8.9% and
18.2% lower in the CP of the first year of CP, and 14.3% and 17.9% lower in the CP of the
second year, respectively, as compared to those of the B0 treatment. The response to
biochar application during the freeze–thaw period was insignificant. Overall, the freeze–
thaw action significantly reduced the soil cumulative respiration rate by an average of
81.7% during the first CP and second freeze–thaw period.
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3.4. Fitting Relationship between Soil Respiration Rate and Hydrothermal Factors

As shown in Figure 5, there was a significant linear relationship between soil respi-
ration rate and soil temperature (R2 > 0.41). Under the conditions of biochar treatment,
soil respiration rates increased with soil temperature in different periods, but there were
differences in their temperature sensitivity. Due to the large difference in soil temperature
between the freeze–thaw and crop-growing periods, soil temperature was fitted individ-
ually to the soil respiration rate of the two periods. Overall, the correlation coefficients
between soil respiration rate and soil temperature were 0.45 and 0.41 for the B30 treatment
during the freeze–thaw period and crop-growth periods, respectively. In addition, they
were smaller than those of the other treatments, indicating that the correlation between soil
respiration rate and surface soil temperature was reduced by applying high amounts of
biochar. For the freeze–thaw period, the k values in the fitted equations of soil respiration
rate and soil temperature under B0, B15, and B30 treatments were 0.194, 0.180, and 0.104,
respectively, indicating that the soil respiration rate of the B0 treatment increased rapidly
when the temperature increased. In the CP, the k values in the fitted equations of soil
respiration rate versus soil temperature under the B0, B15, and B30 treatments were 0.300,
0.217, and 0.183, respectively, which were 54.3%, 20.5%, and 76.4% higher than the k values
of the freeze–thaw period. This indicated that the soil respiration rate increased much faster
during the CP than during the freeze–thaw period under the same conditions.
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The relationship between the annual soil respiration rate and soil water content is
shown in Figure 6. Throughout the period, the soil respiration rate showed a weak quadratic
relationship with soil water content for each treatment, with small fitted R2 values. This
means that the soil water content explains less of the annual variation in the soil respiration
rate. Under the same conditions, the absolute values of the binomial coefficients in the
fitted relationship were higher during the CP than during the freeze–thaw period.
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3.5. Correlation Analysis of Soil Respiration and Soil Organic Carbon with Environmental Factors

Figure 7 presents the correlation between soil respiration rate, soil organic carbon, and
environmental factors under biochar addition. The activities of available K, NO−3 -N, soil
temperature, and soil moisture content in soils showed significantly positive correlations
with soil respiration rate (CO2 flux), with the coefficients of 0.526 (p < 0.01), 0.410 (p < 0.05),
0.921 (p < 0.01), and 0.407 (p < 0.05), respectively. The activities of POC, MAOC, available
K, alkali-hydrolyzable N, NO−3 -N, soil moisture content, and NH+

4 -N in soils showed
significantly positive correlations with SOC, with the coefficients of 0.760, 0.964, 0.704,
0.716, 0.603, 0.560 (p < 0.01), and 0.483 (p < 0.05), respectively. The activities of SOC, MAOC,
alkali-hydrolyzable N, available K, and available P in soils showed significantly positive
correlations with POC, with the coefficients of 0.760, 0.559, 0.566 (p < 0.01), 0.422, and
0.471 (p < 0.05), respectively. The activities of SOC, POC, available K, alkali-hydrolyzable
N, NO−3 -N, NH+

4 -N, and soil moisture content in soils showed significantly positive cor-
relations with MAOC, with the coefficients of 0.964, 0.559, 0.725, 0.681, 0.664, 0.574, and
0.561 (p < 0.01), respectively.

Atmosphere 2022, 13, x FOR PEER REVIEW 12 of 17 
 

 

< 0.05), 0.921 (p < 0.01), and 0.407 (p < 0.05), respectively. The activities of POC, MAOC, 
available K, alkali-hydrolyzable N, NO- 

3 -N, soil moisture content, and NH+ 
4 -N in soils 

showed significantly positive correlations with SOC, with the coefficients of 0.760, 0.964, 
0.704, 0.716, 0.603, 0.560 (p < 0.01), and 0.483 (p < 0.05), respectively. The activities of SOC, 
MAOC, alkali-hydrolyzable N, available K, and available P in soils showed significantly 
positive correlations with POC, with the coefficients of 0.760, 0.559, 0.566 (p < 0.01), 0.422, 
and 0.471 (p < 0.05), respectively. The activities of SOC, POC, available K, alkali-hydrolyz-
able N, NO- 

3-N, NH+ 
4 -N, and soil moisture content in soils showed significantly positive 

correlations with MAOC, with the coefficients of 0.964, 0.559, 0.725, 0.681, 0.664, 0.574, and 
0.561 (p < 0.01), respectively. 

 
1: CO2 flux; 2: SOC; 3: POC; 4: MAOC; 5: Available K; 6: Alkali-hydrolyzable N; 7: Available P; 8: 
NO- 

3
—N; 9: NH+ 

4 -N; 10: Soil temperature; 11: Soil moisture content 

Figure 7. Correlation between soil respiration rate, soil organic carbon, and environmental factors. 
(Note: * indicates significant correlation at p < 0.05 level, ** indicates significant correlation at p < 
0.01 level). 

4. Discussion 
4.1. Effect of Applying Biochar on Soil Nutrients 

The nutrient content of the soil plays an important role in soil fertility, and it is im-
portant for crop growth if reasonable improvement measures are applied to reduce the loss 
of soil nutrients. We investigated the effects of biochar addition on the nutrient content of 
annually saline soils through field trials on large fields. Biochar was found to be effective in 
increasing the content of fast-acting nutrients, alkali-hydrolyzable N, and inorganic nitrogen 
fractions in soil under different conditions (freeze–thaw or crop-growth periods) (Figure 1). 
This is partly because the biochar used in this study contained high levels of nutrients (fast-
acting phosphorus, 307.52 mg/kg; fast-acting potassium, 786.50 mg/kg; and alkali-hydrolyz-
able N, 401.94 mg/kg) that provided mineral elements such as nitrogen, phosphorus, and 
potassium to the soil. Palansooriya et al. [30] showed that biochar changes microbial habi-
tats, directly or indirectly affects microbial metabolic activities, and changes soil microbial 
communities in terms of abundance and structure. Therefore, another reason for the appli-
cation of biochar to soil is the change it makes to the physicochemical properties of soil by 
stimulating the number and activity of soil microbial communities and thus promoting the 
growth of crop roots [31]. The increase in the number of roots indirectly increases the soil 
nutrient content. Additionally, biochar improves soil structure by increasing its porosity 
and reducing its bulk, so that organic contents can be adsorbed effectively. In addition, it 
promotes the aggregation of small molecules into nutrient macromolecules, thus increasing 
the nutrient uptake capacity of the soil [32]. 

In this study, the application of biochar increased the content of the inorganic nitrogen 
fraction in the soil and improved its nitrogen utilization. According to existing studies, this 
is because biochar has a small volume, a large specific surface area, a more developed pore 
structure and surface energy, and a large number of positive and negative charges on the 
surface, which can adsorb and fix more NO3−-N and NH4+-N in the soil [33]. The NO3−-N and 
NH4+-N contents in the biochar treatment were lower than those in the control treatment at 
the beginning of the experiment (at FFP). In contrast, biochar application reduced the soil 
inorganic N fraction because soil N mineralization is one of the main sources of inorganic 

Figure 7. Correlation between soil respiration rate, soil organic carbon, and environmental factors.
(Note: * indicates significant correlation at p < 0.05 level, ** indicates significant correlation at
p < 0.01 level).

4. Discussion
4.1. Effect of Applying Biochar on Soil Nutrients

The nutrient content of the soil plays an important role in soil fertility, and it is
important for crop growth if reasonable improvement measures are applied to reduce
the loss of soil nutrients. We investigated the effects of biochar addition on the nutrient
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content of annually saline soils through field trials on large fields. Biochar was found
to be effective in increasing the content of fast-acting nutrients, alkali-hydrolyzable N,
and inorganic nitrogen fractions in soil under different conditions (freeze–thaw or crop-
growth periods) (Figure 1). This is partly because the biochar used in this study contained
high levels of nutrients (fast-acting phosphorus, 307.52 mg/kg; fast-acting potassium,
786.50 mg/kg; and alkali-hydrolyzable N, 401.94 mg/kg) that provided mineral elements
such as nitrogen, phosphorus, and potassium to the soil. Palansooriya et al. [30] showed
that biochar changes microbial habitats, directly or indirectly affects microbial metabolic
activities, and changes soil microbial communities in terms of abundance and structure.
Therefore, another reason for the application of biochar to soil is the change it makes to the
physicochemical properties of soil by stimulating the number and activity of soil microbial
communities and thus promoting the growth of crop roots [31]. The increase in the number
of roots indirectly increases the soil nutrient content. Additionally, biochar improves soil
structure by increasing its porosity and reducing its bulk, so that organic contents can
be adsorbed effectively. In addition, it promotes the aggregation of small molecules into
nutrient macromolecules, thus increasing the nutrient uptake capacity of the soil [32].

In this study, the application of biochar increased the content of the inorganic nitrogen
fraction in the soil and improved its nitrogen utilization. According to existing studies,
this is because biochar has a small volume, a large specific surface area, a more developed
pore structure and surface energy, and a large number of positive and negative charges
on the surface, which can adsorb and fix more NO3

−-N and NH4
+-N in the soil [33].

The NO3
−-N and NH4

+-N contents in the biochar treatment were lower than those in
the control treatment at the beginning of the experiment (at FFP). In contrast, biochar
application reduced the soil inorganic N fraction because soil N mineralization is one of
the main sources of inorganic N. Moreover, microorganisms need to adapt after biochar
application for a short period of time, and the uptake of nutrient sources by microorganisms
is inhibited, thus reducing the rate of soil N mineralization and changing its community
structure [34]. The addition of biochar can improve soil aggregates, increase the proportion
of water-stable aggregates, alter saturated hydraulic conductivity, increase water retention,
regulate soil temperature, reduce sudden fluctuations in soil temperature, and affect soil
fertility [35]. However, these properties vary with the feedstock type, pyrolysis temperature,
particle size, and time after biochar application [36]. Therefore, the study on the effects of
biochar application on annual soil fertility needs to be monitored for a longer time to reveal
the mechanism of the effect of biochar application years on soil nutrient effectiveness for
annually saline soils and to provide a scientific basis for the optimal field management of
straw biochar in saline irrigation areas and the efficient utilization of soil nutrient resources.

4.2. Influence of Applied Biochar on SOC Fraction

Biochar is a carbon-rich organic material, and its application to soil not only directly
increases SOC content but also improves soil nutrient status, promotes crop growth [37],
and thus increases crop primary productivity. In this study, the application of biochar
significantly increased the surface organic carbon content of the soil (Figure 2a), mainly
because biochar is a highly aromatic carbon-rich organic material, which is an inert organic
carbon with high stability and resistance to biochemical degradation [38]. Therefore, biochar
can rapidly increase organic carbon in the soil on application, which is conducive to the
stable preservation of SOC. Second, the biomass char used in this study was prepared by
anaerobic pyrolysis treatment at 360 ◦C, and some studies have shown [39] that the higher
the pyrolysis temperature, the higher the proportion of stable organic carbon in biochar,
and the less likely it is to decompose in soil. Moreover, biochar has a porous structure that
can adsorb SOC and form a stable complex, which increases the sequestration of SOC. This
is apparent because of the special aromatic structure of biochar [40]. Some researchers have
observed that straw biochar affects the vertical distribution of SOC, depending on tillage
practices [41]. Since our study only analyzed the organic carbon content in the surface
layer of the soil (0–20 cm), further long-term studies are needed to determine the vertical
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distribution in long-term experiments. The organic carbon fraction in the soil also affects
microbial biomass and its activity in the soil, which controls the transformation between
various carbon fractions and carbon emissions (e.g., organic carbon decomposition and soil
respiration) in the soil carbon pool, which in turn affects the carbon stock of the soil carbon
pool [42]. Therefore, we need to pay attention not only to the effect of soil amendments on
the total organic carbon content, but also to the content of different components that are
vulnerable to external factors.

The addition of straw biochar increased the level of POC in soil (Figure 2b). This
may be due to the fact that biochar application can promote the formation of soil macroag-
gregates and increase the internal cohesion through the association of mineral particles
with carbon, which improves the antioxidant properties and stability of agglomerates [43],
resulting in the formation of stable granular organic matter. Throughout the experimental
cycle, POC content in saline soils showed a highly significant positive correlation with
SOC content (Figure 7). Wang et al. [44] also found that exogenous organic matter inputs
significantly increase the POC content, and POC content had a highly significant positive
correlation with SOC content.

MAOC is the end product of organic-matter decomposition that is tightly bound to
mucilaginous minerals and stabilized on the mineral surface through various bonding
reactions between organic minerals, such as ligand exchange, cation bridges, hydrogen
bonding, and van der Waals forces, and accounts for most of the total C in soil with long
turnover time [45]. It can reflect changes in soil quality for a relatively short period of time
and is considered a component and measure of soil active organic carbon. The interaction
of oxidized carboxylic acid groups in biochar with minerals and the adsorption of soil
organic matter on biochar can form agglomerates with soil particles and organic–inorganic
combinations, promoting the formation of soil agglomerates [46] and enhancing the stability
and accumulation of POC [47]. The above study supported the interpretation of the results
of this experiment, wherein MAOC content increased significantly with increasing biochar
application, and the mean MAOC content increased by 9.4% and 16.5% in the B15 and B30
treatments, respectively, compared to the B0 treatment (Figure 2c). Since cropping systems
and different soil environments may lead to changes in unstable organic fractions in the
soil [48], this could also explain some differences in each active organic carbon fraction
of the soil around 6 months (soil freeze–thaw period) and 12 months (before sunflower
harvest) of biochar application. In general, the elevated organic carbon content stabilized
on soil minerals after biochar application may lead to long-term carbon sequestration with a
longer duration of biochar application, which would have positive effects on SOC fractions
(POC and MAOC).

4.3. Influence of Applied Biochar on Soil Respiration

The microbial decomposition of SOC is the main cause of soil respiration, and soil
moisture and temperature are important environmental factors for soil respiration. In this
experiment, the soil respiration dynamics of the freeze–thaw period and crop-growing
period coincided better with the trend of soil temperature and correlated well; the k-values
of the crop-growing period were 20.5–76.4% higher than those of the freeze–thaw period,
indicating that the soil respiration rate increased much faster during the crop-growing
period than during the freeze–thaw period under the same conditions; however, the fitting
relationship between soil respiration rate and soil water content was not evident (Figures 5
and 6), indicating that soil water content explains less of the annual variation in soil
respiration rate. For the arid zone in northern China, soil moisture is mainly influenced
by precipitation, but the low average annual rainfall in the cold arid zone leads to a small
interannual variation without apparent seasonal differences, whereas soil temperature
becomes the main cause of soil respiration rate. Soil temperature was the main factor
affecting the soil respiration rate. Throughout the experimental period, soil respiration
showed evident phase differences, with the strongest soil respiration rate during the crop-
growth period and weaker soil respiration during the freeze–thaw period. Because of the
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high soil temperature and moisture during the crop-growth period, soil microorganisms
use the nutrients secreted by crop roots and root epidermal abscission to grow and multiply
rapidly [49]. Thus, the soil respiration rate increases, while the soil temperature and
moisture are lower during the freeze–thaw period, and the microbial activity is weaker,
thus slowing down the soil respiration rate.

Although the effect of biochar on soil respiration has been widely studied [50,51], its
effect on annual saline soil respiration and its mechanism are not clear. In this study, we
found that biochar application to the soil reduced soil respiration in all periods of the ex-
periment (Figures 3 and 4), mainly because biochar adsorbs sediments and enzymes in the
soil, inhibiting organic carbon conversion and microbial activity [52]. This is inconsistent
with the results of Gao et al. [53], who found that the addition of biochar enhanced the
soil respiration rate. The increase in soil respiration is usually attributed to the addition
of amendments that increase the concentration of reactive organic carbon and enhance
microbial activity in soil [54]. This is because different types of soils have varying complex
composition of organic matter and other components, and these differences affect the micro-
bial types and, thus, the soil respiration. Additionally, the enhancement of soil respiration
by biochar application has only a short-term effect, as the biochar itself contains a large
amount of organic matter, which is primarily used by soil microorganisms at the beginning,
thus increasing the activity of soil microorganisms and enhancing soil respiration [55].
However, with time, biochar promotes the formation of macromolecules that are difficult
to decompose by soil microorganisms, such as soil humus and carbohydrates, thereby
reducing the amount of organic matter available to microorganisms. During the individual
sampling periods of the experiment, soil respiration in the biochar treatment was higher
than that in the control treatment. Additionally, enhancement of soil respiration enhances
the aeration and nutrient status of the soil, and high amounts of biochar also accelerate soil
respiration rates [56]. It can be concluded from the findings that biochar application can be
an effective way to increase organic carbon stock and reduce greenhouse gas emissions in
saline soils.

5. Conclusions

The biochar application rates of 15 and 30 t·hm−2 in saline soil increased the soil
nutrient content (fast-acting potassium, alkali-hydrolyzable N, fast-acting phosphorus,
NO−3 -N, and NH+

4 -N) and the organic carbon fraction in the surface layer of soil, and
inhibited soil respiration during the 2 year trial period; the effect was directly proportional
to the amount of biochar applied. The one-time application of biochar in the test year
continued to have an impact in the subsequent year, and the effect was significant year by
year. The results showed that biochar applications of 15 and 30 t·hm−2 increased the average
organic carbon fraction by 9.4–24.4% and 16.5–43.3%, respectively. The SOC and MAOC
contents decreased during the initial freezing period and then gradually increased with
time after biochar application, whereas the changes in POC content were opposite. Biochar
applications of 15 and 30 t·hm−2 reduced the average soil respiration rate by 7.7% and 14.7%,
respectively. The freeze–thaw effect significantly reduced the cumulative soil respiration
rate. Although soil respiration rate and soil temperature exhibited a significant linear
correlation, a higher amount of biochar applications reduced the correlation. Considering
the soil respiration rate and soil physicochemical properties, a one-time biochar application
rate of 30 t·hm−2 was found to be optimal. This study is only a 2 year, short-term trial,
and biochar can be sequestered in the soil for a long time; therefore, soil fertility and soil
respiration monitoring need to be continued locally to understand the long-term effects of
biochar applications.
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