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Abstract

The black soil region of northeast China is one of the most productive regions of the world. The depth of A horizon is rapidly
decreasing due to excessive erosion. A strategy for erosion hazard evaluation and soil conservation planning has been proposed
and tested on the region. Climate, geomorphology, DEM, soil, landuse, runoff plot and corn yield data were compiled. Soil
erosion rate, A horizon thickness and corn yield under six conservation scenarios during 202072200 was predicted. The six
scenarios include Present (continue present practices), Contour (contour tillage), Straw (straw incorporated in tillage layer),
Combo 1 (contour tillage and terracing etc.), No-till (no-till farming) and Combo 2 (partially Combo 1 and partially No-till).
Current soil life expectancy of A horizon (SLEA), which is the time until a critical horizon thickness needed for sustaining crop
production is reached, was calculated for each scenario. Erosion hazard degrees were determined with SLEA. Croplands with
SLEA of <0 a, 0 a™20 a, 20 a”100 a, 100 a”1000 a and [?]1000 a, were classified as “Damaged”, “High hazard”, “Moderate
hazard”, “Low hazard” and “No hazard”, respectively. Current area ratio of “Damaged” and “High hazard” and “Moderate
hazard” was found to be 8%, 5%, and 22%, respectively. The optimum conservation practice was found to be No-till for
“Damaged”, “Combo 2” for “High hazard”, “Moderate hazard” and “Low hazard” and Present for “No hazard”. An optimum

conservation schedule was also suggested for each township to maintain all soils to have an A horizon above 20 cm.

1. INTRODUCTION
1.1 Soil erosion, A horizon thickness and crop yield

Soil erosion is a serious problem due to inadequate and inappropriate management of land (Benaud et al.,
2020). By 2011, 1.3 million km? of China’s lands were still suffering from water erosion (Ministry of Water
Resources of China, 2013). The area for moderate erosion (1.9 to 3.7 mm/a), strong erosion (3.7 to 5.9
mm/a), very strong erosion (5.9 to 11.1 mm/a) and extremely strong erosion ([?]11.1 mm/a) was 351400
km?, 168700 km?2, 76300 km? and 29200 km? by 2011, respectively.

Given that the A horizon is located at soil surface, it is most affected by human activities. The A horizon
is richer in organic matter and more fertile than the underneath horizons. In the Black Soil Region (BSR)
of China, the soil organic matter content (SOM) of the A horizon is significantly higher than those of the
underneath horizons (Figure 1). The mean SOM of the A horizon is 3.5%, 2.5% and 4.3% for black soil,
chernozem and dark brown soil, respectively. On average, SOM of the A horizon is 2.4 times that of the
underneath horizons. This ratio can be more than 10 for some newly reclaimed dark-brown soil (Figure 1C,
profile 2).

The A horizon is the main source of nutrients for crops. For soils without a B horizon, such as is common
in the BSR, the A horizon serves as the main source of water as the available water capacity (AWC) of
mollic epipedon is extremely high while C horizon material is extremely low. The crop yield is, therefore,



closely related to A horizon thickness (Thy). Liu et al. (2013) found that for every 1 cm decrease in A
horizon thickness in the BSR, there was a corresponding 2% decrease in crop yield. The crop yield declined
30%40% when the A horizon eroded away completely in the humid eastern United States (NSESPRPC,
1981). Some studies indicated that crop yield will decline sharply as Thy falls below a critical threshold
(Wen and Easter, 1987; Sparovek and Schnug, 2001; Fenton et al., 2005; Zhang et al., 2006; Sui et al., 2009;
Feng et al., 2018). Soil desurfacing experiments in the BSR showed the critical thickness to minimize crop
yield loss is about 20 cm (Figure 2). WhenTh4 is above 20 c¢m, crop yield declines by 7% with every 10 cm
loss of Th 4, but 17% when Thy4 is below 20 cm. Mollisols in the USA similar to the soils in the BSR showed
less dramatic trends as the BSR, with crop yields declining by 3% for every 10 cm loss for Thy above 25
cm. The ratio will become 5% as Thy is below 25 cm (Fenton et al., 2005). The critical thickness of 20725
cm is mainly due more than half of crop roots being distributed in the top 20 cm of soils (Fan et al., 2016).
Compacted layers will motivate roots to grow horizontally and cause almost all roots to distribute in the
top 20 cm (Cannell et al., 1985, Ball-Coelho et al., 2010). This phenomenon is prevalent and significant in
the BSR and other parts of China. For 82% of cornfields in China, 90% of the roots are distributed in the
top 20 cm (Wang et al., 2018). As a result, in soils with original A horizon thicker than 20 cm, most roots
will distribute in the fertile and high AWC A horizon. Such crops will grow in a more favorable condition.
In contrast, in soils with an A horizon thinner than 20 cm, roots will have to distribute in the infertile and
low AWC underneath horizon or be limited in nutrient and water availability. Thus, crops will grow in a
stressed condition.

The situation is more complicated for ploughed croplands. Ploughing can mix materials from infertile
horizons underneath with the A horizon (Figure 3), thereby diluting the A horizon benefits. The diluted A
horizon will be lighter in color, less fertile and lower in AWC. Even with a thickness 20 cm the A horizon
becomes less productive (Figure 1 and 3). The decline in crop yield is obvious and irreversible in large part
to loss of AWC and potential increase leaching of the fertilizers applied (Figure 2). For those soils with
underneath horizons mainly composed of sands or rocks, soil productivity loss will be even more dramatic
as the A horizon is eroded away and become negligible when the A horizon is gone. This explains why Liu
et al (2013) found a 20% loss in crop yield per 10 cm decrease in A horizon. Once the A horizon is gone or
diluted by C material underneath mixing, the degradation is irreversible.

The erosion hazard should not be evaluated merely by erosion rate but also according to the thickness of
the A horizon. Suppose region 1 has a higher erosion rate (2 mm/a) than region 2 (1 mm/a), but has a
thicker A horizon (100 ¢cm) than region 2 (30 cm). In less than 300 years, region 2 cannot be farmed due
to soil erosion, while region 2 is still productive. A better index for evaluation is soil life expectancy (SLE)
expressed in years (a). SLE is the time until a critical soil thickness for sustaining crop production is reached
(Sparovek and Schnug, 2001; Paroissien et al., 2015). SLE of A horizon (SLE4) can be calculated with
following equation.

SLEA — 10(ThAE:ThCR) (1)

Where Thy is A horizon thickness (cm),Theg is critical horizon thickness (cm), andE, is the soil erosion
rate (mm/a). Theg is related to root distribution and may vary among crops and regions. AThcgr of 20
cm was used for Crotalaria junceain Brazil (Sparovek and Schnug, 2001). A SLE of 50 indicates that crop
yield will decline sharply, after 50 years. SLE has already been applied to evaluate erosion hazard in Brazil
and France (Sparovek and Schnug, 2001; Paroissien et al., 2015). Reducing crop yield is the ultimate soil
erosion hazard for agriculture regions. .The objective of this study was to predict A horizon thickness and
crop yield reduction under different soil conservation scenarios for the BSR during 2020 to 2200 to evaluate
erosion hazard.

2. METHOD
2.1 Study area

The black soil region (BSR) is located in northeast China (42°57’750degl4’N, 122degh’~128degl2’E) and
covers an area of 20.6¥10% km?(Figure 4A). The BSR produces about 25% of China’s corn. Related provinces



include Heilongjiang, Jilin, Inner Mongolia and Liaoning. The climate is temperate and semi-humid monsoon
climate, with a cold-dry winter and mild-wet summer. Mean annual precipitation ranges from 364 mm to 656
mm (Figure 4B). Mean annual temperature ranges from -0.5 to 7.1 . The topography is a quasi-basin, with
elevation of 797776 m (Figure 4A). Geomorphology types include plain (56%), table-land (36%) and hill (8%).
The table-land is not flat, but rather undulating. According to genetic soil classification system of Chinese
Soil Taxonomy, main soil great groups of the BSR include meadow soil (36%), black soil (26%), chernozem
(22%), dark-brown soil (5%) and aeolian sand soil (5%, Figure 4C). Meadow soils locate in the plain and
valley bottom while black soils and chernozems mainly locate on the table-land. The original vegetation for
black soils and chernozems were mainly steppe, with ground biomass of 1.1 kg/m? and underground biomass
of 1.7 kg/m? (wet weight, CAS-FSI, 1980). Decomposition of the organic matter was historically rather slow
due to the cold weather. As a result, most black soils and chernozems have fertile A horizons thicker than 30
cm and can be classified as mollisols in U.S. soil taxonomy (Figure 1). Parent materials are mainly loess and
fluvial-lacustrine sediments. The difference between black soil and chernozem is that chernozem has calcium
carbonates in the upper 100 cm due to its relatively drier climate. Dark-brown soils are mainly located in
hill lands and classified as alfisols in U.S. soil taxonomy with parent materials of either slope deposits or
residuum from granite and metamorphic rock. The BSR also includes Aeolians and soils which are deposits
of wind eroded materials. Their clay content are less than 10% and SOM less than 0.5%. They are mainly
located in the western BSR, where the climate is drier and topography is mainly plains and gently sloping
sand dunes. Some aeolian sands have an A horizon but are generally thinner than 15 cm.

Nearing et al. (2017) provided a detailed description of the history of agricultural development in the BSR.
Present landuse of the BSR is dominated by croplands (69%, Figure 4D) that are only recently cultivated
(150 a). Sloping croplands cover an area of 7.2*10* km?, with black soil, chernozem and dark-brown soil
as the main soil types. Crops on sloping croplands are dominated by corn. The conventional tillage system
is highly mechanized and includes moldboard ploughing, disking, ridging, harrowing and seeding in April,
followed by fertilizing and spraying throughout the growing season, and harvesting in October. Ridge-furrow
systems are common with 65770 cm wide and 10 cm high ridges. China statistical yearbooks suggest mean
corn yield per unit area is about 6500 kg/ha in the BSR. The value was larger in south and smaller in north.

Water erosion (sheet-rill, ephemeral gully, gully) and wind erosion are all prevalent in the BSR. Runoff plot
data indicates that sheet-rill erosion rate is 274 mm/a on bare soils and 0.7 mm/a on a 100 m long cropland
(Liu et al., 2008). 37Cs data indicates that mean sheet-rill erosion rates range from 1.2 mm/a to 1.9 mm/a
on three small watersheds (Fang et al., 2005; Liu et al., 2008; Fang et al., 2012). A sheet-rill erosion rate
as large as 477 mm/a was reported for a 3deg 7degslope (CAS-FSI, 1980). Density of ephemeral gullies
and classic gullies was 1.1 km/km? and 0.7 km/km? in typical small watersheds, respectively (Zhang et al.,
2016). Soil erosion in the BSR can be significant because contour farming is rare, whereas, longitudinal ridge
system (LRS), in which long straight rows oriented according to the parcel’s borders, is the conventional
tillage system in the BSR (Xu et al., 2018). Given that rows in the BSR tend to be extremely long with
slope lengths that range from 200 m to 1000 m (Liu et al., 2011; Li et al., 2016), LRS involves undulating
rows with sections inevitably aligned with the contour and other sections aligned more up and down slope.
Thus, ridge directions are a combination of contour direction and up-down slope direction. The combination
of the LRS on the undulating terrain inevitably results in significant slope gradients along furrows, which
combined with long rows provides conditions for excessive erosion. Detachment of soils by water can be
rather strong in these sloping furrows, especially in the long slope cases (Xu et al, 2018). Secondly, plant
residue is rarely returned to soils. Straw is used as fuel or feed and remaining residue is generally burned
in the field. Soils are essentially bare through winter until spring plant emergence during which time strong
winds and storms often happened. Thirdly, high intensity mechanized tillage without subsoiling results in
compacted layers for many croplands.

2.2 Extraction of sloping cropland

The GlobeLand30 dataset (30 m resolution, Chen et al., 2015) and the 1:1000000 geomorphologic atlas of
the People’s Republic of China (Cheng et al., 2011) was used to extract sloping croplands. Total area of



sloping croplands was found to be 71641 km?2.
2.3 A horizon thickness

A horizon thickness (Th4) was derived from the soil species record (SSR) of each province (Soil Survey office
of Heilongjiang province; 1990; Master Station of soil fertilizer of Liaoning province, 1991; Soil Survey office
of Inner-Mongolia autonomous region, 1994; Master Station of soil fertilizer of Jilin province; 1997). SSR
is a dataset describing soil species, including thickness, area and main soil properties (color, bulk density,
SOM and particle size etc.) of each horizon. The SSRs were published in 1990s based on data collected
in a national soil survey in 1980s. The BSR includes 15 great soil-groups, 58 sub soil-groups and 720 soil
species.Th, and area of each soil species were extracted from the SSR. The national 1:1000000 scale soil
map was used for mapping. As the minimum mapping unit of the available soil map is sub soil-group (a level
higher than soil species), Th of each sub soil-group was calculated by weighing Th4 of each soil species by
area and then assigned to the corresponding polygon in the soil map. Extrapolation across scales can cause
unintentional bias, as soil thickness and properties may change considerably over short distances (Hartemink
et al., 2007) but is the best approach given the data limitations. As SSR data were mainly measured in1980s,
theTh, in SSR was assumed to represent conditions in 1985. The Th, in later years were calculated by
subtracting eroded thickness from Th, in 1985.

2.4 Water erosion rate
2.4.1 Soil erosion model

Only sheet-rill erosion was considered in this study and was based upon the China Soil Loss Equation (CSLE)
which is similar to the USLE (Liu et al., 2002). The CSLE is:

E, = RKLSBET (2)

where , is soil erosion rate (t/ha[?]a) and converted to a per area basis (mm/a) assuming a soil bulk density
of 1.35 g/cm?; R is mean annual rainfall erosivity (MJ-mm/ha-h); K is soil erodibility (t-hm?-h / ha-MJ-mm);
L, S, B, E, and T are dimensionless factors of slope length, slope gradient, biological-control, engineering-
control, and tillage practices, respectively.

2.4.2 Rainfall erosivity

R was calculated from daily precipitation of 84 meteorological stations (1981 to 2010, China Meteorological
Data Service Center) using an equation supplied by Xie et al. (2016). Daily precipitation lager than 12 mm
was considered as erosive rainfall. R was calculated with following equations.

Rday =ae Pdaylv7265 (3)
Ryear = Z Rday (4)R = Ryeatr (5)

where Rgay, Rycar and R was rainfall erosivity of day, year, and mean annual rainfall erosivity, respectively,
(MJ*mm/ha*h); « is a parameter that equals 0.3937 in the warm season (May-September) and 0.3101 in
the cool season (October-April). The R values of all 84 stations were interpolated by Kriging.

2.4.3 Soil erodibility

SOM and particle size distributions of the A horizon of each soil species were extracted from SSR. Soil
texture was determined by particle size distribution according to USDA standard. Soil-structure code and
permeability class were determined by soil texture (Wischmeier and Smith, 1978; Wall et al., 2002). From
these data, Knyvalues were calculated with nomograph supplied by Wischmeier and Smith (1978). Ky values
were multiplied by a coefficient to derive K values, as runoff plot data showed that there is a deviation
between Ky and K for some soils in the BSR (Zhang et al., 2008). The coefficient was 0.14, 0.52, 0.82 and
0.80 for brown soil, dark-brown soil, albic soil and chernozem, respectively. The coefficient is 1 for other
soils.

2.4.4 Slope gradient factor and slope length factor



The S was calculated with the following equation:

s =1

10.8 sin 6 +0.03 0<5
16.8sin 6—0.5 5<6<10 (6)
21.9sin 6—0.96 0> 10

where 0 is slope gradient (°). The shuttle radar topography mission (SRTM) data were used to calculate
6. It is more difficult to calculate L than S. It is impractical to measure the slope lengths for all croplands
in BSR. The slope length of terrain (A7) is rather long in the BSR, averaging 50071000 m. But Ar is not
equivalent to the slope length of soil erosion (A). The Ar is often cut into smaller segments by features at
cropland parcel boundaries in the BSR, such as windbreaks, roads and ditches, etc. Therefore, the\ is very
close to the topographic length of each cropland parcel (Ap). The Ap of 3218 cropland parcels in the BSR
and Heilongjiang province were measured by Lv et al. (2013). The mean Ap was 260 m in table-land area
and 152 m in hill area. These values were considered as A and used to calculate the slope length factor (L)
with the following equation:

L _ (ﬁ)"ﬂ (7)

where m is the slope-length exponent. The value of m is related to slope gradient (#). The m equals 0.2, 0.3,
0.4 and 0.5, whenf range <1°, 173°, 375° and [?]3deg, respectively.

2.4.5 Biological-control, engineering-control, and tillage practices

Values of B, E and T were determined from runoff plot data and field surveys. B was set to 0.5 for croplands
(Fan et al., 2011), and E set to 1, as engineering-control practices are very rare in the BSR. Because directions
of ridge-furrow are mostly between contour and up-down slope in the BSR, T was assumed to be the mean
value of T for contour farming (T¢) and T for up-down slope farming (1). T¢ was calculated according to
a regression equation based on data supplied by Wischmeier and Smith (1978).

Te= 0.00362—-0.01160 + 0.553R2=0.92 (8)
2.5 Soil life expectancy, erosion hazard degree and relative crop yield

The SLE of A horizon (SLE,) was calculated with Equation (1), with Thegr as 20 cm, based upon the
initial thickness and the calculated , from Equation (2), according to the flow chart in Figure 5. The erosion
hazard degree was determined according to SLEA and the industry standard of China (Table 1, Ministry of
Water Resources of China, 2008). The relative crop yield, ratio of future crop yield to current value, was
calculated with Thy and a regression function (Figure 2). The flow chart of calculation is shown in Figure
5. All data layers were in a 900 m? resolution for calculation and analysis, including Thy, R, K, L, S, B, E,
T, ., SLEA and relative crop yield etc. However, a 900 m? resolution is too small for visualization in this
article. Therefore, a resolution of 100 km? is used for displaying results with the value of each 10¥10 km grid
being the mean value of all 30¥30 m grids within it. The 100 km?resolution is also the approximate size of
townships in China, which is an administrative unit smaller than county.

2.6 Soil conservation scenario

To identify optimum soil conservation practices, the SLEA, Th, and relative crop yield were predicted under
six soil conservation scenarios (Present, Contour, Straw, Combo 1, No-till and Combo 2) which cover major
soil conservation practices in the BSR. Detailed description of each scenario was shown in Table 2. The
tillage practice factor (T) value was derived from runoff plot data in the BSR (Yang, 2019) or in USLE
handbook (Wischmeier and Smith, 1978). The relative crop yield was predicted with futureTh, under each
scenario and Equation (1). Residues were found to decrease soil temperature, emergence rate and crop yield
in cool regions (Defelice et al., 2006). In the BSR, the intensity of this adverse effect varies spatially. In the
southern (warmer) BSR, the effect of residue cover is negligible (Zhang et al., 2005; Gao et al., 2011), but in
the northern (cooler) BSR, the adverse effect is significant. Compared to conventional tillage, corn yield can



be reduced by 16% under No-till (Chen et al., 2011) and 11% under Straw (Zou et al., 2016). These ratios
were used to estimate future crop yield under Straw, No-till and Combo 2 in the cooler BSR areas, including
Heilongjiang province and Inner Mongolia (Figure 4A).The relationships incorporated in the model for NT
and Straw may not fully represent their effectiveness as the database may be skewed towards short term
data. However, given the data available for the CSLE and crop yield response, the model predictions in this
study reflect the best estimates currently available.

3. RESULTS
3.1 Soil erosion rate (;)

For validation, , calculated for present conditions with the CSLE model (Equation 2) were compared with
those measured by!3"Cs tracer method (,¢s) for the three BSR watersheds (Table 3). Each watershed was
overlaid on the soil erosion rate map and mean , was calculated. The mean ,¢s was 1.9 mm/a in Fang et
al. (2005), 1.6 mm/a in Liu et al. (2008) and 1.2 mm/a in Fang et al (2012), respectively (Table 3). Mean
predicted , was 1.8 mm/a, 1.4 mm/a, and 1.2 mm/a, respectively. The , was very close to ,¢s for all three
watersheds validating the , predictions of this study at watershed scale.

Currently, the mean soil erosion rate (;) across all the BSR was 0.90 mm/a. Distribution of , is positively
skewed. About 70% of the sloping croplands had ,values below 1 mm/a, while 20% had , values between 1
mm/a and 2 mm/a. Only 11% of the sloping croplands had , values above 2 mm/a. The , was linearly and
positively correlated with slope gradient (Figure 6). Townships with ., above 2 mm/a were mainly located
in the northwest counties and southeast counties, where landforms are dominated by hills (Figure 7). The
relatively steeper landforms with more plentiful rainfall resulted in the larger erosion rates. Townships with ,
between 1 mm/a and 2 mm/a were mainly located in steeper table-lands dominated by black soil. Townships
with . below 1 mm/a were mainly located in gentler table-lands, with mainly chernozem soils.

Mean , values, in descending order, were 0.90 mm/a (Present), 0.79 mm/a (Straw), 0.64 mm/a (Contour),
0.39 mm/a (Combo 1), 0.31 mm/a (Combo 2) and 0.08 mm/a (No-till, Figure 8). Compared to Present, ,
was reduced by 12% by Straw, 29% by Contour, 57% by Combo 1, 66% by Combo 2 and 91% by No-till. No-
till was the most effective practice in reducing erosion. No-till can reduce erosion by 93% to 97%, according
to runoff plot studies in the BSR, (Yang, 2019; Chen et al., 2019). The area of sloping croplands with , above
1 mm/a under present conditions was 31% and fell to 26% under Straw, 17% under Contour and became
negligible under Combo 1, Combo 2 and No-till. The areas with , between 0.2 mm/a and 1 mm/a were
rather close under Present, Straw, Contour, Combo 1, Combo 2, ranging from 49% to 62% but only 9%
under No-till. The most significant difference was in sloping croplands with , below 0.2 mm/a. The area
ratio was 11% under Present and increased to 15% under Straw, 21% under Contour, 34% under Combo 1,
48% under Combo 2, but leaped to 91% under No-till. It can be concluded that No-till is the most effective
at saving A horizons, with Combo 2, Combo 1, Contour and Straw following in sequence.

3.2 A horizon thickness

Current Th 4 averaged 31 cm. The Th 4 in early stage of cultivation was reported to be 35 cm to 59 cm with
a mean of 44 cm (CAS-FSI, 1980). Thus, 13 cm of A horizon has been eroded since cultivation began (,[?]1
mm/a). The area ratio ofTh 4[?]20 cm, 20<Th4[?]30 cm, 30<Th4[?]40 cm, 40<Th4[?]50 cm and Th 4¢50 cm
was 8.4%, 36.0%, 46.6%, 6.1%, and 3.0%, respectively. More than 80% of the croplands haveTh, between
20 cm and 40 cm. Thy was negatively correlated with 6 (Figure 6). Townships with meanTh 4 less than
20 cm were mainly located in the northwest counties (ML and AR etc.), where landforms are dominated by
hills (Figure 9). The relatively thinner original A horizon and larger erosion rate in the northwest counties
resulted in the smallTh 4.

The area ratios of Th4[?]20 cm decreased under all scenarios (Figure 10). By 2200, the area ratios of
Th[?]20 cm, in descending order, were 54% (Present), 50% (Straw), 42% (Contour), 33% (Combo 1), 32%
(Combo 2) and 12% (No-till). Croplands withTh,4[?]20 cm are classified as “Damaged” in erosion hazard
degree (Table 1). If the present situation was maintained, the ratio of “Damaged” will increase from the



current 8% to 16% in 2050, 29% in 2100, 43% in 2150 and 54% in 2200. Therefore, the present practices
must be improved.

The area ratio of 20 cm[?]Th 4 <30 cm increased initially and then decreased under all conservation scenarios,
expect for No-till (Figure 10). This pattern was due to the distribution of Th4. At first, the loss of croplands
with 20 em[?]Th4<30 cm was offset by the erosion of croplands with Th4>30 ecm being incorporated into
this class. As the >30 cm class became depleted, supplementing the 20-30 cm class could no longer offset
the loss. No-till is an exception as the area ratio of 20 cm[?]Th4<30 cm kept on increasing under No-till
at a rate of 0.3% per decade. This is because the erosion rate is very low and the offset can be sustainable.
The area ratio of 30 cm[?]Ths<40 cm andThs>40 cm decreased under all scenarios. The decrease ratios
were all below 0.5% per decade, with a minimum of 0.1% (No-till) and maximum of 0.4% (Present).

3.3 Erosion hazard degree

The area ratios presently for “Damaged”, “High hazard”, “Moderate hazard”, “Low hazard” and “No
hazard” were 8%, 5%, 22%, 61% and 4%, respectively (Table 1). “Damaged” croplands were mainly located
in northwest and southeast counties, with black soil and aeolian sand soil as the main soils (Figure 11).
“High hazard” and “Moderate hazard” croplands were mainly located in northern counties with black soil
and dark-brown soil as the main soils. “Low hazard” croplands were mainly located in eastern counties with
black soil and chernozem as the main soils. “No hazard” croplands were mainly located in southern counties
with chernozem and black soil as the main soils. Sadly, 8% of sloping croplands in the BSR are already
damaged and 27% will be damaged in 100 a. Note that these are very conservative estimates as they account
for sheet and rill erosion only and do not include gully erosion or wind erosion.

3.4 Future corn yield

The relative corn yield decreased under all soil conservation scenarios (Figure 12). The decrease rate under
Straw was highest (1.3% per decade). In this scenario, straws were shredded and incorporated into tillage
layer (20 cm) in the fall. Incorporation of straw can provide some reduction in rill erosion by increasing the
resistance of the soil to erosion (Van Liew and Saxton, 1983; Brown et al., 1989; Wei et al., 2013; Yang,
2019). However, incorporation in fall provides limited erosion protection during the winter and spring when
erosion can be significant. According to Zou et al (2016), Straw can reduce the corn yield by 11%. This
ratio will increase to 16% if the tillage layer is 15 cm thick. The reduced but still rather high erosion rate
under Straw (0.79 mm/a), together with its adverse effect on crop yield, results in the largest decrease rate
of crop yield among all scenarios. By 2200, the corn yield will be 77% of current value. The decrease in
crop yield under Present ranked second highest (0.8% per decade). By 2200, the corn yield will be 85% of
current value. Nearing et al. (2017) recognized the problem as being the use of conventional tillage with long
rows and concluded that “unless major changes are made to tillage and management (residue) practices”
the land will not remain under production. This study places time-frames on the soil life expectancy and
spatial distributions of the degree of soil erosion hazard to assess the effectiveness of different conservation
practices.

Despite the effectiveness of no-till at controlling erosion, the yield decrease under No-till ranked third highest.
The corn yield abruptly decreased to 88% of present after application of No-till. Nearing et al. (2017)
acknowledged that no-till does not work well in all environments and can have limitations when soil moisture
or soil temperature becomes an issue. No-till was found to decrease corn yield by 15.7% on sloping croplands
in the cold BSR by Chen et al. (2011) and 26.8% by Zou et al. (2016). Negative effects of no-till on crop
yield are also reported in similar cold regions, such northern America and Canada (Defelice et al., 2006). In
cooler BSR, the mean soil temperature at 20 cm depth in May is mostly below 12, with minimum below 8

(Figure 4B). In contrast, the mean value was mostly above 12 in warmer BSR, with maximum above 15 .
Studies in warmer BSR areas (Figure 4) indicate that no-till can slightly increase corn yield (Zhang et al.,
2010; Zhou et al., 2015).Thus, the cause of the abrupt yield decrease predicted in this study for no-till is
likely an issue with the low soil temperatures in the BSR.

The corn yield decrease rate under Contour, Combo 1 and Combo 2 ranked fourth, fifth and sixth, re-



spectively. By 2200, crop yield decrease was only 4% under Combo 1 and Combo 2. Xu et al. (2018)
recommended flat tillage systems for the BSR because in laboratory test it exhibited lower runoff and soil
loss than ridge systems whether on contour or up and down slopes. An alternative that may improve the
performance of conventionally tilled ridge systems is the use of furrow dikes which are essentially small
check dams at intervals along the furrows. Strip tillage, in which residue is maintained on the top of rows
(typically with flat tillage but can apply to ridge systems), shows great potential for erosion control (Licht
and Al-Kaisi, 2005; Shi and Mi, 2018). However, none of these systems have sufficient in situ experimental
data on erosion and crop yield in the BSR to be included in this analysis.

3.5 Optimum soil conservation practice

For “Damaged” croplands, current soils not only need to be saved but also improved. No-till with residue
management is the optimum practice, as it can both reduce erosion and increase fertility. For those located
in north BSR where no-till is less productive, manures could be used to offset residue removal and restore
fertility (Singer et al., 2004). For those with aeolian sand soils, soil amendments, such as winter cover crops,
manures, peat (Li et al., 2004) and biochar (Uzoma et al., 2001; Bruun et al., 2014) could improve soil
structure and fertility. For “High hazard” croplands, conservation practices should be applied as soon as
possible, as A horizons will all become thinner than 20 cm in just 20 years. These croplands are a priority
in conservation planning. Contour farming is not recommended for them, as it only slightly increases the
SLEA (Table 4). The reason is that “High hazard” croplands are mainly distributed on steeper areas, where
contour farming has limited effectiveness. Contour farming can only reduce erosion by 43% on a 5°slope and
by 26% on a 10°slope. In contrast, Combo 1, Combo 2 and No-till can all increase the SLEA to more than
100 a. These practices are recommended. Among them, Combo 2 may be the optimum practice. Compared
to Combo 1, Combo 2 is less costly as less terracing is needed. Compared to No-till, Combo 1 is more
productive. For “Moderate hazard” croplands, practices should be applied before 2040 to keep A horizons
thicker than 20 cm. No-till is not recommended even though it can increase SLE, to more than 3000 a since
most “Moderate hazard” croplands are located in the north BSR where no-till is less productive. For, “Low
hazard” and “No hazard” croplands, present practices are acceptable although they should be used with
care to maintain soil health. However, additional practices are necessary if erosion types other than sheet-rill
erosion are prevalent or a better crop yield is desired.

3.6 Optimum conservation schedule

An optimum conservation schedule is proposed with the following principles. The plan is spatially precise so
that it can tell where to act. The spatial resolution used here is 100 km?, which is approximately the size
of townships. The plan is temporally precise so that it can tell when to act to make sure all soils haveTh 4
maintained above 20 cm. In our schedule, practices are applied immediately for the “Damaged” and “High
hazard”, before 2040 for the “Moderate hazard”, before 2120 for the “Low hazard” and no changes applied
to the “No hazard” areas. The start year for action depends on the township’s maximum erosion hazard
degree. Sequential actions by township will reduce workload for related people in other counties and earlier-
acting townships will provide training for later-acting townships. Based on these principles, an optimum
conservation schedule is suggested (Figurel3). About 46% of townships should act immediately, while 17%
should act before 2040. Due to logistic, economic, social and other reasons, this schedule is an idealized one
that can serve as a target/goal for government officials and land managers. However, the following alarm
must be sounded, 180 km? croplands will become “Damaged” and at least 0.8% of corn yield lost irreversibly
with every 10 year delay.

4. CONCLUSIONS

A strategy to evaluate soil erosion hazard degree and soil conservation planning for agriculture regions of
the BSR of China has been proposed. The innovative aspect of this strategy is the combination of the known
relationship between A horizon thickness and crop yield for the BSR with a soil erosion model that bases
predictions upon the spatial distribution of the current A horizon thickness and soil properties by soil types.
FErosion hazard degree and relative crop yield under different soil conservation scenarios including current



tillage (conventional tillage), contour tillage, straw incorporated tillage, no-till farming and two combinations
of terracing and “green for grain” practices were evaluated. Knowing that an A horizon thickness of 20 cm
is the critical threshold for crop productivity, a soil life expectancy was calculated. Croplands with soil life
expectancies of <0 a, 0 a720 a, 20 a”100 a, 100 a~1000 a and [?]1000 a, were classified as “Damaged”, “High
hazard”, “Moderate hazard”, “Low hazard” and “No hazard”, respectively.

The soil erosion model was validated from !37Cs erosion rate measurements for three watersheds of the BSR.
The spatial distribution in soil erosion rates for the BSR was linearly and positively correlated with slope
gradient and dependent upon the conservation practice scenario. The current tillage practice exhibited the
highest soil erosion rates while no-tillage had the lowest soil losses. On average, about 13 cm of A horizon
has been eroded away since the establishment of cultivation. Across the BSR, 8% of the sloping croplands
are already classified as Damaged which will increase to 27% within 100 years under current practices. The
corn yield decreased very fast (0.8% per decade) under the current tillage practice. Despite the effectiveness
of no-till to control erosion, this was the third highest practice tested for loss in crop yield due to issues
in applying no-till farming in cold regions. The best practice for High hazard, Moderate hazard and Low
hazard was Combo 2, applying no-till, contour farming terraces and “green for grain” practices according
to the slope gradient and regional temperature (cool or warm). For “High hazard” croplands, conservation
practices should be applied immediately as these areas will convert to “Damaged” in just 20 years under
current practices. Future research should include other management strategies, such as winter cover crops,
strip tillage for flat and ridge system, furrow dikes made from soil or possibly cornstalks, or flat tillage. Such
management options could be incorporated into the model predictions of erosion hazard and crop yield once
the relationships are experimentally established.

A scheme for optimum spatially and temporally distributed scheduling of soil conservation practices is
presented. The plan is designed to maintain all soils to have an A horizon above 20 cm by selecting and
scheduling the implementation of conservation practices according to their degree of hazard. Scheduling the
implementation of conservation practices according to the township’s maximum erosion hazard will optimize
the distribution of labor and serve as a training tool for later-acting townships. Soil erosion estimates are
conservative, and as such the soil life expectancy estimates are under-predicted due to not considering gully
and wind erosion processes. This study quantifies the urgency in taking action to apply conservation methods
in the BSR in order to sustain agriculture while maintaining soil health.
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