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Mining operations accelerate ecological damage in alpine mountain locations
by contributing to soil erosion and nutrient loss in the freeze-thaw (FT) climate.
However, limited studies have been conducted to reduce the soil erosion and
nutrient loss in FT climate. This study's goal was to determine how biochar
effected soil erosion in the restored soil of the alpine mining region under FT
circumstances. Rainfall simulation and FT cycles (FTCs; three and 5) were used
to investigate the effects of 500 and 1,000 kg hm™ biochar application rates
(BARs) on runoff, soil loss, and runoff loss of ammonia nitrogen (AN), nitrate
nitrogen (NN), total phosphorus (TP), and dissolved phosphorus (DP). Soil
residual AN, NN, and DP concentrations after FTCs were also evaluated.
Biochar application significantly reduced the runoff, soil loss rate, AN and
NN loss rates, but increased the runoff NN concentration and decreased the
total AN and NN loss under FTCs condition. Reductions in AN (37.2%—-52.2%)
and NN (14.3%-27.1%) runoff loss can be differentially attributed to the
adsorption effect of biochar and decrease in total runoff. The runoff P
concentrations, rates, and magnitudes for soils subjected to FTCs
significantly decreased with biochar addition, owing to the particulate P loss
decrease in soil and increased adsorption effect of soil DP. Biochar addition
increased soil residual AN, NN, and DP concentrations. However, the increase in
FTCs weakened the inhibitory effects of biochar on soil erosion. This study
suggested the important role of biochar application for the recovery of low-
nutrient eroded soils in alpine mining areas.

Abbreviations: FT, Freeze-thaw; FTCs, Freeze-thaw cycles; WHC, Soil water holding capacity; P,
Phosphorus; N, Nitrogen; a.s.l, Above sea level; BARs, Biochar application rates; DP, Dissolved
phosphorus; TP, Total phosphorus; AN, Ammonia nitrogen; NN, Nitrate nitrogen.
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Introduction

Continuous land degradation has been recognized as a global
crisis (Wei et al,, 2019), especially in the Tianshan mountain
region in Xinjiang, China (Li et al., 2020). To date, 138 kinds of
mineral resources have been discovered in the Tianshan
Mountains from which approximately 175.27 Mt of iron ore
has been mined (Statistic Bureau of Xinjiang, 2013). However,
continuous mining causes glacier base rock damage, produces a
large number of tailings, and threatens the soil ecosystem.
Moreover, soil erosion in the alpine areas is worsened by
influencing factors, such as global warming (Li et al,, 2020).
So far, Xinjiang still has a high soil erosion intensity index,
mainly in the key mineral resources development zone (Chen,
2013), resulting in increased damage areas and a range of
environmental issues. Therefore, there is an urgent need to
protect the local ecological environment. For the treatment of
slag, the most conventional treatment method is to conduct
landfill depending on the terrain. In Tianshan area, mining
companies usually pile slag into ore dams of different heights
through certain engineering measures, and then cover them with
20 cm soil layer before planting grass, which usually leads to loose
soil structure (Li et al., 2022). Thus, it is important to consider the
effect of freeze-thaw (FT) on soil erosion, soil nutrient migration,
and remediation technologies in an environment subjected to FT
cycles (FTCs).

In regions with seasonal freezing and thawing, FTCs have a
significant impact on soil properties including soil porosity and
aggregate stability (Liu et al., 2017; Fu et al., 2018; Wei et al,,
2019). For instance, it has been reported that FTCs reduced soil
strength and increased mean soil detachment capacity by 36.5%
(Liu et al, 2017). Meanwhile, FT reduces the stability of soil
aggregates (Sahin et al., 2008; Xie et al., 2015; Fu et al., 2018) due
to the formation of large pores in soils with high moisture
which the
conductivity and decreased the soil water holding capacity
(WHC) (Rima & Beier 2021; Wei et al, 2019). The main
reason is that FTCs destroy the primary structure of soil and

content, consequently  increased hydraulic

change the arrangement and combination of soil particles (Zhang
et al., 2016), thus, the soil pore size increases with the freezing
and expansion of water, thereby causing a reduction in soil
strength and soil stability (Oztas and Fayetorbay, 2003; Joseph
and Henry, 2008). FTCs may further promote the release of
organic acids, resulting in a decrease in soil pH (Edwards and
Cresser 1992). Feng et al. (2007) found that the free lipid content
in organic matter decreased significantly, while the lignin content
was relatively stable under FT'Cs. Mannisto et al. (2009) showed
that the migration of organic matter increased with an increase in
soil moisture content under FTCs, resulting in its loss risk. FTCs
may also cause the migration and transformation of soil nitrogen
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(N) and phosphorus (P) (Joseph and Henry, 2008; Jiang et al,
2018). Some studies have found that soil inorganic N content
decreases first and then increases with the frequency of carbon
exchange (Urakawa et al,, 2014; Fu et al,, 2019a). As the number
of FTCs increased, the degree of soil N mineralization gradually
declined (Urakawa et al., 2014; Fu et al., 2019a). However, most
of these studies only focused on forest and agricultural soils and
did not consider the impact of the rainfall process on soil and
nutrient loss under FTCs. Additionally, there is a lack of
knowledge regarding soil and water losses in alpine meadow
mine-restoration areas.

It is extremely necessary to reclaim the soil in mining areas to
mitigate the effects of severe environmental conditions such as
FT. At present, soil reclamation using amendments is a low-cost
and environmentally friendly method to improve damaged and
polluted lands (El Rasafi et al., 2021). Soil amendments usually
have sufficient remediation effects on both acidic and alkaline
soils (Ji et al., 2019; El Rasafi et al., 2021), and thus exhibit broad
application prospects. Biochar is an insoluble and stable solid
substance produced by the pyrolysis of biological residues under
high-temperature and anoxic conditions (Laird et al., 2010; Yao
et al., 2012). Biochar as a soil amendment that can improve
physicochemical and biological properties, and has been widely
applied in various areas, attracting significant attention (Li F. Y.
et al., 2019). Studies have showed that biochar can reduce soil
bulk density, increase soil total porosity, affect soil aggregates,
improve soil structure (Yao et al., 2012; Tammeorg et al., 2014;
Zhang Q. et al,, 2015), and increase soil WHC (Fu et al., 2019a;
Wang et al., 2019). Furthermore, biochar is beneficial for the
microbial activity and soil fertility (Li F. Y. et al, 2019). In
addition, biochar has a large specific surface area and strong
adsorbability (Gai et al., 2014; Liu et al., 2018; Li F. Y. et al., 2019)
which can binds heavy metal ions and has a strong adsorption
ability for phosphate (PO,*"), Ammonium (NH,"), and nitrate
(NO;3) ions (Li F. Y. et al,, 2019). Biochar addition has been
shown to reduce soil nutrient loss (Nyambo et al, 2018),
effectively block the migration or change the occurrence
forms of heavy metals, and reduce their environmental risk
(Li Y. et al, 2021). Most previous studies on the effects of
biochar application on soil erosion were conducted in non-FT
periods. For example, Hseu et al. (2014) found that biochar
addition reduced soil erosion by 35%-90% after a 168-day
artificially simulated rainfall test. However, few studies have
investigated the effect of biochar addition on soil erosion and
nutrient loss under FT conditions, and studies concerning alpine
mine restoration areas have not been reported. In addition, if and
how FT affects environmental reclamation with biochar
amendment in these areas is still unclear.

The soil in the mine restoration area usually has a loose
structure and a limited quantity of stable aggregates, which
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hinder soil and water conservation. Restorative agents should be
added to reduce soil erosion and promote rapid vegetation
restoration in alpine mining areas (Li et al., 2022). Many studies
have reported that FT may lead to an increase in soil erosion (Liu
et al,, 2017; Jiang et al., 2018), and examined biochar has positive
effect on soil erosion and nutrient loss in agricultural soils (Li et al.,
2021). Thus, in this study, soil samples were collected from the
alpine mine restoration area, and the effect of biochar addition on
runoff, soil sediment, and nutrient loss was investigated. Artificial
rainfall simulation and FT tests were performed under different
FTCs and biochar application rates (BARs). The main hypotheses in
this study were as follows: 1) FT will accelerate the irreversible loss of
water, soil, and nutrients in the alpine mine restoration soil, which
will increase with the increment of FTCs. 2) biochar addition is
beneficial in reducing soil erosion, and this remediation effect will be
enhanced with an increase in BARs.
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Materials and methods
Study area and soil sampling

The soil samples were collected from the restoration region of the
X-Lake Iron Mine (85°3'40"N, 43°18'50"E) located in the central part
of the West Tianshan Mountain (Figure 1), which is a middle-high
mountain area (2, 573-3,641 m above sea level (a.s.1)) with an average
altitude of >3,500 m a.s.l. The annual ore mining output in this area
exceeded 3 Mt by 2020. The mining area has a temperate continental
climate, experiencing both rain and snowfall, and featuring moderate
to deep (>1 m) seasonally frozen soil (Li F. Y. et al, 2020; Li et al,
2022). The average annual rainfall of the area is 576 mm, mainly
occurring from June to August, with an average relative humidity of
43% (Li F. Y. et al, 2020). The maximum temperature in summer is
approximately 16°C, and the minimum temperature in winter is

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1053843

Li et al.

10.3389/fenvs.2022.1053843

TABLE 1 Properties of the cotton straw biochar and the restored soil in the mining area.

Cotton straw biochar

PH 8.90 + 0.10
C (%) 73.03 £ 3.24
N (%) 0.98 + 0.14
H (%) 1.63 £ 0.03
O (%) 10.14 £ 0.22
Ash (%) 14.22 £ 1.11
H/C 0.020

o/C 0.140

(N +0)/C 0.150

SSA (m? g™) 140.13 + 20.16
Ammonium N (mg kg™) 3.80 + 0.15
Nitrate N (mg kg™") 2.90 + 0.17
Total P (g kg™") 4.20 + 0.35
Dissolved P (mg kg™') 156.4 + 6.44

Soil

pH 7.80 + 0.10
Total C (%) 870 + 0.21
Total N (%) 0.76 + 0.08
Ammonium N (mg kg™") 292 +£0.24
Nitrate N (mg kg™") 4.79 £ 0.15
Total P (g kg ™) 0.68 + 0.02
Dissolved P (mg kg™) 3.27 £ 0.11
CEC (cmol kg™) 4420 + 5.45
Bulk density (g m™) 1.10 + 0.05

Field capacity (%) 21.5% + 2.34

Note: SSA, specific surface area; CEC, cation exchange capacity. Values are presented as the mean + standard deviation (n = 3).

approximately —30°C. There is a large difference between day and
night temperatures, and part of the snow cover melts during the
summer, causing seasonal floods.

The dominant vegetation types in the restoration field are
Polygonum viviparum L., AstragalustibetanusBenth.exBunge,
Thalictrum alpinum L., Carex stenocarpa Turcz. ex V. Krecz.,
Leontopodium leontopodioides (Willd.) Beauv, and Artemisia
carvifolia (Li F. Y. et al, 2020; Li et al, 2022). Mining
activities have caused extreme damage to this environment,
especially in summer, when the temperature rises, and snow
melts forming surface runoff. Meanwhile, abundant rainfall in
summer superimpose the FT effect, resulting in increasingly
serious soil erosion in the area, aggravating the loss of soil
nutrients and leaching of heavy metals, thus causing
environmental pollution (Yuan et al., 2021).

In September 2020, surface soil from depths of 0-20 cm in the
restoration field (~170,000 m*) of the mining region was randomly
selected, and 20 sub-samples were collected and mixed thoroughly to
obtain a standard sample weighing 200 kg. The soil in the mine
restoration area was covered with slag and grass. The collected soil
samples were brought back to the laboratory and placed in a cool and
ventilated place for air drying without pollution. Then, debris (such as
stones and plant residues) was removed from the dried samples, which
were ground with a glass mortar, sieved through a 2-mm mesh sieve,
transferred into zip-lock bags, and stored in a dry and dark place. The
basic physical and chemical properties of the soil are listed in Table 1.

Experimental setup

The experiments were conducted in the environmental
engineering laboratory of the engineering training building at
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Tarim University, China. We included three bars of 0 kg hm™
(BO; control), 500kghm™ (B1), and 1000kghm™ (B2)
according to previous research results in a black soil under FT
condition (Li Y. et al., 2020), and three FTCs of 0 (FT0; control), 3
(FT3), and 5 (FT5) to investigate the effect of biochar application
on soil and nutrient loss from the studied soil under FT
conditions. The treatments were split into nine groups (FT0 x
B0, FT0 x B1, FT0 x B2, FT3 x B0, FT3 x B2, FT'3 x B2, FT5 x B0,
FT5 x B1, and FT5 x B2) with three replications for each. The
biochar used in this experiment was produced by heating cotton
straw at 600°C for 4 h using a tube furnace (KPX-9162 MBE,
China) under limited oxygen conditions. After air-cooling to
25°C, the products were washed using deionized water and
subsequently oven-dried at 80°C for 12 h. The fine pulverized
products were further separated by passing through a 0.154-mm
sieve. The properties of the cotton straw biochar are listed in
Table 1. The apparatus used in this study is illustrated in
Supplementary Data S1 and Supplementary Figure SI.

Rainfall simulation and soil erosion test

After passing through a 5-mm sieve, the collected soil was
mixed thoroughly with the cotton straw biochar based on the
abovementioned application rates (B0, B1, and B3). The soil was
evenly loaded into the soil test tank. The soil was then scraped
and compacted adequately to obtain a homogeneous texture
(Eltohamy et al, 2021) with a consistent bulk density of
1.1 gcm™, which was the same as the original meadow soil.
Once the soil moisture content was set to 20% (on a gravimetric
basis), the soil surface was covered with a plastic film to prevent
water evaporation.
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The FTC’s test was carried out after a 1-week preculture. The
FT events were designed as 12 h freezing at -20°C followed by
12 h thawing at 25°C based on the extreme FT conditions in the
alpine area in Tianshan Mountains. After the FTCs, the rainfall
simulation and soil erosion tests were carried out with three
replications for each treatment. The horizontal projection area of
the rainfall range was 0.5m x 0.4m. During the rainfall
simulation, the water pressure was kept constant, the vertical
distance between the dropper and the slope was 2.0 m, and the
rain intensity was controlled by the flowmeter. The rainfall
intensity was set at 48 mmh™' based on the extreme case in
the Tianshan mountains, the soil slope was fixed at 15°, and the
continuous rainfall time was set to 60 min. During the rainfall
experiment, the runoff samples of the soil flowing out of the
lower end of the soil tank were collected in a beaker at the outlet
of the collecting trough every 5 min. The quantity of each beaker
was determined using a weighing method. The remaining water
sample was left standing for 24 h. Then, the supernatant was
transferred, a part of which was collected for subsequent analyses.
The sediment at the bottom of the beaker was collected, and the
sediment yield was measured after drying at 105°C for 24 h (Fjack
and Whalen, 2021). After the FTCs experiments, three soil
samples were selected randomly from each treatment to
determine the residual nutrients in the slope soil.

Analytical methods

The runoff samples were filtered using a 0.45-um membrane
filter (Millipore, MA, United States) the
determination of dissolved P (DP), and another aliquot was

Billerica, for
kept unfiltered to determine the total P (TP) concentrations.
The filtered or unfiltered runoff sample (5 ml each) was mixed
with 1 ml of a solution containing 150 mmol L™ K,04S, and
180 mmol H,SO, L™ boiled at 121°C for 1 h (Pagel et al., 2008).
They were then heated for 60 min in a water bath at 95°C after
adding 0.7 ml of ascorbic acid solution (188 mmol L"), and the
concentration of TP and DP in runoff was determined by the
colorimetric method (Murphy and Riley, 1962). Runoff samples
were filtered through 0.45-um cellulose nitrate membranes
(Millipore, MA, United States), the
concentrations of ammonia N (AN) were analyzed using the

Billerica, and
salicylate-hypochlorite method (Crooke and Simpson, 1971),
while the concentrations of nitrate N (NN) were analyzed
through the Griess-Ilosvay method (Keeney and Nelson, 1982)
using ultraviolet spectrophotometry (UV-5500, Shanghai,
China).

The ring knife method was used to determine the original soil
bulk density and WHC (Zhu et al., 2018). Soil pH was measured
using a pH meter (German WTW-MULTI 3630 IDS) with a soil-
to-water ratio of 1:5 (w/v) after shaking for 30 min. Soil TP was
determined by the molybdenum blue procedure following
digestion with H,SO,~-HClIO, at 300°C for 2h (Murphy and
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Riley, 1962). The DP was determined by water extraction and
molybdenum-antimony resistance spectrophotometry (Olsen
and Sommers 1982). In brief, the soil was extracted with
2 mol L' KCI solution (solid: liquid ratio, 1:10). The extracted
solution was filtered through a 0.45-pm cellulose nitrate
membrane (Millipore, Billerica, MA, United States) and then
analyzed for DP using the molybdenum blue method. The
method of Keeney and Nelson (1982) was used for the
colorimetric determination of soil AN and NN.

Data processing and statistics

Microsoft Excel 2020, SPSS Statistics 22.0 (IBM Corp.,
Armonk, NY, United States), and Origin 2021b software
(OriginLab Corp., Northampton, United States) were used for
data analysis. Runoff parameters were calculated according to
Lietal. (2022), which were also shown in supplementary data. A
two-way analysis of variance was used to evaluate the FTCs and
BARs and their interaction effects on runoff volume, soil
sediment yield, and nutrient loss (AN, NN, TP, and DP). The
nonlinear model function in SPSS was used to investigate the
relationship between the loss rates of runoff and sediment versus
the concentration of nutrients during runoff, significant levels
were set at p < 0.05.

Results

Effect of biochar addition on runoff and
soil loss

Remarkably, the runoff loss rate was characterized by a sharp
increase in the initial 15-min rainfall period (Figure 2), followed
by a stable loss rate during the remaining period (15-60 min). In
addition, the runoff curve for each treatment followed the
exponential equation (Figures 2A-C).

No interactive effect was found between BARs and FTCs on total
runoff (Supplementary Table S1); however, both had significant
individual effects on it (p < 0.01). Irrespective of the BARs, the
increase in FTCs caused accretion in the runoff rate. Higher total
runoff yield was recorded under FT5 (994.34 + 6.72m’hm™)
followed by FTI3, compared to that under FTO (Table 2). In
contrast, biochar addition resulted in a notable reduction in the
average (6.1%-10.1%) runoff rates compared to that in the control
(B0), with a higher impact of B2 than Bl (Figures 2A-C). Similarly,
biochar addition significantly reduced the accumulated runoff by
approximately 6.0%-11.4% compared with that in BO (Table 2, p <
0.05). Considering the effect of FTCs x BARs interactions, the highest
runoff was observed for FT5 x BO which was 1.26 times that of FT0 x
BO (Table 2). Compared to other interactions, only FT0 x B2 and
FTO x BI interactions lowered the runoff rate by 10.2% and 6.1%
relative to FTO x BO, respectively.
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FIGURE 2

Soil loss rate (g m™ min™)

Influence of biochar application rates (BO: 0 kg hm=2, B1: 500 kg hm™2, and B2: 1,000 kg hm~2), on (A-C) runoff rate and (D—F) soil loss rate

under the freeze-thaw conditions (FO: O cycle, F3: 3 cycles, and F5: 5 cycles).

TABLE 2 Total runoff and soil loss in slope with different biochar application rates.

Total runoff amount (m3 hm-2)

BO Bl B2
FT0 828.82 + 3.83Ba 777.99 £ 4.00Cb 744.29 + 3.98Cc
FT3 994.87 + 13.24Aa 928.61 + 14.32Bb 894.87 + 1.63Bc
FT5 1044.6 + 12.39Aa 982.00 + 7.30Ab 956.43 + 0.48Ac

Total soil loss (t hm-2)

BO

28.98 + 1.69Ba
31.53 £ 0.25Aa
3249 + 0.48Aa

Bl

26.70 + 0.28Cb
28.84 + 0.42Bb
30.65 + 0.11Ab

B2

2538 + 0.31Cb
27.58 + 0.56Bb
29.40 + 0.44Ab

Note: Lowercase letters indicate significant differences (p < 0.05) between treatments with different biochar application rates; uppercase letters indicate significant differences (p < 0.05)
between treatments under different freeze-thaw (FT) cycles (0, 3, and 5). B1, B2, and B3 indicate that the biochar application rates were 0, 500, and 1,000 kg hm™, respectively.
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FIGURE 3

Influence of biochar application rates (BO: 0 kg hm=2, B1: 500 kg hm™2, and B2: 1000 kg hm™2) on the loss rates of (A—C) ammonia nitrogen (AN)
and (D—F) nitrate nitrogen (NN) under the freeze-thaw conditions (FO: O cycles, F3: 3 cycles, and F5: 5 cycles).

There was no significant interaction effect of both BARs and
FTCs on the soil loss rate (p > 0.05; Supplementary Table S1);
however, both individually significantly affected the total soil loss
(p < 0.01). Regardless of BARs effects, the soil loss rate increased
with an increase in FTCs (Table 2). Higher accumulated soil loss
was observed under FT5 followed by FI3, compared to that
under FT0. In contrast, biochar application significantly
inhibited soil loss (p < 0.01; Supplementary Table S1). Under
FTCs conditions, biochar addition reduced the total soil loss rate
by 5.7%-12.5% compared to that in BO (Figures 2D-F). Despite
this, there was no significant difference between B1 and B2 across
all FTCs (p > 0.05).

The FT0 x B2 reduced the soil loss, on average, by 12.4%
compared to that of FT0 x BO (Table 2). Other interactions that
caused a reduction in the soil loss followed the order: FT0 x Bl
(7.9%) > FT3 x B2 (4.8%) > FT3 x Bl (0.5%), respectively,
relative to FTO x BO.
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Effects of biochar on nitrogen loss

The effects of both FTCs and BAR treatments on AN and
NN loss showed similar trends (Figure 3) to those of soil loss
rates. Each treatment showed a high initial AN loss rate and a
very high initial NN loss rate (Supplementary Figures S2A-F).
Notably, the initial increase in the AN loss rate under both
FT5 and FT3 conditions was greater than that under FTO; after
15 min, the gap declined with time (Figures 3A-C). However,
the initial loss rate of AN was very low, subsequently peaked at
10 min, and then decreased slowly. Under the same FTCs, the
initial concentration of NN in slope runoff increased with
BARs, but was lower than that in the non-biochar application
group after 10 min (Supplementary Figures S2D-F). The
decrease in the NN loss rate in the slope soil with biochar
application (i.e., Bl and B2) was much higher than that
without biochar application (B0).
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TABLE 3 Total loss of ammonia nitrogen (AN) and nitrate nitrogen (NN) under different biochar application rates.

Total AN runoff (kg hm™)

BO Bl B2
FTO 0.113 + 0.002Ba 0.085 + 0.001Cb 0.073 + 0.001Cc
FT3 0.177 + 0.006Aa 0.114 + 0.007Bb 0.108 + 0.004Bb
FT5 0.178 + 0.004Aa 0.136 + 0.005Ab 0.126 + 0.009Ab

Total NN runoff (kg hm™)

BO B1 B2

0.127 + 0.006Ca 0.091 + 0.011Cb
0.143 + 0.015Bb

0.182 + 0.017Ab

0.067 + 0.002Cc
0.167 + 0.022Ba 0.122 + 0.023Bc

0.221 + 0.009Aa 0.171 + 0.037Ac

Note: Lowercase letters indicate significant differences (p < 0.05) between treatments with different biochar application rates; uppercase letters indicate significant differences (p < 0.05)
between treatments under different freeze-thaw (FT) cycles (0, 3, and 5). B1, B2, and B3 indicate that the biochar application rates were 0, 500, and 1,000 kg hm™, respectively.

The average NN runoff concentration of the Bl and
B2 treatments under the same FTCs conditions increased by
1.5%-23.9% compared to that with B0 treatment (Supplementary
Figures S2A-C). However, the addition of biochar significantly
reduced the NN loss rate. The average NN runoff rate in each
treatment with biochar application under the same FTCs decreased
by 6.6%-35.1%, respectively, compared to that without biochar
application. The average AN runoff rate in each treatment with
BARs under the same FTCs decreased by 17.7%-31.1%, respectively,
compared with BO. Meanwhile, we found that there was no
significant linear correlation between runoff rate and loss
concentration and the AN and NN runoff rate (p > 0.05), and
no significant correlation was found between initial (first 5 min) soil
loss rate and the AN and NN loss concentration and rate. However,
after a 5-min rainfall duration, AN and NN loss concentrations and
rates were significantly correlated with soil loss rate (Figure 5).

The BARs and number of FTCs showed a significant interaction
(p < 0.05) with the total AN runoff loss (Supplementary Table 52),
while there was no interaction effect on the total NN loss
(Supplementary Table S2). However, both had significant
independent effects on total NN loss (p < 0.01). Although the
FTCs significantly increased the total AN and NN loss (p < 0.05),
biochar addition significantly decreased the total loss (p < 0.05)
(Table 3). On average, B2 and B significantly reduced the total AN
loss in the runoff by 34.4% and 28.4%, respectively, compared with
BO (p < 0.05); however, there were no significant differences under
FT conditions (Table 3). Moreover, FTCs resulted in a decrease in
the concentration of soil residual AN, but the increase in BARs
increased AN concentration in the soil (Figure 6A). The total NN
loss in each treatment with biochar application under the same FTCs
decreased by 14.3%-47.4% compared with that without biochar
treatment. Freezing and thawing resulted in a decrease in the
concentration of residual NN in the soil, but the increased
of biochar increased NN

application rate

concentration in the soil (p < 0.05, Figure 6A).

significantly

Effects of biochar on phosphorus loss

The TP and DP concentrations of the BAR treatments in the
FT0 environment showed a linear trend of gradual decrease with
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rainfall duration, and their initial concentrations were much
lower than those under FTCs (Supplementary Figure S3). In
general, the B1 and B2 treatments lowered the runoff TP and DP
concentrations under the same FTCs by 6.7%-23.2% and 14.8%-
64.4%, respectively, compared to that in BO. In addition, B1 and
B2 effectively reduced TP and DP loss rates during the rainfall
period (Figure 4). The average TP and DP runoff rates in each
treatment with biochar application under the same FTCs were
12.0%-34.7% and 12.5%-68.8%, respectively, which were lower
than those of B0. Unlike TP, which showed little change during
the entire rainfall duration (Figures 4A-C), the DP loss rate
gradually decreased with rainfall duration (Figures 4D-F). There
was no significant correlation between runoff rate and TP and DP
loss concentration and rate (p > 0.05), and there was no
significant correlation between the initial soil loss rate and TP
and DP loss concentration and rate. However, after 5 min of
rainfall, TP and DP loss concentrations and rates were closely
related to soil loss (Figure 5).

The BARs and FTCs had significant independent effects (p <
0.001; Supplementary Table S3) on TP and DP runoff losses.
Irrespective of BAR treatments, FI3 and FT5 significantly
increased TP and DP losses (p < 0.05; Table 4) compared to FTO.
In addition, there were significant differences between the DP losses
in FT3 and FT5 (p < 0.05). Unlike DP, there were no significant
differences between the TP losses in FT3 and FT5 (Table 4). On the
other hand, Bl and B2 significantly reduced TP and DP losses
compared to BO (Supplementary Table S3), but there were no
significant differences between Bl and B2 in terms of TP loss.

Under non-FT conditions (F0), the TP loss caused by the
Bl and B2 treatments decreased by 17.2% and 32.9%,
respectively, compared with that in BO. However, under FTCs,
the TP loss under biochar addition decreased, on average, by
32.8% compared with that in BO (Table 4). The interaction of
FTCs and BARs had little effect on soil TP, with no significant
difference between B2 and B0 (Table 4). Under the same FTCs,
B1 and B2 caused a decrease in total DP loss by 19.2%-58.3% and
45.2%-72.3%, respectively, compared to BO. In the absence of
biochar addition (B0), the increment in FT cycles lowered the soil
residual DP content. In contrast, with the increase in biochar
application rate, the soil residual DP content increased (p < 0.05,
Figure 6B).
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Influence of biochar application rates (BO: 0 kg hm2, B1: 500 kg hm=2, and B2: 1000 kg hm™) on the loss rates of total phosphorus (TP, (A—C))
and dissolved phosphorus (DP, (D—F)) under the freeze-thaw conditions (FO: O cycles, F3: 3 cycles, and F5: 5 cycles).

Discussion

Effects of biochar on runoff and soil loss
under freezing and thawing

This  study showed that biochar  applications
(ie, 500kghm™ and 1,000kghm™) had a significant
inhibitory effect on runoff rate and total runoff yield of the
restored soil slope under FT conditions, which was similar to the
results of a 2-year outdoor FT experiment of the agricultural soil
under three artificial simulated rainfall tests (Li et al., 2021).
Although some studies have demonstrated that excessive use of
biochar may increase soil loss (Ahmadi et al. 2020; Li et al., 2020),
this study found no significant difference in soil loss between the
two application rates, which may be due to the lower application
rates in this study. For example, a study on loess soil amended
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with biochar under simulated rainfall found that the addition of
1% or 3% biochar reduced soil loss rates, while the addition rate
of 7% biochar increased the soil loss (Li et al., 2020). This is
because the excessive application of biochar led to an imbalance
between the soil liquid and gas phases, which negatively affected
soil structure (Fu et al, 2019b). Another study showed that
biochar addition decreased the total runoff by 2.4%-10.8%
and significantly increased the total soil loss and interrill
erodibility (Zhang et al., 2019). The differences between these
soil types

physicochemical properties and the precursor, preparation

results may be attributed to different and
temperature, and particle size of biochar (Kim et al, 2013;
Glgb et al, 2016; Moragues-Saitua et al., 2017). For instance,
adding biochar to clay loam soil can reduce soil bulk density and
strength, delay the formation of soil seals, and reduce soil
compactness, which may lower its resistance to erosive forces
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TABLE 4 Total phosphorus (TP) and dissolved phosphorus (DP) loss in slope with different biochar application rates.

FTO
FT3
FT5

Total TP runoff (kg hm™)

BO

0.075 £ 0.002Ca

0.120 £ 0.002Ba

0.137 £ 0.013Aa

Bl

0.062 + 0.003Bb
0.090 + 0.005Ab
0.089 + 0.009Ab

B2

0.050 + 0.002Bc
0.085 + 0.005Ab
0.080 + 0.008Ab

Total DP runoff (kg hm™)

BO

0.036 + 0.003Ca
0.053 + 0.001Ba
0.062 + 0.005Aa

B1

0.015 + 0.001Cb
0.033 + 0.003Bb
0.050 + 0.001Ab

B2

0.010 + 0.001Cc
0.025 + 0.002Bc
0.034 + 0.004Ac

Note: Lowercase letters indicate significant differences (p < 0.05) between treatments with different biochar application rates; uppercase letters indicate significant differences (p < 0.05)
between treatments under different freeze-thaw (FT) cycles (0, 3, and 5). B1, B2, and B3 indicate that the biochar application rates were 0, 500, and 1,000 kg hm 2, respectively.

(Doan et al.,, 2015; Zhang et al., 2019). The inhibition effect of
biochar on runoff rate is attributed to its ability to improve the

soil permeability coefficient, leading to increased vertical water

movement and reduced surface runoff (Abrol et al., 2016; Liet al.,

2020). However, more studies have shown that biochar can
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reduce soil erodibility by increasing the quantity and stability
of soil aggregates (Burrell et al., 2016; Li et al., 2019) which can

retain more nutrients.

In general, biochar addition reduced the effect of FT on soil

production and runoff. This may result in the improvement of
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(A) soil residual ammonia nitrogen (AN) and nitrate nitrogen (NN) concentrations, (B) total phosphorus (TP) and dissolved phosphorus (DP)
concentrations under different freeze-thaw cycles (FO: O cycles, F3: 3 cycles, and F5: 5 cycles) and biochar application rates (BO: 0 kg hm2, B1:
500 kg hm™, and B2: 1000 kg hm™) at the end of the rainfall duration. Error bars denote standard deviations (n = 3). Different letters indicate
significant differences (p < 0.05) between treatments under different freeze-thaw cycles and biochar application rates.

soil micropore size, soil voids, and total porosity under the
which
significantly increased the soil water retention capacity during
the snow-melting period (Glab et al., 2016; Fu et al, 2019b).
Biochar application can also effectively reduce the turbulence
degree of the flow on the rill of the slope (Li et al., 2021), which
lead to reduce soil loss (Hseu et al., 2014). However, with an

combination of biochar amendment and FTCs,

increase in the number of FTCs, the total runoff yield on the slope
still This
phenomenon may be because, during a low frequency of

will increase even with biochar application.
freezing and thawing (0-three FTCs), the soil cohesive force
enhanced by biochar particles is greater than the damage of soil
structure by FTCs, and has a good WHC in prophase. However,

soil structure destruction intensified with an increase in the
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number of FTCs, which weakened the cohesive force between
biochar and soil particles and reduced its inhibitory effect on soil
loss (Wu et al., 2019).

Effects of biochar on nitrogen and
phosphorus loss under freezing and
thawing

After repeated freezing and thawing, the soil stored a large
amount of pore water, resulting in a high initial concentration of
accumulated soluble N and P, while the initial sediment loss rate
was very low, and the N and P loss concentrations and rates were
not significantly correlated with the soil loss rate at the initial
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stage (before 5 min). Therefore, the loss of N and P in the initial
5 min rainfall duration was mainly in soluble forms, and both
showed a large loss rate and concentration. However, after 5 min,
the concentration and rate of N and P loss were closely related to
the soil loss rate (Figure 5), which indicates that the loss of N and
P in the low-nutrient soil of the alpine mining region occurs
mainly in particulate form after 5 min of rainfall. Nevertheless,
the addition of biochar significantly reduced the N and P loss rate
at the initial rainfall stage, thus significantly reducing the amount
of N and P loss.

In this study the FT significantly increased N loss in the restored
soil. Some studies have attributed the increased NH,*-N content to
its from soil organic or inorganic colloids under FTCs (Freppaz et al.,
2007; Fu et al,, 2019a). Other studies have suggested that water in soil
aggregates condenses into ice during FTCs and becomes fragmented
after extrusion, which in turn affects the attachment ability of
inorganic N to soil particles, thereby reducing the fixation effect
of soil on inorganic N (Jackson-Blake et al., 2012; Gou et al., 2014).
Herein, the application of biochar significantly inhibited the AN and
NN loss on the slope under FT conditions, and the inhibition effect
increased with an increase in the BARs. In addition, Zhou et al.
(2017) showed that biochar addition in the field during the FT
period reduced soil N loss; owing to the N adsorption ability of
biochar. We also found that the inhibition effect of biochar was most
significant under the non-FTC conditions, but the N retention
capacity of biochar decreased with an increase in FTCs, which
was consistent with the study by Wu et al. (2019), founded that the
NN and AN retention capacity of biochar significantly decreased
after the first round of FTCs. They attributed this behavior to the
expansion of pore water, which increased the particle size of biochar
in the FT process, decreased the surface area of biochar, and
deteriorated the adsorption capacity (Wu et al., 2019). Therefore,
the freezing and thawing processes weakened the N fixation effect of
biochar to a certain extent.

At the initial stage of runoff, a higher NN concentration was
found in the experimental groups with biochar application
(e, B1 and B2). The main reason is that cotton straw is rich in
inorganic N and usually contains a large amount of NN, which
migrates rapidly with runoff, leading to an increase in its initial runoff
concentration (Nguyen et al,, 2017). Soil AN with positive charges is
easily adsorbed by soil colloids, whereas NN carries negative charges
(Xiong et al., 2020; Yuan et al,, 2020). As they are non-reactive ions,
their interaction with soil particles is weak, and they are easily lost
under the action of precipitation and runoff dissolution and leaching.
The addition of biochar increases the availability of soil oxygen and
promotes N mineralization under FTCs, which in turn increases the
transformation of NH," to NOs (Nelissen et al, 2012; Fu et al,
2019a). In the later period of rainfall, biochar has strong absorption of
N in the soil due to its large specific surface area, therefore, it can
effectively maintain N in the soil during runoff erosion, thus reducing
N loss (Lehmann et al., 2006).

Under FT conditions, the addition of biochar significantly
increased the mean NN concentration, but significantly reduced
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the NN loss rate compared with that in the control (B0). The
existence of base functional groups, including chromenes, ketones,
and pyrones, on biochar, can facilitate NN adsorption to biochar
(Nguyen et al, 2017). This study indirectly indicates that FTCs
weaken the absorption of NN by biochar, leading to the release of
NN in biochar particles. Under FT conditions, the adsorption
capacity of biochar worsens (Wu et al., 2019), and the effect of
biochar on NN is not affected by the adsorption, but rather by
reducing the runoff to mitigate nitrate loss.

Similar to inorganic N, freezing and thawing caused an increase
in TP and DP concentrations in the initial runoff, which was mainly
related to the damage of soil aggregates and the rapid release of
adsorptive P from soil particles under FTCs (Han et al, 2019).
Although DP in biochar may enhance soil P availability, increasing
the risk of P loss (Li et al., 2019; Han et al., 2019), the application of
biochar in this study effectively reduced the TP and DP loss in FT
soil. In addition, the increase in the BARs promoted the inhibitory
effect of biochar on P loss. In contrast, the restored alpine soil used in
this experiment contained low P and other nutrients, and the P
molecules could be quickly absorbed by soil particles after it was
released from biochar. Moreover, biochar has a good adsorption
capacity for DP, which can effectively reduce runoft loss under the
FT conditions. This may be because biochar has a large number of
functional groups and can effectively adsorb free phosphate ions in
the soil, thus reducing runoff-scouring soil TP and DP loss
(Bashagaluke et al, 2018; Xu et al, 2019). In addition, as
mentioned above, biochar application improved soil structure
and weakened soil erosion by rainwater, thus reducing the
particulate P loss, which has been proven to be the main form of
soil P loss in runoff (Zhang et al., 2015b; Li et al,, 2021).

Under FTCs treatments, BARs had a significant influence on
total DP loss, while the influence of BARs on total TP runoff loss was
not significant, which is not consistent with the second hypothesis of
this study. This is likely because, under the effect of freezing and
thawing, the increase in biochar addition did not significantly reduce
the soil yield, which may not lead to a decrease in particulate P loss.
However, the proportion of DP to TP was lower than 50% (Table 4),
indicating that a further increase in biochar application could not
significantly reduce the TP loss under FTCs.

Compared with non-FTCs (F0) and non-biochar (B0) applied
soils, biochar application resulted in an increase in total P
concentration in the FT soils, but there was no significant
difference in the concentration of residual TP between the two
application rates. The low BARs and P content of biochar had
limited influence on soil TP, indicating that the biochar reduced P
loss mainly by reducing FT effects. In contrast, biochar application
significantly increased DP residues in both FTCs and non-FICs
soils. This is due to the high DP content (156.4 mgkg ™) of biochar
and the low initial soil DP concentration (3.27 mg kg™"). Therefore,
the DP of biochar has a great influence on soil DP, which
superimposes the weakening effect of biochar on P release under
FT, thereby increasing soil DP residue. Therefore, biochar plays a
paramount role in maintaining the soil available P content under
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FTCs. The addition of biochar can provide more nutrients for plants
and effectively reduce the damage of FTCs to the soil in the alpine

restoration area.

Environmental implication

The Tianshan Mountain region is the largest mountain
system found in the arid area, which is an extremely fragile
and complex alpine meadow ecosystem caused by the difference
in rainfall intensity (Li F. Y. et al., 2020). However, nutrient input
in this ecosystem mainly depends on soil mineral weathering and
photosynthesis of meadow, and nutrient loss rate caused by soil
erosion is much faster than its accumulation rate. This study
found that once freeze-thaw occurs, the soil and nutrient loss rate
will increase significantly. For mine restoration sites, relying on
the natural growth of grass to restore the soil to its original state is
undoubtedly a long-term process. Once rainfall and freeze-thaw
action occur, this system will become extremely fragile, and an
irreversible erosion process will happen. However, the results of
laboratory experiments well prove that the application of biochar
can not only import nutrients to the soil and improve soil
structure but also significantly reduce the negative effects of
freeze-thaw on soil erosion and nutrient loss. A large number of
agricultural waste resources can be prepared into biochar as an
amendment for soil restoration in alpine regions, which is of
great significance for alpine ecological environment restoration.
However, this study of biochar is still in its infancy, and the
experiments related to soil erosion and biochar effects are mostly
conducted under laboratory simulation conditions (Li et al,
2021). Therefore, studies or long-term field trials considering
more factors including soil, terrain, climate, and land
management are needed to evaluate the effects of biochar
application on soil erosion and nutrient loss under freeze-
thaw conditions.

Conclusion

Although soil N and P loss patterns were different under
FTCs, our results suggests that biochar addition can significantly
reduce the magnitude of runoff and sediment loss from soil,
which in turn limits soil nutrient loss (e.g., N and P) in the alpine
mine restoration area. However, the increase in FT'Cs weakened
the inhibitory effect of biochar addition. The results of this study
were obtained under laboratory simulation conditions, and the
relevant results need to be verified in the actual alpine area. In
addition, only one slope and rainfall intensity were used in this
study, which may be completely different from the actual terrain
and climate conditions. All these need to be considered in future
studies. Nonetheless, this study provides a valuable reference for
the rapid restoration of the ecological environment and the
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reduction of soil and water pollution and nutrient losses in
the alpine mine restoration area.
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