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China'snortheasternBlackSoil Region, oneof the country'smost important cropproductionareas, has beenseriously
affected by soil erosion. This study evaluated the effects of soil erosion on the long-term productivity of this region.
We used a modified productivity index (MPI) model (MPI is a number between 0 and 1, with 1 indicating highest
productivity) to assess the current effects of soil erosionon soil productivity, aswell as topredict long-termchange in
productivity. Samples from 21 black soil profiles yielded varying MPI values, although most MPI values were
indicative of moderate productivity. Organic matter content and available water capacity impact MPI values in the
region, whereas soil clay content and pH were less important. Overall, organic matter content and available water
capacity of soil profiles decreased consistently as depth of erosion increased. Modeling indicated that MPI in the
region will decrease by 0.0052 for each centimeter of topsoil eroded; this rate represents 1% of the current average
MPI for the study area. Themodel predicts a 9.6% productivity reduction over 100 years and a 48.3% reduction over
500 years.
ll rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Soil productivity is the capacity of soil toproduceaparticularplantor
sequence of plants under a specified management system; sustainable
soil productivity is the basis for food security. Erosion reduces soil
productivity through soil loss and altered physical, chemical, and
biological properties (Lal, 2001; Lobo et al., 2005). Large-scale reduction
in soil productivity can pose a direct threat to food security (Lal, 2001;
Stocking, 2003).

The northeast (NE) black soil region of China is an important grain
production area. In 2004, the region produced 82.12 million tons of grain,
constituted 17.5% of China's total yield. Regional corn and soybean yields
were 44.87 million tons (34% of China's total corn yield) and 10.4 mil-
lion tons (47% of China's total soybean yield), respectively. However, this
region has suffered from serious soil erosion over the last 100 years (Liu,
2003; Yan and Tang, 2005; Yu et al., 1992). Yu et al. (1992) note that
approximately 38% of cultivated land in the NE black soil region has been
affected by erosion. More specifically, more than 39,000 ha of farmland
have been destroyed by the approximately 25,000 large gullies in the
region (Li et al., 2006). The thickness of the black soil (humus horizon)
layer in the region has decreased significantly, from 60–70 cm to 20–
30 cm (Liu, 2003; Yan and Tang, 2005). Accordingly, an assessment of the
long-termchanges in soil productivitydue to erosion is critical to effective
policy-making and sustainable agricultural production in this region.

Many methods have been developed to quantify the relationship
between the soil properties affected by soil erosion and plant growth
(Olson et al., 1994). Simulation modeling is particularly useful for
determining long-term effects and also offers unlimited management
strategies (NSE, 1981). The productivity index (PI) model (Neill, 1979;
Pierce et al., 1983) is relatively simple and requires only a limited number
of variables, which makes it particularly useful for places such as China,
where data can be limited. PI assumes that the properties of soil layers
within the rooting zonearemajor factors for cropgrowthandyields and is
used to assess the intrinsic or irreplaceable aspects of soil productivity
(Larson et al., 1983; Pierce et al., 1983; Runge et al., 1986). Other factors,
such as climate, management, and genetic plant potential are assumed to
be constant and are not currently included in the model (Gantzer and
McCarty, 1987; Pierce et al., 1983). Sufficiency values, ranging from0 to 1,
are defined to quantify the effects of soil properties on soil productivity
and the PI value is calculated by summing the product of the sufficiency
values for each soil layer to a depth of 100 cm (Larson et al., 1983; Pierce
et al., 1983). The PI value represents the relative soil productivity
determined by the soil properties by depth; a higher PI value (closer to 1)
indicates higher soil productivity. Long-term soil erosion affects both the
individual soil factors and the depth, and thus the final PI value.

The original PI model, developed in the corn belt region of the USA,
has been widely used to assess soil productivity (Gale et al., 1991;
Gantzer andMcCarty, 1987; Kiniry et al., 1983; Thompson et al., 1992;
Udawatta and Henderson, 2003; Yang et al., 2003) and the long-term
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effects of soil erosion on soil productivity (Larson et al., 1983; Lobo
et al., 2005; Pierce et al., 1983, 1984; Rijsberman and Wolman, 1985;
Schumacher et al., 1994). Data from field surveys, experimental plots,
and testing in China'sNEblack soil region has been used tomodify the PI
model (Duan et al., 2009) for use in this area. The modified PI (MPI)
results correlate more closely to actual corn yields in this region
(R2=0.76) than do the PI model results (R2=0.54) (Duan et al., 2009).

In this study, after further validation of the MPI model, we use MPI
to assess soil productivity in China's NE black soil region. We also use
the MPI model to predict the effects of soil erosion on long-term soil
productivity under current climate conditions, agriculture manage-
ment systems, and soil loss rates.

2. Materials and methods

2.1. Study area

NE China (total area 124 million ha) includes Heilongjiang, Jilin, and
Liaoning provinces, as well as part of the Inner-Mongolia autonomous
region. Three major north–south mountain ranges—the ChangBai,
Xiaoxing'anling, and Daxing'anling mountains—divide the region into
three areas, the SanJiang plain, the SunNen plain, and the HouLunBeiEr
plateau. The NE region's climate varies from temperate humid in the
east to semi-humid monsoon in the west while the average annual
precipitation ranges from 400 mm in the northwest to 800 mm in the
southeast. The annual mean temperature ranges from −7 to +11 °C,
with January average temperatures dropping below −20 °C and July
temperatures exceeding 18 °C. In accordance with the Genetic Soil
Fig. 1. Study area—China's no
Classification of China (GSCC) (NSSO, 1998; Shi et al., 2006), primary soil
types include Dark brown earths, Bleached baijiang soils, Chernozem
soils,Meadowsoils, andBlack soils (Fig. 1).Meadowsoils are distributed
primarily in the SanJiang and SunNen plains and Chernozem soils occur
primarily on the HouLunBeiEr plateau.

Black soils, which are also known as Isohumisols in Chinese Soil
Taxonomy (CST) or Mollisols in US Soil Taxonomy (ST) (Gong et al.,
1999; Shi et al., 2006), occur mainly in the transition zones between
the Xiaoxing'anling and Daxing'anling mountains and the SunNen
plain—the NE black soil region (lat 43°N–50°N, long 126°E–128°E).
The Chinese soil database (NSSO, 1995) lists 23 black soil series in this
region, belonging to three subtypes: Black soils (Haploborolls in ST),
Meadow black soils (Haploborolls in ST) and Albic black soils
(Argiborolls in ST). The NE black soil region covers approximately
9.4 million ha, has an average altitude of less than 180 m above mean
sea level, and is characterized by gentle grades (ranging from 0 to 5%)
and long slopes (extend for lengths of 500–2000 m, the maximum
lengths even up to 4000 m). The rolling topography has resulted in
serious water erosion: 77.5% of the total cropland in this region
currently suffers from soil loss (Liu et al., 2008). Primary crops are
corn, soybeans, and wheat and most of the cropland in this area was
established for agriculture after 1900 (Zhang et al., 2006a).

2.2. MPI model

The original PI model estimates soil productivity by characteriza-
tion of the soil rooting environment, and consideration of three
soil properties, available water-holding capacity (AWC), bulk density
rtheast black soil region.
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(BD), and pH (Gantzer and McCarty, 1987). PI is a dimensionless
productivity index ranging from 0 to 1 (1 indicating higher
productivity). The major features of black soil are higher organic
matter (OM) and clay content (NSSO, 1998). OM content plays a
crucial role for crop production in the NE black soil region (Han et al.,
2001; Wan and Li, 2002) and the chemical fertilizer currently used in
this region has not been able to compensate for OM losses (Lin et al.,
1994; Xu et al., 2006).

Duan et al. (2009) recommend that both OM and clay content be
taken into account for soil productivity assessment and BD should be
omitted, the correlation between BD and AWC is higher than the
correlation between OM and AWC (Duan et al., 2009). Pierce et al.
(1983) suggested 100 cm as a suitable soil thickness for the growth of
corn, and calculated the PI using the upper 100 cm of soil (divided into
10 layers of 10 cm each); however, if a limiting layer was present in
the first 100 cm soil, the soil depth was based on the limiting layer.
OurMPI model, which focuses on assessing potential soil productivity,
follows this approach: the total MPI value is the sum of the MPI values
of each layer and is based on each layer's physical and chemical
properties. Other factors affecting crop yield, such as climate,
management, and plant differences, are assumed to be constant.
Thus, in accordance with Duan et al. (2009), the primary equation for
the MPI model is as follows:

MPI = ∑
n

i=1
Ai × Di × Oi × CLi × WFið Þ ð1Þ

where i is the order number of the soil layers, and n is the total
number of soil layers for the rooting depth. Ai is the sufficiency of AWC
(cm3/cm3) at the ith soil layer, and is calculated using:

Ai =
0::::::::::::::::::::::::::::::::AWCi ≤ 0:03
5 × AWCi::::::::::::::::::0:03

>AWCi ≤ 0:2
1::::::::::::::::::::::::::::::::AWCi > 0:2

8<
: ð2Þ

Di is the sufficiency of pH at the ith soil layer and is estimated using:

Di =

0::::::::::::::::::::::::::::::::::::pHi ≤ 2:9
−1:31 + 0:446 � pHi::::::::2:9 b pHi ≤ 5:0
0:12 + 0:16 � pHi::::::::::::5:0 b pHi ≤ 5:5
1:::::::::::::::::::::::::::::::::::5:5 b pHi ≤ 6:5
2:086−0:167 � pHi :::::::6:5 b pHi ≤ 8:0
0:75:::::::::::::::::::::::::::::::pHi > 8:0

8>>>>>><
>>>>>>:

ð3Þ

Oi is the sufficiency of OM (%)at the ith soil layer:

Oi =
OMi

4
::::::::::::::::::::0% ≤ OMi

>4%

1:::::::::::::::::::::::::::4% ≤ OMi

8<
: ð4Þ
Soil loss-
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Fig. 2. Framework for assessing effects
CLi is the sufficiency of clay (particle size b0.002 mm) content (%) at
the ith soil layer, such that:

CLi =

1:::::::::::::::::::::::::::::::::::20%≤ clayi ≤ 40%

clayi
20

:::::::::::::::::::::::::::0 >clayi

>20%

100−clayi
60

:::::::::::::::::40% >clayi

>100%

0:::::::::::::::::::::::::::::::::::clayi = 0:or:clayi = 100%

8>>>>>>>><
>>>>>>>>:

ð5Þ

WFi is the weight of the ith layer, which is determined based on the
utilization of soil moisture by crops in different layers under ideal
conditions in accordance with Pierce et al. (1983) as follows:

WF = 0:35−0:152 lg depth +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
depth2 + 6:45

q� �
ð6Þ

where depth indicates the soil depth within the profile. Integration is
performed on the results of Eq. (6) after the weight of the ith layer is
obtained by normalizing the total value to 1.0.

2.3. Model validation

To validate the performance of the MPI model, we investigated 15
blocks of farmland in2008at theHeshan farm(49°00′–49°01′N;125°16′–
125°20′E), located in thenorthernpart of the studyarea. These landblocks
are located in a small basin with similar landforms (down slope tillage,
from up slope to lower slope), similar slope (about 4%), and similar
fertilization and management systems (mechanical tillage). The major
crop types are soybeans andwheat,with one crop harvested per year. The
common crop rotation is three years of soybean and one year of wheat or
other crop.Accurate cropyieldsweremeasuredandrecorded in the farm's
office from 1980. One profile was sampled from the center of each block,
with disturbed and undisturbed soil samples collected from the surface to
200 mm below the parent material. In total, 86 disturbed and 258
undisturbed samples were collected from the 15 blocks of farmland. All
samples were sealed and transported to the laboratory for analysis.

2.4. Assessment methods

Stocking (2003) suggested a conceptual framework for an
“erosion–yield–time” model to assess the long-term changes in soil
productivity due to erosion. We used a quantitative method in this
study that was based on this conceptual model. As shown in Fig. 2, the
assessment steps include the following:

(1) Evaluate the relative productive potential for black soils using
the MPI model;

(2) Assess the vulnerability of soils due to erosion based on the MPI;
(3) Estimate the current soil loss rate;
(4) Predict the long-termsoil productivity reductionbasedon theMPI,

the vulnerability of soils due to erosion, and current estimated soil
loss rate.
Time 
hips 
te (E)

Soil 
loss-Productivity 
loss relationships
Vulnerability (V) Soil productivity 

losses with time
Reduction (R) 

of soil erosion on soil productivity.
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2.5. Field survey

We conducted a field survey of typical profiles for the 23 black soil
series from June to September 2007, using GPS and topographic maps
to locate the surveyed soil profiles. At each site we recorded data
about the surrounding environment, including location, topography,
slope, land-use types, and vegetation types. We sampled the soil
profiles following soil survey standards as outlined by Liu (1996) and
Wang and Zhang (1983), and used soil color charts to determine the
soil genetic horizons (RGCRG, 1995). For each layer we collected one
disturbed soil sample (2 kg of uniformly mixed soil sampled between
the top and the bottom of the genetic horizon) and three undisturbed
samples (55 mm diameter, 50 mm height, sampled in the middle of
the genetic horizon). Samples were collected in one sublayer when
the genetic horizon thicknesses were less than 30 cm; if the genetic
horizon was between 30 cm and 60 cm, we divided it into two
sublayers. Three sublayers were defined if the genetic horizon was
greater than 60 cm. We used the undisturbed samples to analyze the
BD and the disturbed soil samples to analyze other soil physicochem-
ical properties (Dane and Topp, 2002; Liu, 1996). We collected
cultivation and crop data, including crop type, management model,
and crop yields of the land block where soil profile was located.

Finally, we selected a total of 21 series with the same land use
(cropland), crop (primarily corn), and cultivation type (machine
cultivation and artificial fertilization) to be analyzed for this study
(Table 1) and collected 103 disturbed soil samples and 309 undisturbed
soil samples from these profiles. Based on NSSO (1995), the selected 21
black soil series are representative of the primary soil conditions in 91%
of the black soil area.

Particle size distribution, pH, OM, and AWC of all soil samples
(including samples collected fromHeshan farm)were determined in the
laboratory using normal standards (Dane and Topp, 2002; Liu, 1996).
2.6. Indicators of soil vulnerability to erosion and soil productivity
reduction rate

As soil eroded, the productivity calculation function (Eq. (1))
moved down the profile, unless some limiting layer occurred in the
Table 1
Description of 21 selected black soil series.

Series recording IDa Profiles
code

Areab

(km2)
Longitude
(°E)

Latitude
(°N)

Topsoil depth/profile
depth (cm)

20276 1 66 124.03 43.26 24/120

20278 2 71 124.05 43.25 22/120
20282 3 3991 125.74 44.51 70/150
20284 4 1702 124.83 43.55 59/150
20286 5 1177 125.21 43.90 18/130
20288 6 158 126.51 44.82 49/140
20294 7 191 123.82 48.12 39/130
20296 8 189 126.22 47.19 30/120
20300 9 15128 127.50 46.84 40/110
20302 10 75 126.26 47.34 47/110
20304 11 12998 127.07 46.44 60/160
20306 12 631 125.43 48.60 30/120
20312 13 169 124.32 43.16 40/120

20314 14 17 125.76 44.38 55/180
20316 15 421 125.74 45.43 40/90
20318 16 2688 126.38 46.82 80/150
20320 17 1199 125.97 45.40 30/110
20322 18 2755 126.60 45.37 90/160
20324 19 205 126.80 45.01 50/120

20326 20 409 127.46 46.43 44/150
20328 21 2129 127.15 46.22 55/150

a ID number is thefirst two digits of the volume number and the last three digits of the page n
b Data were obtained from National Soil Survey Office (NSSO) (1995).
first 100 centimeters or until a limiting layer was encountered (Pierce
et al., 1983). As a result, soils with unfavorable characteristics in the
subsoil or the parent material undergo serious reductions in PI due to
erosion (Larson et al., 1983).The productivity index model assumes
that the PI values changes linearly with soil depth removal (Pierce
et al., 1984; Runge et al., 1986). The soil's vulnerability to erosion, V
(cm−1), is defined as the rate of soil productivity index change with
soil eroded depth and represents the change in MPI after 1 cm of top
soil is removed. Following Runge et al. (1986) and Pierce et al. (1984):

V =
ΔMPId
Δd

ð7Þ

where ΔMPId is the variation in MPI and d is the thickness of the
eroded soil in cm. After the first layer (0–10 cm) is eroded, the second
layer (10–20 cm) becomes the new top layer. Considering the effects
of continuously mixing topsoil with subsoil during cultivation, we
assumed that the MPI of the top layer (0–10 cm) after erosion was
equal to the average MPI of the top layer (0–10 cm) and the second
layer (10–20 cm) before erosion.

The soil productivity reduction rate, R (%), was defined as:

R =
ΔMPI
MPI0

× 100% =
−V × E × t

MPI0
× 100% ð8Þ

whereMPI0 is the current soil productivity index,V is the vulnerability to
soil erosion, E is the current soil loss rate (cm/a), and t is the time in
years. E is calculated using a simple erosion rate estimation established
by Liu et al. (2008):

E = 0:7379 × θ ð9Þ

where 0.7379 is the regression coefficient, θ is the slope of cropland in
degrees, and E is expressed in mm/a. Liu et al. (2008) derived the slope
distribution from Shuttle Radar Topography Mission data with a
horizontal resolution of 90 m×90 m in the study area. We weighted
each slope area, calculated the soil loss for different slopes using Eq. (9),
and determined the average erosion rate to be 0.0921 cm/a. Land slopes
may change as erosion depth increases, which will impact the rate of
Texture Parent material Soil subtypes (GSCC/ST)

Clay loam Eolian (loess deposit) Black Soil/Pachic
Udic Haplobarolls

Clay loam to loamy clay Eolian (loess deposit)
Loamy clay Eolian (loess deposit)
Clay loam to loamy clay Eolian (loess deposit)
Loamy clay Eolian (loess deposit)
Clay loam Eolian (loess deposit)
Loamy clay or clay Alluvial (diluvium)
Loamy clay Alluvial (diluvium)
Loamy clay Eolian (loess deposit)
Loamy clay Eolian (loess deposit)
Clay loam to loamy clay Eolian (loess deposit)
Loamy clay or clay Eolian (loess deposit)
Clay loam to loamy clay Eolian (loess deposit) Meadow Black Soils/

Pachic Udic Haplobarolls
Loamy clay Eolian (loess deposit)
Sand clay loam to loamy clay Alluvial (fluvial)
Loamy clay Eolian (loess deposit)
Loamy clay Eolian (loess deposit)
Loamy clay Eolian (loess deposit)
Clay loam or clay Eolian (loess deposit) Albic Black Soils/Pachic

Udic Argibarolls
Clay loam Eolian (loess deposit)
Loamy clay Eolian (loess deposit)

umber. For example, 20318 indicates the location of soil profile—page 318 ofNSSO (1995).
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index using original PI and MPI models.
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Eq. (8). Due to the difficulty in simulating this process, we have focused
on the long-term effects of sheet erosion on soil productivity under
current erosion rates. Forth more, gully erosion also plays an important
role in the NE black soil region, but due to in short of observation data,
this paper only focused on sheet erosion, gully erosion and its effects on
soil productivity were not considered.

3. Results and discussions

3.1. Validation of MPI

To compare the two models (original PI and MPI), we calculated
both values for the 15 profiles from the Heshan farm. We performed
linear regression analyses between perennial average soybean yields
(from 1980 to 2008) and productivity indices (Fig. 3). The original PI
model accounted for approximately 19% of the variations of perennial
soybean yields (significant at 0.103 level). In contrast, the MPI model
accounted for approximately 72% of the variations of perennial
Table 2
Physicochemical properties, MPI, V, and R of surveyed profiles.

Profiles code Soil subtypes (GSCC) Soil physicochemical properties (

OM (%) pH AW

1 Black soil 2.46 5.38 0.2
2 2.08 5.37 0.4
3 3.93 7.74 0.1
4 2.10 5.78 0.1
5 4.38 6.24 0.1
6 3.22 5.89 0.3
7 5.04 6.53 0.0
8 3.45 5.83 0.2
9 4.91 5.57 0.1
10 3.79 5.65 0.0
11 4.60 6.49 0.1
12 5.34 5.87 0.1
Average of black soils subtypes 3.78 6.03 1.9
13 Meadow black soils 3.10 5.05 0.2
14 3.68 6.91 0.1
15 2.10 6.34 0.3
16 5.02 5.14 0.2
17 1.90 6.78 0.1
18 5.99 8.02 0.3
Average of meadow black soils subtypes 3.63 6.37 0.2
19 Albic black soils 3.18 5.56 0.1
20 3.50 5.51 0.2
21 4.48 7.18 0.2
Average of Albic black soils subtypes 3.72 6.08 0.1
Total soil series Min 1.9 5.05 0.0

Max 5.99 8.02 0.4
Average 3.72 6.13 0.2
Std. Deviation 1.19 0.82 0.0

a Soil productivity index.
b Soil vulnerability to erosion—rate of MPI change with the soil eroded thickness.
c Percentage decrease in MPI due to one year soil loss at current rate.
soybean yields (significant at 0.0001 level), validating the effective-
ness of the MPI in assessing soil productivity in the study area.

3.2. MPI values of black soil series samples

Much of the black soil cropland in the study area was established in
the 1950s, at which time the OM in these soils ranged from 6% to 15%
(Xiong and Li, 1987). In our study, we found OM ranging from 1.9% to
5.99% for the 103 collected samples (Table 2). OM decreased
significantly with increasing soil depth (Fig. 4). The average OM of the
surface layer was 3.72% (Table 3), which was significantly lower than
the reported OM in the 1950s (Xiong and Li, 1987). Because the current
fertilization system seldom compensates for the loss of OM (Lin et al.,
1994; Xu et al., 2006), the degradation of OM was significant. An OM
content less than 4%was not ideal for crop growth (Alvarez et al., 2002;
Howard andHoward, 1990; Janzenet al., 1992) and results in a poorMPI
(Duan et al., 2009). Thus, OM is an important soil productivity impact
factor in the study area.

Average pH increases with increasing soil depth in the first 40 cm
of depth and maintains a constant value (about 6.75) below 40 cm
(Fig. 4); this configuration may be a result of the effects of tillage and
the use of chemical fertilizers (Guo et al., 2010). The pH of most
samples ranges between 5 and 8, which was suitable for most crop
growth (Gale et al., 1991; Pierce et al., 1983). Thus, pH is not a stress
factor in the MPI. Average AWC decreases with increasing soil depth
(Fig. 4), and approximately 77% of the samples have an AWC less than
0.2 m3/m3, which was defined as the critical level for crop production
in the PI (Gantzer and McCarty, 1987; Pierce et al., 1983).
Consequently, AWC is considered a stress factor in the study area.
The average clay content of the 103 soil samples was approximately
35% (Table 2) and increasedwith increasing soil depth (Fig. 4) ranging
from 20% to 40% in more than 90% of the samples. As this range was
sufficient for crop growth in the MPI model (Duan et al., 2009), clay
content is not a stress factor for soil productivity in the study area. In
surface layer) MPIa Vb (cm−1) Rc in one
year (%)

C (cm3/cm3) Clay (%)

5 31.88 0.37 −0.0062 0.16
7 28.62 0.39 −0.0056 0.13
3 35.10 0.71 −0.0051 0.07
9 37.58 0.48 −0.0029 0.06
7 32.73 0.49 −0.009 0.17
0 37.12 0.68 −0.0047 0.06
5 49.48 0.21 −0.0025 0.11
8 44.60 0.50 −0.0067 0.12
3 35.91 0.47 −0.0035 0.07
8 42.75 0.30 −0.0034 0.10
3 31.29 0.58 −0.0044 0.07
5 46.91 0.47 −0.0053 0.10
4 37.83 0.47 −0.0056 0.10
8 30.30 0.43 −0.0068 0.15
4 36.61 0.46 −0.0029 0.06
2 25.03 0.46 −0.0034 0.07
0 38.35 0.85 −0.0071 0.08
9 36.31 0.36 −0.003 0.08
1 16.00 0.75 −0.0026 0.03
4 30.43 0.55 −0.0043 0.08
7 33.52 0.58 −0.0056 0.09
1 28.91 0.53 −0.0093 0.16
0 33.21 0.85 −0.0092 0.10
9 31.88 0.65 −0.0081 0.11
5 16 0.85 −0.0093 0.032
7 49.48 0.21 −0.0025 0.169
1 34.86 0.52 −0.0052 0.097
9 7.50 0.169 0.0022 0.03875
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summary, OM and AWC are shown to be MPI stress factors in the
study area, while clay content and pH are not.

Less than 5% of the black soil series exhibit an MPI associated with
low productivity (MPIb0.4); approximately 70% had medium
productivity (MPI=0.4–0.7); and about 25% had high productivity
(MPI >0.7).
Table 3
Group I soil characteristics.

Profiles
code

Depth
(cm)

Genetic
horizons

BD
(g/cm3)

Clay
(g/100 g)

pH OM
(g/100 g)

AWC
(m3/m3)

1 0–24 A 1.28 31.88 5.38 2.46 0.25
24–40 B 1.37 37.37 7.16 0.12 0.12
40–70 C 1.38 36.83 7.26 0.74 0.13
70–100 C 1.57 26.17 7.3 0.69 0.07

2 0–22 A 1.11 28.62 5.37 2.08 0.47
22–45 B 1.34 31.51 6.45 1.45 0.23
45–80 C 1.30 24.90 7.25 0.64 0.24
80–110 C 1.42 21.99 7.08 0.17 0.18

5 0–18 A 1.39 32.73 6.24 4.38 0.17
18–51 B 1.54 37.43 6.87 1.29 0.08
51–80 C 1.41 30.95 7.05 0.64 0.08
80–110 C 1.49 33.24 6.44 0.86 0.09

8 0–18 A 1.08 44.60 5.83 3.45 0.28
18–30 A 1.33 37.43 5.79 3.32 0.09
30–50 B 1.32 34.67 6.35 1.55 0.09
50–70 C 1.39 41.15 6.26 1.68 0.05
70–100 C 1.43 36.21 6.12 0.74 0.08

13 0–19 A 1.19 30.30 5.05 3.10 0.28
19–40 A 1.50 35.52 6.51 1.59 0.07
40–54 B 1.34 36.76 6.79 1.19 0.12
54–83 C 1.37 40.79 6.65 0.53 0.13
80–110 C 1.43 32.19 6.86 0.70 0.15

20 0–25 A 1.24 25.03 6.34 2.10 0.32
25–40 A 1.35 28.88 7.9 2.36 0.18
40–70 B 1.24 29.46 7.9 1.50 0.23
70–90 B 1.24 29.14 7.46 1.75 0.23
90–120 C 1.26 26.95 7.44 0.70 0.23

120–150 C 1.27 26.49 7.36 0.33 0.23
The four black soil series with the highest productivity typically
had higher OM content and AWC than the other series. Series with the
lowest productivity included those with very low OM content and/or
high clay contents and low AWC. For example, soil profile 17, which
has an MPI of 0.36, is a meadow black soil which has undergone
extensive management and long-term cultivation, leading to nutrient
loss and low OM content.

3.3. Vulnerability of soil productivity due to soil erosion

As soil depth increased, OM and AWC typically decreased, whereas
pH and clay content increased (Fig. 4). MPI deceased as eroded soil
depth increased, although the reduction trends vary among the
different soil series (Fig. 5). Of the 21 black soil series evaluated in this
study, 6 have an obvious critical point for this trend (Fig. 5a); we
classified these series as group I soils. The MPI of these soils decreased
dramatically as depth of erosion increased until the erosion depth
reached the critical point (about 40 cm). Below this critical point, the
rate of MPI decreased was very low (or negligible) as shown in Fig. 5a.
The average V for group I soils was −0.007 cm−1. In these soils, the
“A” genetic horizon (Table 3) has a relatively high productivity, but
was very thin (18 to 45 cm). Below this horizon lie less productive
subsurface horizons (lower OM and AWC, higher BD) that typically
have significantly lower MPI than that of the surface soil (Fig. 5a).
Group I represents degraded black soils that have suffered from long-
term erosion and were characterized by a thin layer of remaining
topsoil. These soils are vulnerable to erosion and need protection.

The remaining 15 black soil series have been divided into three
groups (II, III, IV) based on their V value (Fig. 5b, c, d). Group II
(Fig. 5b) represents the best black soil in the study area, having a very
high soil productivity (average MPI>0.83) and the highest average V
(−0.008 cm−1). Group III (Fig. 5c) hasmedium V (−0.005 cm−1) and
MPI values (0.46 to 0.71, average 0.60), while Group IV (Fig. 5d) has
the lowest average V (−0.003 cm−1) and MPI values (0.21 to 0.75,
average 0.43). These findings indicate that higher average MPI values
are associated with higher V values (Fig. 4). The parent material of
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most black soils is yellow clay, which has low productivity due to low
OM content, high clay content, and low AWC. Once the higher
productivity soil is eroded, the remaining soil has a very low MPI;
thus, there is a direct correlation between V and the MPI value.

The average V for the 21 black soil series was −0.0052 cm−1

(Table 2), indicating that the MPI will decrease by 0.0052 (or by about
1% of the current average MPI value) after 1 cm of soil has eroded.
Wang et al. (2009) conducted a desurfacing experiment in the study
area and showed that the average reduction of soybean yield was
14.9% per 10 cm of soil eroded. Zhang et al. (2006b) observed that the
reduction of soybean yield was 19.7% per 10 cm of soil eroded with
the same method in the NE black soil region. Our result (average
reduction of soil productivity of 10% per 10 cm of soil eroded) was
lower than both of the studies. This difference may result in part from
different soil properties. The top soil in the Wang et al. (2009) study
was 40 cm and in the Zhang et al. (2006b) study was 30 cm, whereas,
our study area included the entire region with topsoil thicknesses that
varied from 18 cm to 90 cm. Additionally, the study methodmay have
a significant influence on the result. Bakker et al. (2004) compared
studies describing the relationship between erosion and productivity
Table 4
Projected rates of soil productivity reduction.

Years Predicted R (%)

Range Average

20 0.64–3.37 1.93
50 1.61–8.43 4.83
100 3.21–16.85 9.67
300 9.64–50.56 29
500 16.07–84.26 48.34
and found that results were significantly different with different study
methods.

3.4. Long-term soil productivity reduction under the current soil
erosion rate

The rate of MPI reduction over one year indicates an annual soil
productivity decrease of 0.1% as a result of the current soil loss rate of
0.0921 cm/a. There were no significant differences in the R value
among the three soil subtypes.

Long-term of reduction in soil productivity using current soil
erosion rates were predicted over 20, 50, 100, 300, and 500 years
(Table 4). After 500 years, approximately 48% of the current black soil
productivity is projected to be lost due to soil erosion.

As erosion time increased, more soils will be subject to a higher
rate of productivity reduction (Table 5). The R values are less than 5%
for all soils in the study area after 20 years of erosion and for most of
black soils after 50 years erosion. However, almost all black soil will
lose more than 5% of soil productivity after 100 years of erosion, and
about 88% of soil will lose more than 25% of soil productivity after
Table 5
Percent of area under long-term erosion.

Projected year % of Soils within range

R value range (%)

b5 5–25 25–50 >50

20 100
50 94 6
100 6 94
300 88 9 3
500 6 88 6
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500 years. The results clearly demonstrate that the reduction in soil
productivity due to long-term erosion in the research area is very
serious and may pose a direct threat to the food security of China.

4. Conclusions

We validated an MPI simulation model and used it to evaluate the
long-term effect of soil erosion on potential soil productivity in China's
NE black soil region. More than half of the investigated soil series
exhibited moderate productivity levels. OM and AWCwere found to be
major stress factors in the MPI model; both of these decreased
significantlywith increasingdepthof soil erosion, leading to a decreased
in MPI with depth. Findings indicate that current productivity of the
black soils will decrease by approximately 1% for each 1 cm of topsoil
that erodes. Consequently, long-term soil erosion may seriously
threaten the future food production in the NE black soil region. Effective
soil and water conservation measures should be implemented imme-
diately to control soil erosion in this region.

MPI was useful in evaluating the potential soil productivity and was
significantly correlated to soybean yield in NE black soil region. However,
the simulation result may be influenced by the selection of model
parameters and the demarcation of sufficiency values. More control
experiments and observation should be done to account for specific soil
prosperities and the response of crops to these factors, thus to improve
the model performance.

Using a simulation model to assess the effects of soil erosion on
potential soil productivity at a regional scale, such as we did in this
study, may yield slightly different results than experimental obser-
vations. Each of the methods has its advantages and disadvantages,
but the model simulation method is easier to operate and lower cost
results than small-scale experimental observations.

This study assessed the intrinsic aspects of soil productivity that are
not easily replaced under current agriculturemanagement systems and
sheet erosion rates. Other factors such as technological developments,
increases in agricultural investment, and gully erosionmay also have an
effect on soil productivity, changing the erosion rates over time. These
processes are very complicated and need further study.
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