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Abstract Soil loss tolerance (T) is a widely used concept for
assessing potential risks of soil erosion and is a criterion for
assessing the effectiveness of soil and water conservation pro-
jects. However, current approaches for calculating T values
lack a strong scientific basis, and few practicable methods
are available. Many questions remain regarding which param-
eters, such as planning periods and offset damages, should be
included in calculating T values. Here, we developed a new
method to calculate soil loss tolerance as a function of the soil
productivity index (SPI) for farmland. To achieve sustainable
soil productivity in farmland, erosion rates leading to SPI
values lower than the lower boundary of soil productivity
(SPI0) are not tolerable and must be controlled by soil conser-
vation measures. We applied this method in the Red River
Basin of China based on the investigation of typical soil pro-
files and crop yields. Our results show that the T values in the
Red River Basin ranged from 0.91 to 10.24 t ha−1 a−1. The
SPI0 and the lowest limit of soil loss tolerance (T1) were 0.4
and 0.91 t ha−1 a−1, respectively. Here, we demonstrate that,
when determining T values in farmland, (1) the soil formation
rate and offset damage should not be core items, (2) the “plan-
ning period” concept should be replaced by “sustainability”,
(3) the management objective of T should be the sustainability
of the soil resource, and (4) the T values of farmland should be
determined according to soil productivity. We provide a

reasonable and feasible method to determine T for farmland,
which will helpmaintain the sustainability of soil productivity.
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1 Introduction

Erosion is defined as the detachment, movement, and deposi-
tion of soil or rock bywater, wind, ice, or gravity (Soil Science
Society of America 2008). As an important natural Earth sur-
face process, erosion plays a key role in the development of
landforms and landscapes. Among other effects, erosion
lowers the land surface (denudation) as sediment moves from
uplands to marine environments, thereby linking the terrestrial
and aquatic systems (Renschler and Harbor 2002). Under nat-
ural conditions, soil erosion and weathering are usually bal-
anced (Amundson et al. 2015). However, human activities,
such as farming, fire, and grazing, usually increase the erosion
rate and lead to so-called accelerated erosion (Beniston et al.
2015; Berendse et al. 2015; Simonneaux et al. 2015). Land
use has been shown to amplify soil losses (Pacheco et al.
2014; Valle Junior et al. 2014). Accelerated erosion (erosion
for short in this paper) can reduce soil nutrient contents, de-
grade soil structure, and reduce the effective rooting depth,
thereby reducing soil productivity (Biggelaar et al. 2003;
Tenberg et al. 2014; Valera et al. 2016). Erosion is estimated
to reduce crop production by 192 million tons (t) of cereals, 6
million t of soybeans, 3 million t of pulse, and 73 million t of
roots and tubers worldwide each year (Lal 2001). To protect
soils from excessive erosion and soil productivity degradation,
Hays et al. (1941) proposed the concept of soil loss tolerance
(T). Wischmeier and Smith (1979) defined T as “the maxi-
mum level of soil erosion that will permit a high level of crop
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productivity to be sustained economically and indefinitely”.
Subsequently, many scholars have defined T in different con-
texts (Li et al. 2009; Bui et al. 2011; Liu et al. 2015), but the
definition proposed byWischmeier and Smith (1979) remains
the most widely used (Schertz and Mark 2006).

As a criterion for controlling erosion rates, the determina-
tion of the T value is one of the most important aspects of soil
and water conservation projects. Hays et al. (1941) quantified
the T value of the Fayette silt loam, and they considered
topsoil depth as the reference. Browning et al. (1947) identi-
fied soil productivity as the most important index for estab-
lishing T values and suggested T values between 4.50 and
13.50 t ha−1 a−1 for 12 soils in the western USA. In 1956,
the American Soil Conservation Service (SCS) organized a
committee to discuss potential items in the determination of
T values (soil depth, nutrient loss, maintenance of water con-
trol structures, control of sedimentation and gullies, yield re-
duction, water loss, and seeding loss). The committee set the
upper limit on the T value to 11.2 t ha−1 a−1 (Paschall et al.
1956). The SCS held six regional workshops from 1961 to
1962 to discuss the criteria for establishing T values, which
led to the establishment of T values for 12 soil orders in each
region of the USA (Johnson 1987). Although the criteria have
been modified, their basic structure remains in use today
(Schertz and Mark 2006). Following these criteria, many
countries, including China (Ministry of Water Resources of
the People’s Republic of China 1997), Russia (Shtomrel et al.
1998), other European countries (Verheijen et al. 2009), Brazil
(Lombardi and Bertoni 1975), Australia (Bui et al. 2011), and
India (Mandal and Sharda 2013), have formulated corre-
sponding T values. Today, T values have become the basis
for judging the potential risks of soil erosion and the evalua-
tion criteria for soil and water conservation projects world-
wide (Li et al. 2009).

Despite the importance of T for soil conservation, the cur-
rent criteria for determining T values depend mainly on the
expertise of the individuals involved. A consensus on which
items should be considered and how to determine the T value
is still lacking (Schertz 1983; McCormack et al. 1982;
Johnson 1987; Cook 1982; Li et al. 2009; Duan et al. 2012).
Soil thickness, soil formation rate, and the effect of soil ero-
sion on soil productivity are regarded as the most important
influencing factors (Li et al. 2009; Bui et al. 2011). The three
major quantitative methods used for estimating the T value are
based on soil thickness, soil formation rate, or soil productiv-
ity. Some studies showed that soil productivity did not decline
unless the soil loss rate surpassed the soil formation rate (Flach
1983). Based on this hypothesis, Alexander (1988a, b) devel-
oped a method to determine T based on the estimation of soil
formation rates. However, two issues limit the application of
this method. First, soil formation rates are quite different in
parent materials and the A horizons, and it is very difficult to
measure soil formation rates for different types of soils

(Johnson 1987; Hall et al. 1985; Hancock et al. 2015).
Second, soil formation rates are slow, and soil erosion exceeds
the rate of soil formation in almost all sloped crop lands,
rendering T values impossible to estimate (Schertz 1983).

The method based on soil productivity was developed by
Smith and Stamey (1965). The basic premise is that, to main-
tain the sustainability of soil resources, soil productivity
(expressed by some measurable soil properties) should not
be lower than a certain critical value within a given time
frame. An ideal T equation was developed according to this
definition and consisted of time, location, some measurable
soil properties, and the soil formation rate. However, this
equation did not specify how to assess soil productivity or
what the critical value of soil productivity should be.
Subsequently, Skidmore (1982) improved the method by in-
troducing soil depth as a parameter. Parameters such as toler-
ant minimum soil depth, optimal soil depth, current soil depth,
and upper and lower limits of soil loss tolerance were also
included. However, the relationship between soil depth and
soil productivity is complex, and an equivalent soil thickness
between two soils does not mean that the soil productivities
are equivalent (Duan et al. 2009). Furthermore, it is difficult to
determine some of the model parameters, such as the tolerant
minimum and optimal soil depth. As a result, very little prog-
ress has been made in the application of Skidmore’s soil depth
equation since it was proposed (Pretorius and Cooks 1989; Li
et al. 2009).

In the meantime, debate has continued regarding whether
offset damage should be included and how to formulate the
planning period. From 1976 to 1977, the prevention of offset
damage as a factor in determining the T value was discussed
extensively by the SCS (McCormack et al. 1982).Wischmeier
and Smith (1979) argued that it would be possible to establish
a specific limit on the amounts of soil erosion to control water
quality. Renschler and Harbor (2002) argued that the determi-
nation of T should include the offset damage related to soil
erosion. Rittall and Swader (1979) suggested setting a sepa-
rate T standard for water quality objectives. The SCS sug-
gested setting a “soil delivery tolerance” for the purposes of
preventing offset damage (Flach 1983). In regard to the plan-
ning period, Schertz (1983) suggested that a specific, set time
interval of 500 or even 1000 years would be more practical for
sustaining production than the use of terms such as “over a
long period of time” when setting tolerances. Sparovek and
Schnug (2001) reported that 50 to 100 years was reasonable for
the determination of T values. Benson et al. (1989) proposed
that a 5 % reduction in soil productivity over 100 or 500 years
was acceptable. Runge et al. (1986) used 100 years as the time
period to calculate T values. To protect farmland, Morgan
(1987) defined a “finite point” as the point at which yields fall
below 75 % of the maximum possible yield. Montgomery
(2007) noted a reasonable historical pattern of 500- to
several-thousand-year life spans for major civilizations around
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the world. Other studies have expressed soil loss tolerance
using the concept of “soil life time” (Sparovek and Schnug
2001; Sparovek et al. 1997).

It is clear that new approaches are needed for the determi-
nation of T values based on extensive scientific evidence and
practicability. We argue that the earlier challenges in establish-
ing of T values resulted from a lack of clear management-
oriented objectives and that such objectives need to be related
to soil functions. Different types of soils provide different
services to society (Amundson et al. 2015; Stavi et al. 2016;
Francesconi et al. 2016). The most important role of farmland
soils is soil productivity because these soils directly provide
food (Sanchez 2002; Pimentel 2006; Mafongoya et al. 2016).
Soils under natural forest and grasslands provide ecological
services, such as climate regulation, biological control, and
biotransformation of organic carbon; therefore, these roles
need to be emphasized (Verheijen et al. 2009; Stavi et al.
2016). Providing clean water and energy is more important
for soils in some special areas in natural reserves, headwaters,
and areas with major mineral deposits. For these soils, the
introduction and mitigation of pollution, sediment input, and
water quality should be considered when setting T values.
Therefore, the objectives and the method of setting T need
to be determined according to soil services and functions. In
this paper, we propose a new framework to determine T values
for different types of soils.We propose a method to calculate T
values for farmland based on the concept of sustainable soil
productivity. Finally, we applied this method in the Red River
Basin of China (Fig. 1) and discussed the relationship between
soil formation rates, offset damage, planning time, and farm-
land T values.

2 Materials and methods

2.1 Framework for determining regional soil loss tolerance

As Mannering (1981) observed, scientists have proposed
more questions than they have solved, resulting in confu-
sion “regarding what are known and what are not known
about the bases of T values”. We propose that the problem
is partly rooted in a lack of clear management objectives.
Soil functions were seldom considered by previous stud-
ies when calculating T values. For different soil resources,
the management objective for establishing T should be
different. Based on the concept of soil functions, we pro-
pose a new framework for determining regional T values
(Fig. 2). The framework includes three steps: (1) soils are
divided into four categories based on societal services:
farmland, forestland/grassland, mineral/industrial, and im-
portant natural reserves/headwaters; (2) influencing fac-
tors (for establishing T) are identified for each category

based on the soil function; and (3) a calculation method is
established for each category of soil.

In forest and grasslands, ecological service-related fac-
tors, such as organic matter content, soil formation rates,
erosion rates, and pollution offset, may be selected as
variables influencing T. T values in such areas can be
determined based on the soil formation rate or the erosion
rate. The T value standard in forest and grasslands should
be higher than in farmland. Soils in major mineral and
industrial areas, important natural reserves, and in head-
waters may pose potential danger to the health and well-
being of people. Therefore, determining the T values for
those soils should consider pollution, water quality, and
erosion rate, among other factors. The highest standard of
T values would be preferred in such areas to better control
the erosion modulus through soil and water conservation
projects (both biological and engineering). From the per-
spective of a manager, it is relatively simple to set a single
high T standard in forest/grasslands and major mineral
and industrial areas. However, in farmland, soil
productivity-related factors, including soil depth, soil fer-
tility, control of gully formation, and water losses, are
selected as variables influencing T, and T values should
be calculated with soil productivity-based methods.
Furthermore, soil productivity may vary greatly with dif-
ferent types of soil, climate, and topographic condition
(Duan et al. 2015). Consequently, determining the T
values in farmland is the most complex and difficult.
Due to the irreplaceable role of farmland in providing
food for humans and the poor quality of the farmland T
value calculation method currently available, this study
focuses on the determination of a relatively liberal T value
calculation method for farmland.

2.2 Cropland soil loss tolerance based on sustainable soil
productivity

In the 1980s, following intensive studies of the long-term
effects of soil erosion on soil productivity, scientists realized
that the key question for determining T values was “how
much soil loss is tolerable without damaging their productiv-
ity?” (Schertz 1983; Cook 1982). To address this question,
Skidmore (1982) developed a mathematical equation for soil
loss tolerance based on soil depth.

T x; y; tð Þ ¼ T1 þ T2ð Þ=2− T2−T1ð Þ=2cos π Z−Z1ð Þ= Z2−Z1ð Þð Þ ð1Þ

where T(x, y, t) is the T value at point (x, y) at time t (i.e.,
the present), T1 is the lower limit of T, T2 is the upper
limit of T, Z is the present soil depth, Z1 is the minimum
allowable soil depth, and Z2 is the optimum soil depth.
The soil loss tolerance function between the points (T1,
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Z1) and (T2, Z2) is sinusoidal and dependent upon soil
depth, and (T2 − T1) / 2 is the amplitude. The period is
represented by the cosine argument from 0° to 180° for
values of Z between Z1 and Z2. However, soil thickness
cannot completely express the soil productivity level, as
equivalent soil thicknesses do not mean identical soil pro-
ductivities. Furthermore, it is very difficult to identify the
equation parameters of “minimum allowable soil depth,”
which is critical for finding the answer to the question
“how much soil productivity can be lost?” (Cook 1982).

We developed a new method for analyzing soil loss toler-
ance for farmland based on the following two perspectives.
First, the main objective for setting soil loss tolerance in farm-
land is the protection of soil productivity; thus, soil productiv-
ity becomes the most important influencing factor for the es-
tablishment of T. Second, to maintain sustainable soil produc-
tivity, the soil productivity level should be higher than a
threshold, which we defined as the lowest tolerable soil pro-
ductivity. Under this definition, we can answer the question
“how much erosion can be tolerated before unacceptable

Fig. 2 A simple sketch map of
the framework for determining
regional T values based on soil
functions

Fig. 1 Sketch of the Red River Basin, distribution of soil types, and sample points. The two pictures show steep slope cultivation and soil erosion in the
Red River Basin
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reductions in plant productivity are incurred” (Schertz 1983).
Following Skidmore’s equation, we replaced soil depth (Z in

Eq. 1) with the soil productivity index (SPI). Then, the soil
loss tolerance can be calculated with the following equation:

T x; y; tð Þ ¼ T1:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::SPI≤SPI1
T x; y; tð Þ ¼ T 1 þ T2ð Þ=2− T2−T 1ð Þ=2cos π SPI−SPI1ð Þ= SPI2−SPI1ð Þð Þ:::::SPI1 < SPI < SPI2
T x; y; tð Þ ¼ T2::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::SPI≥SPI2

8<
: ð2Þ

where T(x, y, t) is the T value at point (x, y), T1 is the lower
limit of T, T2 is the upper limit of T, SPI0 is the present soil
productivity, SPI1 is the lowest tolerable soil productivity in-
dex, and SPI2 is the optimum soil productivity index.

T1 is the lower limit of T in farmlandwhen soil productivity
in a specific location (x, y) is reduced to the lowest tolerable
value (SPI1), and soil erosion rates should be no less than T1.
Determination of T1 may include topsoil formation rates and
the costs and feasibility of soil and water conservation under
current economic and technical conditions. If controlling ero-
sion rates under T1 is impossible, the farmland in location (x,
y) should be transformed into grassland or forestland to recov-
er its productivity. T2 is the upper limit of T, when soil pro-
ductivity in a specific location (x, y) reaches the optimum level
(SPI2), and soil erosion rates should not exceed T2. The deter-
mination of T2 could be based on the upper standard of
USDA-NRCS (1999) (11.2 t ha−1 a−1).

SPI0 is the present soil productivity index. It can be calculated
using the soil productivity index model (PI) established by
Pierce et al. (1983) and modified by Montgomery and Payton
(1999) and Duan et al. (2009). The PI model has been widely
used to assess soil productivity (Udawatta and Henderson 2003)
and the long-term effects of soil erosion on soil productivity
(Lobo et al. 2005). The PI value, ranging from 0 to 1, represents
the relative soil productivity determined based on soil properties
in soil profiles. Sufficiency values were defined to quantify the
effects of soil properties on soil productivity, and the SPI value is
calculated by summing the product of the sufficiency values for
each soil layer to a depth of 100 cm. The following equation is
the PI model modified by Duan et al. (2009).

PI ¼
Xn

i¼1

Ai � Di � Oi � CLi �WFið Þ ð3Þ

where i is the number of the soil layer, and n is the total number
of soil layers within the rooting depth. Ai is the sufficiency of
available soil water capacity,Di is the sufficiency of pH,Oi is the
sufficiency of organic matter content, CLi is the sufficiency of
clay (particle size <0.002 mm) content, andWFi is the weight of
the ith layer, which determines the use of soil moisture by crops
under ideal conditions. However, this model does not provide a
precise measurement of productivity potential for various envi-
ronmental conditions (Gantzer and McCarty 1987;

Duan et al. 2009), which would require modifications according
to the correlations between soil properties and crop yields and
among different soil properties in the study area.

SPI1 is the lowest tolerable soil productivity index. Three
steps are necessary to determine SPI1: (1) establishment of a
mathematical equation for the relationship between SPI and
crop yield, (2) verification of the economic lowest tolerable
crop yield per hectare (input is higher than output), and (3)
calculation of SPI1 based on the lowest tolerable crop yield
and the mathematical equation for the relationship between
SPI and crop yield. SPI2 is the optimum soil productivity
index, and according to the SPI model, SPI2 should be 1.

2.3 The case study

2.3.1 Site description

The increasing human population and demands on food
production, combined with limited land resources, has led
to the encroachment of cultivation onto increasingly steep
slopes in southern China, resulting in severe soil erosion
(Barton et al. 2004). Cropland established on slopes is
essential to regional food production and economic devel-
opment. These conditions necessitate the establishment of
a reasonable T value for sustainable development in the
region. We selected a section of the Red River Basin in
southern China as a study area (Fig. 1). The Red River
Basin is located between 22° 27′ 7 and 25° 32′ N and
100° 06′ and 105° 40′ E and covers an area of approxi-
mately 7.4 × 104 km2. It borders the Ailao Range and
Mekong River to the west, Vietnam and Laos to the south,
Guizhou Province of China and the Pearl River to the
east, and the Jinsha River to the north. The Red River
(called Yuanjiang in Chinese) flows across the red soil
plateau (the Yunnan Plateau). The region features a mean
elevation above sea level of 1529 m, ranging from
<100 m in the southeastern hilly region to >3000 m in
the Ailao Mountains in the west. The climate is typically
subtropical monsoonal, with influences from the south-
western, southeastern, and northeastern monsoons and
extratropical westerlies (Cheng et al. 2009). Rainfall is
abundant but unevenly distributed spatiotemporally.
Annual rainfall in most parts of the basin is 1100 mm.
Precipitation occurs mainly in May to October and is
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concentrated in June to August (Miao and Xiao 1995).
According to a land use survey, of the 1.3 × 106 ha of
cropland in the basin, more than 82 % has a slope >6°,
61 % has a slope >15°, and 29 % has a slope >25°. Most
of the cropland is currently cultivated with corn, wheat,
sugarcane, and tobacco. The most widely distributed soils
are Red earths, Latosols, Latosolic red earths, Purplish
soils, and Paddy soils according to the Genetic Soil
Classification of China (GSCC) (National Soil Survey
Office of Yunnan Province 1996), which correspond to
Haplic Alisols, Calcaric Regosols, and Fluvisols accord-
ing to the FAO soil classification (FAO/UNESCO 1998).
Abundant precipitation coupled with widespread sloping
farmland has resulted in severe soil erosion and large
amounts of river sediment (Quynh et al. 2005).

2.3.2 Investigation of typical soil profiles and crop yields

To assess soil productivity in the Red River Basin, we
conducted a field survey of species from June to
September 2012. Based on the Second National Soil
Survey results (The National Soil Survey Office 1995),
we selected 65 soil species in 10 soil groups and
sampled a typical soil profile for each soil species. We
used GPS and topographic maps to locate soil profiles
for surveying. At each site, we recorded location,
topography, slope, land use types, and vegetation types.
We sampled soil profiles following the 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 mixed sample (2 kg of uniformly mixed soil
sampled from the top to the bottom of the genetic hori-
zon) and three undisturbed samples with a soil corer
(55 mm in diameter, 50 mm height, sampled in the middle
of the genetic horizon). We used the undisturbed samples
to analyze bulk density (BD) and the disturbed soil sam-
ples to analyze other soil physicochemical properties
(Dane and Topp 2002; Liu 1996). We collected cultivation
method and crop data, including crop type, management
model, and crop yields, from the land block in which the
soil profile was located.

To modify the SPI model, we monitored the degree of
soil erosion, soil physicochemical properties, and crop
yields in the Laozhai watershed (Fig. 1). The Laozhai
watershed is an area of 0.57 km2, of which 85 % is farm-
land. The degree of soil erosion in the Laozhai watershed
was assessed by determining the composition of soil ge-
netic layers according to the National Standards for
Classification and Gradation of Soil Erosion (Ministry of
Water Resources of the People’s Republic of China 1997).
Forty-four sites were selected for monitoring of the effects
of soil erosion on soil productivity. The crop rotation used

in the study area is continuous corn (Zea mays L.), which
is sown in June and harvested in October. At full maturity,
corn yields were sampled in a rectangular harvest plot
(1.43 m × 0.7 m) centered at each point during the harvest
period from 2012 to 2013. Biomass was harvested at
ground level and was immediately oven-dried at 80 °C
to determine seed yields and the aboveground biomass
for each plot. Soil samples were collected from each pro-
file in each monitoring site according to soil survey stan-
dards (Liu 1996).

Primary physicochemical properties, particle size dis-
tribution, organic matter content (OM), pH, BD, available
water capacity (AWC), alkali-hydrolyzable nitrogen (EN),
Olsen-extractable phosphorus (EP), and available potassi-
um content (EK) were tested for all soil samples based on
the National Soil Analysis Standards (Liu 1996). The par-
ticle size distribution (sand = 0.020–2.000 mm,
silt = 0.002–0.020 mm, and clay = <0.002 mm) was mea-
sured using the pipette method after H2O2 treatment to
remove organic matter. The OM was measured using a
combustion method after passing the soil samples through
a 0.015-cm sieve. The BD was measured using the cutting
ring method, the AWC was measured by pressure mem-
brane method, and pH was measured via the potential
method (the soil water ratio was 2.5:1). EN was deter-
mined using the alkali N-proliferation method, EP was
extracted using the Olsen method, and EK was extracted
with NH4OAc.

3 Results and discussion

3.1 Modification and validation of soil productivity model

The key step in modifying the PI model is the selection of
model parameters that not only represent physicochemical
properties in the research region but also have major effects
on crop growth and are relatively independent of each other
(Duan et al. 2009). Correlation analysis between soil physico-
chemical properties and corn yields in the Laozhai watershed
showed that there were significant positive correlations be-
tween corn yields and pH and between OM and EK. The
absolute values of the correlation coefficients exhibited an
order of EK > pH > OM > EN = sand > clay > AWC > silt
> BD > EP. The redundancy analysis (RDA) also showed that
EK was the dominant factor controlling crop yields in the
study area. The results of the R-cluster analysis of 10 soil
physicochemical properties showed that, between the re-
scaled cluster distance of 12–16, these properties could be
divided into 5 classes (Fig. 3): BD and pH in the first class,
sand and AWC in the second, EK and EP in the third, OM and
EN in the fourth, and clay and silt in the fifth.
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Based on the correlation between soil physicochemical
properties and crop yield, we selected one property from each
class to be a model parameter, as follows: EK, OM, AWC,
clay content, and pH. The following modified SPI model was
constructed:

SPI ¼
Xn

i¼1

Ai � Di � Oi � Ki � CLi �WFið Þ ð4Þ

where SPI is the soil productivity index, Ki is the sufficiency
value of EK in the ith soil layer, and the other terms have the
same meaning as in Formula (1).

The impact of EK on soil productivity was generally rep-
resented by “the more the better” type of standard scoring
functions (Wan et al. 2001). Within a certain range, the con-
tribution of EK to soil productivity increased with increasing
EK content; however, above a certain critical point, EK did
not affect soil productivity. For most crops, the critical value
of EK is 170 mg/kg (Lu 1998). The sufficiency value of EK
can be calculated with the following equation:

Ki ¼
AKi

170
::::::::::::::::::::0≤AKi < 170

1:::::::::::::::::::::::::::170≤AKi

(
ð5Þ

where Ki stands for the sufficiency value of EK in the ith soil
layer, and EKi stands for the EK content in the ith layer
(mg kg−1). The sufficiency values of Ai, Di, Oi, CLi, and
WFi were similar to those reported by Duan et al. (2009).

Regression of the SPI and original PI values with respect to
yield showed that both productivity indices were significantly
correlated with maize yield but that the SPI was more strongly
correlated than the original PI (Fig. 3). The determination
coefficient of regression was 0.1829 for PI and yield and
0.6353 for SPI and yield, indicating that 63.53 % of crop yield
can be explained by the SPI and that the remaining 36.47 %
can be attributed to other factors, such as climate and farming

management. Therefore, the SPI was more suitable than the PI
for assessing soil productivity in the research area. The regres-
sion equation to predict corn yield in the research region was
as follows:

Y ¼ 6:4789� SPIþ 4:2934 ð6Þ

where Y is the corn yield (t ha−1).
In this study, corn was used as the measure of yield to

assess the accuracy of the SPI model. The relationships be-
tween soil productivity indexes and corn yield have been
discussed by numerous researchers (Gantzer and McCarty
1987; Myers et al. 2000). Furthermore, as a simple and mature
soil productivity evaluation model, the PI has been used to
predict some other agronomic crops, such as soybean
(Rijsberman and Wolman 1985; Yang et al. 2003), wheat
(Wilson et al. 1991; Thompson et al. 1992), and sorghum
(Rijsberman and Wolman 1985; Mulengera and Payton
1999), around the world. Almost all of those studies found a
good relationship between soil productivity indexes and crop
yields, where a high soil productivity index value corresponds
to high crop yields in all crops.

3.2 Calculation of the T value

Based on the modified SPI model, we can determine the pa-
rameters in Eq. (2). In this study, the upper limit of T (T2) refers
to the upper standard of USDA-NRCS (11.2 t ha−1 a−1), and the
SPI0 is calculated using the modified SPI model (4). The opti-
mum soil productivity index of SPI2 is 1. According to the
theory of “sustainable soil productivity,” two parameters were
determined: SPI1 and T1. According to our investigation of the
local corn planting cost (seed, fertilizer, pesticide, and labor
inputs) and the corn market price, farming becomes unprofit-
able if the corn yield is lower than 7 t ha−1 a−1. Thus, the lowest
tolerable soil productivity index of SPI1 was set as 0.4 based on
Eq. 6 and the above investment.

Fig. 3 a The dendrogram of soil physicochemical parameters using
centroid clustering method. BD is soil bulk density, AWC is available
water capacity, AK is available potassium, EN is alkali-hydrolyzable
nitrogen, EP is Olsen-extractable phosphorus, OM is soil organic
matter. b Regression analyses between corn yield and productivity

indices calculated by the two models. The regression equations for the
SPI and PI models are Y(corn yield) = 6.4789SPI + 4.2934, R2 = 0.6353,
P < 0.001 and Y(corn yield) = 5.6252PI + 3.646, R2 = 0.1829, P = 0.004,
respectively. SPI is the modified soil productivity index model, and PI is
original productivity index model
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Barton et al. (2004) investigated the effectiveness of five
treatments (conventional tillage, no-tillage, straw mulch,
polythene mulch, and intercropping) in this study area, and
the results indicated that the best treatment was straw mulch
because it controlled soil erosion rates at 0.91 t ha−1 a−1. This
erosion value is lower than the topsoil formation rates
(Johnson 1987; Duan et al. 2002). We then used
0.91 t ha−1 a−1 to set T1, which meant that when the soil
productivity in a specific location (x, y) decreased to the low-
est tolerable value (SPI1), the soil erosion rates were not high
than T1. Soil and water conservation projects can control ero-
sion rates in farmland on slopes under T1 in current economic
and technical conditions. Combined with topsoil formation
and soil amendment measures, soil productivity can be main-
tained under T1. With this, we modified Eq. (2) to Eq. (7) to
specifically calculate the T values of different types of soils in
the Red River Basin.

T x; y; tð Þ ¼ 0:91:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::SPI≤0:4
T x; y; tð Þ ¼ 6:055−5:145cos π SPI−0:4ð Þ=0:6ð Þ:::::::::0:4 < SPI < 1
T x; y; tð Þ ¼ 11:2:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::SPI ¼ 1

8<
:

ð7Þ

The T values for the 65 soil species ranged from 0.91 to
10.24 t ha−1 a−1, with an average of 2.57 t ha−1 a−1, which was
49 % lower than the current national T standard in this region.
The T values in the study area had the following order:
Yellow-brown earths < Purplish soils < Subalpine meadow
soils < Latosols < Limestone soils < Red earths < Latosolic
red earths < Paddy soils < Yellow earths. Yellow-brown earths
and Purplish soils had the lowest T values because these soils
were mainly distributed in back slope areas in valleys, where
soil erosion was severe (Duan et al. 2015). As a result, soil
productivity was low and affected T accordingly (Fig. 4).
Approximately 46% of the soil groups had lower soil produc-
tivity than the lowest tolerable soil productivity index.
Therefore, the highest standard of soil and water conservation
measures (no-tillage and straw mulch for example) should be
used to control the soil erosion rates. Otherwise, these slopes
could be converted to grass or forest lands in an effort to
recover soil productivity. Furthermore, significant variability
in T values was observed even among soils of the same type
(Fig. 4). Therefore, setting a uniform standard for farmland T
values at regional scales does not lead to sustainability, and
this current practice in China (Ministry of Water Resources of
the People’s Republic of China 1997) needs to be revised.

3.3 Soil formation rates and soil loss tolerance in farmland

The soil formation rate has long been considered one of the
most important factors in the determination of the T value
(Johnson 1987; Alexander 1988a, 1988b). However, we hold
that it is unreasonable to use the T value standard based on soil

formation rates in most farmland. One reason is that quantifi-
cation of soil formation rates is challenging. Many environ-
mental factors affect the rates of soil formation, and determin-
ing the influence of each factor is difficult (Hancock et al.
2015). Current scientific knowledge on soil formation pro-
cesses is insufficient to support mechanistic models of soil
formation in estimating soil loss tolerance (Verheijen et al.
2009). Furthermore, the pedogenetic processes of soil forma-
tion and weathering of parent material are very slow (Schertz
1983). Scientists suggest that soils form at a rate of 25.4 mm
over 300 to 1000 years (0.08–0.02 mm a−1) under natural
conditions and at the rate of 25.4 mm over 100 years
(0.02 mm a−1) under farming conditions (Johnson 1987;
Schertz 1983). Doran (1996) observed that it took 100 to
400 years on average to develop 1 cm of topsoil. Kendall
and Pimentel (1994) indicated that it took hundreds to thou-
sands of years to form a few centimeters of topsoil under
normal agricultural conditions. Based on a literature review,
Smith and Stamey (1965) found that weathering rates varied
according to time, material properties, and depth of regolith,
and they estimated the overall average to be approximately
0.5 t ha−1 a−1 (0.05 mm a−1) in the central USA.
McCormack et al. (1982) estimated the renewal rate to be
1.2 t ha−1 a−1 (0.12 mm a−1) for unconsolidated parent
materials and a much lower value for consolidated materials.
Verheijen et al. (2009) estimated that the soil weathering rates
under current conditions in Europe range from 0.3 to
1.2 t ha−1 a−1 (0.03 to 0.12 mm a−1). Finally, it is particularly
important to note that soil erosion rates in farmland are far
greater than soil formation rates (Verheijen et al. 2009;
Bazzoffi 2009). Globally, soil erosion has been estimated to
be 0.08 to 2.98 mm a−1 for bare fallow fields, 0.02 to
0.55 mm a−1 for plowed maize treatments, and 0.003 to
0.16 mm a−1 for no-till maize treatments (Lal 2001). Using
137Cs analysis, Van Oost et al. (2007) estimated that the global
erosion rates ranged from 0.4 to 2.3 mm a−1. Data compiled
from 1673 measurements from 201 studies from a wide range
of environments and geological settings showed that soil ero-
sion rates under conventional agricultural practices almost
uniformly exceeded 0.1 mm a−1, with median and mean
values >1 mm a−1 (Montgomery 2007). Worldwide, soil ero-
sion rates in farmland were estimated to range from 6.33 to
18.37 t ha−1 a−1 (0.6 to 1.8 mm a−1) (Guo et al. 2015). Topsoil
itself is currently being lost 16 to 300 times faster than it
forms, depending on the region (Barrow 1994). The erosion
rates of conventionally plowed agricultural fields are 1–2 or-
ders of magnitude greater on average than the rates of soil
production, erosion under native vegetation, and long-term
geological erosion (Montgomery 2007).

In our newmethod, soil productivity is considered to be the
key factor for the establishment of T in farmland. To sustain-
ably use soil resources, the soil productivity level should be
higher than the SPI1 value. High-productivity soils yield high
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T values. Soil formation rates can be an auxiliary reference
factor for the T values of forest/grasslands and major mineral
or industrial areas.

3.4 Offset damage for soil loss tolerance in farmland

Preventing offset damage associated with soil erosion is
one of the most important objectives in soil and water
conservation (Edwards 1962; Young 1980; Renard et al.
1997). However, consensus is lacking on whether the off-
set damage associated with soil erosion should be consid-
ered in the determination of T values (Renard et al. 1997;
Schertz and Mark 2006). In our method, we suggest that
the offset effect of soil erosion should not be considered a
major factor in determining T values in farmland because
the relationship between soil erosion rates and water qual-
ity is complex. Soil material eroded from farmland may be
deposited in a variety of places before it reaches a water-
course, and the sediment discharge and the amount of de-
position in sensitive areas depend on many factors, includ-
ing the distance, transport conditions, sediment transport
characteristics, and sediment composition (Schertz and
Mark 2006). Sediments deposited near farmland do not
directly affect water quality. Furthermore, nonpoint source
pollution, which has a significant impact on water quality
(Ongley et al. 2010), has little relevance to soil erosion
rates (Braskerud 2002a, b). The main influencing factors
for nonpoint source pollution include the geochemical
composition, amounts and types of fertilizer and pesti-
cides, agricultural management strategies, and the relative
location of the farmland Basnyat et al. (2000); Zhang et al.
2004). Soil erosion is the driving force, but high soil ero-
sion rates do not necessarily mean high nonpoint source
pollution. However, offset damage should be an important
factor for the T values of major mineral or industrial areas.

3.5 The planning period and soil loss tolerance
in farmland

One of the advantages of our method is that we do not have to
consider the planning period. Incorporating the planning pe-
riod into the determination of soil tolerance is complicated
(Schertz 1983; Stocking 1984; Hall et al. 1985). The forma-
tion of topsoil is a very slow process, and topsoil can be
considered a nonrenewable and irreplaceable resource for hu-
man use (Doran 2002). Human activities contribute to soil
erosion processes in farmland, where soil loss generally ex-
ceeds formation. Therefore, soil resource depletion has be-
come a challenge (Lal 2001; Biggelaar et al. 2003), which is
why scientists want to include the planning period in the de-
termination of the T value (Nowak et al. 1985; Kuznetsov and
Abdulkhanova 2013). In fact, soil resources are replaceable,
they coexist with humans, and humans will need soil re-
sources as long as they occupy the Earth. Therefore, the con-
cept of a “planning period” for soil resources is unacceptable
for humans. In farmland, technological advances, such as ra-
tional fertilization (Edmeades 2003; Keesstra et al. 2016), im-
proved cultivation methods (Wilhelm et al. 2004), biological
measures (Whiffin et al. 2007), and engineering measures
(Teasdale et al. 2007), among others, can improve degraded
soils by increasing soil productivity. Furthermore, reasonable
soil and water conservationmeasures (biological, engineering,
and tillage) can control farmland soil erosion rates (Schwab
et al. 1993; Keesstra et al. 2016).

In our method, the objective of determining T values is the
sustainable use of soil resources, and the farmland T value can
be determined according to soil productivity. High T values
are given to high-productivity soils, and low T values are
given to low-productivity soils (Fig. 4). The T value of a
specific type of soil (defined by location and soil group) is
not static and can be updated following a periodic study
(5 years for example) of the soil resource. In this way, the T

Fig. 4 a The relationship between soil productivity index and soil loss
tolerance. b Soil loss tolerance values for different types of soils in the
Red River region. SPI is soil productivity index, T is soil loss tolerance,
YBE is Yellow-brown earths, TRS is Torrid red soils, PS is Purplish soils,

SMS is Subalpine meadow soils, La is Latosols, LS is Limestone soils, RS
is Red earths, LRE is Latosolic red earths, PS is Paddy soils, and YS is
Yellow earths
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value could change according to soil productivity, and the T
values of soils may increase under effective management or
decrease under poor management (Fig. 5).

4 Conclusions

In this paper, we analyzed the relationship between soil func-
tion and soil loss tolerance and developed a new method to
calculate T values to achieve sustainable soil productivity in
farmland. We discussed factors that influence the rate of soil
formation, offset damage, and the planning period on the de-
termination of T values for farmland. Our findings led to the
following conclusions.

1. Different types of soils perform different functions for
humans. Therefore, soil functions should be considered
when selecting control factors and devising calculation
methods for T. For example, the most important role of
farmland soil is soil productivity, while that of forest and
grasslands is providing ecological services. With this in

mind, we proposed a framework to determine T values
based on soil functions.

2. In farmland, soil loss tolerance should be calculated as a
function of the soil productivity index. In the case study
area of the Red River watershed, the lowest tolerable soil
productivity index value was 0.4, and the lowest limit of
soil loss tolerance was 0.91 t ha−1 a−1. The T values of the
65 soil types ranged from 0.91 to 10.24 t ha−1 a−1. Large
variability in T values was observed even among soils of
the same type, indicating that using a uniform T standard
in farmland at the regional scale is not accurate and will
not help in efforts to maintain sustainability.

3. The measurement of soil formation rates is inherently dif-
ficult, and the soil erosion rates in farmland exceed the
soil formation rates. As a result, applying the same T
value standard based on the soil formation rate to most
farmland is not appropriate.

4. The relationship between soil erosion rate and water qual-
ity is complex and poorly understood. Soil material erod-
ed from farmland may be deposited before it reaches a
watercourse. Furthermore, nonpoint source pollution is
mainly influenced by agricultural management and the
geochemical background. As a result, the offset effect of
soil erosion should not be considered a major factor when
determining T values for farmland.

5. The concept of the “planning period” should be replaced
with the concept of “sustainability,” and the objective of
determining the T value should be the sustainability of the
soil resource. Therefore, the T values of farmland should
be determined according to the soil productivity.
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