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Abstract: Biochar has demonstrated potential for stabilising high yields and sequestering carbon in dryland farmland,
but it is unclear whether biochar affects the carbon sequestration capacity and carbon balance of annual farmland
ecosystems. For this purpose, we conducted a plot control trial in salinised farmland in 2019-2021, where we set three
treatments, control, and two biochar rates, 0 (CK), 15 (B15), and 30 t/ha (B30). The results showed that biochar ap-
plication decreased soil organic carbon stocks in the early part of the experiment (first freeze and freeze period); these
increased in the later part, and overall, the biochar treatments increased soil organic carbon storage by 3—-6% com-
pared with the control. Compared with the control (CK), biochar inhibited the total soil respiration rate and microbial
respiration rate significantly (P < 0.05) during the crop growing period compared with the freeze-thaw period. After
two years of freeze-thaw cycling, biochar application increased sunflower plant carbon sequestration and net primary
productivity and suppressed total soil microbial respiration, thereby increasing net ecosystem productivity. Therefore,
the application of biochar is conducive to carbon sequestration in farmland ecosystems and presents a carbon sink
effect, thus being a good choice for improving the soil carbon pool and reducing emissions in the northern dry zone.
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The IPCC (2022) report shows that atmospheric  emissions reductions are urgently needed. Agriculture
CO, and CH, concentrations have risen to their high-  is a significant source of greenhouse gas emissions
est levels in the last eight decades and that sustained  globally, accounting for 34% of total anthropogenic
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emissions (Crippa et al. 2021). A large contribution
comes from food production processes, such as
CH, emissions caused by rice cultivation, soil N,O
emissions caused by nitrogen fertiliser application,
and CO, emissions caused by the processing and
transportation of fertilisers and pesticides in agri-
cultural production. Soil carbon sequestration can
increase terrestrial carbon stocks and reduce atmo-
spheric CO2 concentrations; studies have shown that
agroecosystems have the potential to increase soil
carbon stocks and thus reduce greenhouse gas emis-
sions (Li et al. 2021). Agroecosystems are complex
systems that are strongly regulated and controlled by
humans, and their carbon cycles are sensitive to the
responses of different field management practices.
Biomass conversion into biochar via pyrolysis and its
subsequent addition to soil are considered important
management practices for carbon sequestration (Nan
et al. 2022, Feng et al. 2023).

Handling crop straw has become a serious obstacle
to efficiently utilising straw resources. Biochar, as
a carbon-based material made from straw, not only
contributes to the sustainable development of agricul-
ture but also reduces carbon emissions from agricul-
tural ecosystems, making it an important strategy for
increasing sinks and reducing emissions in agriculture
(Gao et al. 2022, Li et al. 2022). Biochar applied to
agricultural soils enhances soil carbon sequestra-
tion by stimulating plant growth and increasing the
amount of plant (e.g., apoplastic and root) residues
entering the soil (Lehmann et al. 2021). Factors such
as cracking temperature, raw materials, land-use
practices, and soil pH influence the effect of biochar
on soil organic carbon (SOC) mineralisation. The
mineralisation response of SOC in dryland soils to
adding low amounts of biochar is strong (Cui et al.
2017) and can increase soil surface organic carbon
sequestration (Gross et al. 2022). The CO, release
from biochar applied to neutral and alkaline soils was
1.5-3.5 times lower than that of acidic soils (Sheng et
al. 2016). In addition, some researchers have gradually
considered the influence of environmental factors on
the properties of biochar and biochar-soil mixtures.
Freeze-thaw cycles reduce the hydraulic conductivity
of biochar-soil mixtures, greatly affecting soil freeze-
thaw deformation properties and contributing to soil
carbon emissions by influencing soil hydrothermal
conditions (Gao et al. 2020). Despite growing evidence
of the benefits of biochar in enhancing soil carbon
sequestration, how biochar addition over time affects
soil carbon dynamics remains unclear.
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Previous studies on the effects of biochar on soil
carbon sequestration and carbon balance have fo-
cused on ecosystems with non-saline soils, such as
grasslands, acidic farmlands, wetlands, and paddy
fields. Globally, saline soils are increasing at a rate of
1.0 x 10°-1.5 x 10° ha per year. Soil salinisation poses
a serious threat to agricultural production worldwide,
and its impacts are increasing. The seasonal perma-
frost area in China accounts for approximately 53.5%
of the national surface area (Xu 2010). The presence
of freeze-thaw cycles in seasonal permafrost zones
will intensify soil salinisation, affect soil structure
and quality, and change soil carbon sequestration
and emission reduction effects (Zuo et al. 2022).
To address the above problems, this study selected
the Hetao Irrigation District of Inner Mongolia as
a typical seasonal permafrost area characterised by
a high degree of soil salinisation, wide distribution
area, and strong freezing and thawing. Changing
patterns in annual carbon stocks and ecosystem
carbon sink intensity in salinised soil in response
to biochar were evaluated via a two-year field plot
experiment. The main objectives were to analyse (1)
the characteristics of soil respiration and microbial
respiration changes in annual farmland ecosystems
under different biochar treatments; (2) the charac-
teristics of annual organic carbon changes in soils
under different biochar treatments, and (3) carbon
sequestration by plants and carbon sink potentials
in salinised farmland ecosystems under different
biochar treatments. The results of this study can
provide theoretical parameters for carbon sinks
and greenhouse gas emission reductions in saline
areas, which can be used for accurate assessment of
soil carbon emission potentials, model simulations,
farmland management and climate change.

MATERIAL AND METHODS

Experimental materials. The study site was lo-
cated in Wu Yuan County, Bayan Nur City, Inner
Mongolia Autonomous Region (40°46'30"-41°16'45"N,
107°35'70"-108°37'50"E). The study site is located
in the Hetao irrigation area of Inner Mongolia,
bordered by the Yellow River in the south and the
Yinshan Mountains in the north. It belongs to a typical
salinised irrigation area, with salinised soils with
low organic carbon content, low microbial activity,
and a slow rate of organic carbon mineralisation.
Thus, it has a higher potential carbon sequestration
capacity than other terrestrial ecosystems. Most
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Figure 1. Maximum and minimum temperatures and rainfall during the study period, recorded in Xiaolancai Village

of the cultivated land is dominated by Solonchaks,
with sunflower and maize planted in large areas, and
rice, pasture, and sorghum planted in small areas.
The site has a typical temperate continental dry
climate, and considerable soil salt aggregation in
winter and spring. According to local weather records,
the average multiyear temperature was 6.1-7.6 °C,
rainfall was 177 mm, average frost-free duration
was 130 days, total radiation was 6 418 MJ/m?,
annual potential evaporation was 1 993-2 373 mm,
and sunshine hours was 3 231 h in the study area. The
summer crop growing period from May to September
accounts for approximately 75% of the total annual
rainfall. The cumulative rainfall at the study site from
November 2019 to April 2020 (first-year freeze-thaw
period) was 18.1 mm, from June to September 2020
(first-year crop-growing period) was 191.6 mm,
from November 2020 to April 2021 (second-year
freeze-thaw period) was 45.4 mm, and from June to
September 2021 (second-year crop-growing period)
was 105.5 mm. The average minimum ground tem-

Table 1. Basic properties of the test soil and biochar

perature and depth of permafrost were -12.3 °C and
100-130 cm, respectively. The soil in the test area
enters the first freeze in early November, and the
freeze layer completely melts around mid-April of
the following year, lasting for approximately 180 days.
Changes in rainfall and temperature are shown in
Figure 1.

Corn-straw biochar from Liaoning Jinhefu
Agricultural Development Co., Ltd. was used as
the test biochar. Biochar was prepared via pyrolysis
at 360 °C under anaerobic conditions. The physical
and chemical properties of the soil (0-20 ¢cm) and
biochar are listed in Table 1.

Experimental design. The experiment was con-
ducted from 2019 to 2021 using three biochar lev-
els, 0 (CK), 15 (B15), and 30 t/ha (B30), with three
replications of each treatment for a total of nine
plots arranged in completely randomised groups.
A 2 m wide protection row surrounded the plots. The
experimental plots were 160 m? (40 x 4 m) in size,
and biochar was evenly spread on the experimental

Particle size

Salt  Available Available  Carbon Nitrogen .
Soil EC CEC . mass fraction
Parameter content phosphorus potassium  content content o
texture (mS/m) (cmol /kg) (%)
¥ (g/kg)
(mg/kg) (g/kg) sand silt clay
Soil siltyloam 8.9 1.9 7.6 3.6 7.5 351.5 8.4 16.7 79.0 4.3
Biochar 8.6 307.5 786.5 364.1 7.6

EC - electrical conductivity; CEC — cation exchange capacity
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plots onto October 15, 2019, and evenly mixed with
the 20 cm soil layer using a rototiller, after which no
additional biochar was applied.

The field trial was irrigated with 225 mm in spring
on April 25, 2020, and April 20, 2021, using surface
irrigation. Before sowing, the field was manually
tilled to a depth of approximately 30 cm and fertilised
with 450 kg/ha diamine phosphate (N mass frac-
tion 18% and P mass fraction 46%) and 337.5 kg/ha
compound fertiliser (N mass fraction 15%, P mass
fraction 15%, and K mass fraction 15%) as substrates.
The test crop was the sunflower cultivar 902, which
is commonly grown by local farmers. Planting was
performed using mulching and hand-sowing at
2 rows of crops per mulch for a total of 18 mulches
and 36 rows. The spacing between the rows on the
membrane was 40 cm, and the spacing between the
rows between membranes was 100 cm. The planting
density was the same in nine plots at 27 000 plants/ha.
Other management practices were consistent with
local production practices. The additional N rate was
210 kg/ha at the bud stage, and the irrigation rate
was 90 mm. The specific division of the test period
is shown in Figure 2.

Soil respiration measurement. The soil respira-
tion dynamics of different treatments were meas-
ured from November 2019 to September 2021 from
09:00 to 12:00, approximately every 20 days and
the measurement time was appropriately adjusted
when rainfall was encountered (Wang et al. 2021).
Detailed information regarding the determination of
soil respiration using an ultra-portable greenhouse
gas analyser can be found in earlier publications (Li
et al. 2021, Zhang et al. 2022). The CO2 emission
rate (umol/(m?/s)) was measured using the dynamic
confined gas chamber analyser (UGGA) method, and
the soil respiration rate on the day of measurement
was used as the CO, emission rate, R.. The meas-
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uring instrument model was a US PS-3000 (Beijing
LICA United Technology Limited, Beijing, China)
fully automatic portable respiration system with
an SC-11 respiration chamber. 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 approximately 5 cm into the
soil, and approximately 5 cm was left exposed to
remove the debris inside the ring (Figure 3).

A 20 cm diameter PVC was placed in each test
plot into a bare area with no plant growth (Zhou et
al. 2007). The bare area was a circular area of 35 cm
in diameter, and the visible roots were removed
before pipe placement to measure the soil microbial
respiration rate R . The PVC pipe measuring the
soil microbial respiration rate was 50 cm high and
embedded 45 cm into the soil. Holes were drilled
5 cm from the mouth of the pipe and every 10 cm
from top to bottom along the pipe wall to facilitate
the exchange of soil, water, and nutrients inside and
outside the PVC pipe and to exclude roots from
entering (Zhou et al. 2007, Chen et al. 2016). Live
plants were periodically removed from the PVC pipes
during the experiment.

The estimation of total soil respiration and total
soil microbial respiration (t/ha of CO,) for different
treatments was calculated using the following equa-
tions (Li et al. 2018):

i=last=1 p . p
Cs= Z [—Dl+§‘” X
i=fist
X (Nip1 = Ni = 1) + D] + Doge
D; = Ry X 3600 X 24 x 44 x 10™°

(1)

(2)
where: Cq — total amount of soil CO, emission (t/ha); D, —
CO, emission rate on the day of measurement (g/m?); R, -
CO, emission rate on the day of measurement (umol/
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Figure 2. Phases of the test period and their corresponding dates
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(m?2/s)), 44 is the molar mass of CO, (g/mol), 3 600, 24, and
107¢ are conversion factors (24 and 3 600 are conversion fac-
tors between days and seconds; 107 is conversion factors

between pmol and mol); N,

i and N, - interval between two

adjacent measurements (d), respectively.

Soil organic carbon measurement. Soil samples
were collected from different treatments during the
2019-2021 experimental cycle at a depth of 40 cm in
20 cm levels with three replicates for each treatment.
Soil samples were air-dried after removing roots and
stones and soil organic carbon content (g/kg) was
determined using an external heating method using
potassium dichromate (De et al. 1978).

The calculation of SOC stocks using an iso-mass
approach uses the following equations (Ellert and
Janzen 1999):

Mgy =10"x p, X T (3)
M giement = 10_3 X Moyt X Msoc (4)
where: M, — SOC stocks (t/ha); M ., — soil mass per

unit area (t/ha); p, — bulk density of each soil layer (t/m3);
T — depth of the soil layer (m); M, . — SOC content of each

soil layer (kg/t), and 10~3 and 10* are the conversion factors.

Estimation of carbon balance in agricultural
ecosystems. After the sunflower seeds were har-
vested, the aboveground biomass (straw or stubble) of
sunflowers was measured in three 1 m? plots selected
from different treatments, and the straw and stubble
were dried at 60 °C for 72 h. After harvest, four holes
8 ¢m in diameter and 60 cm in depth (two on the

plant rows and two between the rows) were punched
into each treatment plot, and the root biomass of
sunflowers in the 0—60 cm soil layer was measured.
Roots were placed into nylon bags and rinsed with
tap water, after which the roots were dried at 80 °C
until constant weight and root dryness were deter-
mined. Root biomass was calculated according to
planting density. The carbon content of leaves stems,
and roots passing through a 0.25 mm sieve was de-
termined using the potassium dichromate-sulfuric
acid oxidation method (Bao 2000).

Approximately five sunflower plants were planted
per square meter. The net C plant production (NPP)
was calculated by Cao et al. (2003):

NPP = S(mlwl +myw, + mrwr)

(5)
where: NPP — net C plant production (g/ m?); m p My and m —
sunflower leaf, stem, and root dry matter masses (g/plant),
respectively; @, @, and @, - sunflower leaf, stem, and root
carbon contents (%), respectively.

Net C ecosystem productivity (NEP) was calculated
by Gao et al. (2017) and Wang et al. (2021):

NEP = NPP — Cs

(6)
where: NEP — net C ecosystem productivity (g/m?); C¢ —
total carbon emissions from microbial respiration (g/m?).
When the NEP > 0, the farm ecosystem is a sink for CO,
absorption; otherwise, it is a source of CO, emissions.

Statistical analysis. All values were expressed as
the means + standard error. The normal distribution
and homogeneous variance tests were performed
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Figure 3. Gas extraction device arrangement. R - soil microbial respiration rate; R, - soil respiration rate
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before subjecting the results to analysis of variance
(ANOVA). One-way ANOVA was conducted using
SPSS (v22.0, IBM, Chicago, USA) to compare the
effects of biochar addition on SOC, soil respira-
tion, dry matter mass, carbon content, and carbon
sequestration of plant organ indicators. The signifi-
cance of the observed differences was tested using
the least significant difference (LSD) test at a level
of 0.05. Finally, plots were created using Microsoft
Excel 2021 (Redmond, USA).

RESULTS

Characteristics of SOC changes in annual farm-
land ecosystems. The effects of mixed biochar soils
on SOC content and storage in the tillage layer at
different periods are shown in Figures 4A-D and
4E-H, respectively. After two years of freezing and
thawing, the biochar treatments increased SOC
content by 6—-13% and organic carbon storage by
3-6% compared with the control. Compared with
the CK and B15 treatments, the response of the B30
treatment to SOC content in the 0—-20 cm soil layer
was more significant (P < 0.05). However, the effect
of biochar on SOC stock exhibited a fluctuating
trend during the two-year experiment (Figure 41, J),
with a negative effect on SOC stock in the early part
of the experiment (first freeze and freeze period),
followed by a positive effect on SOC stock. More
prolonged in situ field monitoring is required to
understand this phenomenon further.

Characteristics of soil respiration and soil mi-
crobial respiration changes in annual farmland
ecosystems. Horizontal fluxes in the test area showed
a strong seasonal emission pattern, and the pattern of
soil microbial respiration changes in each treatment
in each period was consistent with that of total soil
respiration (Figure 5). The total soil respiration rate
(mean * standard deviation) was the highest during
the crop growth period (20.57 + 5.76 g/m?), lowest
during the freezing period (0.88 + 0.06 g/m?), and
began to increase again during the thawing period
(8.09 + 0.59 g/m?) (Figure 5A, B). In conventional
tillage, the crop straw is completely removed, no
root respiration takes place during the freeze-thaw
period, and the microbial respiration rate is equal
to the total soil respiration rate; therefore, in the
following sections, we analyse the characteristics
of microbial respiration rate changes during the
freeze-thaw period by using the total soil respiration
rate as an example.
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The mean total soil respiration rate and microbial
respiration rate were significantly lower (P < 0.05) in
the biochar treatment than in the control treatment
in both growing seasons but exhibited differences
in the three phases of the soil freezing and thawing
period. One-way ANOVA showed that in the pre-
existing phase of biochar application (first freeze
in 2019-2020), biochar treatment increased the
mean total soil respiration rate, but the effect was
not significant (B15: P = 0.277; B30: P = 0.167). The
inhibitory effect of biochar addition on the total
soil respiration rate and microbial respiration rate
gradually increased with the increase in biochar ap-
plication time, in which the B30 treatment reached
a significant difference (P < 0.05) from the control
treatment during the remaining period, except for
the freezing period in 2020-2021 in which there
was no significant difference between treatments.

Characteristics of changes in dry-matter mass,
carbon content, and carbon sequestration of plant
organs in an annual agroecosystem. During the
two-year growing season, the higher the amount
of biochar applied and the longer the period after
application, the higher the dry-matter mass, carbon
content, and carbon fixation of each organ (Figure 6).
Compared with no biochar application (CK), the
B30 treatment significantly (P < 0.05) increased the
aboveground dry-matter mass of all sunflower organs
by 53.04, 26.13, and 16.58% for roots, stems, and
leaves, respectively, in 2020—-2021 (Figure 6A), and
by 36.47% for the whole plant. Biochar treatments
did not significantly differ (P > 0.05) for sunflower
stems in 2019-2020 and sunflower leaves in 2020—
2021, except for the B30 treatment, which signifi-
cantly increased sunflower carbon content (P < 0.05)
(Figure 6B). From the results of carbon sequestra-
tion in each sunflower plant organ (Figure 6C),
all treatments exhibited significant differences
(P <0.05) in 2019-2020, and only the B30 treatment
showed a significant difference (P < 0.05) from the
CK treatment in 2020-2021, which indicated that the
carbon sequestration capacity of the B15 treatment
on each sunflower organ slowed over time.

Carbon balance analysis of farmland ecosystems
under different treatments on an annual basis.
The net C ecosystem productivity of farmland under
different biochar treatments is shown in Table 2. The
experimental results showed that applying biochar
increased plant carbon sequestration and net C plant
production and suppressed total soil microbial respi-
ration, thus improving net C ecosystem productivity.
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Figure 4. Change the pattern of soil organic carbon (SOC) content and organic carbon stock of each treatment
during the experimental period. CK — blank control; B15 and B30 are treatments of biochar rates 15 t/ha and
30 t/ha. (A-D) shows SOC content; (E-H) shows SOC stock; (I) and (J) show average increase rates of SOC
stocks with biochar treatment (B15 and B30) compared with blank treatment (CK). Different lowercase letters
represent significant differences between the treatments at P < 0.05
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Figure 5. Changes in soil respiration and soil microbial respiration (g/m? of C) for each treatment during the
experimental period. CK - blank control; B15 and B30 are treatments of biochar rates 15 t/ha and 30 t/ha. (A)
and (B) denote the total soil respiration rate during the experimental periods 2019-2020 and 2020-2021, re-
spectively; (C) and (D) denote the soil microbial respiration rate during the experimental periods 2019-2020
and 2020-2021, respectively. P, — variability between B15 and CK treatments at the P < 0.05 level; P, — vari-
ability between B30 and CK treatments; P, — differences between B15 and B30 treatments at the P < 0.05 level.
Asterisks indicate significant differences between biochar treatments (B15 and B30) and CK at the P < 0.05 level
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Figure 6. Changes in dry bi-
omass, carbon content, and
carbon sequestration of sun-
flower organs under differ-
ent treatments after harvest.
CK - blank control; B15 and
B30 are treatments of biochar
rates 15 t/ha and 30 t/ha. (A)
shows the dry-matter mass
of each sunflower organ; (B)
shows the carbon content of
each sunflower organ; and (C)
shows the carbon sequestra-
tion in each sunflower organ.
Different lowercase letters
represent significant differ-
ences between treatments at
P <0.05
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Table 2. Carbon (C) balance analysis of different treatment systems

Net C plant Total soil microbial Net C ecosystem
Period Treatment production respiration productivity
(g/m?)
CK - 253.28 + 13.252 -253.28 + 12.662

First-year freeze-thaw

: B15 - 249.60 + 13.442
period (n = 12)
B30 - 227.79 + 11.23P
. CK 574.85 + 28.74¢ 402.16 + 20.20?
First-year crop-growth B15 728.08 + 36.40P 351.62 + 18,562
period (n = 7)
B30 837.40 + 41.87° 313.26 + 17.74P
CK - 112.75 + 6.292
Seclond—year freeze-thaw BIS _ 104.21 + 5.41%
period (n = 12)
B30 - 93.19 + 5.10P
S . . CK 870.63 + 45.53¢ 364.88 + 18.212
econd-year crop-growt B15 1022.78 + 51.14P 335.71 + 17.23b
period (n = 7)
B30 1268.70 + 63.442 284.59 + 14.14¢

-249.60 + 12.482
-227.79 + 11.392
172.69 + 8.63¢
376.46 + 18.82P
524.14 + 26.212
-112.75 + 5.64P
-104.21 + 5.21°P
-93.19 + 4.66°
505.74 + 25.29¢
687.07 + 34.35P
984.12 + 49.212

CK - blank control; B15 and B30 are treatments of biochar rates 15 t/ha and 30 t/ha. Different lowercase letters repre-

sent significant differences between the treatments at P < 0.05
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The ecosystems in the region under different biochar
treatments were carbon "sinks" for atmospheric CO,
during the crop-growth period and carbon "sources"
for atmospheric CO, during the freeze-thaw period.
The net C ecosystem productivity of all treatments
reached significant differences (P < 0.05) during the
crop-growth period but not during the freeze-thaw
period in the second year (P > 0.05). The farmland
net C ecosystem productivity increased with biochar
application, which implied that the carbon "sink"
intensity gradually increased.

DISCUSSION

Effect of biochar application on SOC storage
and soil respiration. This study’s SOC storage in
the 0—40 cm soil layer increased after biochar ap-
plication (Figure 4). Biochar is a carbon-rich material
that can directly input exogenous organic matter into
the soil (Matovic 2010). From the previous analysis,
the SOC content in this study increased significantly
with increasing biochar application owing to the high
carbon content, complex aromatisation structure, and
inherent chemical inertness of biochar. Biochar is
considered an inert carbon pool with high chemical
and microbial stability in the soil environment, and
the magnitude of its effect depends on its amount
and stability (Zwieten et al. 2010). After two years
of freeze-thaw, biochar treatment (B15 and B30)
increased SOC by 6-13% and SOC storage by 3-6%
compared to the control. It indicates that straw bio-
char can be used as a better carbon sequestration
material, which has a better carbon sequestration
effect when prepared as biochar and returned to the
soil and positively affects soil carbon sequestration.
Consistent with the results of this study, Criscuoli
et al. (2021) found a significant increase in soil car-
bon storage in the short term through a field trial
compared with the original soil control. The present
study further showed a highly consistent covariance
between SOC storage and SOC, with a decreasing
trend of soil carbon storage and SOC with increasing
soil depth. This may be due to microorganisms’ high
abundance and activity in the top soil layer, which
decomposes organic matter faster and accumulates
relatively more SOC. In contrast, the lower soil layer
has lower microbial activity and numbers, forming
arelatively enriched SOC pool. However, it has also
been shown that the microbial biomass of surface
soil is significantly higher than that of deeper soil,
and microorganisms produce more soil enzymes for
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the decomposition of SOC; therefore, the organic
carbon content of surface soil is lower than that of
deeper layers (Wang et al. 2013). This may be be-
cause we studied the annual SOC stock change law,
in which the soil microbial activity was lower during
the freeze-thaw period. Furthermore, differences in
other environmental factors, such as soil type, may
also produce different results. In addition, even in
replicated experiments, the lack of measurements at
the beginning of the experiment may lead to some
bias (Poeplau et al. 2016), e.g., when the initial SOC of
the trial is low, the increase in SOC storage is instead
greater (Poulton et al. 2018); it takes decades or even
longer to validate the characterisation of significant
changes in SOC storage (Smith et al. 2020). However,
our understanding of the underlying mechanisms of
soil carbon stocks over the long term is limited by
the lack of relevant studies, particularly regarding
the contributions of belowground biomass and soil
microbes to soil carbon stocks.

The extent and direction of the effects of biochar
additions on total soil CO, emissions remain con-
troversial, despite numerous studies conducted over
the past decade (Zimmerman et al. 2011, Wang et
al. 2016). Our study showed that the effects of both
biochar treatments on total soil respiration and mi-
crobial respiration did not reach a significant level
(P > 0.05) during the stabilised soil freezing period
in the second year of the experiment, which could be
attributed to the lower microbial abundance and ac-
tivity under the low-temperature environment, which
suppressed CO, emissions. As shown in Figure 5,
the peak of soil carbon emissions in winter is dur-
ing the melting period, which is similar to the re-
sults of Yang et al. (2014). Increasing soil moisture
and temperature during thawing may stimulate soil
microbial activity (Aanderud et al. 2013). In addi-
tion, repeated freeze-thaw cycles during thawing
can rupture microbial cells or induce the release of
readily decomposable organic matter, which may
also lead to an increase in CO, emissions (Feng et
al. 2007). In this study, biochar application signifi-
cantly reduced the total soil respiration. Biochar has
a large specific surface area and a certain content of
minerals such as CaCO, and Fe(OH),, which have
a strong physical and chemical fixation effect on
CO,, prompting biochar to form organic-inorganic
complexes with soil and organic matter to generate
more stable agglomerates; the organic carbon stored
therein is not easily decomposed and used by external
microorganisms, thus reducing soil CO, emissions
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(Huang et al. 2017). Alternatively, the addition of
biochar not only promotes the formation of soil hu-
mus but also contributes to the formation of organic
macromolecules such as carbohydrates, esters, and
aromatic hydrocarbons that are difficult to use by
microorganisms (Cross and Sohi 2011); this process
reduces the microbial utilisation of organic carbon,
thus reducing soil CO, emissions. Simultaneously,
this study found significant differences in the effects
of biochar at different periods after application to
the soil. Different biochar application rates increased
soil respiration in the early stage of soil application
compared to the blank control, whereas the B15 and
B30 treatments gradually inhibited soil respiration
over time. The application of biochar improved the
soil microenvironment and increased the content
of readily decomposable organic matter in the soil,
resulting in a sharp increase in soil carbon emissions
in the short term; however, this excitation effect
gradually disappeared with the mineralisation of
readily decomposable organic carbon (Ventura et al.
2014). Therefore, this study needs to conduct field
monitoring over a longer period to validate the above
findings. Overall, any comparisons or conclusions
should be made cautiously, considering that these
syntheses tend to ignore biochar age’s complex but
important effects on soil CO, emissions.

Effect of biochar application on dry matter ac-
cumulation and carbon sequestration in sunflower
plants. To achieve the ultimate goal of carbon seques-
tration and emission reduction in farmland, further
enhancements to the carbon sequestration capacity
of farmland and reductions in carbon emissions
should be realised. This study showed that most of
the sunflower carbon stocks were accumulated in
the above-ground parts of the plant, with the highest
carbon sequestration in the stem, which accounted
for 51.8-63.7% of the total carbon sequestration
in the plant under different biochar methods. In
contrast, in the below-ground carbon sequestration
in sunflowers, the limitation of the root biomass
resulted in low carbon sequestration in the roots,
which accounted for only 18.6-24.5% of the total
carbon sequestration in the plant. The carbon cycle
pathway in farmland is such that atmospheric CO, is
absorbed and fixed by crops, intervened by biologi-
cal and human activities, and finally returned to the
atmosphere in the form of CO,and CH,. Therefore,
the effective fixation of CO, in the air by plants in
farmland ecosystems is key to maintaining the car-
bon balance of this ecosystem. In this study, biochar

application increased sunflower plants’ dry matter
accumulation and carbon fixation (Figure 6). The
higher the amount of biochar applied and the longer
the period after application, the higher the dry matter
mass, carbon content, and carbon fixation of each
sunflower organ. It is assumed that the promotional
effect is because biochar can enhance the uptake of
nitrogen, phosphorus, and potassium and reduce
the leaching of nutrient ions such as ammonium and
calcium. This may also be due to the large specific
surface area and microporous structure of biochar.
Biochar has a strong adsorption capacity and can
improve the soil structure and water, fertiliser, air,
and heat conditions (Tang et al. 2021), increase the
water-holding and salt-leaching capacity of the soil,
facilitate soil desalination in the root zone, create
a good growth environment in the root zone, and
promote the growth of each crop organ.

Effects of biochar application on the carbon
balance of farmland ecosystems. Recently, the
net C ecosystem productivity has been adopted by
many researchers to evaluate the carbon balance of
agricultural ecosystems, which, to a certain extent,
compensates for the shortcomings of estimating soil
carbon emission efficiency. Different ecosystems’
carbon inputs and outputs vary yearly depending
on climatic conditions and vegetative development
(Tezza et al. 2019). Adding biochar plays an impor-
tant role in controlling these systems’ net soil carbon
balance, bringing them closer to carbon neutrality.
This study showed that all treatments exhibited net
carbon uptake, and the application of biochar in-
creased the net C plant production of the ecosystem
owing to increased net ecosystem exchange compared
to the control. The longer the application period,
the greater the net C plant production (Table 2).
The net C ecosystem productivity was also used to
evaluate the carbon balance of salinised farmland
ecosystems, and the net C ecosystem productivity
of annual salinised farmland soils collectively was
a carbon "sink" of atmospheric CO,; however, there
were significant differences between different periods.
The net C ecosystem productivity was positive in all
treatments during the crop growth period, implying
that the ecosystem carbon input was significantly
higher than the carbon output during this period,
and the farmland ecosystem was a carbon "sink" for
atmospheric CO,. This is consistent with several
studies that have concluded that agricultural soils
function as a carbon "sink" during the crop growing
period (Zhang et al. 2013), whereas soils during the
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freeze-thaw period act as a "source" of atmospheric
CO, emissions, probably because there is no plant
growth during the freeze-thaw period in this study
area. Generally, the influence of climatic conditions
on the stability of biochar in soil is long-lasting. In
addition, biochar contains a large amount of inert
carbon, prolonging the time it affects the soil; study-
ing the seasonal dynamics of the microbial load and
carbon source metabolism requires an even longer
monitoring time. Presently, the study of biochar’s
physical and chemical properties on its stability is
relatively mature. Nevertheless, several uncertainties
exist regarding the influence of the soil environment on
biochar stability, and further research is still needed.
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