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Editorial

Guest editorial e soil erosion assessment, tools and data: A special
issue from the Global Symposium on soil Erosion 2019

a b s t r a c t

This special issue on soil erosion assessment, tools and data creation, consolidation and harmonization
presents advances in soil erosion research with a focus on new tools that are being used to assess soil
erosion rates. This publication includes eleven selected contributions presented at the Global Symposium
on Soil Erosion (GSER, 15e17 May 2019, Rome, Italy) dealing with erosion indicators’ improvement, the
use of remote sensing, nuclear techniques and geochemical fingerprinting as promising methods to
assess soil losses, management practices that reduce soil erosion in vineyards and olive groves planta-
tions and their modelling, and national and regional erosion assessments.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Background

Five years after the release of the Status of the World’s Soil Re-
sources report identifying soil erosion as one of the ten major soil
threats (FAO & ITPS, 2015), soil erosion is still widely recognized
as a major driver of soil degradation, soil biodiversity loss and soil
organic carbon losses. Accelerated soil erosion rates are expected
to continue in the coming decades as a result of anthropogenic ac-
tivities, among them agriculture and land cover changes, and
climate change (Borrelli et al., 2020; FAO, 2019b; Guerra et al.,
2020; Naipal et al., 2018; Olson et al., 2016). However, it is also
known that in most erosion-prone regions, rates of human-
induced soil erosion can be decreased by adopting soil conservation
practices and sustainable soil management (SSM) measures, resto-
ration programmes or natural recovery after land abandonment
(e.g. Gharibreza et al., this issue; Tsymbarovich et al., this issue).
The role of policies in scaling up SSM measures is also highlighted
by national (e.g. in Spain, van Leeuwen et al., (2019), in China, Xie
et al. (2019),), regional (e.g. European Union, Turpin et al. (2017),),
and international agreements and programmes, such as the Volun-
tary Guidelines for Sustainable Soil Management (FAO, 2017) or the
Land Degradation Neutrality concept (UNCCD, 2016). The FAO also
predicts that reducing and restoring eroded soils would foster the
achievement of at least half of the Sustainable Development Goals
(SDGs) (FAO, 2019a). Our greatest opportunity to meet these soil
conservation needs revolves around improved science allowing ac-
curate estimates of soil erosion losses at increased spatial and tem-
poral resolutions, policy informed by better soil erosion science,
and data availability/sharing between partners striving to achieve
this common goal (FAO, 2019a).

2. Global Symposium on Soil Erosion (GSER), 15e17 May 2019

This special issue was proposed after the Global Symposium on
Soil Erosion (GSER), held at the Food and Agriculture Organization
of the United Nations (FAO of the UN) headquarters, Rome, Italy on
15e17 May 2019. More than 500 participants from 104 countries
attended the symposium, where about 100 oral and 30 posters
were presented (FAO, 2019a). The GSER was organized by the
FAO’s Global Soil Partnership (GSP) and its Intergovernmental Tech-
nical Panel on Soils (ITPS), together with the Science-Policy Inter-
face (SPI) of the UN Convention to Combat Desertification
(UNCCD), and the Joint FAO/IAEA Programme of Nuclear Tech-
niques in Food and Agriculture. This science-policy meeting was
separated in three different themes targeting the different aspects
of soil erosion as follows (1) Use of data and assessment tools in soil
erosion control, (2) Policy in action to address soil erosion and (3)
The economics of soil erosion control and restoration of eroded
land. The manuscripts proposed in this special issue are focused
on the 1st theme and aim to address the objective of identifying op-
tions to consolidate, generate and harmonize soil erosion data and
assessment tools for promoting their use in decision making at all
levels.

3. This issue

This special issue compiles eleven research articles coming from
Asia, Europe and Latin America. The eleven papers deal with
different aspects of erosion assessment and modelling and provide
examples of the ongoing research and research needs. The studies
published in this special issue were initially selected by the GSER
Scientific Committee (composition available in FAO (2019a)), and
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invited after a call for interest launched by the GSP Secretariat in
November 2019 (“Evaluation of soil erosion risk and identification
of soil cover and management factor (C) for RUSLE in European
vineyards with different soil management”, Bidoccu et al.; “Assess-
ing spatial variability and erosion susceptibility of soils in hilly agri-
cultural areas in Southern Italy”, Rosskopf et al.; “Impacts of
horizontal resolution and downscaling on the USLE LS factor for
different terrains”, Wang et al.; “Effect of time resolution of rainfall
measurements on the erosivity factor in the USLE in China”, Yue
et al.; “The use of remote sensing to detect the consequences of
erosion in gypsiferous soils”, Marques et al.; “Assessment of defor-
estation impact on soil erosion in loess formation using 137Cs
method (case study: Golestan Province, Iran)”, Gharibreza et al.;
“Integrated nuclear techniques for sedimentation assessment in
Latin American region”, Peralta Vital et al.; “Use of geochemical fin-
gerprints to trace sediment sources in an agricultural catchment of
Argentina”, Astorga et al.; “Soil erosion: An important indicator for
the assessment of land degradation neutrality in Russia”, Tsymbar-
ovich et al.; “The assessment of soil loss by water erosion in China”,
Liu et al.; “Study on a soil erosion sampling survey in the Pan-Third
Pole region based on higher-resolution images”, Yang et al.)

This issue presents research addressing approaches that have
been developed for soil erosion assessment (e.g., soil surveys, field
soil sediment mapping, remote sensing analyses, and sediment
fingerprinting), measuring (e.g., laboratory and plot experiments,
laboratory soils and sediment analysis, plot to catchment moni-
toring, and tracer dating techniques), and modelling (e.g., concep-
tual, statistical, and physically based models).

This issue provides insights on the improvement of the inputs
used by the USLE family models. Indeed, at present, USLE and the
Revised USLE (RUSLE) are by far the most widely applied soil
erosion estimation models globally, and many well-known models
are based on the USLE/RUSLE technology, such as the Chinese Soil
Loss Equation (CLSE) have been developed and tested (Alewell
et al., 2019). However, despite its relative simplicity, proper (R)
USLE calibration for a given location outside the existing areas
within which calibration has occurred can be challenging, espe-
cially in situations outside of those widely covered in the USA. In
this issue, four new studies propose improvements in the measure
of the RUSLE/USLE factors: soil cover and management (C), erod-
ibility factor (K), slope length and slope steepness factor (LS) and
rainfall erosivity (R) (Biddoccu et al., this issue; Rosskopf et al.,
this issue; Wang et al., this issue; Yue et al., this issue, respectively).

The management factor (C) is important to consider especially
in locations prone to erosion, where soil management has major
impacts on erosion rates, such as in vineyards. Indeed, vineyards
are the second most extended perennial crops in the EU28, and
are often located on sloping areas and managed with bare soils,
which make them experience very high erosion rates of 30 t yr�1

ha�1 or more in certain areas (Casalí et al., 2009; Tropeano &
Ploey, 1983); in such cases, management can play an important
role in reducing runoff. Biddoccu et al. (2016) showed for example
that the use of cover crops in vineyards could reduce soil loss by up
to 58%. Biddoccu et al. (this issue) propose an analysis to predict
erosion rates at the hillslope scale across different wine growing re-
gions in Europe, using the RUSLE approach with long-term experi-
mental data and farm-based information. The erodibility factor (K)
parameterises the susceptibility of a soil to erode and is related to
soil properties such as soil organic matter content, texture, struc-
ture and permeability. At the European level, Panagos et al.
(2014) estimated the K factor at high resolution, but at smaller
spatial scales, the low density of topsoil sampling points used in
the map of Panagos et al. (2014) may not correctly or exhaustively
represent the soil features and related soil erodibility. To increase
the accuracy of the K-factor at more detailed scales, Rosskopf

et al. (this issue) propose an assessment of the spatial variability
of soil properties and soil erodibility in hilly agricultural areas of
South Italy and investigate the linkages between soil features and
landscape morphodynamics. In hilly terrains, the LS factor is a crit-
ical soil loss parameter. It is usually derived from a digital elevation
model (DEM), and consequently, its precision depends on the pre-
cision of the DEM.Wang et al. (this issue) propose amethodology to
improve the accuracy of the LS factor. Wang et al. (this issue) stress
that most of the research addressing LS factor differences associ-
ated with DEM resolution variations focused on local areas and/or
on watersheds with similar topographic characteristics, which
may explain conflicting results on the optimal resolution to choose.
Wang et al. (this issue) aim to identify the influence of 5-m to 30-m
resolution DEMs on LS factor estimations in varied terrains, and
evaluate their data in order to build a downscale model that will
allow improving the accuracy of the LS factor estimate. Rainfall
erosivity is the soil erosion factor that has gained most attention
during the last decade and much research has been done to
improve erosivity indexes (Ballabio et al., 2017; Nearing et al.,
2017; Panagos et al., 2017). As part of this issue, Yue et al. provide
an initial study addressing the effects of time interval resolution
(from 1 to 60-min) of rainfall measurements on the erosivity factor
in the USLE in China. Indeed in the USLE, RUSLE and derivedmodels
such as CSLE, with the development of automatic observations,
high-temporal resolution fixed-interval rainfall data from 1 to 60-
min are increasingly available and are believed to improve the esti-
mation of rainfall erosivity, especially the 1-in-10-year storm event
(EI30) index (Yue et al., this issue).

Remote sensing is also known as one the most important tools
to monitor soil changes and has been extensively used for decades
for erosion detection, assessment of erosion controlling factors and
data integration for erosion mapping (Vrieling, 2006). In this issue,
Marques et al. make use of remote sensing to monitor soil changes
and the consequences of soil erosion through its impact on soil
organic carbon, available water and gypsum content, plot slope,
and olive tree development on a gypsiferous plot use for olive
tree cropping in the centre of Spain.

Innovative techniques such as the use of tracers, through nu-
clear techniques or geochemical fingerprints are proven quick
and efficient to monitor soil losses and increase our knowledge
about the status and resilience of agro-ecosystems. For this special
issue, two studies used Caesium-137 (137Cs) isotopes and the inte-
grated application of 3 nuclear techniques (Fallout Radionuclides
(137Cs, Beryllium-7 (7Be), Lead-210 (210Pb)), Compound Specific Sta-
ble Isotopes (fatty acids of the v13C) and Isotopic Hydrology (18O,
2H, 3H) (Gharibreza et al., this issue; Peralta Vital et al., this issue),
while one study used the geochemical fingerprint approach using
Energy Dispersive X-Ray Fluorescence (EDXRF) (Astorga et al., this
issue). In North-East Iran, Gharibreza et al., (this issue) used Cs iso-
topes to determine the on-site impacts of deforestation and the ef-
fects of afforestation. The East of Hircanian forest indeed suffered
from severe deforestation starting in 1963 (200 000 ha) for agricul-
ture and wood exploitation, while afforestation actions started in
1993. Peralta Vital et al., (this issue) implemented three nuclear
techniques in 21 countries of Latin America and the Caribbean re-
gion to measure and monitor sedimentation in water reservoirs.
The integrated use of fallout radionuclides allows to evaluate and
quantify (1) the redistribution of soil in a study region to determine
areas of soil lost (erosion) and deposition (sedimentation), (2) the
origin of the deposited soil, and (3) the water dynamics (surface
and underground). Astorga et al. (this issue) used geochemical fin-
gerprints to identify sediment sources in a small mountain catch-
ment in a semiarid region of central Argentina, that has been
subject to a rapid land-use change for the 30 last years, with the
intense conversion from native vegetation to agriculture and
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livestock production. The study showed that feedlots are the main
sources of sediments in most of the analysed channel sediment
mixtures, followed by riverbanks and dirt roads. Likewise, range-
lands and pastures were shown as a relevant source of sediments,
while the native vegetation presents, as expected, one of the lowest
contributions to soil erosion in the studied area. Linkages are also
made between soil erosion and contaminations due to livestock ef-
fluents that appear as a rising issue in the area.

Eventually two national and one regional soil erosion assess-
ments are presented. In Russia, Tsymbarovich et al. (this issue) pro-
vide a review of different erosion data measured and modelled at
different scales and the authors estimate that soil erosion by water
from the cultivated land is about 0.56 billion tons leading to a
fertility loss of 30e50% from the 1950s to the 1980s. Erosion rates
have been decreasing, mainly as a result of land abandonment
and climate changes in the last decades. The authors highlight
the relevance of adding a soil erosion dynamics indicator to com-
plement the three existing land degradation neutrality (LDN) indi-
cators. At the global level the state of LDN is indeed evaluated
through using the SDG indicator 15.3 “Proportion of land that is
degraded over total land area” and its three sub-indicators (changes
in land cover, land productivity and soil organic carbon). According
to the authors, erosion assessment appears to be a good option to
report to the LDN, under the Sustainable Development Goal
(SDG) 15.3, when detailed and accurate SOCmonitoring is not avail-
able in a country, such as in Russia. The position of Tsymbarovich
et al. (this issue) supports the numerous papers also highlighting
the importance of soil erosion as an additional subindicator for
assessing LDN, as well as an alternative to the SOC indicator
(Cowie et al., 2019; Gilbey et al., 2019; Ifejika Speranza et al.,
2019; Kapovi�c Solomun et al., 2018). Liu et al. (this issue) propose
an assessment of water erosion in China using CSLE in 10 � 10 m
grids and the use of spatial interpolation at national, river basin,
and provincial scales. The results are based on a national erosion
survey conducted in 2011. The water erosion rate was estimated
at 5 t ha�1 yr�1 in China, and the rate was more than tripled on
sloping and cultivated croplands. It is estimated that 13.5% of the
Chinese territory is prone to intense erosion and needs to imple-
ment soil conservation practices. The survey results and the erosion
maps provide basic information for national conservation planning
and policymaking. Finally, Yang et al., (this issue) propose a new
methodology of erosion survey, based on high-resolution remote
sensing images in the Third Pan-Pole (the region that encompasses
the Eurasian highlands and areas hydrologically affected by them).
This approach addresses the issue of the complexity, time and costs
of leading soil erosion surveys based on direct measurements.
Through the visual interpretation of the free high-resolution
remote sensing images, detailed information on land use and soil
conservation measures was obtained. The information was then
coupled with soil erosion factor data products to calculate soil
loss rates with the CSLE model.

4. Take home messages

These studies exemplify the complexity associated with soil
erosion estimates and soil erosion policy intended to move us to-
wards sustainable development goals. The literature is rich with
soil erosion research, yet soil erosion caused land degradation re-
mains critically high (Borrelli et al., 2017; Doetterl et al., 2012;
Montgomery, 2007), which was the fundamental reason for hold-
ing the GSER. Moreover, the recent study of Borrelli et al. (2020)
showed that soil erosion could increase greatly around the world
over the next 50 years due to climate change and land-use dy-
namics. Factors affecting soil erosion are spatially and temporally
dynamic across the globe; the spatial and temporally dynamic

nature of the earth’s surface make accurate erosion estimation in
time and space extremely difficult. Policy targeting soil conserva-
tion practices must accommodate human dynamics that are also
culturally variable and economically challenging. Addressing the
spatial and temporal variations associated with the physical envi-
ronment coupled with challenges predicting human response to
the policy will require the development of dynamic models to
accommodate these complexities. Spatial and temporal data
required for more sophisticated modelling of the physical environ-
ment allowing better soil erosion estimates necessary for informed
policy are only marginally available; to make major improvements
in soil loss estimates and resulting policy, higher resolution spatial
databases must be developed and made freely available to soil sci-
entists. Building bridges to improve our soil erosion knowledge by
sharing science between international partners is a very positive
step. However, investing in data development will bring the next
major advance in our science of soil erosion and the improvement
of global soil resources.
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a b s t r a c t

Vineyards show some of the largest erosion rates reported in agricultural areas in Europe. Reported rates
vary considerably under the same land use, since erosion processes are highly affected by climate, soil,
topography and by the adopted soil management practices. Literature also shows differences in the effect
of same conservation practices on reducing soil erosion from conventional, bare soil based, management.
The Revised Universal Soil Loss Equation (RUSLE) is commonly adopted to estimate rates of water erosion
on cropland under different forms of land use and management, but it requires proper value of soil cover
and management (C) factors in order to obtain a reliable evaluation of local soil erosion rates. In this
study the ORUSCAL (Orchard RUSle CALibration) is used to identify the best calibration strategy against
long-term experimental data. Afterwards, ORUSCAL is used in order to apply the RUSLE technology from
farm based information across different European wine-growing regions. The results suggest that the
best strategy for calibration should incorporate the soil moisture sub-factor (Sm) to provide better soil
loss predictions. The C factor, whose average values ranged from 0.012 to 0.597, presented a large spatial
variability due to coupling with local climate and specific local management. The comparison across the
five wine-growing regions indicates that for the soil protection management, permanent cover crop is
the best measure for accomplishing sustainable erosion rates across the studied areas. Alternate and
temporary cover crops, that are used in areas of limited water resources to prevent competition with
vines, failed to achieve sustainable erosion rates, that still need to be addressed. This raises the need for a
careful use of C values developed under different environmental conditions.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Vine is the second most extended perennial crop across Europe
with 3.2 million ha in the EU28, only surpassed by olives (G�omez,

2017), but, as opposed to other perennial crops that tend to be
located in specific regions, vines are grown in southern and central
Europe, covering a broad range of soils and climate conditions.
Vineyards are usually managed with agronomic practices, such as
tillage or weed control with herbicides, that leave the bare soil
exposed to rainfall and runoff during all or part of the year. These
practices result in a degradation of soil structure and in accelerated
water erosion, particularly for those located on slopes (Ruíz-
Colmenero et al., 2013; Salom�e et al., 2016). Although the
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reported erosion rates in vineyards across Europe present a large
variability (Prosdocimi, Cerd�a, & Tarolli, 2016) they tend to be
higher than tolerable soil loss levels when measured in vineyards
on sloping areas managed with bare soil. For instance, Tropeano
(1983) measured soil losses of 33 t ha�1 year�1 in a deeply
plowed vineyard in Piemonte, and (Casalí et al. (2009)) measured
an average long-term erosion rate of 30 t ha�1 year�1 in N Spain on
vineyards managed with tillage.

The use of cover crops in vineyards is widely considered as an
effective agricultural conservation measure, providing various
ecosystem services such as reduction of runoff and erosion pro-
cesses, increasing soil organic matter, weed control, pest and dis-
ease regulation, water supply, water purification, improvement of
field trafficability, and conservation of biodiversity (Garcia et al.,
2018; Winter et al., 2018; Hall et al., 2020). Several studies indi-
cated a large reduction of erosion rates in vineyards when a cover
crop is used. In Italy, after a 14-years monitoring experiment,
Biddoccu et al. (2016) demonstrated how the use of a permanent
grass cover reduced the average soil losses on large runoff plots one
order of magnitude, from 13.85 t ha�1 year�1 (average of the two
tillage treatments considered) to 1.8 t ha�1 year �1. Measurements
carried out during 3-year long experiment from large runoff plots
on vineyards located in Portugal and France reported 58% reduction
in soil losses, from an average of 48.1 t ha�1 y�1 on tilled plots to
27.9 t ha�1 y�1 in the cover crop plots (G�omez et al., 2011). The
relatively large losses reported for the cover crop treatment by
Gomez et al. (2011) was explained by the occurrence of an extreme
storm in one of the experiments. Furthermore, it was difficult to
implement a good temporary ground cover during all the rainy
season, due to the need tominimize competition for soil water with
the wines under Mediterranean dry conditions. Due to divergent
soil and climate conditions in wine-growing areas, there are dif-
ferences in the implementation of agronomical practices across
Europe that can be overlooked in the literature. In the Mediterra-
nean region wine growers are reluctant to use permanent cover
crops due to concerns over soil water competition with the vine,
which is supported by experimental data (Celette et al., 2008; Ruiz-
Colmenero et al., 2011). As a result, most wine growers that use
cover crops in Mediterranean conditions tend to establish bare soil
vineyards or use temporary cover crops, defined by Salom�e et al.
(2016) as those providing ground cover between 4 to 7 months
per year. In contrast, in more humid conditions in central Europe,
permanent cover crops are more commonly implemented.

Evaluation of soil losses due to the adoption of different soil
management techniques in vineyards has been carried out with
different methods (Rodrigo Comino, 2018), and results can help in
addressing local soil management policies in the vine-growing
sector. Among the adopted methodologies, direct soil loss mea-
surements require someyears of observations, adequate equipment,
they are limited to some selected vineyards, and the results are not
always comparable because obtained at different temporal and
spatial scale. Furthermore, most of the available studies and results
are related to some specific areas in some European countries (and
few in the rest of the world), thus they don’t cover the high vari-
ability of soil, topographical, management, and climate conditions
that characterize the European wine-growing regions. An alterna-
tive to experimental measurements to evaluate the impact of
changes in soil management on soil erosion risk under contrasting
situations is the analysis with simulation models. The Revised Uni-
versal Soil Loss Equation RUSLE (Renard, Foster, Weesies, McCool,&
Yoder, 1997) remains as the most widely used tools for this.

The model estimates average annual erosion using rainfall, soil,
topographic, and management, using the following equation:

A ¼ R * K *C * LS *P

where A: annual average soil loss (t ha�1 yr�1), R: rainfall erosivity
factor (MJ mm ha�1h�1yr�1), K: soil erodibility factor (t ha h
ha�1MJ�1mm�1), C: cover-management factor (dimensionless), LS:
slope length and slope steepness factor (dimensionless), and P:
support practices factor (dimensionless).

Despite its relative simplicity, proper RUSLE calibration for a
given situation outside the modeling community can be chal-
lenging, especially in situations outside of those widely covered in
the USA. To overcome this problem some authors have proposed
simplified procedures, such as the summary model proposed by
G�omez et al. (2003) for the use of RUSLE in olives, the determina-
tion of USLE C factors from cumulative field measurement soil
erosion in vineyards (e.g. Novara et al., 2011) or calibration of the
parameters required to determine the USLE C (soil cover and
management) factor (Auerswald & Schwab, 1999). However, the
values derived following these approaches are sometimes difficult
to extrapolate beyond the conditions for which they were devel-
oped. For instance, Novara et al. (2011) developed their C values as
the ratio of soil losses between the cover crops and the bare soil
plots, providing no C values for bare soil management. Auerswald
and Schbwab, 1999 provide a comprehensive evaluation of annual
crop and management factors (C) values from bare soil by tillage to
permanent cover crop. Nevertheless, their values are valid for
rainfall conditions similar to those or which they were developed,
given the interaction with seasonal rainfall erosivity in C-factor
determination (Auerswald et al., 2015). Some of the assumptions
made in the determination of these C factors can be far from the
assumptions and equations used by the most recent RUSLE version
2 (Dabney et al., 2012), that has been incorporated in the recent
water erosion map of Europe by Panagos et al. (2015c). In that study
the authors obtained C factors for tree crops, such as vineyards,
based on the calibration from the fraction of ground cover derived
fromMERIS satellite images, as explained in Panagos et al. (2015b).
In this approximation they update the seasonal C values based on a
linear relationship between a range of maximum Cmax (for zero
ground cover) andminimum Cmin (for full ground cover) with these
extreme values taken as 0.45 and 0.15 respectively from a review of
published values. The analysis carried out by Panagos et al. (2015b)
resulted in an average C values for vineyards across Europe of 0.35.

To our knowledge, no attempt has been made to evaluate RUSLE
based on long-term soil loss measurements in vineyards, neither a
calibration strategy based on a comprehensive analysis of vineyard
conditions across Europe. Our hypothesis is that this evaluation can
provide relevant information to orientate its future applications for
local and regional studies, as well as to provide insight for adapting
current soil conservation strategies in vineyards, best suited for the
different environmental conditions in Europe. This manuscript
presents a study with these objectives:

1 To present an Excel tool to facilitate calibration of RUSLE2 in
vineyards in hillslope applications.

2 To evaluate the performance of several calibration strategies of
RUSLE for permanent cover crop and bare soil by tillage using a
long-term experimental record previously published.

3 To identify C values and to compare soil erosion risk for themost
common soil management operations in four different wine
growing areas in Europe (S. Spain, NW France, NW Italy, E
Austria and central Romania)

2. Materials and methods

2.1. Model description

An EXCEL tool, ORUSCAL (Orchard RUsle CALibration), was built

M. Biddoccu et al. / International Soil and Water Conservation Research 8 (2020) 337e353338



to allow the calibration of RUSLE2 by assuming the simplified sit-
uation of a hillslope with a regular slope profile for tree crops such
as vines, olives, almonds or citrus (G�omez Calero, Biddoccu, &
Guzm�an, 2020). The structure and main input data of the tool is
shown in Fig. 1. Each of the factors of RUSLE is calculated in one of
the Excel sheets, e.g soil erodibility (K), or in several ones from each
of the corresponding subfactors, e.g. cover and management factor
(C). Each factor is accompanied by a set of explanations and
accompanying information to allow their determination, indi-
cating, when necessary, sources of this information (for example
rainfall erosivity) or data taken from the RUSLE2 database (e.g. root
biomass for different orchard management system). This allows
their use in situations with limited data in a straightforward way
for users with limited programming or modelling training, facili-
tating the use of a combination of field measurements (for instance
evaluation of ground cover) complemented with data from other
sources. It makes it a convenient use for education or training on
evaluation of water erosion through RUSLE, facilitating the under-
standing the erosion risk of different management by stakeholders,
or other applications such as comparison of erosion risk among
different management, soil, temperature and rainfall regimes.
ORUSCAL can be downloaded with its instructions from:https://
digital.csic.es/handle/10261/216656. For more complex situations,
e.g. complex slope profiles, any interested user should use the full
RUSLE2 software.

Within this approach, for the determination of the rainfall
erosivity factor (R factor), there is the option of using the quarter
erosivity for the location of interest which are usually available
from several sources (e.g., ICONA, 1988; Panagos et al., 2015a),
calculating this from the correlation of daily rainfall and daily
rainfall erosivity, which is also a common approach where these
correlations have been developed (e.g. Domínguez Romero, Ayuso
Mu~noz, & García Marín, 2007) since daily rainfall is a commonly
available data or upload the quarter rainfall erosivity calculated
externally from high resolution rainfall data using software such as
RIST (Rainfall Intensity Summarization Tool) (ARS-USDA, 2015).

For the determination of soil erodibility (K factor), ORUSCAL
uses the standard RUSLE equation based on the textural composi-
tion and organic matter of the soil, corrected by soil infiltration
capacity and soil structural class. It allows the use of a K values
externally calculated, for instance from the global pedotransfer
function of Borselli et al. (2012) or the soil erodibility map of Europe
by Panagos et al. (2015a). From this baseline value, it gives the
opportunity to use this as constant annual value or use the
empirical correction proposed by RUSLE2 to calculate a quarter K
value, based on daily Ta and rainfall (USDA-ARS, 2013).

For the determination of the slope steepness (S) and length (L)
factors, the simplified model uses the standard equations used by
RUSLE2, differentiated for steepness lower or greater than 9%
(standard USLE unit plot steepness). The steepness of most of the
investigate plots is lower than 18%, the range for which the standard
RUSLE2 equations have been developed, but for those that are
steeper, for the shake of simplicity, we have kept the original RUSLE
equations, which implies a slight overestimation (Liu et al., 1994).
There is also an option to attribute a value to the m factor, used for
determination of L to incorporate the relative importance of rill and
interrill erosion, or let the model calculate it based on the ratio of rill
to interrill erodibilty and the evolution of ground cover using the
equations described in RUSLE2 documentation (USDA-ARS, 2013).

For the determination of the cover and management factor (C),
ORUSCAL calculates each of the seven subfactors from which this
factor depends, giving the option (as done by RUSLE2) of not
considering some of them in the determination. The first subfactor
is the soil consolidation subfactor, Sc which takes into account the
decrease in soil erodibility with time after a mechanical

disturbance (like tillage). It can be used in the transition period
from tillage to a management with no mechanical disturbance of
the soil surface, such as a permanent cover crop, but in most situ-
ations it is not used. The second considered subfactor is the canopy
cover subfactor, Cc which takes into account the reduction of soil
erosion due to the provision of ground cover by living vegetation. It
is calculated from the height and shape of this vegetation (which in
the case of the vineyards can be the vines plants and the herba-
ceous vegetation in the lanes) and the ground cover provided by
this vegetation in each quarter. The third subfactor is the surface
roughness subfactor, Sr, which includes the decrease of erosion
with increasing roughness. This section provides values of the
recommended roughness and disturbance values for the most
common tillage operations and surface conditions from the RUSLE2
database and it calculates quarter Sr values considering reduction
due to rainfall after tillage. The soil biomass subfactor, Sb, considers
the reduction of erosion due to the presence of residues and root
biomass within the top 25 cm of the soil. Since this is a value that it
is usually difficult to obtain, the information sheet includes infor-
mation on the amount of root (live and dead) and residues for the
most common situations in vineyards and other tree crops. The fifth
subfactor is the ground cover subfactor, Gc, which considers the
reduction of erosion due to the presence of mulch or residues over
the soil surface directly in contact with it. The ridge subfactor, hr,
considers the increase in erosion due to flow concentration
occurring when there are well formed ridges oriented in up-down
slope. Although it is not commonly used, it is included to provide all
the possibilities allowed by RUSLE2. Furthermore, in vineyards the
row orientation assumes a primary role in forcing the direction of
tractor traffic and tillage implementation and thus ridge formation.
In any case, it must not to be confused with the contour tillage
which is included in the support (P) factor. The final subfactor, Sm, is
a subfactor which is optional in RUSLE to introduce the modifica-
tion of the erosion risk due to changes in the soil moisture content,
been higher when close to saturation and close to zero when it is
close to totally dry. It cannot be used in combination with the
seasonal adjustment of soil erodibility mentioned above, and the
model give the opportunity to use one of these two corrections or
none. The ORUSCAL formulation gives the opportunity to introduce
measured soil moisture values or to estimate these values using
daily rainfall and ETo (or estimating these using Hargreaves equa-
tion) and the ET from the vineyard determined using the FAO
method (Allen et al., 1998). The use of this factor has improved the
determination of C values for olive trees in Mediterranean condi-
tions (Gomez et al., 2003) which has resulted in erosion prediction
capable to reproduce the experimental measurements (Marin et al.,
2014). For this reason, the model incorporates explicitly this option.
Once all these factors are calculated ORUSCAL presents their annual
and quarter values for each RUSLE factor, as well as the calculated
soil loss.

2.2. Experimental data for evaluation

The Italian soil erosion dataset was derived from the Cannona
Data Base (Biddoccu et al., 2016) collected in the Tenuta Cannona
Erosion Plots. The monitored plots are part of a larger vineyard,
within the Experimental Vine and Wine Centre of Agrion Founda-
tion, which is located in the Alto Monferrato hilly area of Piemonte,
North-West Italy. The climate is Hot-summerMediterranean (Csa in
the K€oppen climate classification, Kottek et al., 2006). At the study
site the average annual precipitation in the period 2000e2016 was
852 mm, mainly concentrated in October, November and March,
with the driest month been July. The Cannona vineyards lies on
Pleistocenic fluvial terraces in the Tertiary Piedmont Basin,
including highly altered gravel, sand and silty-clay deposits, with
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red alteration products. Soil is classified as Typic Ustorthents, fine-
loamy, mixed, calcareous, mesic (Soil Survey Staff, 2010).

The measurements concern two vineyard plots on a hillslope
with SE aspect, that are managed in according conventional
farming for wine production. The two plots have the same length,
width and slope, but the inter-rows have been differently managed
for the 14 monitored years, with conventional tillage (CT) and
permanent grass cover (GC), as summarized in Table 1. Each plot
was hydraulically bounded: a channel at the top of the plots
collected upstream water, in order to measure separately runoff
and sediment yield generated from each rainfall event. The mea-
surements have been conducted since 2000 and they are currently
ongoing, with methods indicated in Table 1 and fully explained in
Biddoccu et al. (2016). For this analysis a careful evaluation of the
operation management and experimental records was made using
only the years inwhich therewas complete information to calibrate
RUSLE without large uncertainty in any of the required information
(such as for instance number of tillage operations, etc …).

2.3. Evaluation of different calibration strategies

One of the objectives of the study was to evaluate the perfor-
mance of different calibration strategies of RUSLE among those that
might be used. For this purpose, a subset of the Cannona dataset,
which passed the requirements of having all the available infor-
mation, was used in the calibration step of the model (years 2004,
2005, 2007, 2008, 2010, 2011, 2012, 2013). The calibration was
performed following four different calibration strategies described
in Table 2, which in short result from using a constant or variable K-
factor and considering, or not, the soil moisture subfactor, Sm.

The best calibration of themodel was determined on the basis of
both quarter and annual values, through the following statistics:
the efficiency coefficient of Nash and Sutcliffe (NSE), root mean
square error of residuals (RMSE) and the coefficient of

determination of the linear regression (R2), see Nash and Sutcliffe
(1970) and Moriasi et al. (2007).

2.4. Calibration of RUSLE for five wine growing regions across
Europe

Afterwards, ORUSCAL was fully calibrated for different kind of
typical, or possible, soil management in five contrasting wine
growing regions across Europe. This calibration was made
combining field surveys to characterize vineyard conditions, pub-
licly available data and information provided by wine growers.
These regions were: S Spain, NW France, NW Italy, E Austria and
Central Romania. In all cases each farm and management was
simulated for 15 or 16 consecutive years to capture temporal vari-
ability in rainfall.

2.4.1. Brief description of the five study area
The five study areas include vineyards from wine-growing re-

gions located from the southern and western to the eastern coun-
tries of Europe (Fig. 2), and ranging from a variety of soils,
landscapes and climatic conditions, that represent the variety of
growing conditions for grapevine across Europe (Table 3). These
areas are: a) the Montilla-Moriles wine-growing region in southern
Spain (Andalusia), b) the Coteaux-du-Layon in Anjou, in north-
western France (Loire Valley), the Carnuntum and Leithaberg re-
gion in eastern Austria (Lower Austria and Burgenland), the
Târnave wine-growing region in Central Romania (Transylvania),
and the Alto Monferrato and Gavi wine-growing regions in north
Italy (Piedmont). The climate varies from the summer-dry (Spain)
and hot-summer Mediterranean (Italy) climate, to temperate
oceanic (Austria) andwarm-summer humid continental (Romania).
Viticultural landscapes also differ: from viticulture and olive
dominated landscape in Andalusia (Spain) and the sloping vine-
yards dominating the hilly landscape of the Italian area to the

Fig. 1. Structure of the simplified calculation procedure in ORUSCAL (left side) and essential input data with indication of factors/subfactors where they are used (right side).
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vineyards stretching from flat areas up to the forests at the hill-tops
with interspersed arable fields, semi-natural elements in E Austria,
the valley of the river Layon with very steep slopes (up to 60%) and
the plateaux area with vine and crop fields in NW France, and
finally the vineyards mixed with other agricultural crops, pastures
and woods in the Romanian area. The investigated vineyards lie on
a variety of soils, from the finest clay to clay-loam soils of the
Monferrato, from sandy silt to sandy loam soils in eastern Austria,
from clay to sandy-loam in Transylvania and in the DGO Coteaux du
Layon.

2.4.2. Description of the vineyards and management operations in
vineyards of the study areas

The investigated vineyards were chosen to represent the most
common vineyard management practices in each region. Table 4
summarizes the main vineyard characteristics and management
options, including the specifications of the soil management tech-
niques employed in the area. In all study areas tillagewas simulated
as following the maximum slope as this was the dominant imple-
mentation when plowing was used in the region. In Spain, France,
Austria and Romania, detailed determination of soil management,
soil properties and ground cover was carried out experimentally for
a whole season for two group of farms. One including farms
applying the usual low soil protection management (with 7 or 8
farms in this group depending on the country) and the second
group implementing common the soil protection management
(with 7 or 8 farms depending on the country) in the respective area
(Figs. 2 and 3). In Italy, the dataset includes 7 vineyards with low
protective management and 5 vineyards with high protective
management (Figs. 2 and 3). This resulted, as expected, in a mul-
tiplicity of soil management strategies that can be grouped in 5
classes: by decreasing intensity: 1- bare soil obtained by herbicide
application and no tillage (NT); 2- bare soil using conventional
tillage (CT); 3- partial soil cover, using temporary cover crops (TCC),
defined as those grown during the rainy (fall and winter) season
killed at the onset of the dry season period (early spring); 4- or

partial cover using alternate cover crops (ACC) defined as perma-
nent cover crop every two lanes with the intercalated lane having
the CT typical of the area; 5- permanent cover crops (PCC), resulting
in complete cover of the inter-rows. Management information was
collected in the form of personal semi-structured interviews with
wine growers in all countries but in Italy, where this wasmadewith
direct consultation to farm managers. These interviews allow to
classify the existing management as high or low soil protecting
strategies. Furthermore, interviews provided information about the
perception of farmers and stakeholders of these practices, and the
identification of two additional soil management techniques that
had been implemented recently in the region or that it might be
introduced (or reintroduced) in the future, see Table 4. For each
management scenario and identified vineyard soil losses were
predicted using the ORUSCAL to apply the RUSLE2 methodology
through 16 consecutive years (2000e2015) for Spain, Austria and
Romania and France, and for 15 years (2004e2018) in Italy,
obtaining a total of 2246 years of simulated scenarios, 1097 for
currently used scenarios and 2149 years for hypothetical scenarios.

2.4.3. Sources of information for calibration of the different RUSLE
parameters

Daily temperature and rainfall depth was obtained from a
weather station located within each of the study area for the whole
study period. To minimize bias due to different calibration of the
rainfall erosivity, we standardize the rainfall erosivity among areas
to the long-term average R values (annual and monthly) provided
by Ballabio et al. (2017). To do this, we calculated daily rainfall
erosivity from daily rainfall using an exponential function R ¼ aPb,
adjusted to match long-term monthly and annual average with
those of Ballabio et al. (2017). We did not used this approach for the
evaluation of calibration strategies, where daily rainfall erosivity
was calculated using the RUSLE2 methodology (Dabney et al.,
2012).

The topographic, soil, cover and management information
required for calibration of ORUSCAL for the study areas other than

Table 1
Summary of the experiment used to evaluate the calibration strategies for ORUSCAL.

Location Carpeneto (AL), 296 m asl, 44�40057.4500N, 8�37035.2400E

Soil texture Clay to Clay-loam
Plot slope & size slope: 15%

area:1221 m2

length: 74 m, width: 16.5 m
Management Conventional Tillage (CT), depth 0.25 m,

cultivated in spring and autumn
Controlled Grass (GC), spontaneous vegetation mulched in spring and autumn.
In autumn 2011, the inter-rows of the GC plot were tilled and a grass mixture was sown

Soil losses 7 (±12.5) 1.8 (±1.6)
Average (± st.dev)
(t ha¡1 year¡1)
Rainfall measurements Automatic rainfall gauge (resolution 0.2 mm), hourly data
Runoff measurements Runoff is collected at the bottom of each plot by a channel,

connected to a sedimentation trap and then to a tipping bucket device (0.1 mm resolution)
to measure the hourly volumes of runoff from each plot.

Soil loss measurements A portion of the runoff-sediment mixture is sampled for each tip and, after each erosive event, a 1.5 L
sample of runoff-sediment mixture was collected. Sediments deposited along drains and in
the sedimentation traps are also collected and dry-weighed

Table 2
Summary of the four calibration strategies evaluated.

K factor sm subfactor

Option 1 constant (standard RUSLE nomograph) Considered
Option 2 constant (standard RUSLE nomograph) not considered
Option 3 variable, using the empirical function based on Ta and rainfall included in

RUSLE and baseline K calculated from soil properties from the nomograph
not considered

Option 4 constant, calculated from soil properties based on the model proposed by Borselli et al. (2012) Considered
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Fig. 2. Locations of study areas in Spain, France, Italy, Austria, and Romania. Symbols in each box indicate the investigated vineyards, with the currently implemented soil
management (non protective or protective for soil). The background shows the land use according to CORINE land cover.

Table 3
Basic information of the five wine growing study regions. For each study region average values, standard deviation (in brackets) and minimum and maximum values are
indicated for soil organic matter content (OM), vineyards length and slope.

Country Coordinates
(extremes of the
area)

Wine-growing
region
(administrative
region/district)

Climate (K€oppen
climate
classification)

Landscape and land
use

Prevalent soil and
OM (%,
average ± SD)

Vineyards length
(m)

Vineyards slope (%)

Average (±SD) Average (±SD)

Elevation (range) Min-Max Min-Max

Spain 37� 380-290N, 4�

450-310W
Montilla-Moriles
(Andalusia)

Hot-summer
Mediterranean
climate (Csa)

Agricultural area.
Rugged relief, 220
e682m a.s.l.

Clay to sandy-
loamOM: 1.6 (±0.3)

43.7 (±64.8) Min:
53.4, Max: 279

5.8 (±3.3)Min: 0.5,
Max: 11.0

Italy 44�39’ e 44�520 N,
8�37’ e 8�540 E

Alto Monferrato,
Gavi (Piemonte)

Hot-summer
Mediterranean
climate (Csa)

Mix of vineyards
with arable fields
and woods, hilly
region with flat
areas, 270e300m
a.s.l.

Clay to clay-
loamOM: 1.2 (±0.3)

87.9 (±32.9)Min:
72.4, Max: 169

16.7 (±6.9)Min: 5.0,
Max: 26.3

France 47.41e47.04N, 0.85
e0.24W

Coteaux-du-Layon
in Anjou (Loire
Valley )

Temperate oceanic
climate (Cfb)

16% Vineyards
(1435 ha for the
DGO label, total
10900ha), 44%
arable fields with
mainly cereals and
sun flowers or
pastures, 30% semi-
natural elements,
8% urban areas, 2%
water

Sandy-LoamOM:
2.0 (±0.7)

106.3 (±43.5)Min:
50.0, Max: 175.0

7.1 (±8.8)Min: 0.4,
Max: 32.3

Austria 47�54-48�70N,
16�380-16�730E

Carnuntum and
Leithaberg (Lower
Austria and
Burgenland)

Temperate oceanic
climate (Cfb)

Mix of vineyards
and arable fields,
hilly region with
flat areas, 120
e235m a.s.l.

sandy silt to sandy
loamOM: 3.2 (±1.0)

301.3 (±100.5),
Min: 160.0, Max:
440.0

8.6 (±5.3), Min: 2.0,
Max: 15.0

Romania 46�020-46�190N,
23�430-24�010E

Arud and Tarnave
(Transylvania)

Temperate
continental climate
(Dfb)

Vineyards
surrounded by
other agricultural,
forest and
seminatural areas,
280e440m a.s.l.

Clay to sandy-
loamOM: 1.4 (±0.9)

168.8 (±92.9) Min:
54.0, Max: 296.0

8.9 (±4.8)Min: 0.7,
Max: 17.9
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Italy was taken from field survey carried out during the VineDivers
project (https://short.boku.ac.at/vinedivers). Information for Italian
vineyards derived from previous studies (Biddoccu et al., 2016;
Bagagiolo, Biddoccu, Rabino, & Cavallo, 2018; Capello et al., 2019),
field surveys, interviews to farmers and vineyard’s technicians. Soil
measurements were used to calculate the erodibility (K-factor) and
includes, for each investigated vineyard, soil particle fraction and
organic matter content, class of soil structure and soil permeability.

Topographic data, namely field length and steepness, necessary to
define the LS-factor, were obtained by GIS analysis or Google Earth,
in the gaps where it was not possible to be measured directly in the
field. The different farm-derived management information was
used to calibrate the different C subfactors. So Cc and Gc subfactors
were determined from measurements made during a whole
growing season (see for instance Guzm�an et al., 2019) or estimated
from available measurements in hypothetical scenarios projecting

Table 4
Characteristics of vineyards evaluated in each of the five study areas, soil management, type and number of real and simulated scenarios. Number in brackets are number of
farms simulated for each management scenario.

Country Vine-growing
management (training,
mechanization)

V arieties Row orientation (and
width)

Mechanical soil
management
techniques,
operation/tools,
depth, times

Management
technique family
(number of
vineyards)

Number of real
scenarios (single
management x year
x vineyard)

Management
technique family
and number of
simulated scenarios

Spain Globet and trellis,
mechanized

Pedro Ximenez Up-and-down (2.85 m) Conventional
tillage, cultivator,
0.15 m, 1-4

CT (8) 128 NT (16), 256

Temporary cover
crops, cultivator,
0.15 m, 1e2;
mowing, 1e2.

TCC (8) 128 PCC (16), 256

Italy Single Guyot,
mechanized (tired and
tracked tractors)

BarberaDolcettoGavi Up-and-down (2.5
e2.75 m)

Conventional
tillage, ripper,
0.25 m, 2 - 3

CT (7) 105 ACC (6), 90

Reduced tillage,
rotocultivator,
0.15 m, 2
Spontaneous
controlled grass,
mulching, na, 2- 3

PCC (5) 75

France Trellis, mechanized Large variety from red
to white wine varieties

Up-and-down Bare soil with
herbicide, 2�4

NT (7) 112 CT (15), 240

Spontaneous
controlled grass,
mulching, na, 3

PCC (8) 128 ACC (15), 240

Austria Trellis, mechanized Large variety from red
to white wine varieties

Up-and- down Tillage in every
second inter-row
with different types
of machinery
(chisel, disc harrow,
rotary, plough),
0.05e0.15 m, 1e3;
mulching in the
other inter-row, 2-
5

ACC (8) 128 NT (16), 256; CT
(16), 256

Permanent cover
crop, mulching in
every inter-row, 2-
5

PCC (8) 128

Romania Trellis, mechanized Large variety from red
to white wine varieties

Up-and-down (2.0
e3.0 m)

Bare soil
management
through frequent
soil tillage in all
inter-row. Tillage
depths ranged
between 5 and
30 cm and the
number of
application per year
(in inter-row)
ranged between 2
e5 time/year across
the vineyards.

CT (8) 128 NT (16), 240

Alternate cover
crop. The inter-row
vegetation cover
(alternative) was
mowing/mulched
approximately 2e4
times per year

ACC (7) 112 PCC (16), 240

Abbreviations in bold are management scenarios considered by stakeholders at each area less soil protecting scenarios, and those in italics more soil-protecting scenarios.
Abbreviation used for soil managements are: NT¼ no tillage, CT¼ conventional tillage, TCC¼ temporary cover crop, ACC¼ alternate cover crop, PCC¼ permanent cover crop.

M. Biddoccu et al. / International Soil and Water Conservation Research 8 (2020) 337e353 343



expected vegetation and residue cover. Soil management opera-
tions were used to determine the soil consolidation and soil
roughness subfactors (Sc and Sr, subfactors of the C-factor). Data
about residues and biomass, also needed to calculate the Sb sub-
factor, were taken fromRUSLE database. The soil moisture (Sm) sub-
factor was calculated internally by ORUSCAL using the simplified
water balance model incorporated in the model using daily rainfall
and ET, based on Allen et al. (1998).

2.5. Data statistical analysis

Differences among regions in values of SL and RUSLE factors for
the currently adopted non-protecting and protecting soil manage-
ments were determined using ANOVA (with a ¼ 0.05). The same

test was used to compare SL and C-factor among regions for the
same management class (currently adopted or hypothetical), and
amongmanagement for each studied region. For identifying factors
that play the major role in differentiating the currently adopted soil
management in the considered study areas an exploratory analysis
using a Principal Component Analysis (PCA) was performed. This
was complemented with stepwise multiple lineal regression (MLR)
to evaluate the relative contribution of each variable to differences
in determining soil losses. The cumulative probability distribution
functions of soil loss and C factors were determined. In all cases
STATA SE 14.0 was used.

3. Results and discussion

3.1. Evaluation of calibration strategies

The comparison of the statistics obtained with the four different
calibration strategies (Table 5) showed that the performance of the
model was unsatisfactory (Moriasi et al., 2007) for the two option 2
and 3, both for yearly and for quarter results (NSE<0). The intro-
duction of variable K in option 3 (using the empirical function
based on daily temperature and rainfall, included in RUSLE, and
baseline K calculated from soil properties) improved the perfor-
mance of the model with respect to the model with constant K
(option 2, Table 3) but remains performing poorly in predicting soil
losses. Using the two options that include the determination of a
soil-moisture subfactor, option 1 and 4, the performance of the
model improved both for yearly and for quarter values. The simu-
lation resulted in predictions that give acceptable values for NSE
(between 0.35 and 0.82) and satisfactory values for RMSE (>1/2 sm),
with exception of yearly values for CT (NSE ¼ �0.48). The best
performance of the model was obtained for CT, quarter values,
using option 4, that resulted in NSE ¼ 0.82, RMSE ¼ 0.34 t ha�1,
R2 ¼ 0.82. Considering the annual values the same option gave
NSE ¼ 0.67, RMSE ¼ 2.44 t ha�1, R2 ¼ 0.79. The performance was
generally poorer for GC, with satisfactory results that were ob-
tained only with option 1, for yearly values (NSE ¼ 0.58,
RMSE¼ 0.44 t ha�1, R2 ¼ 0.65) (Table 5). The corresponding quarter
results resulted in NSE ¼ 0.43, RMSE ¼ 0.10 t ha�1, R2 ¼ 0.46.

It is apparent, in our evaluation analysis, that the introduction of
the temporal evolution of soil moisture improved the predictions,
and that this temporal impact cannot be introduced using the
empirical correction offered as a possibility in the K factor (option
3). This contrasts with the results of Khalegpanah et al. (2016) who
observed a considerable improvement of RUSLE2 model efficiency
using a calibrated and variable K-factor. This difference might be
related to the different climate conditions of our study areas, more
contrasting to those of the empirical K value adjustment of RUSLE2
than those of the study of Khalegpanah et al. (2016). It is also worth
noting that the better predicting capabilities of RUSLE2 incorpo-
rating the Sm subfactor for Mediterranean conditions was also
noted by Marin et al. (2014) for a similar analysis in olive orchards.

Comparing the model performance between options 1 and 4
considering the Sm subfactor, the model predicted the low values of
erosion in quarters better than for options 2 and 3, and regression
lines showed intercept (n) and slope (m) closer to 0 and 1,
respectively, than those obtained without considering the Sm sub-
factor. However, for option 1, the improvement in prediction of low
amounts of soil losses was not enough to give good annual values
for CT, that weremore overpredicted than in option 4 and led to low
performance of the model. The performance of the model consid-
ering quarter values for GC was similar to those obtained for
quarters with WEPP (Zhang et al., 1998), and with models of the
USLE family for event values (Di Stefano et al., 2016; Khaleghpanah
et al., 2016; Kinnell, 2017; Spaeth, 2003). Quarter results in CT were

Fig. 3. Some of the investigated vineyards, in Spain, France, Italy, Austria, and Romania,
representing some of the most currently implemented soil management (non/less
protective or protective). (Photo credits: Jean-Paul Gislard for France, Davide Ferrarese
(VignaVeritas) for Italy).
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satisfactory for option 1, but yearly results gave negative values for
the Nash-Sutcliffe coefficient and were not satisfactory in terms of
RMSE. For yearly values simulated in the CT plot with option 4, the
NSE, slope (m) and R2 are in the range of those obtainedwith RUSLE
(or RUSLE2) by other authors (Risse et al., 1993; Tiwari et al., 2000;
Zhang et al., 1996). The low performance of the model in prediction
for the GC plot, could be due to difficulty of the model in predicting
low amounts of soil losses, as was observed by Spaeth et al. (2003)
on relatively undisturbed rangeland sites (with soil losses
<0.5 t ha1). Finally, the model version using constant K obtained
from RUSLE2 equations, and including the Sm subfactor, was chosen
as the best option to apply to the selected study areas and different
management options. Overall, by introducing the Sm subfactor, the
model was able to capture the differences observed experimentally
between the bare (CT) and ground covered (GC) treatment with an
accuracy similar in analogous exercises by other erosion models,
although it shows difficulties when predicting accurately situations
with low erosion rates (quarter or GC annual values), a situation
also previously noted in erosion models by previous studies (e.g.
Risse et al., 1993).

3.2. Comparison of the predicted water erosion under current soil
management across the five different wine growing areas

The differences in water erosion predictions using ORUSCAL
among the fine wine growing areas across Europe and currently
implemented managements are summarized in Fig. 4 and Table 6.
In this comparison there is always a soil protective management,
using total or partial cover crop (PCC in Austria, France and Italy;
ACC in Romania, TCC in Spain) and one that considers a non or less
soil protective management in the study area, which were bare soil,
namely NT (in France) or CT (in Romania, Spain and Italy), with the
only exception of Austria, where the less conservative management
was ACC (partially bare soil).

The comparison of the less conservativemanagements currently
adopted in each region provides an overview of the maximum
erosion rates across these different areas, based on a modelling
analysis using the best possible farm information. In this respect, SL
predicted in different countries showed significant differences,
according to 1-way ANOVA (a ¼ 0.05). The traditional vineyard’s
management with bare soil (CT) resulted in the highest predicted

Table 5
Summary of the evaluation of the calibration results.

Yearly values Quarter values

Measured Option 1 Option 2 Option 3 Option 4 Measured Option 1 Option 2 Option 3 Option 4

CT
Mean SL (t ha�1) 4.22 8.19 24.42 18.14 5.51 0.18 0.37 1.04 0.77 0.25
St.Dev. (t ha�1) 4.20 5.89 15.52 10.6 3.95 0.79 1.03 2.75 1.95 0.7
NSE e �0.48 �33.69 �14.7 0.67 e 0.64 �7.29 �2.55 0.82
RMSE (t ha�1) e 4.78 23.12 15.55 2.24 e 0.47 2.27 1.48 0.34
R2 e 0.80 0.77 0.71 0.79 e 0.83 0.72 0.67 0.82
M e 1.26 3.24 2.13 0.83 e 1.16 2.95 2.01 0.78
N e 2.89 10.77 9.16 1.99 e 0.14 0.5 0.4 0.09

GC
Mean (t ha�1) 0.63 0.74 2.4 2.22 0.59 0.03 0.03 0.12 0.1 0.03
St.Dev. (t ha�1) 0.74 0.47 1.54 1.26 0.33 0.13 0.07 0.24 0.2 0.06
NSE e 0.58 �13.41 �7.02 0.46 e 0.43 �1.99 �1.04 0.35
RMSE (t ha�1) e 0.44 2.62 1.95 0.51 e 0.10 0.23 0.19 0.11
R2 e 0.65 0.19 0.14 0.56 e 0.46 0.2 0.2 0.43
M e 0.51 0.94 0.63 0.33 e 0.33 0.78 0.65 0.24
N e 0.42 2.29 1.83 0.38 e 0.02 0.1 0.08 0.02

SL ¼ soil losses, NSE ¼ Nash-Sutcliffe efficiency, RMSE ¼ root mean square error, R2 ¼ coefficient of determination, m and n ¼ Regression coefficients: Predicted
SL ¼ m*Measured SL þ n.

Fig. 4. Average annual soil losses predicted by area and by current management implemented in the area. Brown bars are non-protecting soil management and green bars are soil
protected management. Error bars indicate standard deviation. Letters indicates significant differences at a ¼ 0.05, according to ANOVA within the same class of management.
Capital letters for non-soil protective management and lower case letters for soil protective management.
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soil losses in Romania (22.24 ± 11.13 t ha�1 year�1), and lowest
values in Spain (7.1 ± 6.05 t ha�1 year�1). In Austria, annual soil
losses estimated with implementation of the ACC, reached 11.98
(±8.83) t ha�1 year�1 even if this management considers partial
cover crop. The predicted average soil losses are comparable with
values measured at field or hillslope scale in some vineyards
managed with bare soil (CT or NT). Indeed, Brenot et al. (2006)
estimated soil losses from 7.61 to 14.94 t ha�1 year�1 on 32-54
years-old vineyards in Burgundy (France), and Gomez et al. (2011)
measured soil losses from 4.47 to 90 t ha�1 year�1 over 4-years
experiment in different locations in southern France. These differ-
ences across areas can be better understood having a closer look to
the different components of the erosion predictions, namely the
RUSLE factors, which present a high variability among regions
(Fig. 5) with significant differences among countries, according to
ANOVA (at a ¼ 0.05 significance level). Despite having a higher
rainfall erosivity, Italy and Spain present farms with slight lower
soil erodibility, shorter or gentle slopes than other countries. In
addition, CT soil management can present relatively higher ground
cover due to vegetative growth between tillage passes, as noted for
Spain by Guzman et al. (2019), which explain differences in the
predicted erosion values across countries and raised the need for a
proper calibration based on the actual situation at the vineyards.

The exploratory analysis using the PCA for the RUSLE calibrated
factors (R, K, L, S and C) showed that 60.6% of the variance among
soil losses can be explained by two components (Table 7). The first
component PC1 represented 42.3% of the variance and the variables
with highest loadings are L (0.559) and K (0.475), followed by S and
R, that showed negative correlation (�0.440 and �0.423, respec-
tively). The second component PC2, represents 18.3% of the vari-
ance and has a good correlation (0.868) with the C-factor. PC1 is
more related to local topographical and climate conditions, and soil
characteristics, whereas PC2 indicates primarily the differences
related to soil management. Fig. 6 depicts the individual scores on
PC1 and PC2 of the average simulation by farm and management
type for the five areas. As expected there was a clear shift among
different areas for similar management class (protecting and non-
protecting soil) and between management classes for the same
area. Among the non-protecting soil managements, the values
related to NW Italy predictions are placed on the left side of the
plan, since they are associated to the lowest values for L and K and
highest R; they are followed towards the right side by the clouds
representing simulations made for S Spain, Austria and central
Romania, and finally then the ones from France to the most right
side, likely following the decreasing trend of R-factor, with the
latter showing very high values also for PC1. The stepwise multiple
linear regression analysis (MLR) for non-conservative soil man-
agements, Table 8A, shows that the first parameter included (the
onewith the highest explanatory value) was the slope factor, linked
to local topographical conditions, followed by variables depending
on management (C-factor) and soil properties (K-factor). Rainfall
erosivity and slope length were less relevant in determining soil
losses in this comparative analyses across 5 areas in Europe. These
results suggest that soil losses predictions with adoption of less
conservative managements are not only dependent on the local
conditions (topographical, soil and climate characteristics), but also
on the specificities of local management and soil properties.
Indeed, the less protective managements in most regions contem-
plate bare soil during some months, have a significant role in
determining the soil erosion risk. Bare soil is obtained by herbicides
or by tillage, with a variety of passages and tools, so the resulting
ground cover, and associated C-factor values, showed very high
variability among but alsowithin regions. Although R-factor is a key
parameter for estimating soil erosion risk and larger soil loss pre-
dictions are usually expected with higher rainfall erosivity, e.g.Ta
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Panagos et al. (2015b) in their large scale analysis, our results
suggest that when the characteristics of the specific farms (in this
case vineyards) are introduced our overall vision of the relative
differences among different areas change dramatically. This is not
totally surprising, since it is well known that hillslope scale topo-
graphical factors likely have greater importance, because they can
be drivers for the relative dominance of rill erosion rather than
interrill, especially on bare soil (Bagarello& Ferro, 2010; Bagio et al.,
2017; Prosdocimi et al., 2016). Also the ground cover, a major driver
in water erosion, can vary largely within apparently similar man-
agement due to local specificities like (climate, seed bank, tillage
intensity) that need to be properly appraised, see for instance
Guzman et al. (2019). Our results are a reminder that overlooking

these local factors can bias large scale analysis and the policy de-
cisions relying on such analysis. The RUSLE technology, in our case
with a relative simple tool like ORUSCAL, can be a powerful in-
strument to capture local conditions, when properly calibrated
combining several sources of information capturing the local re-
ality. ORUSCAL, as a simple tool based on the RUSLE technology,
allow its application to awide range of situations, namely at field or
farm level, and can be a powerful instrument to capture local
conditions. Indeed, it does not necessarily need expensive or
detailed datasets, on the contrary it can be properly calibrated
combining publicly available information, field surveys and
farmers’ interviews, which in our opinion remain a fundamental
element in this calibration phase.

Fig. 5. Average and standard deviation (error bars) of estimation of RUSLE factors value for non-soil protective (brown) and soil protective (green) soil managements in each region.
Letters indicate significant differences among regions for non-soil protecting (lowercase) and soil protecting (capital) managements, according to ANOVA (a ¼ 0.05).
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Table 7
A) Results of the Principal Component Analysis using the 5 factors of RUSLE as variables. B) Loadings for the first two components for these five factors.

A

PC Eigenvalues %Variance Cum % Variance

PC1 2.117 0.423 0.423
PC2 0.914 0.183 0.606
PC3 0.812 0.162 0.769
PC4 0.686 0.137 0.906
PC5 0.472 0.094 1.000

B

Variable Load in PC1 Load in PC2

R-factor �0.4284 0.3414
K-factor 0.4746 �0.3021
L-factor 0.5589 �0.0783
S-factor �0.4397 �0.1808
C-factor 0.2925 0.8679

Fig. 6. Representation on components 1 and 2 of the Principal Component Analysis of predicted annual soil losses as individuals on the principal component plan, classified non-soil
protective (brown) and soil protective (green) in each study area.

Table 8
Summary of the stepwise multiple linear regression models for soil losses predicted for the currently most adopted managements, for A) non-protecting and B) soil protecting
management.

(A)

Model for less conservative managements R2 RMSE

SL ¼ Constant þ a1 Sfactor 0.228 14.02
SL ¼ Constant þ a1 Sfactor þ a2 Cfactor 0.314 13.21
SL ¼ Constant þ a1 Sfactor þ a2 Cfactor þ a3 Kfactor 0.399 12.37
SL ¼ Constant þ a1 Sfactor þ a2 Cfactor þ a3 Kfactor þ a4 Rfactor 0.526 11.02
SL ¼ Constant þ a1 Sfactor þ a2 Cfactor þ a3 Kfactor þ a4 Rfactorþ a5 Lfactor 0.590 10.22

(B)
Model for more conservative managements R2 RMSE

SL ¼ Constant þ a1 Cfactor 0.361 5.58
SL ¼ Constant þ a1 Cfactor þ a2 Rfactor 0.507 4.91
SL ¼ Constant þ a1 Cfactor þ a2 Rfactor þ a3 Lfactor 0.537 4.76
SL ¼ Constant þ a1 Cfactor þ a2 Rfactor þ a3 Lfactor þ a4 Sfactor 0.577 4.54
SL ¼ Constant þ a1 Cfactor þ a2 Rfactor þ a3 Lfactor þ a4 Sfactor þ a5 Kfactor 0.591 4.47

SL ¼ soil losses, RMSE ¼ root mean square error, R2 ¼ coefficient of determination.
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A comparison of the currently used more soil-protecting
managements can provide an assessment of the best possible
situation in terms of soil losses reduction under current condi-
tions (Table 6 and Fig. 4). As expected, results showed a reduction
of the predicted annual soil losses for four of the study areas,
with exception of Spain where predicted soil losses were slightly
higher for TCC (9.53 ± 4.50 t ha�1 year�1) than for CT. This later
result can be explained by the fact that ground cover in TCC was
extremely low in the study area, since most of the farmers opted
for natural vegetation as the alternative for cover crop and this, in
combination with higher soil compaction a low nutrient content,
resulted in a poor ground cover as noted by Guzman et al. (2019).
In other study areas, predictions show that the implementation
of PCC reduced soil losses by 87% to 93% with respect to CT
management, reaching values close to sustainable erosion rates,
from 3.31± 2.11 in Austria, to 1.21 ± 0.96 t ha�1 year�1 in Italy.
The predicted values and reduction are similar to those observed
in the already cited monitoring experiment in north Italy
(Biddoccu et al., 2016), where the average soil losses in a vineyard
with permanent grass cover resulted in 1.8 t ha�1 year�1,
showing 74%e91% reduction with respect to tilled vineyards. The
lowest values for SL estimated with PCC management are mostly
related to lower C-values, lower than 0.1 only for this treatment
and up to 91% smaller than in the higher intensity management
in the same region (Fig. 5). It is also worth noting, and in the line
of the discussion above on the need to proper local calibration,
that different management classes differed in some of the
topography related model parameters, because farms with
different management tend to be located in areas with slightly
different topography. In Italy PCC vineyards showed also the
lowest values of K and L, in Austria and France the same factors
presented at least 12% reduction compared to the high intensity
management.

The exploratory analysis using PCA shows (Table 7, Fig. 6), as
expected, differences between the conservative and the non-
conservative soil managements. In Fig. 6 there is a clear
distinction between management classes with the non-
protecting soil management, showing both higher PC1 and PC2
values. For the same area, the soil protective managements were
associated to lower values of C-factor, resulting in lower PC2
values, and also higher S-factor and lower K and L-factors,
resulting in smaller value for PC1. Different distribution of points
across the graph is also evident among regions: on the most left
side of the graph (with negative PC1 values), the plot shows
again the Italian values (lowest values for K and L and highest
values for R and S) together with some values from French
vineyards. Increasing values for PC1 are associated to points
corresponding to SL estimations that were made for other vine-
yards in France, and then Spain, Romania and Austria, which tend
to overlap. Such distribution reflects primarily the increasing
values of the L-factor, which is lower than 2 in Italy and France,
and greater than 2.4 in other areas, and also the variability
among regions of K and R factors. Stepwise multiple linear
regression (Table 8) showed that in predicting the soil losses for
the soil protecting managements, the highest determination co-
efficient (and so the explanatory power) was found for the C-
factor (R2 ¼ 0.383), and secondarily for average annual erosivity
(increase of R2 ¼ 0.136), which is characteristics of each region,
followed by local topographical conditions (L and S factors) and
by soil erodibility. This reflects the fact that once achieved a high
ground cover, as is the case of PCC treatments, the differences
due to management tend to be minimized across different areas
(as the C values tend to converge) and differences due to
topography and rainfall erosivity tend to be relevant for
explaining variability among areas.

3.2.1. Soil loss predictions for hypothetical alternative soil
managements

This exercise allows the evaluations of the potential impact of
alternative soil management that might reduce, or increase soil
losses as compared to current management, and it is summarized
in Table 6. In Romania and in Spain the simulations that considered
PCC as alternative soil management resulted in a reduction of
annual SL by 85%, with respect to those predicted with partial cover
crop, reaching values close to the upper limit of the tolerable soil
erosion rates (1.4 t ha�1 year�1) proposed for Europe by Verheijen
et al. (2009):1. 8 ± 1.4 t ha�1 in Romania and 1.5 t ha�1 ± 1.1 in
Spain. Such reductions in predicted soil losses are consistent with
those estimated for real scenarios, and above mentioned in-field
measurements. In combination with the unsustainable erosion
rates predicted for both real managements resulting in partial and
total bare soil in Spain (TCC and CT) and Romania (ACC and CT),
these results highlight the need to keep working in the regions for
soil management that maximize ground cover, as close as possible
to PCC. For this, considering the seeding of cover crops and
improvement of soil conditions should be a priority. Also, they
highlight the need in continuing research in minimizing and
properly appraise the risk of competition for soil water with the
vines under these improved ground cover based management (e.g.
G�omez & Soriano, 2020). In all cases, as expected, the hypothetical
shift to a bare soil using herbicide management, NT, resulted in a
substantial increase in predicted soil losses as compared to the non-
protective soil management currently used in the area, with in-
creases of 3.7, 2.0, 1.5 times as compared to CT in Spain, Italy and
Romania, respectively. This is in the range of the observations of
Raclot et al. (2009) in southern France: they compared soil losses
measured during 18 rainfall events in two vineyards, finding
average soil losses 4.5 times higher in NT than in CT. Similarly, the
alternative soil managements with bare soil that were simulated in
Austria resulted in worsening of predicted soil erosion risk by 5.7
and 1.8 times with respect to ACC, for NT and CT, respectively. The
results suggest the relevant effect of adoption of agro-
environmental schemes related to the CAP promoting soil conser-
vation measures to reduce soil erosion, as those implemented in
the last 15e20 years in Austria.

3.2.2. C factor estimation for different managements and countries
The cover and management C factor of RUSLE is the main factor

where changes due to soil management in erosion risk are intro-
duced and then proper predictions can only be made if this
parameter actually conforms to the situation to be predicted. To the
authors, one of the most interesting results of our analysis in this
section is to provide a first attempt to appraise variability in
determination of this C factor at local level for a give management
definition, and among different areas for similar management
definitions. They are summarized in Fig. 7, where the cumulative
probability distribution appears by different soil management and
study area. In all the graphs it is apparent a lower variability for
hypothetical scenarios (e.g. NT for areas other than France) which
reflects the bias towards a lower farm to farm variability thanwhen
this variability is appraised with actual farm surveys (e.g. CT in
Spain). A more relevant observation from Fig. 7 is that same man-
agement under different rainfall erosivity distribution presents
different C values, which is not a novel result but again tend to be
overlooked in large scale studies. This is quite apparent in Fig. 7,
showing the C cumulative distribution for C values for NT soil
management, showing clearly two different, non-overlapping,
distributions for central Romania and S Spain from one side, with
lower C values probably due to lower values of the Sm subfactor,
and E Austria and NW France with higher C values. Italian C-factor
values for NT show are the lowest, with higher variability than
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other countries. An analogous shift in C distribution appears for PCC
for the five countries, with NW Italy showing the lowest values,
then S Spain and central Romania with slightly lower variability,
whereas larger variability was observed for values obtained in NW
France and E Austria, with the latter presenting the highest values.
The cumulative probability distribution of C values for ACC-TCC and
CT presents a wider distribution reflecting also the higher farm to
farm variability. But despite this also presents a shift associated to
the area. This shift reflects the interaction of annual distribution of
rainfall erosivity and rainfall directly in the model in different
subfactors, Sm, Sr, R, weighted averaged of annual C; and also the
effect of rainfall depth and temperature on differential plant and
vegetation growth across areas which subsequently is incorporated
into the model predictions. The analysis of statistically significant
differences among C values in Table 6 shows that C values differed
among managements for the same area, but also that they tend to
differ significantly for the samemanagement among the areas. This
result suggests again that the variability in C values among different
areas needs to be properly addressed and interpreted, particularly
because in most RUSLE based erosion analysis, it tends to be
extrapolated from tables offering average values for various man-
agement classes (e.g. Panagos et al., 2015b). Another interesting
exercise is that of comparing our array of C values with those
proposed in the literature for different soil management. For
instance, the C-factor values calculated for PCC managements,
actually happening at the vineyards, resulted lower, up to more
than 10 times smaller, than the minimum value estimated at Eu-
ropean scale (Panagos et al., 2015b). The range of variability of C
values between protecting, and non-protecting soil management
found in our study tend to be slightly wider than the one used by
Panagos et al. (2015b) for vineyards for RUSLE application at Eu-
ropean scale, 0.15e0.45, although interestingly it is not far off of

those proposed by Auerswald and Schwab (1999) for Germany, who
determined C-factor for vineyards with different soil management,
obtaining 0.59 for bare soil and 0.03 for permanent grass. These
differences with some of the published values, particularly the
lower C value for PCC might be the effect of differences in rainfall
distribution in comparison to the studies where previous C values
have been proposed. Furthermore, the incorporation of specific
values of vegetation cover, ground cover and surface roughness as
well as the incorporation of the Sm subfactor in the calibration of C,
contributed to extend the range of C-factor values, something that
seems to be supported by the analysis of the calibration strategies
against experimental data. Although the experimental dataset used
in our analysis is small, this result suggests that this is point of
concern in our current use of C values in vineyards across Europe,
and should be further explored.

Overall, theseresults showclearly the importanceofusingC-factor
obtained taking into account local management and climate, espe-
cially rainfall, which allows better soil losses prediction than using
literature values, referred to unknown or very different local and
management conditions, namely for a land use that is characterized
for such high variability. Also the need to introduce uncertainty in
proposedCvalues for simulationanalysis basedon farmmanagement
classes and/or ground cover determined by remote sensing should be
considered. For instance, Baiamonte et al. (2019) estimated the inter-
and intra-annual variability of C-factor in vineyards from remote
sensingdata,withmethodsusingNDVI.Almagroetal. (2019)used the
same method to estimate C-factor, and then calibrated it with
measured data: they obtained significant improvement in soil losses
estimation with RUSLE. ORUSCAL allows local estimation of C-factor
for a single vineyard, bymeans of datasets that can be easily obtained,
based on farmers’ knowledge, eventually integrated with some field
observations, and from local weather services.

Fig. 7. Cumulative probability distribution curves for C-factor for the different management and countries.
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3.3. Implications for further research, management options for wine
growers and related policies

Soil erosion risk predicted by ORUSCAL was exceeding the
tolerable erosion rate for most of current and hypothetical (but
possible) scenarios, up to more than 48 times higher in the worst
case scenario. While different regions, vineyards and management
strategies resulted in high variability of RUSLE factors and soil losses
estimation, predictions showed a good agreement with mid to long-
term monitoring data at similar scale. Only with the use of perma-
nent cover crop predicted soil losses were lower or close to soil
formation rate in Europe. The use of partial (alternate or temporary
crops) resulted in a substantial lowering of soil erosion risk (at least
43%), in agreement with the objectives of agri-environmental mea-
sures that have been implemented in the last decade in some Eu-
ropean countries, and also in some of the studied regions. In Austria,
for example, participation rates in erosion protection measures ac-
count for about 50% of the total vineyard area in Eastern Austria
(BMLFUW, 2016; €OsterreichWein, 2019); in Italy,15.4% of Piedmont’s
agricultural area utilized for vineyards (and orchards) adopted grass
covering for soil erosion prevention (Regione Piemonte, 2016).
Indeed, a recent analysis included in the Impact Assessment of the
post 2020 Common Agricultural Policy (European Commission, CAP
2021e2027, 2018) estimated the impact of cover crops on reducing
soil erosion in permanent crops by up to 37%. In addition, other
recent studies demonstrated that lower intensity managements in
vineyards generally leads to improved soil properties, biodiversity
and other eco-system services (Guzman et al., 2019; Winter et al.,
2018). Results of this study highlight the need for maintaining and/
or increasing the adoption of cover crops in order to achieve toler-
able soil erosion rates in European vineyards.

To reach such objective, local soil erosion risk estimation, also at
farm level is necessary, to increase awareness of stakeholders.
Models of the USLE family, especially RUSLE in more recent times,
have been widely used to assess the soil erosion risk in European
wine growing regions, at different spatial scales (Martínez-
Casasnovas & Bosch, 2000; Napoli et al., 2016; Pappalardo et al.,
2019; Pijl et al., 2019; Rodrigo Comino et al., 2016). Although many
authors have tried to use C values reflecting in the local management
conditions most adequately, in most occasion they used reference
values that were not locally defined and calibrated. The GIS map
representing the C-factor assessment for EU28, at 100 m resolution
(Panagos et al., 2015b), represents a widely used source for this
factor. The estimation of C-factors obtained in the present study
shows a great variability (also vineyard to vineyard) for this factor
and led to the identification of values that are not included in the
range proposed in the European map for vineyards. The imple-
mentation of ORUSCAL in different study areas across Europe shows
that it could be an effective strategy for the scientific community, for
calibration and identification of site-specific values for C-factor. It
could also be used for the evaluation of soil erosion risk under
different intensities of soil management with limited datasets, with
demonstrative and technical purposes. Indeed, ORUSCAL is proposed
as a simple and effective tool to simulate at field scale the effect of
implementation (or not) of soil conservationmeasures on soil losses,
based on datasets that can be obtained by a collaborative approach
involving farmers and technicians. The output can assist in designing
the most appropriate soil conservation measures for their commer-
cial vineyards and into disseminating best management practices.
Such approach would be crucial for increasing the participation and
awareness of farmers towards soil conservation measures to
implement effective soil conservation policies, as pointed by
Marques et al. (2015). Indeed, the advantage of using ORUSCAL is its
ability to estimate soil losses, but also the RUSLE factors taking into
account of the variability in soil, topographical, climate,

management conditions by means of datasets that are low-cost,
easily accessible (climate data, topographical) or that can be
retrieved from field observations and farmers’/technicians’
experience.

4. Conclusions

To best of our knowledge, this is the first comprehensive analysis
of predicting erosion rates at hillslope scale across different wine
growing regions in Europe, using the RUSLE approach with long-
term experimental data and farm based information. Our findings
suggest that the best strategy for calibration should incorporate the
soil moisture subfactor (Sm), since it provided the best soil loss
predictions. The comparison across the five wine-growing regions
indicates that PCC is the only soil management practice achieving
sustainable erosion rates across the areas studied, whereas ACC and
TCC failed to achieve this goal. Improvements in the implementation
of TCC, providing higher ground cover and/or during a longer time
period, or expansion of PCC in areas where it is currently rarely
implemented needs to consider the competition for soil water,
particularly in more dry areas. Differences in predicted erosion rates
across areas highlight the need to properly consider differences in
climate, topography, soil variability, and impact of management on
ground cover. This can only be made with a careful calibration
incorporating local specific features in order to avoid introducing
major bias in large scale studies when extrapolating RUSLE param-
eters, particularly the C factor. The C factor presented a large vari-
ability due to coupling with local climate and specific local
management. This raises the need for a careful use of C values
developed from different conditions, during RUSLE implementation.
Furthermore, it is essential to consider the farm to farmvariability in
C values within the same soil management type, even within the
same area. A probabilistic approach to the C distributionmight result
in more reliable data which could address the uncertainty of the
erosion predictions and the statistical significance of differences in
mean values among different areas and vineyard management.
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a b s t r a c t

Soil erosion is one of the main environmental problems in the Mediterranean area. This problem is
becoming even more important especially in Italy, in the Apennines, where severe erosive processes
occur due to the action of concentrated running water. The erodibility (K-Factor) of a soil, estimated using
the Revised Universal Soil Loss Equation (RUSLE), is a measure of its susceptibility to erosion and depends
on several soil properties such as organic matter, texture and permeability and structure.

To assess the spatial variability of soil properties and soil erodibility in hilly agricultural areas and to
investigate the relationships between soil features and landscape morphodynamics, a detailed study in
Molise region (southern Italy), in a small drainange basin located along its hilly Adriatic flank, was carried
out. In this catchment, 63 topsoil samples (A horizons) were collected and 10 soil profiles, forming a
catena crossing 3 land units, were sampled. The calculated K-Factors ranges between 0.012 and 0.048 t ha
h ha�1 MJ�1 mm�1 indicating a complex spatial distribution, due to the several local pedological and
geomorphological factors affecting soil erodibility. The results give clear evidence about the relationships
among soil characteristics, soil erodibility and landscape morpho-dynamics (land units).

Comparing the soil loss rates estimated for the study area with those reported in literature, a good
correspondence can be observed only for the more stable land unit, not characterized by intense erosive
processes. The proposed methodology is suitable to highlight areas characterized by similar morpho-
dynamics features, and comparable soil erodibility, for a more effective spatialization of K factor.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Soil erosion by water is one of the most significant environ-
mental problems worldwide (e.g. Borrelli et al., 2017) and
throughout Europe and the Mediterranean region (Boardman &
Poesen, 2006; García-Ruiz et al., 2013; Panagos et al., 2015; Torri
et al., 2006 and references therein).

In Europe, the highest average annual soil loss rates (at country
level) are found in Italy (8.46 t ha�1 yr�1), Slovenia
(7.43 t ha�1 yr�1) and Austria (7.19 t ha�1 yr�1), due to a combi-
nation of high rainfall erosivity and steep topography (Panagos

et al., 2015).
In Italy, highest soil erosion rates are found along the Apennines

and the surrounding hilly areas (Borrelli et al., 2018). Soil erosion is
largely concentrated in arable crop areas where it is frequently
triggered by the adopted agricultural and management practises
(Costantini & Lorenzetti, 2013; Panagos et al., 2015). Especially the
increasing exploitation of agricultural areas and the use of intense
tillage and farming are largely favouring soil loss due to water
erosion with a sensible reduction of the topsoil (Borrelli et al.,
2014). Furthermore, in many areas, the worsening of soil physical
properties due to soil compaction and related soil porosity reduc-
tion, caused by the passage of machinery, can be observed (Fatica
et al., 2019).

In the hilly-mountainous sectors of Molise region (Southern
Italy), due to their orography and complex lithological-structural
setting (Aucelli et al., 2001; 2010), water erosion (Aucelli et al.,
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2006) and mass wasting (e.g. Aucelli et al., 2013; Borgomeo et al.,
2014; Rosskopf & Aucelli, 2007) play a fundamental role in land
degradation and related loss of agricultural areas (Zumpano et al.,
2018). Especially on steep slopes, the prevalence of impermeable
and highly erodible clayey terrains, common land use practises
(Pisano et al., 2017; Zumpano et al., 2018), and the abandonment of
conservation measures such as terraces and waterways, increase
significantly the phenomena of water erosion and flooding, which
are easily triggered by intense and/or prolonged rainfalls (Aucelli
et al., 2004).

To predict soil losses and plan soil conservation, the most used
empirical models are the USLE equation (Wischmeier & Smith,
1978) and its revised form, the RUSLE version, which allow the
estimation of average annual soil loss based on the product of five
erosion risk factors. Two of these five factors are the result of
specific local geologic-geomorphological and climate characteris-
tics, namely the rainfall erosivity factor (R-factor) (Borrelli et al.,
2014) and the soil erodibility factor (K-factor) (Panagos et al.,
2014) that reflects the geopedological conditions and related
spatial variations.

The concept of soil erodibility is generally accepted to be related
to the susceptibility of the soil to erosion and is influenced by a
large number of soil properties related to the soil pedon that in-
fluence its depth and the vegetative growth (Parysow et al., 2003).
The main soil properties that control soil erodibility and, therefore,
potential soil losses, include particle size distribution, shape, size of
aggregates, bulk density, porosity and permeability, organic matter
and clay content, and chemical composition (Faulkner et al., 2004;
Pulice et al., 2009).

For areas lacking field experimental data, the K values can be
predicted by using the soil erodibility (K-factor) nomograph and
the related algebraic approximation proposed by Wischmeier and
Smith (1978) and reported in Panagos et al. (2014) that includes
five soil parameters, i.e. texture, organic matter, coarse fragments,
structure and permeability.

As demonstrated by Favis-Mortlock (1998), the results of RUSLE
models are often poor in areas other than those in which they have
been tested. Such models may also require input data that are not
always available for large areas with the necessary accuracy (e.g.,
Benavidez et al., 2018; Jones et al., 2003).

Regarding particularly soil erodibility, according to Panagos
et al. (2014) direct measurements of the K-factor are not finan-
cially sustainable at the regional or national levels. To calculate the
K-factor at the European level, these authors used the LUCAS topsoil
database, which is based on a density of topsoil sampling of about 1
per 199 km2, corresponding to a grid cell size of around
14 km � 14 km. The overall range of K values obtained by Panagos
et al. (2014) at the European level is 0.004e0.076 t ha h
ha�1 MJ�1 mm�1. The mean K-factor for the 25 Member States of
Europe is 0.032 t ha h ha�1 MJ�1 mm�1 with a standard deviation of
0.009 t ha h ha�1 MJ�1 mm�1. Their study provided a 500 m res-
olution K-factor map of Europe that was then employed in the
calculation of mean annual soil loss rates at the European scale by
means of a modified version of the RUSLE model (Panagos et al.,
2015).

For Italy, the mean K-factor calculated by Panagos et al. (2014) is
0.0322 t ha h ha�1 MJ�1 mm�1 with a standard deviation of
0.0077 t ha h ha�1 MJ�1 mm�1. Considering the protective effect of
surface stone cover, this value decreases to 0.0276 t ha h
ha�1 MJ�1 mm�1, corresponding to a reduction of 14.5% due to
stoniness.

The constructed soil erodibility dataset (Joint Research Centre of
the European Commission, 2014) surely represents a high quality
resource for soil erosion estimations at regional to national levels
and allows overcoming the limited data availability for K-factor

assessment especially for large-scale studies. Nevertheless given
the low density of topsoil sampling points, it may not correctly or
exhaustively represent the soil features and related soil erodibility
at smaller spatial scales.

Therefore, to avoid the risk of using too rough K-factor values, in
the present study, a detail scale analysis was carried out in a small
test area located in Southern Italy with the aim to assess the spatial
variability of soil properties and soil erodibility in hilly agricultural
areas and to investigate the relationships between soil features and
landscape morphodynamics.

The test area (about 2.67 km2) is located on the hilly Adriatic
flank of the Molise region, and falls in the headwater portion of the
Rivo River catchment, a small-sized catchment of approximately
80 km2 that well represents the geological and geomorphological
conditions of this sector of the Apennine chain.

To characterize the local geopedological context, i.e. the rela-
tionship between soil properties and landscape features, 10 soil
profiles forming a soil Catena (Birkeland, 1999) were analysed. To
assess the spatial variability of the K-factor, we analysed the top-
soils sampled along the nodes of a 300 m square grid covering the
entire test area (on total 63 samples) and those coming from the 10
soil profiles of the catena. The resulting spatial resolution of
calculated K-factors (measured by the RUSLE equation) is 13 points
for km2.

2. Materials and methods

2.1. Site description

The Rivo catchment is located on the Adriatic flank of the Molise
Apennine. This sector of the Apennine chain is characterized by a
dominant hilly morphology and elevations ranging between 150 m
(minimum height of main valley floors) and 1000 m a.s.l.
(maximum height of some isolated peaks) (Aucelli et al., 2001,
2010). The landforms are mainly developed on clayey-marly lime-
stone successions and siliciclastic deposits belonging to the Upper
Cretaceous-Miocene Sannio Units and the Upper Oligocene-
Miocene Molise units (Vezzani et al., 2004; ISPRA, 2015). The
prevalence of mostly pelitic rocks with scarce to nil permeability
has allowed the development of a dense fluvial network. Major
water courses have incised deep V-shaped valleys suspending
ancient mature landforms, that are represented by polycyclic,
gently dipping erosion surfaces in summit position and hanging
valley side glacis (Amato et al., 2017; Aucelli et al., 2011). Valley
flanks are affected by intense and widespread erosion phenomena.
Especially steeper portions are evolving under the action of running
surface water and mass wasting processes (Aucelli et al., 2010). The
latter affect widespread especially clayey steep slopes (Borgomeo
et al., 2014; Pisano et al., 2017; Rosskopf & Aucelli, 2007) and
represent one of the main issues for landscape management
(Zumpano et al., 2018).

The Rivo catchment has altitudes ranging from 225 to 887 m
a.s.l. (Fig. 1) and is underlain by prevailingly argillitic, marly and
arenaceous rocks. It is characterized by a temperate climate, with
mean annual rainfall and temperatures ranging respectively be-
tween 650 and 800mmand 5 and 30 �C. The regime of temperature
and precipitation leads to the identification of an arid summer
period that lasts about 4 months (Aucelli et al., 2006). Most of the
annual precipitation occurs during the late autumn and spring
months. Prolonged and extreme rainfall events occur periodically
and are responsible for huge erosion related both to landslides and
water erosion (Aucelli et al., 2004).

From a morpho-dynamic point of view, the Rivo catchment and,
with it, the test area, is characterized by five major land units. The
latter are distinguished from each other not only by different slope
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gradients, morphology and elevation, but most of all by different
dominant erosive processes responsible for their current geomor-
phological evolution.

- Unit A: flat or slightly rounded summit erosion surfaces, subject to
splash and sheet erosion. This unit is made of flat or slightly
rounded remnants of morphologically mature surfaces, with
slope gradients ranging generally from 3% to 10%, which are
located at altitudes between 750 and 800 m above sea level.
These surfaces are generally of erosional origin, i.e. are relicts of
ancient valley floor morphologies that preceded the progressive
incision and valley downcutting by the current hydrographic
network. In some cases, however, these surfaces are the result of
morphoselective erosion and correspond to the presence of rock
banks in a sub-horizontal position that are more resistant to
erosion. The lithological substratum is represented by
arenaceous-marly and clayey rocks. Only mild erosion occurs on
these surfaces, especially splash and sheet erosion. Due to the
characteristic low slope gradients, the prevailing land uses are
rainfed crops and marginally vineyards.

- Unit B: low to medium gradient connecting slopes subject to rill
erosion. The connection between the summit land unit A and the
slope unit C or the valley floor unit A1 is represented by straight
or concave-convex slopes characterized by slopes generally
between 7% and 25%. These slopes are located at altitudes be-
tween approximately 600 and 800 m above sea level. Among
erosive processes, rill erosion prevails, to which solifluction
phenomena and sporadic episodes of incipient gully erosion are
added. The prevailing land use are rainfed crops, vineyards and
only in a marginal area a forest is present.

- Unit C:moderately steep to very steep valley slopes subject towater
erosion and gravitational processes. This unit, according to pre-
vailing erosion processes, has been divided into the following
three sub-units. Despite unsuitable morphology, this unit is
partly occupied by crops, and only in the steepest areas grass-
land and wood in the early stages of development are found.

- Sub unit C1: high gradient connecting slopes mainly affected by
landslides. These generally concave-convex slopes are prevail-
ingly located at 500 and 600 m of height. They have high slope
gradients, generally exceeding 25%, and are widespread affected

by landslides. The dominant substratum is clayey, and soils are
generally strongly reworked.

- Sub unit C2: High gradient connecting slopes affected prevailingly
by badlands. This landscape unit is mainly located near to the
mainwaterways and has a reduced areal extension. It is affected
by badland erosion, i.e. by particularly severe concentrated
surface and sub-surface water erosion, and devoid of both
vegetation cover and fertile soil cover.

- Sub unit C3: High gradient connecting slopes prevailingly affected
by gully erosion. This landscape unit is very similar to sub-unit
C1, but affected prevailingly by gully erosion. This erosion phe-
nomenon occurs especially in areas that were affected by
landslides in the past, that had stabilized or had become
intermittent.

- Unit Al: Aggraded valley floor. This landscape unit corresponds to
the flat, low gradient valley floor reaches generated by sedi-
mentation and riverbed aggradation.

- Unit E: bare rock outcrops. A characteristic element of the Rivo
catchment and the study area is represented by some outcrops
of bare rock, represented by huge calcareous rock spurs brought
out by selective erosion operated by surface water (Filocamo
et al., 2019).

2.2. Pedological sampling and laboratory analyses

Two campaigns of soil sampling and characterization were
carried out in the test area.

Ten soil profiles, forming a soil catena, were sampled along a
1.7 km long transect that crosses from waterdivide to waterdivide
transversally the headwater area of the Rivo catchment, inter-
cepting land units A, B and C (Fig. 2). For each profile, field
description of soils wasmade in accordancewith the FAO (2006). To
classify the soils according to the criteria proposed by IUSSWorking
Group WRB, 2015, main diagnostic horizons were subjected to
physical and chemical laboratory analyses.

Furthermore, a systematic sampling of topsoils in 63 georefer-
enced points corresponding to the nodes of a 300 m square grid
(Fig. 3a) was carried out. The uppermost, 20-cm thick soil portions
were picked up. The sampled topsoils were very poor in skeleton

Fig. 1. Location and altimetric map of the Rivo catchment. The location of the test area is indicated with a frame.
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(rock fragments > 2mm); only those sampled on steep slopes had a
very limited skeleton. Furthermore, being the study area mostly
underlain by argillites, sampled topsoils were devoid of surface
stone cover.

All soil samples were subjected to chemical and physical labo-
ratory analyses using the air dried and sieved (<2 mm) parts of the
soil samples, following the Italian Methods Manual on Soil

Chemical Analyses (Colombo & Miano, 2015): the soil pH was
potentiometrically measured on suspensions soil-H2O (1:2.5 ratio);
the soil organic matter (SOM) content was determined by means of
the dichromate oxidation procedure and based on results; the
cation exchange capacity (CEC) was determined by BaCl2; texture
and the related particle size distribution were determined after
sieving by the pipette method, the very fine sand (0.05e0.1 mm)

Fig. 2. Photos illustrating the 10 soil profiles (psn1-psn10) forming the catena (psn is the acronym of “Salcito profile number”).
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was determined as 20% of the sand fraction; furthermore, the bulk
density and calcium carbonate content were analyzed, as these
parameters can be considered good indicators of accelerated
topsoil erosion.

The most common statistical parameters (Table 2) were deter-
mined by using the software Statistica 10.

2.3. Soil erodibility estimation

The soil erodibility or K-Factor (t ha h ha�1 MJ�1 mm�1) was
estimated on the basis of soil properties of the 63 sampled topsoils,
such as particle size composition, content of organic matter, soil
structure and permeability. This factor represents the soil loss rate
per erosion index unit for a specified soil as measured on a standard
plot. The values of the K-factor of the topsoil samples were

Fig. 3. Location of the 63 topsoil samples, according to a square grid of 300 m (a). Location of the 10 soil profiles (psn1-psn10) forming the catena (b) and related cross-profile
showing their relationship with the distinguished land units (c). U.A. ¼ Unit A: flat or slightly rounded summit erosion surfaces; U.B. ¼ Unit B: low to medium gradient con-
necting slopes subject to rill erosion; U.C. ¼ Unit C: moderately steep to very steep valley slopes subject to water erosion and gravitational processes. U.Al ¼ Unit Al: aggraded valley
floor. A detailed description of landscape units is given in the text.

Table 1
FAO classification and main characteristics of the catena soil profiles.

Profile code FAO Classification Depth (cm) Elevation (m a.s.l.) Slope gradient (�) Lithology a Cracks (mm) SOM (%) Clay (%)

psn4 Haplic Vertisols 210 739 0.4 M >10 2.5 65
psn1 Haplic Vertisols 160 723 4.6 ARG <10 1.8 61
psn2 Haplic Vertisols 150 690 4.9 ARG >10 2.1 60
psn3 Haplic Hypercalcic Vertisols 190 650 15.4 ARG <10 2.1 58
psn8 Luvic Calcisols 45 720 16.9 ARG 3e5 5.7 41
psn7 Cambisols 260 714 6.5 ARG No 2.3 21
psn6 Calcaric Cambisols 150 725 16.3 A <10 3.1 45
psn10 Haplic Calcisols 130 700 11.5 ARG No 1.5 38
psn9 Luvic Calcisols 150 700 11.5 ARG No 1.0 27
psn5 Brunic Skeletic Leptosols 45 770 3.9 A No 2.2 13

a Parent materials are principally sedimentary rocks: Argillite (ARG), Arenite (A), Marls (M).
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calculated using the following formula of Wischmeier and Smith
(1978):

K ¼ 2:1� 10�4
�
12� OM

�
M1:14 þ 3:25

�
S� 2

�
þ 2:5

�
P � 3

�

�
.
7:59� 100

(1)

where K is expressed in t ha h ha�1 MJ�1 mm�1, OM represents the
organic matter content (%), M defines the relations between per-
centages of silt, very fine sand and clay content (% silt þ % very fine
sand)/(100 - % clay), S represents the soil structure code (S¼ 1: very
fine granular, S¼ 2: fine granular, S¼ 3:medium or coarse granular,
S ¼ 4: blocky, platy or massive), and P the permeability class.

To estimate the permeability, the field-saturated hydraulic
conductivity was measured in the field using a double-ring infil-
trometer (six measurements per land use, each one with five rep-
etitions). The soil structure class was defined in accordance with
Renard et al. (1997). Since the sampled soils were found to have
no surface stone cover, no adjustment of the K-factor (Panagos
et al., 2014) was necessary.

2.4. Model and parameter estimation of average annual soil loss

Average annual soil loss was estimated by using the modified
version of the RUSLE model and the following equation:

A ¼ R � K� LS� C� P (2)

Where A is the estimate average annual soil loss (t ha�1 yr�1)
caused by sheet and rill erosion.

R is the rainfall erosivity factor (MJ mm ha�1 h�1 yr�1), K is the
soil erodibility factor (t ha h ha�1 MJ�1 mm�1), LS is the slope
length-gradient factor (dimensionless), C is the cover-management
factor (dimensionless), and P is the support practice factor
(dimensionless).

To calculate the R-factor, the time-series used in this study
consisted in a continuous 80-year precipitation data record
(1920e2000) coming from the Trivento station. The investigated
time period sufficiently represents the inter-annual and decennial
variability of rainfall.

The R-factor was derived as a mean of 6 equations (Arnoldus,
1977 and, 1980; Lo et al., 1985; Renard & Freimund, 1994; Yu &
Rosewell, 1996) and correspond to a value of 1579 MJ mm
ha�1 h�1 yr�1.

For the calculation of the K-factor, equation (1) was used as
already described in the precedent section 2.3.

The LS-factor was directly calculated on the basis of a high-
resolution (5 m resolution) Digital Elevation Model of the study
area, implemented in the ESRI ArcGIS environment according to the
following equation:

LS ¼ 1:4� ðAr\22:13Þ � 0:4� ðsinb\0:0896Þ � 1:3 (3)

where Ar¼ catchment area calculated for each grid cell of DEM and
b ¼ slope (Mitasova & Brown, 2002; Mitasova et al., 1996).

Spatial data for the C-factor, which defines the type of land cover
present in the study area, were extracted from the IV Level of the
CORINE Land Cover dataset (Corine Land Cover, 2012).

Regarding the C-factors for the land cover types present in the
study area, we adopted, according to Borrelli et al. (2014), the
following values: 0.22 for conventional crops (rainfed croplands),
0.66 for vineyards, 0.05 for grassland and 0.007 for forest-based
land management.

The P-factor accounts for conservation practices that reduce the
erosion potential of the surface runoff thanks to their influence on
drainage pattern, runoff concentration, runoff velocity, and hy-
draulic forces exerted by surface runoff on the soil. The value of the
P-factor was set equal to 1 because in the study area, water erosion
control procedures that respond to the soil conservation practice
are lacking, while soil tillage is frequent.

3. Results

3.1. The soil catena

The performed surveys and related analyses evidence different
types of soils within the study area. The differences found are to be
linked not only to the different parent materials from which these
soils have originated, but also to the geomorphological context to
which they belong. The catena allows the investigation of the re-
lationships between soils and slope features, especially hydrology,
acclivity, morphology and morphodynamics (erosion e deposition)
(Fig. 3). The soil profiles change along this sequence together with
drainage and geomorphological conditions, and are the result of the
interaction between parent material, climate and their position on
the slope. According to the FAO classification system (IUSSWorking
GroupWRB, 2015), the soils forming the catena were classified into
four categories (Table 1): Vertisols (clay soils, well structured,
deeply cracked and characterized by a modest calcium horizon),
Calcisols (characterized by a superficial calcium Horizon), Cambi-
sols (young soils in an initial stage of differentiation, characterized
by a Bw horizon) and Leptosols (very thin soils with a massive
structure and sandy texture in direct contact with the parent
material).

3.2. The Vertisols along the soil catena

In soils characterized by marked vertic properties, deep cracks
extending up to a considerable depth (>1 m) are found widespread
within the soil profile. Cracks can play a double role. During rainfall
events of limited duration, they represent an effective system for
the deep drainage of infiltration waters, helping to limit surface

Table 2
Summary statistics of the content of soil organic matter (SOM), texture (percentages of coarse sand, fine sand, silt and clay), calcium carbonate content and K-factor of the 63
topsoils.

SOM Texture CaCO3 K factor

(g/Kg) Coarse Sand (%) Fine Sand (%) Silt (%) Clay (%) (g/Kg) t ha h ha�1 MJ�1 mm�1

Mean 26.35 5.23 36.8 35.13 22.09 47.51 0.027
Median 24.96 2.48 33.43 38.05 23.28 15.79 0.025
Variance 106.26 43.21 126.3 87.5 51.13 2967.5 4,55*10-5

Dev_st 10.31 6.57 11.24 9.35 7.15 54.47 0.0067
Skewness 0.79 2.24 0.37 �0.96 �0.13 1.0 0.85
kurtosis 0.49 4.52 �1.17 0.68 �1.04 �0.12 1.15
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runoff; however, when intense and/or prolonged rainfall events
occur, cracks can be completely saturated, favoring in this way the
formation of subsurface erosion phenomena due to piping.

The performed analyses evidence that the deepest soils occur
both on the flat gently sloping top surfaces of land unit A (psn 4)
and on the uppermost portion of land unit B (psn 9). In particular,
the profile of soil psn 4 (Fig. 3, Table 1) is about 1.7 m deep, well
pedogenized, very clayey (65%) and well structured (large sub-
angle polyhedral structure). It is furthermore characterized by
abundant and very deep cracks, good decarbonation, a deep cal-
cium horizon with abundant calcium carbonate concretions, and a
Bss diagnostic horizonwith typical highly developed “pressure and
sliding faces” (slickensides). According to the FAO classification
(IUSS Working Group WRB, 2015), this soil is a Haplic Vertisols.
Slightly downslope, soil profiles psn 1 and psn 2 are found (Fig. 3),
which show very pronounced vertic properties, but are shallower
and at a less advanced stage of pedogenesis and alteration of parent
material when compared with psn 4. Moving further downslope,
the psn 3 profile is found that falls in the landscape unit C1. This
profile stands on a steep plowed slope, showing signs of a rather
recent surface landslide, and lacks the Ap horizon. Also in this case,
the texture is mainly clayey but SOM and the CEC are lower. A
buried horizon B was found within this profile that confirms the
tendency of the slope to be affected by very shallow landslides.
Therefore, the psn 3 is recognized as a rejuvenated soil, in which
the upper part has been removed, and on which erosive processes
still act intensely. In this perspective, the abundance of calcium
carbonate in the upper horizon is to be understood as a good in-
dicator of soil rejuvenation: in fact, the levels of calcium carbonate
are compatible with those found in the B horizon of profile psn 4,
indicating the removal of part of the superficial horizon.

3.2.1. The Leptosols, Cambisols and Calcisols
The psn 5 profile corresponds to very thin soil without well

developed horizons, although located in the uppermost part of
landscape unit A. This soil is still in an initial phase of evolution, due
to lowweathering of the underlying rock and probably because it is
subject to particularly intense erosion phenomena, and has been
classified as a Haplic Leptosols (Calcaric, Eutric). The psn 5 profile is
massive and very sandy, has no B horizon and is characterized by
moderate CEC and SOM content, as well as a rather high pH due to
the high carbonate content. These findings highlight that the soil
manifests serious symptoms of surface erosion, which can only
partially be justified by the action of surface water. Its high sand
content and low percentage of clay are due to the parent material,
since this slope is set on weakly cemented sandstones (the
arenaceous-pelitic complex), and certainly influenced the soil a
high erodibility. Themost striking feature of this soil is certainly the
lack of structure and surface cracks. We can conclude that there are
important textural differences between this and the other profiles.
The stage of pedological development may have been caused by
human activity rather than by natural phenomena. In particular,
tillage erosion most likely has influenced its development and
contributed to speeding up the erosion processes.

Cambisols (psn 6 and psn 7) and Calcisols (psn 9 e psn 10) have
lower clay contents but partially show a good structural stability. In
general, the Cambisols are present in areas affected by high rates of
water erosion, and in regionsmainly developed on parent materials
that are resistant to clay movement through the profile. They show
a low differentiation of sub-superficial horizons due both to slow
weathering of parent material and continuous removal of the sur-
face horizons with the water runoff.

3.3. The topsoils

The mean results in Table 2 show significant differences be-
tween land uses and soil classification. With reference to the par-
ticle size distribution (Table 3), the top-soils (A horizons) aremostly
sandy loam, formed mainly of fine sand, followed by silt and low
quantities of clay.

Tables 2 and 3 show the main soil properties used to evaluate
the K-factor. The SOM content of the soil samples reaches a mean
value of 25 g/kg, indicating that most topsoil samples have overall
moderate to high SOM contents. As for texture, the mean reference
values are represented by the following percentages: fine sand
36.8%, silt 35.13% and clay 22.09%. Therefore, from a textural point
of view, the analysed soils were defined as sandy loam soils.

The study discloses an overall mean K-factor of 0.0027 (±0.0067
SD) t ha h ha�1 MJ�1 mm�1 for the study area. Analyzing the K-
factors in relation to different land units, moderate differences can
be observed. Anyway, land unit C is characterized by the highest
mean value, namely 0.029 (±0.006 SD), and therefore appears more
prone to erosion.

4. Discussion and conclusions

From the pedological point of view, we can draw some conclu-
sions by observing in detail some chemical and physical charac-
teristics of the soils moving along the catena, starting from psn 4,
i.e. the profile that shows the best state of development among the
10 investigated profiles. Psn 4was developed on a planar slopewith
a very weak inclination, largely used for agricultural purposes, and
affected bymild phenomena of surfacewater erosion such as splash
and sheet erosion, subordinately rill erosion. The profile, mainly
with vertic properties, appears fully developed. Proceeding along
the morphodynamic gradient, it is possible to note that the erosive
processes and the position of the profile itself become predominant
in the evolution and state of conservation of the profile. In the most
sloping portions of the slope, we note that the profile is less
developed, less deep, and characterized by possible beheadings due
to surface erosion. Furthermore, it is possible to note how the land-
use that overlaps and sometimes totally alters the natural process
of pedogenesis, can cause the acceleration of erosive phenomena
up to the total loss of the most fertile portion of the soil, with a
consequent serious environmental damage. It is therefore clear that
there are significant relationships between the land units, the
denudation processes that act on them and the soils that can
develop on them; it is also clear that through a pedological survey it
is possible to “read” some signs that allows us to understand which
is the most important erosion process and what damage it has
caused and is causing.

This study shows that it is possible to use a modeling approach -
the RUSLE based method - to develop a detailed spatial soil infor-
mation to assess the distribution of erosion risk within a small
catchment.

For Italy, the mean K-factor calculated by Panagos et al. (2014) is
0.0322 t ha h ha�1 MJ�1 mm�1with a standard deviation of
0.0077 t ha h ha�1 MJ�1 mm�1. In the study area, the mean K-factor
is slightly lower than the national one and corresponds to 0.027
(±0.0067 SD) t ha h ha�1 MJ�1 mm�1 (Table 2). Considering the
different land units, the K-Factors derived from the topsoils range
from 0.026 to 0.029 t ha h ha�1 MJ�1 mm�1 (Table 3), with the
highest average value obtained for land unit C. In addition, the K
values obtained for the catena soil profiles are largely in agreement
with those derived from the topsoils (Table 3). Anyway, in our
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statistical analysis we have not considered the K values calculated
for the catena profiles, because the soil sampling was made using
major depth intervals with respect to those used for topsoil sam-
pling (20 cm).

Examining the soil parameters considered, the texture data
highlight that the content of fine sand is themajor force influencing
the K-factor values. In fact, the fine sand content is 14% higher in
land unit C than in land unit A, and about 8% higher than the overall
mean value of the study area (data not show). In land unit C, silt
contents remain stable, while clay contents decrease with respect
to the overall mean.

In general, higher K values occurr in the central part of the study
area, with three important hot-spots in correspondence of steep
slopes (>30%) of land unit C. Moderate K-Factor values are found on
the gentle slopes, where the main development of soils is charac-
terized by vertic properties with slopes generally between 5% and
10%. The positive influence of the clayey soil texture on the soil
resistance to water erosion is evident at a glance for a group of soils
of land unit A: deep soils with good infiltration capacity and rela-
tively good permeability are among the most resistant (psn 4). In
some cases (particularly on steep slopes, sub-unit C1), the Vertisols
(psn 3) may have been strongly influenced by severe erosion. Land
unit B hosts the soils most frequently occurring in the Apennine
area, mainly Cambisols and Calcisols. The group is very variegated,
both because of different sedimentary substrates (arenaceous-
marly and clayey rocks) and to variable pedogenesis. Regarding the
Calcaric Cambisols (psn 9 and psn 10), major contents of calcium
carbonate in horizon A evidence that they have undergone major
water erosion and a low differentiation of soil horizons.

Based on the RUSLE approach and calculated K-factors, annual
soil losses have been estimated for the study area according to land

units and prevailing land use categories.
The mean erosion rate in land unit A (slightly rounded top

surfaces) was obtained for vineyards with 17.87 (±7.55 SD) t
ha�1 yr�1, followed by rainfed crops with is 5.96 ± (2.5 SD) t
ha�1 yr�1. Shrubland (1.35 ± 0.57 t ha�1 yr�1) and natural forests
(0.19 ± 0.08 t ha�1 yr�1) have significatively lower values. The land
unit B, according to higher K-Factors and slope gradients with
respect to land unit A, shows also significantly higher mean soil
erosion rates for all land uses (Table 4). Especially for rainfed crops,
a mean value of 19.6 (±17.2 SD) t ha�1 yr�1 was obtained. This value
is twenty fold higher than that estimated by Aucelli et al. (2006)
based on direct measurements in a test plot (test plot station of
Morgiapietravalle) during only three years of monitoring
(2002e2004).

For land unit C (high slope connecting slopes), a value of
41.01 ± (25 SD) t ha�1 yr�1 has been estimated for rainfed crops,
suggesting a very high erosion risk.

Comparing the soil loss rates estimated for the study area with
those reported in literature, a good correspondence can be
observed for land unit A (8.38 t ha�1 yr�1 for arable land, Panagos
et al., 2015; 5e10 t ha�1 yr�1 estimated for the province of Cam-
pobasso, Van der Knijff et al., 2000). Considering land unit B, esti-
mated erosion values are considerably higher with respect to those
reported by Panagos et al. (2015). Therefore, in unit B and C, some
anti-erosive practises coupled with more sustainable cultures are
highly recommended.

In conclusion, the pedological characterization of the soil catena
allowed to identify four different soil categories (Vertisols, Calci-
sols, Cambisols and Leptosols) that reflect the geomorphological
context to which they belong. Furthermore, the results of this
research clearly indicate a strict relation between soil characteris-
tics, land cover, soil management and soil erodibility (K-Factor)
along the catena.

Despite the limited catchment extension, the RUSLE approach
and the calculated K-factors, evaluated on topsoils, highlighted a
complex spatial distribution of soil erodibility, linked to several
local pedological and geomorphological factors. Future study could
use the obtained pedological informations to improve soil erod-
ibility evaluation in areas lacking topsoil data.

This approach can help implementing soil conservation strategy
(Minimum or zero tillage, crop rotation, soil seeding etc.) carried
out at National and EU level, since local methodologies may suffer
from a large heterogeneity, uncertainty, low consistency and, in
many regions, total lack of soil information.

This study can help the decision makers to take sustainable land
use management and soil conservation measures in similar catch-
ment in Italy. Hence, substantial conservation practices should be
evaluated in similar landscape in terms of soil loss. In fact, high and
extreme erosion occur mainly in areas that show significant
changes in land use or in abounded area, for instance: steep slope
cultivation and barren land.
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a b s t r a c t

Slope length and slope steepness are critical topographic factors (L and S) in the Universal Soil Loss
Equation (USLE) and Chinese Soil Loss Equation (CSLE) for soil erosion modelling. Both slope length and
slope gradient are potentially sensitive to spatial resolution when calculated in a GIS framework. The
resolution effect on the LS factor and approaches suitable for improving the LS factor at a coarse reso-
lution have not been well identified. To address this problem, the LS factor at 5-m and 30-m resolution in
twenty-four watersheds with various terrains was estimated. And a downscale model based on matching
of the lower resolution LS cumulative frequency curves to a higher resolution (“Histogram Matching”
method) was tested for its potential to improve LS factor estimation accuracy. In the larger relief
mountainous area, compared to 5-m resolution, the 30-m resolution generated LS was generally over-
estimated by more than 20% and in lower relief areas underestimated by more than 15%. This bias is less
than 10% in medium relief areas. The downscale model improved LS factor estimates compared to the 30-
m resolution estimate by more than 10% when comparing frequency distribution curves and more than
20% in mean values in larger relief areas. The downscale model worked well in all regions except for the
low relief areas, which intuitively are the low soil erosion potential areas. The results of this research help
quantify the uncertainty in soil erosion estimates and may ultimately help to improve the assessment of
soil erosion through its impact on LS factor estimates, especially at regional and global scales.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Topography is an essential factor affecting soil erosion. The slope
length and steepness factors (L and S) are the topographic param-
eters in widely used soil erosion models such as USLE (Wischmeier
& Smith, 1978), RUSLE (Renard, 1997), and CSLE (Liu et al., 2002).
The DEM based procedure for LS factor calculation was developed

(Fu et al., 2015; Hickey et al., 1994; Van Remortel et al., 2001; Zhang,
Wei, et al., 2017) subsequent to the development of Geographical
Information Science (GIS), which has primarily expanded the
application of USLE and related models, especially for large-scale
soil erosion modelling (Borrelli et al., 2017; Panagos et al., 2015;
Yin et al., 2018). Topographic factor accuracy depends on the quality
and resolution of the input elevation dataset (Wilson & Gallant,
2000). For the combined effect on the L and S factors, LS is usu-
ally calculated together as a single LS factor in GIS applications of
USLE based erosion models. Exploring the effect of resolution on
the LS factor and its downscaling approach is essential to
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understanding the uncertainty in erosion modelling and finding
possible ways to improve erosion estimation. Most researchers
agreed that slope gradient decreased with resolution reduction
while slope length increased (Lu et al., 2020; Wolock & McCabe,
2000). The results are not consistent with those for the LS factor.
Wu et al. (2005) reported an LS factor decrease with a lower DEM
resolution in the State of Virginia, USA; this result was supported by
Fu et al. (2015) and Lu et al. (2020) within sampled watersheds in
China. Shan et al. (2019) reported an increase of the LS factor as
resolution became coarser in an Australia mountain area with high
relief. Under some specific situations, for example, for regions with
terraces, an LS factor increase was observed when resolution went
from 0.5 m to 30 m (Zhang, Baartman, et al., 2017).

However, most of the research addressing LS factor differences
associated with DEM resolution variations focused on a local area
or several watersheds with similar topographic characteristics.
That might be the reason for conflicting results in the previously
mentioned researches. More exploration across varied terrain
types is needed to reach a more reasonable explanation of reso-
lution impact on LS values and to identify possible solutions to
reduce the uncertainty caused by a coarser resolution DEM used
with large-scale erosion modelling. This is especially important at
the 30-m resolution level since several of the global public
elevation datasets, such as the Shuttle Radar Topography Mission
(SRTM), are at or near a 30-m DEM. Additionally, SRTM has been
used in large scale erosion modelling (Borrelli et al., 2017) even
with the lower 3 arc-seconds resolution version. The use of 30-m
resolution public elevation datasets would offer better options to
future global scale erosion and other land surface process
modelling.

The objectives of this study are to identify the influence of 5-m
to 30-m resolution DEMs on LS factor estimations in varied terrains,
evaluate the uncertainty of these estimates, and build a downscale
model to reduce this uncertainty. This research will help quantify
the uncertainty and improve the quality of LS factor estimates and
ultimately help to improve the assessment of soil erosion by using
USLE related models, especially at regional and global scales.

2. Material and methods

2.1. Study area

Six terrain relief types from different North American regions
were investigated in this study. Regions are classified based on
relative relief, or differences between maximum and minimum
elevations in a 25 km2 domain. The relative relief was calculated
based on DEM with a resolution of 1 km. The relative relief classi-
fication levels used in this study are Small (<30-m [SR]), Small and
Medium (30-m - 50 m, [SMR]), Medium (50 me150 m [MR]), Large
and Medium (150 me300 m [LMR]), Large (300 me800 m [LR],
Extremely Large (�800 m [ELR]). In each region (see Fig. 1), four
watersheds with area from 6.7 km2 to 16.4 km2 were chosen. These
watersheds were selected due to their high-resolution dataset
availability. The detailed description for the twenty-four water-
sheds is shown in Table 1.

2.2. Base datasets and data processing

Elevation datasets were the primary inputs for this research. For
the extraction of the six relief regions, the 1-km resolution Global
Multi-resolution Terrain Elevation Data 2010 (“GMTED2010” for
short) (Danielson & Gesch, 2011) developed by United States
Geologic Survey (USGS) in 2010 was used. At the watershed scale,
two elevation datasets were used as base data for LS factor calcu-
lation. The 3D Elevation Program (3DEP) 1/9 arc-second

(approximately 3 m) product (USGS, 2017) derived from Lidar
clouds was used as a high-resolution data source. The NASA SRTM
Version 3.0 Global 1 arc-second (SRTMGL1v003) (approximately
30 m) (NASA, 2013) was used as a low-resolution data source.

Both the 3DEP and the SRTMGL1v003 datasets were projected
to user-defined UTM projection choosing the central watershed
longitude as the central longitude in UTM and resampled to 5-m
and 30-m separately. Subsequently, a Gaussian low pass filter
with a neighborhood of 3 cells by 3 cells was applied.

2.3. Procedures of the experiment

The experimental procedures are shown in Fig. 2. The 1-km
global relief dataset was obtained from GMTED2010 to classify
the land into six relative relief regions. Watersheds in each region
were selected based on the availability of fine-resolution elevation.
Then within each watershed, the 1/9 arc-second 3DEP dataset and
the 1 arc-second SRTMwere obtained from the USGS website. After
data preprocessing (section 2.2), the fine-resolution DEM (5m) and
the coarse-resolution DEM (30 m) were ready for LS calculation
using the software LS-Tools (Zhang, Wei, et al., 2017). Statistics of
the resolution influence on LS were conducted based on the two
resolution datasets. Subsequently, the LS Downscale models in the
six regions were generated.

2.4. Relative relief calculation

The relative relief was calculated based on the 1-km
GMTED2010 dataset and used to select samples for analysis. A
Focal analysis used the elevation range value of the neighboring
5� 5 pixels to identify the relative relief value of the central
pixel.

2.5. LS factor algorithm

The LS factor raster dataset was calculated from the slope
gradient and slope length raster according to the algorithm
developed by Liu et al. (2002). The calculation of S varies from the
algorithm used in the USLE (McCool et al., 1987) for locations
where the slope gradient is larger than 10�. The regions in this
research included steeply sloping areas, the reason why the al-
gorithm developed by Liu et al. (2002) was used. The LS factor was
calculated using the software LS-Tool (Zhang, Wei, et al., 2017).
The software was first published by Zhang et al. (2013). An
improved version was developed by Zhang, Wei, et al. (2017) and
could be obtained by personal communication Zhang, Wei, et al.
(2017).

The most time-consuming and challenging part of the LS
calculation is the slope length derivation (Hickey et al., 1994; Van
Remortel et al., 2001). In this research, the Multiple-Flow Direc-
tion (MFD) algorithm was used in calculating slope length by
using the latest version of LS-Tools (Zhang, Wei, et al., 2017). Ac-
cording to the definition of slope length given by (Wischmeier &
Smith, 1978), two types of locations for hillslope slope length
cut-points were used. The first is the center of the cell in which
deposition initially occurs, which means the location where the
slope gradient decreased to 70% of the upper slope gradient with
upper slope gradient <5%, and to 50% with upper slope gradient
>5%. The other type is where the hillslope meets a channel; the
channel cells were defined in the program by setting a threshold
of contributing drainage area. In each region, at each resolution,
this contributing drainage area threshold was selected based on
the visualization of channels within each elevation dataset. The
channels here referred to the end level of the channel that could
be observed on the elevation dataset. Where channels began, the
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flow direction extracted based on the elevation dataset tended to
be more concentrated on the channelized pixels, and also the
color on the DEM changed more than the hillslope pixels. Ten
channel initiation points from each watershed were observed, and
a mean contributing drainage area value for all points for each
region and resolution was used as the threshold value in the
program and is shown in Table 2.

2.6. LS downscale method

The LS downscale model was developed based on the Histogram
Matching theory often used in digital image processing. This
method was used by Yang et al., (2008) in the field of digital terrain
analysis for slope gradient downscaling. It was based on the rela-
tionship between cumulative frequencies of fine and coarse-

Fig. 1. Study regions.

Table 1
Basic information of each sampled watershed based on 5-m resolution.

Region Name Mean elevation (m) Elevation range (m) Mean slope gradient (�) Mean slope Length (m) Area (km2) Longitude Latitude

SR SR01 411.4 58.5 3.5 74.6 8.3 97.336� W 39.341� N
SR02 421.3 48.3 2.7 59.3 6.7 97.381� W 39.477� N
SR03 450.5 72.2 4.3 64.9 15.0 97.485� W 39.360� N
SR04 429.1 40.9 2.6 53.3 11.3 97.439� W 39.460� N

SMR SMR01 296.0 116.0 10.1 72.2 9.7 81.566� W 39.735� N
SMR02 273.9 113.1 11.7 71.5 8.0 81.638� W 39.652� N
SMR03 290.8 100.9 10.5 62.8 9.1 81.633� W 39.914� N
SMR04 308.4 92.9 8.2 94.0 7.2 81.701� W 39.917� N

MR MR01 371.2 256.0 22.8 126.0 9.4 80.569� W 39.609� N
MR02 348.6 228.4 21.3 127.5 10.9 80.705� W 39.653� N
MR03 339.3 197.2 20.4 112.6 12.1 80.682� W 39.305� N
MR04 340.7 217.3 20.9 111.1 16.4 80.621� W 39.353� N

LMR LMR01 493.8 371.7 27.5 103.0 9.4 81.805� W 37.523� N
LMR02 450.0 384.9 27.0 107.6 10.5 81.923� W 37.559� N
LMR03 475.5 446.8 28.1 118.6 10.6 81.813� W 37.636� N
LMR04 496.5 451.0 30.3 117.5 15.8 81.922� W 37.660� N

LR LR01 947.0 585.1 28.2 107.7 11.0 123.707� W 42.754� N
LR02 717.6 910.5 31.7 115.5 10.3 123.636� W 42.868� N
LR03 800.5 822.4 31.6 115.1 15.8 123.655� W 42.711� N
LR04 526.7 722.5 29.0 96.4 7.8 123.543� W 42.632� N

ELR ELR01 1192.1 1251.7 27.4 128.0 11.7 121.601� W 48.638� N
ELR02 1055.1 1149.2 24.3 114.0 10.5 121.653� W 48.586� N
ELR03 1124.3 1138.6 26.9 150.6 6.7 121.598� W 48.541� N
ELR04 1100.7 1102.1 27.3 127.9 8.6 121.557� W 48.534� N

*SR: small relief; SMR: small and medium relief; MR: medium relief; LMR: large and medium relief; LR: large relief; ELR: extremely large relief; The elevation range refers to
the maximum elevation minus the minimum elevation in each watershed.
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resolution terrain factors. Four steps for LS downscale processes are
illustrated in Fig. 3. In the first step illustrated in Fig. 3 (a), the
cumulative frequency curves were obtained based on both fine and
coarse-resolution LS rasters. Then pairs of LS values with the same
cumulative frequencies were identified and summarized in a table
in the second step shown in Fig. 3 (b). The third step shown in Fig. 3
(c) involves developing the mathematical model with coarse res-
olution LS values as X and fine resolution LS values as Y based on
the table generated by step two. The last step shown in Fig. 3 (d)
was to apply the mathematical model built in step three in the
ArcGIS raster calculator, with the coarse resolution LS raster dataset
as X, and the downscaled LS raster dataset as the Y raster in the
output..

Assuming the fine resolution LS factor is more accurate than the
coarse, this method adjusts the values of the coarse LS factor ac-
cording to the fine LS factor to make the former more closely
approximate the fine resolution dataset, without changing the pixel
size of the raster dataset. We anticipated the coarse and fine res-
olution LS would be different in varied terrain types, which makes
it important to classify the topographic surface into different
regions.

There are four watersheds in each relative relief region. For each
region, a unique downscale model was generated based on the
weighted average of frequencies at the four watersheds and then to
create averaged coarse and fine resolution cumulative frequency
curves, which helped to generate an overall downscale model (Eq.
(1))

PðXÞ¼
Xn

i¼1

si � PðxiÞ
,Xn

i¼1

si (1)

where PðXÞ refers to the weighted average LS frequency value at

Fig. 2. Procedures of the experiment.

Table 2
Threshold of contributing drainage area for channel cut for the slope length calcu-
lation (m2).

Region 5 m 30 m

SR 33,500 71,100
SMR 30,000 64,800
MR 29,500 53,100
LMR 29,400 53,100
LR 57,500 90,000
ELR 120,900 160,200

*SR: small relief; SMR: small and medium relief; MR: medium relief; LMR: large and
medium relief; LR: large relief; ELR: extremely large relief.

Fig. 3. Illustration of the four steps for the LS Downscaling method.
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each step of the frequency curve; PðxiÞ refers to the frequency value
at that step in the ith watershed; Si refers to the drainage area of the
ith watershed. Here in this research, n equals 4.

2.7. Statistics

Relative Error (RE) was used to quantify the LS factor mean value
accuracy. It was defined as in Eq. (2).

RE¼
�
meanc �meanf

�.
meanf � 100% (2)

Where RE refers to Relative Error; meanC refers to the mean LS
factor value at the coarse resolution; meanf refers to the LS mean
factor value at the fine resolution, which was defined as the
reference value. This parameter was used to quantify how much
uncertainty of the mean LS factor value would be attributed to the
resolution difference from 5-m to 30 m. Moreover, it was used for
quantifying the changes attributed to the LS downscale models on
mean LS values. A larger RE value indicates a poorer estimate of the
LS factor.

Relative Similarity of Cumulative Frequency was used to quan-
tify the similarity of two cumulative frequency curves, and it was
defined as Eq. (3).

RSCF ¼
�
1�

���Sf � Sc
���
.
Sf
�
� 100% (3)

Where RSCF was Relative Similarity of Cumulative Frequency, Sf
referred to the area between the cumulative frequency curve and
the X-axis of the fine-resolution LS factor; Sc referred to the area
between the cumulative frequency curve and the X-axis of the
coarse-resolution LS factor.

The larger the RSCF value, the more similar are the cumulative
frequency curves. In this research, The RSCF value was used as the
second parameter to show the downscale model efficiency. The
model worked better if the RSCF value between the downscaled LS
factor and the 5-m LS factor is larger than that between the original
30-m LS factor and the 5-m LS factor, which is three cumulative
frequency distribution curves we involved. RSCF estimates are
based on the area under the three cumulative distribution curves
from 0% to an arbitrarily defined cumulative frequency value. This
value was set as the largest of the LS values representing 95% cu-
mulative distribution among the three curves.

3. Results

3.1. LS scaling laws in varied terrain types

Fig. 4 (a) displays the mean LS factor value for each watershed at

5-m and 30-m resolution, and Fig. 4 (b) shows the RE (Relative
Error, Eq. (2)) values of the LS factor, S factor, and L factor for each
region. The mean LS factor values for the 30-m resolution for wa-
tersheds within SR, SMR, and MR were small relative to those for
the 5 m resolution, where the RE values of the LS factor were
negative. And 30 m resolution LS factor mean values were larger
within LMR, LR, and ELR, where the RE of LS factor was positive. The
largest RE value for the LS factor value between 30 m and 5 m
resolution, 56.0%, occurred in watersheds within the ELR region.
The absolute RE value was as small as -3.8%, which occurred in the
MR region. The RE value of the S factor was always negative; it was
always positive for the L factor within each region. In summary, the
S factor decreased as resolution became coarser, and the L factor
concurrently increased. The absolute values for the S factor RE
values were larger than those for L in SR and SMR regions, which
resulted in a negative RE value for the LS factor. This observation
was opposite in LMR, LR, and ELR regions, where the absolute RE
values of the L factor are greater than those for S factor. For the MR
region the absolute RE value of the L factor was slightly larger than
that of the S factor, while the LS value was still shown to be slightly
decreasing.

Fig. 5 shows the influence of resolution on the frequency and
cumulative frequency curves of the LS factor. The cumulative fre-
quency curves of LS at 30 m resolution generally moved to the left
side of 5 m resolution for SR, SMR, and MR regions, while it moved
to the right side for LR and ELR regions; for the LMR region, it
moved to the left side before the LS value reached 15, while it
moved to the right side after that. The LS values are underestimated
for coarser resolution in smaller relative relief regions and over-
estimated in larger relative relief regions.

Fig. 6 (a) and (b) show the land surface of the different water-
sheds spatially color-coded to depict the estimated LS factor
determined from DEMs with 5-m and 30-m resolutions. Note less
red and yellow color (lower frequency of high LS values, see Fig. 6)
exists in SR and SMR watersheds for the 30-m resolution than for
the 5 m resolution. The color-coded surfaces are quite similar for
both resolutions within the MR region. In LMR, LR, and ELR regions,
a frequency of higher LS values increased for 30-m resolution
compared to 5-m resolution estimates.

In general, the scaling effect on LS factor estimates varies by
region depending on region terrain characteristics. The mean value,
frequency distribution, and spatial visualization give consistent
evidence of the scaling effect. In some regions, for example, SR,
SMR, and MR regions, LS factors derived from a coarser DEM are
smaller than those derived from a finer DEM. And in other regions,
for example, the LMR, LR, and ELR regions, the opposite seems to be
true. Whether the LS factor is likely to be underestimated or
overestimated when using the coarser DEM dataset is determined

Fig. 4. LS Mean Value difference between 30-m to 5-m resolution for the six regions.
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by the relative absolute RE values of the S or the L factor. The next
step in addressing this LS scaling factor uncertainty is to test the
downscaling impact on LS predictability.

3.2. LS downscaling model and application

Table 3 shows the downscale models for each region based on
the histogrammatchingmethod described in Section 2.5. In Table 3,
y refers to the downscaled values of the LS factor, and x refers to the
LS values at 30 m resolution. N refers to the number of the LS pairs
(between high and low resolutions, see Fig. 3 (b)) with similar
cumulative frequency numbers; the values of N is decided by the
cumulative distribution curve step of LS and the maximum, mini-
mum values of LS in the specific area. R2 refers to the coefficient of
determination of the model, a higher R2 value indicates a better
model performance and less difference between modeled and
calculated y value in the cumulative distribution curve. The R2

values are larger than 0.95 in all regions. The relationship between
the 30-m resolution LS factor and 5 m resolution LS factor is mostly
linear, except in the low relief terrain.

Fig. 6 (c) shows the spatial distribution of estimated LS factors
after the downscale process. The downscaled LS factor surface was
more spatially similar to the 5-m LS factor (Fig. 6 (a)) than the 30-m
resolution (Fig. 6 (b)) based LS surface. The improvement of LS
spatial representation is more obvious in SR, LR, and ELR regions.

The effect of downscaling on LS predictability is illustrated in
Fig. 7; 30-m downscaled LS mean values are plotted against the 5-
m mean LS values across all terrains (in all of the 24 watersheds).
Compared to the mean LS values at 30 m resolution before down-
scaling shown in Fig. 4 (a), after downscaling, the mean LS values
were closer to 5-m LS values as the points in Fig. 7 more closely
approximate a 1:1 line.

Fig. 8 shows the cumulative frequency curves of 5-m, 30-m, and
downscaled LS factor for each relative relief area. The downscaled

Fig. 5. Frequency and cumulative frequency curves of the LS factor with 5-m and 30-m resolutions for the six regions.

C. Wang, L. Shan, X. Liu et al. International Soil and Water Conservation Research 8 (2020) 363e372

368



Fig. 6. Spatial distributions of 5-m, 30-m resolution and downscaled LS factor in typical watersheds in the six regions.
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LS cumulative frequency curves more closely approximate the 5-m
resolution LS curves. Table 4 shows the changes in RE of LS and RSCF

values before and after downscaling. In most regions, the down-
scale model worked well; it decreased the RE values and increased
the RSCF values. The downscale model worked best with the
greatest relief, ELR, in this study, for which the RE decreased from
56% to -1.39%, and RSCF improved by 23.63%. The downscaling
process improved RE for all regions except for the region with the
smallest relief (SR). The downscale model has the greatest benefit
for estimating the LS factor in regions most suspectable to soil
erosion losses e the areas with the greatest relief.

4. Discussion

Based on this study, L factor increases, and S factor decreases as
the input DEM resolution becomes coarser, which agrees with
previous research (Fu et al., 2015; Lu et al., 2020; Shan et al., 2019;
Wu et al., 2005). However, the DEM resolution impact on the LS
factor varied between regions due to differences in relative relief;
these results are not always aligned with previous research results
(Fu et al., 2015; Lu et al., 2020; Shan et al., 2019; Wu et al., 2005).
The LS factor determined from 30-m resolution compared to 5-m
resolution could be underestimated as much as 19% and over-
estimated by 20% or more (in extremely large relief areas, could be
56%). This work suggests both overestimates and underestimates
are a reality depending on the terrain of the region. Moreover, the
errors seem substantial and should not be ignored in erosion
modelling.

The reason for different conclusions between this research and
previous studies may be attributed to the different terrain regions
chosen for the study. For example, Lu et al. (2020) showed that the
LS factor would decrease with resolution coarseness in China
sampled regions while Shan et al. (2019) showed it would increase.
Most of the sampled watersheds in Lu’s research were located in
hilly areas without extremely large relief, while Shan et al. (2019)
focused on large relief Australian mountain areas. In most cases,
researchers considered the S decrease associated with coarser
resolutions as the driver of the LS factor changes. This seems
especially true as much of the research focuses on hilly or agri-
cultural small relief areas. In some large relief mountain areas, such
as the research area of Shan et al. (2019) and the ELR region in this
research, there may be some deposition areas predicted at 5 m
resolution that are not predicted with 30 resolution. Additionally,

Table 3
LS factor downscale model from 30-m to 5-m in each region.

Region Downscale Model N p-value R2

SR y ¼ 0:2653x2 þ 0:6019xþ 0:5742 50 <0.0001 0.959
SMR y ¼ 0:0465x2 þ 0:272xþ 3:0104 39 <0.0001 0.960
MR y ¼ 0:0065x2 þ 0:8067xþ 1:6046 63 <0.0001 0.974
LMR y ¼ 0:0092x2 þ 0:4964xþ 3:6975 85 <0.0001 0.989
LR y ¼ 0:0031x2 þ 0:5992xþ 2:9317 107 <0.0001 0.984
ELR y ¼ 0:0014x2 þ 0:5774x� 0:0695 156 <0.0001 0.994

*SR: small relief; SMR: small and medium relief; MR: medium relief; LMR: large and
medium relief; LR: large relief; ELR: extremely large relief. Here y refers to the
downscaled values of the LS factor and x refers to the LS values at 30-m resolution. N
refers to the number of LS pairs (between high and low resolution) with similar
cumulative frequency numbers, the values of N are decided by the cumulative
distribution curve step of LS and the maximum, minimum values of LS factor in the
specific area. R2 refers to the coefficient of determination of model, a higher R2 in-
dicates a better model performance and less difference between modeled and
calculated y value in the cumulative distribution curve.

Fig. 7. Comparison of high resolution (5-m) and the downscaled LS factor mean values
for each watershed.

Fig. 8. Cumulative frequency curve differences between 5-m, 30-m, and the downscaled LS factor for the six regions.
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channel development less frequently exists in mountainous areas
compared to the hilly area; this results in much longer hillslope
with coarser resolution than that which occurs at a finer resolution.
However, the slope gradient would not decrease to a large extent in
this situation as few small channels or high-frequency terrain
structures exists. Thus, the relative decrease of S is smaller than the
increase of L, resulting in the increasing LS factor.

The threshold value of the contributing drainage area for a
channel cut is one of the essential parameters in calculating slope
length. In this paper, this threshold value was calculated based on
visually surveyed channel heads in a specific area (Table 2). The
survey showed the threshold values decreased from SR to LRM,
because with steeper slopes, normally a smaller amount of
concentrated flow is required to make the channel process happen.
In LR and ELR, the threshold increased because high-density forest
covered the ground and protected the surface from sheet and rill
erosion and channel formation. Since in some studies, this
threshold would be the same values for different regions, we tested
the LS sensitivity to lower resolution by using the unique threshold
contribution area value 30000 m2. The LS factor could still be both
underestimated (in smaller relief regions) and overestimated (in
larger relief regions) by using coarse resolution DEMs. The spatial
distribution of this threshold value needs further study since it is
important in the application of the USLE (Wischmeier & Smith,
1978), RUSLE (Renard, 1997), CSLE (Liu et al., 2002), and other
models, especially in large scale soil erosion modelling.

The downscale model presented, worked well in most of the
regions, especially in large and extremely large relief areas where
the LS factor was seriously overestimated without downscaling.
This will help to improve the accuracy of soil erosion estimates
when using the USLE and related models. However, the down-
scaling model did not work well in flat areas with relief lower than
30 m. The reason for this failure might be the relatively low values
of the LS factor and the more skewed distribution in the LS fre-
quencies found in the SR region (Fig. 5 (a)). It is more difficult to find
a unique relationship between LS pairs (shown in Fig. 3 (b)) for
different steps of LS values based on more skewed distributions.
The mathematical model for downscaling (shown in Fig. 3 (c))
would work well for some steps while poor for other steps. Caution
is advised for using this downscaling approach in flat areas, such as
areas where the LS mean values are lower than 2. Worth empha-
sizing, this approach seems to best work for areas with high soil
erosion potentials, and it seems unnecessary for areas that have
limited erosion potential based on low LS values. The downscale
model needs further improvement before it could be applied uni-
versally. We also observed bimodal frequency distribution of LS
estimates in some of the watersheds (see Fig. 5 (c) and Fig. 5 (d)),
which may also need more exploration as we propose to use LS
downscaling for coarse resolution DEMs.

We acknowledge there were some limitations to this research.
The samples are all located in North America due to the avail-
ability of higher resolution elevation data. The twenty-four wa-
tersheds selected in this research may not cover all of the terrain
types found globally. So, more applications and calibration work
would be useful across more diverse terrains. Since the downscale
model did not change the raster cell size, it could not get back the
detailed terrain information lost in the coarse resolution DEM
surface. It worked for correcting the LS factor statistics in a
watershed and then in a region, but not for pixel or hillslope scale
use.

The coarser resolution elevation datasets, for example, the 1 arc-
sec SRTM, might be the possible choice in large scale erosion
assessment where finer resolution datasets are unavailable. How-
ever, we should always be aware that erosionmodelling results will
likely be overestimated or underestimated based on LS estimates
derived from coarser DEMs. The opportunity to better estimate the
LS factor used in many soil erosion models by downscaling tech-
niques offers important improvement for making soil erosion es-
timations. This research preliminarily provides the variation of LS
factor scaling relationships in space and a downscale model for
improving LS factor estimates. More efforts are needed to identify
spatial LS factor scaling laws and identify the appropriate applica-
tion of the downscaling method to make the erosion prediction
more accurate for the large scale.

5. Conclusions

The difference in LS factor estimates based on the 30-m reso-
lution SRTM data source, and 5-m resolution elevation from 3-m
Lidar datasets was identified. And then a downscale model was
offered in this research within twenty-four watersheds in six relief
regions in North America. We could conclude based on the results
of this research that:

(1) Slope length factor (L) increased, and slope steep factor (S)
decreased with resolution becoming coarser, from 5 m to
30 m.

(2) From fine to coarse resolution, the LS factor can both
decrease (in small relief regions) and increase (in large relief
regions). And the influence of resolution on the LS factor
cannot always be ignored as the bias could be more than 20%
in some regions.

(3) A downscaling model is useful in improving regional LS ac-
curacy, which improved the LS factor estimate in most of the
regions. It was little to no improvement for low relief wa-
tersheds, i.e., watersheds in which soil erosion tends to be
less serious.

Table 4
Change of LS factor after downscaling.

Regions SR SMR MR LMR LR ELR

LS mean (5-m) 1.24 5.38 15.91 19.63 21.20 20.03
LS mean (30-m) 1.00 4.44 15.31 21.05 25.85 31.25
LS mean (Downscale) 1.64 5.74 15.91 19.26 21.08 19.76
RE (5-m, 30-m) -19.39% -17.47% -3.80% 7.25% 21.91% 56.00%
RE (5-m, Downscale) 32.32% 6.64% -0.03% -1.90% -0.59% -1.39%
RE change -12.93% 10.83% 3.77% 5.35% 21.32% 54.61%
RSCF(5-m,30-m) 93.60% 89.94% 96.68% 92.54% 84.70% 73.17%
RSCF(5-m, downscale 30-m) 81.78% 94.43% 98.71% 96.12% 95.57% 96.80%
RSCF change -11.82% 4.49% 2.03% 3.58% 10.87% 23.62%

*SR: small relief; SMR: small and medium relief; MR: medium relief; LMR: large and medium relief; LR: large relief; ELR: extremely large relief. RE change means absolute
value of RE (5-m, 30-m) minus absolute value of RE (5-m, Downscale), RSCF change means RSCF (5-m, downscale 30-m) minus RSCF (5-m,30-m). Both changes could indicate
the model works well if the change in value is positive.
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a b s t r a c t

Rainfall erosivity, one of the factors in the Universal Soil Loss Equation, quantifies the effect of rainfall and
runoff on soil erosion. High-resolution data are required to compute rainfall erosivity, but are not widely
available in many parts of the world. As the temporal resolution of rainfall measurement decreases,
computed rainfall erosivity decreases. The objective of the paper is to derive a series of conversion factors
as a function of the time interval to compute rainfall erosivity so that the R factor computed using data at
different time intervals could be converted to that computed using 1-min data. Rainfall data at 1-min
intervals from 62 stations over China were collected to first compute the ‘true’ R factor values. Under-
estimation of the R factor was systematically evaluated using data aggregated at 5, 6, 10, 15, 20, 30, and
60-min to develop conversion factors for the R factor and the 1-in-10-year storm EI30 values. Compared
with true values, the relative error in R factor using data at fixed intervals of �10min was <10% for at
least 44 out of 62 stations. Errors increased rapidly when the time interval of the rainfall data exceeded
15 min. Relative errors were >10% using 15-min data for 66.1% of stations and >20% using 30-min data
for 61.3% of stations. The conversion factors for the R factor, ranging from 1.051 to 1.871 for 5 to 60-min
data, are higher than those for the 1-in-10-years storm EI30, ranging from 1.034 to 1.489 for the 62
stations.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Rainfall erosivity factor (R factor) is an important factor for soil
erosion prediction models such as the Universal Soil Loss Equation
(USLE, Wischmeier & Smith, 1965; Wischmeier & Smith, 1978) and
its revised version (RUSLE, Renard, 1997) and the Chinese Soil Loss
Equation (CSLE, Liu et al., 2002). It reflects the potential ability of
rainfall on soil erosion, including raindrop splashing and runoff
erosion and determines the actual soil loss in an area together with
other factors such as soil erodibility, topography, coverage, and soil
conservationmeasures. Wischmeier and Smith (1958) note that the
event EI30, the product of total storm kinetic energy (E) and its
maximum continuous 30-min intensity (I30), has the best correla-
tion with single event soil erosion based on an analysis of precip-
itation and soil erosion data from fallow plots at three observation
stations in the United States. R factor is defined as the mean annual

summation of event EI30 values and Wischmeier (1959) confirmed
its suitability based on 8000 plot-years data in 21 states in the
eastern part of the United States. To cover dry and wet periods,
rainfall data of long periods (usually more than 20 years) are
needed for the calculation of the R factor (Wischmeier, 1976). In
addition, there were twomore aspects of the characteristics related
to the rainfall erosivity factor required to be prepared before the
USLE (RUSLE, CSLE) models were run. The first is the seasonal
distribution of the rainfall erosivity, which is defined as the ratio of
the rainfall erosivity in 24 half months to annual rainfall erosivity
and required for the calculation of the cover-management factor (C
factor) in the USLE (RUSLE) and the biological and tillage practice
factor (B and T factor) in CSLE (Liu et al., 2002). The second is the 1-
in-10-year storm event EI30, which has the probability of occurring
once every 10 yr. The 1-in-10-year EI30 index is required for
assessing the effectiveness of the terrace practice and the effect of
ponding on rainfall erosivity. Usually, an extreme value distribution
such as lognormal (Wischmeier & Smith, 1978) or the generalized
extreme value distribution (Hollinger et al., 2002) was first used to
fit the annual maximum event EI30 series and the 1-in-10-year

* Corresponding author.
E-mail address: yinshuiqing@bnu.edu.cn (S. Yin).

Contents lists available at ScienceDirect

International Soil and Water Conservation Research

journal homepage: www.elsevier .com/locate/ iswcr

https://doi.org/10.1016/j.iswcr.2020.06.001
2095-6339/© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and Power Press. Production and Hosting by Elsevier B.V. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

International Soil and Water Conservation Research 8 (2020) 373e382



event EI30 was then generated based on the calibrated extreme
value distribution. To ensure the sample size is sufficiently large to
obtain a reasonably good fit with the extreme value distribution, a
minimum of 20 to 25 years of data would be required.

Calculating rainfall erosivity originally requires breakpoint or
hyetograph rainfall data which were obtained from pluviograph
(Wischmeier & Smith, 1978), which were usually in shortage not
only in the length but also in the spatial coverage. Therefore, sta-
tistical models have been developed to use more commonly
available data, such as daily (e.g., Richardson et al., 1983; Xie et al.,
2016), monthly (e.g., Renard & Freimund, 1994; Yu & Rosewell,
1996) and annual rainfall (e.g., Lo et al., 1985; Renard &
Freimund, 1994) to estimate R factor. Yin et al. (2015) evaluated
the accuracy of models using different resolutions of data and re-
ported that generally the precision of models increased with the
temporal resolution of precipitation and daily precipitation data are
adequate to estimate the R factor whereas they often generate
larger errors for the estimation of event EI30 index. With the
development of automatic observations in the tipping bucket rain
gauges, high-temporal resolution fixed-interval data, such as 1, 5, 6,
10, 15, 20, 30 and 60-min rainfall data, are increasingly available
and they are believed to improve the estimation of rainfall erosivity,
especially the event EI30 index. Fixed-interval data have been
widely used in the estimation of rainfall erosivity and most of the
previous studies used data with intervals of 10-min or less,
including 5-min (Diodato et al., 2017; Fiener et al., 2013; Martins
et al., 2010; Neuhaus et al., 2010, pp. 186e189), 6-min (Mcfarlane
et al., 1986; Yu, 1998; Yu et al., 2010) and 10-min (Hanel et al.,
2016; Klik et al., 2015; Meusburger et al., 2012; Santosa et al.,
2010; Schmidt et al., 2016; Verstraeten et al., 2006). Some others
used 15-min or 30-min interval data (Angulo-Martínez & Beguería,

2009; Mannaerts & Gabriels, 2000; Panagos et al., 2016; Shamshad
et al., 2008). Rainfall intensity data at 5 to 30-min intervals have
been used to compute the R factor in the studies cited above.

Many researchers have reported that there were varying de-
grees of discrepancy when using different resolutions of fixed-
interval data. The longer the time interval, the larger the under-
estimation. The underestimation could be corrected by multiplying
a conversion factor (Agnese et al., 2006; Istok et al., 1986; Panagos
et al., 2015; Porto, 2016; Renard, 1997; Weiss, 1964; Williams &
Sheridan, 1991; Yin et al., 2007). For example, The RUSLE (Renard,
1997) updated the map of the USLE for the eastern part of the
U.S. by including 790 stations with 60-min interval rainfall data.
The conversion factors ranged from 1.08 to 3.16 between the EI30
values calculated from the15-min and 60-min data and a constant
conversion factor of 1.0667 (Weiss, 1964) between the EI30 from the

Fig. 1. Spatial distribution of the 62 stations with 1-min rainfall data. Thirty-three stations marked with dots were classified as Group A, whereas the remaining 29 stations marked
with circles as Group B.

Fig. 2. Ratio of rainfall erosivity estimated from the 5 to 60-min rainfall data to those
estimated from the 1-min data.
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15-min data and the breakpoint data was further adopted. Another
example is the generation of rainfall erosivity maps in Europe.
Panagos et al. (2015) collected 1541 precipitation stations in Europe
with intervals of 5 to 60 min and normalized the R factor values
calculated from the precipitation data of different temporal reso-
lutions to the R factor values with 30-min intervals using linear

regression methods. Auerswald et al. (2015) argued that Panagos
et al. (2015) used the maximum clock half-hourly intensity rather
than I30 using high-resolution breakpoint data and the R factor in
their study would be probably underestimated since in all cases the
maximum half-hourly intensities are equal or lower than I30 values.
They further reported that an underestimation of 22% existed if 60-

Table 1
Basic information on the 62 stations.

No. Sta. No. Sta. Name Lat. (�N) Lon. (�E) Alt. (m) Annual Rainfalla (mm) Period Effective Yearsb Available Month

1 50557 Nenjiang 49.2 125.2 243 470.7 1961e2000 30 May - Sept.
2 50963 Tonghe 46 128.7 110 570.2 1961e2000 38 May - Sept.
3 53663 Wuzhai 38.9 111.8 1402 466.0 1971e2000 30 May - Sept.
4 53754 Suide 37.5 110.2 928.5 445.2 1964e1996 29 May - Sept.
5 53845 Yan’an 36.6 109.5 958.8 534.9 1961e2000 39 May - Sept.
6 53975 Yangcheng 35.5 112.4 658.8 592.1 1971e2000 30 May - Sept.
7 54416 Miyun 40.4 116.9 73.1 632.8 1961e2000 37 May - Sept.
8 54511 Guangxiangtai 39.9 116.3 54.7 547.7 1961e2000 40 May - Sept.
9 56294 Chengdu 30.7 104 506.1 883.8 1961e2000 39 Jan.- Dec.
10 56571 Xichang 27.9 102.3 1590.9 992.5 1961e2000 40 Jan.- Dec.
11 56739 Tengchong 25 98.5 1648.7 1472.5 1961e1999 36 Jan.- Dec.
12 56778 Kunming 25 102.7 1896.8 983.9 1961e2000 33 Jan.- Dec.
13 57259 Fangxian 32 110.8 427.1 821.6 1961e2000 31 Jan.- Dec.
14 57405 Suining 30.5 105.6 279.5 937.6 1962e1999 33 Jan.- Dec.
15 57504 Neijiang 29.6 105.1 352.4 1032.8 1961e2000 39 Jan.- Dec.
16 58407 Huangshi 30.3 115.1 20.6 1412.3 1961e2000 32 Jan.- Dec.
17 58847 Fuzhou 26.1 119.3 84 1364.5 1961e2000 39 Jan.- Dec.
18 58911 Changting 25.9 116.4 311.2 1701.7 1961e2000 31 Jan.- Dec.
19 50639 Zhalantun 48 122.4 306.5 493.7 2005e2016 11 May - Sept.
20 51431 Yining 44 81.3 662.5 276.2 2005e2016 10 May - Sept.
21 51463 Urumqi 43.8 87.7 935 264.7 2005e2016 9 May - Sept.
22 51705 Wuqia 39.4 75.2 2175.7 183.8 2005e2016 11 May - Sept.
23 52856 Gonghe 36.3 100.6 2835 317.8 2015e2016 2 May - Sept.
24 52889 Lanzhou 36 103.5 1517.2 304.8 2007e2016 10 May - Sept.
25 53463 Hohhot 40.5 111.4 1153.5 398.4 2005e2016 12 May - Sept.
26 53644 Wushenqi 38.6 108.8 1307.2 341.5 2006e2016 11 May - Sept.
27 53646 Yulin 38.3 109.8 1157 396.2 2005e2016 11 May - Sept.
28 53848 Ganquan 36.3 109.3 1005.5 535.9 2008e2016 9 May - Sept.
29 53923 Xifeng 35.7 107.6 1421 546.6 2005e2016 12 May - Sept.
30 54161 Changchun 43.5 125.1 236.8 569.4 2005e2016 11 May - Sept.
31 54337 Jinzhou 41.1 121.1 65.9 564.1 2005e2016 12 Apr.- Oct.
32 54527 Tianjin 39.1 117 3.5 531.1 2005e2016 10 Apr.- Oct.
33 54602 Baoding 38.5 115.3 16.8 516.0 2005e2016 11 Apr.- Oct.
34 54823 Jinan 36.4 117 170.3 690.6 2005e2016 12 Apr.- Oct.
35 54843 Weifang 36.5 119.1 22.2 599.5 2005e2016 12 Apr.- Oct.
36 55578 Rikaze 29.3 88.9 3836 430.4 2006e2015 10 May - Sept.
37 55591 Lasa 29.7 91.1 3648.9 433.7 2006e2016 9 May - Sept.
38 56146 Ganze 31.4 100 3393.5 641.6 2005e2016 12 May - Sept.
39 56312 Linzhi 29.4 94.2 2991.8 669.7 2006e2016 11 Apr.- Oct.
40 56331 Zuogong 29.4 97.5 3780 438.5 2008e2016 9 May - Sept.
41 56434 Chayu 28.4 97.3 2327.6 777.1 2007e2016 9 Mar.- Oct.
42 57006 Tianshui 34.6 105.8 1141.6 511.7 2007e2016 10 May - Sept.
43 57051 Sanmenxia 34.5 111.1 409.9 544.9 2005e2016 12 Mar.- Oct.
44 57083 Zhengzhou 34.4 113.4 110.4 629.8 2005e2016 12 Mar.- Oct.
45 57584 Yueyang 29.2 113.1 53 1315.1 2005e2016 8 Jan.- Dec.
46 57687 Changsha 28.1 112.6 68 1404.9 2005e2016 12 Jan.- Dec.
47 57816 Guiyang 26.4 106.4 1223.8 1106.2 2005e2016 12 Jan.- Dec.
48 57926 Libo 25.3 107.5 428.7 1236.9 2007e2016 10 Jan.- Dec.
49 57957 Guilin 25.2 110.2 164.4 1878.6 2005e2016 12 Jan.- Dec.
50 58038 Shuyang 34.1 118.5 8.8 911.1 2007e2016 10 Jan.- Dec.
51 58238 Nanjing 31.6 118.5 35.2 1065.4 2005e2016 12 Jan.- Dec.
52 58321 Hefei 31.5 117.2 27 986.0 2005e2016 12 Apr.- Nov.
53 58424 Anqing 30.3 117 19.8 1394.8 2005e2016 12 Apr.- Nov.
54 58457 Hangzhou 30.1 120.1 41.7 1391.7 2005e2016 11 Jan.- Dec.
55 58461 Qingpu 31.1 121.1 4 1084.6 2007e2016 10 Jan.- Dec.
56 58606 Nanchang 28.4 115.6 46.9 1584.1 2005e2016 8 Jan.- Dec.
57 58637 Shangrao 28.3 117.6 118.2 1810.9 2006e2016 11 Jan.- Dec.
58 58646 Lishui 28.3 119.6 59.7 1392.9 2005e2016 12 Jan.- Dec.
59 59046 Liuzhou 24.2 109.2 96.8 1430.5 2005e2016 12 Jan.- Dec.
60 59082 Shaoguan 24.4 113.4 61 1569.9 2005e2016 12 Jan.- Dec.
61 59493 Shenzhen 22.3 114 63 1885.7 2005e2016 11 Jan.- Dec.
62 59758 Haikou 20 110.2 63.5 1679.5 2005e2016 10 Jan.- Dec.

a Annual rainfall was calculated based on the daily rainfall data observed by simple rain gauges.
b Effective years were those with the relative error of the annual or seasonal rainfall amounts from the 1-min data is less than 15% compared with those from the daily

rainfall data of the same station.
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min interval data are used using the same procedures by Panagos
et al. (2015) based on rainfall observation at the 5-min intervals
for a station used in Fiener and Auerswald (2009) and they spec-
ulated that the degree of underestimation may vary within Europe
given the variation in climate.

In summary, the accumulation of fixed-interval data along with
the development of automatic rainfall measurement technology
has provided high-resolution rainfall data and increased the accu-
racy of computed rainfall erosivity. However, the effect of the time
interval from 1-min to 1-hr on the computed R factor has not yet
evaluated. Most of the previous researches linearly related event
EI30 values from the fixed-interval data to those from high-
resolution data whereas some others considered R factors
instead. No research has been reported for the estimation of the 1-
in-10-year EI30 values from the fixed-interval data.

The objectives of this study are: (a) to systematically evaluate
the degree of underestimation between R factor calculated from 1-
min data (assumed to be the ‘true’ or reference values) and
different intervals of rainfall data (5, 6, 10, 15, 20, 30 and 60 min);
(b) to develop conversion factors of R factor and the 1-in-10-year
EI30 based on 5, 6, 10, 15, 20, 30 and 60-min data to those based
on the 1-min data. There were 62 stations with 1-min interval data

collected in China and were separated into calibration and valida-
tion groups to systematically evaluate the bias and develop con-
version factors.

2. Data and methods

2.1. Data

Rainfall data with 1-min temporal resolution from 62 meteo-
rological stations in mainland China were collected from the Na-
tional Meteorological Information Center of China Meteorological
Administration (Fig. 1, Table 1). The data were either digitized by
recording on the pluviograph of siphon rain gauges (No. 1e18), or
recorded by the automatic observation of tipping bucket rain
gauges (No. 19e62). Data from 26 stations in the south included
data for the whole year whereas the other 36 stations in the north
did not include winter months for the equipment were stopped in
winter. The data quality was controlled by comparing the annual
or seasonal total of rainfall amounts calculated from 1-min data
with those calculated from daily rainfall data observed with
simple rain gauges. The years with a relative error of less than 15%
were considered as the effective year, which were used in this

Table 2
Percentages of stations (%) whose estimated R factor under different error level.

Relative error less than 5 min 6 min 10 min 15 min 20 min 30 min 60 min

5% 41.9 30.6 21.0 3.2 0.0 0.0 0.0
10% 82.3 80.6 71.0 33.9 1.6 0.0 0.0
20% 96.8 93.5 93.5 90.3 80.6 38.7 0.0
30% 100.0 100.0 100.0 100.0 96.8 91.9 0.0
40% 100.0 100.0 100.0 100.0 100.0 100.0 3.2
50% 100.0 100.0 100.0 100.0 100.0 100.0 66.1
60% 100.0 100.0 100.0 100.0 100.0 100.0 98.4

Fig. 3. Probability distribution of the error of R factor based on 5, 15, 30 and 60 min data.
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Fig. 4. Regression models of rainfall erosivities estimated from 5 to 60-min data. The dotted line represents the calibrated linear model. The circles are R factors estimated from 5 to
60-min data without conversions. The dots are values multiplied by conversion factors.
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Fig. 5. Regression models of 1-in-10-year EI30 estimated from the 5e60 min data. The dotted line represents the calibrated linear models. The circles are 1-in-10-year EI30 values
estimated from the 5 to 60-min data without conversions. The dots are values multiplied by conversion factors.
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study. The length of effective years for stations No. 1e18 ranged
from 29 to 40, spanning the period of 1961 (1971)-2000. For sta-
tions No. 19e62, this ranged from 2 to 12 years, spanning the
period of 2005e2016. For time intervals with missing data in
effective years, which accounted for no more than 2.68% for each
of the 62 stations, zero rainfall was assumed because it was more
likely to be a dry interval. Numbers of storms varied from 10 to
904 events for 62 stations.

2.2. Methods

2.2.1. Calculation of R factor and 1-in-10-year EI30
To calculate rainfall erosivity with different time interval data,

the 1-min rainfall data were accumulated into 5, 6, 10, 15, 20, 30,
and 60-min rainfall data. Firstly, rainfall periods were divided into
events when the time of no precipitationwas over 6 h (Wischmeier
& Smith, 1978). Rainfall events with amounts of no less than 12mm
were selected as erosive events following Xie et al. (2000) and were
used to calculate the EI30 index and R factor. Note that the criterion
for identification of an erosive event is slightly different from that in
Wischmeier and Smith (1978), in which an erosive event is defined
to have total rainfall amount no less than 12.7 mm or with the
maximum 15-min intensity no less than 25.4 mm h-1.

The total energy of a storm (E, MJ ha-1) was estimated using the
following equations (USDA-ARS, 2013):

E¼
Xl

r¼1

ðer $ PrÞ (1)

er ¼0:29½1�0:72expð�0:082irÞ� (2)

where a rainfall stormwas divided into l periods with the constant
intensity in the same period, er (MJ ha-1 mm-1) was the unit energy
(energy per unit of rainfall) for the rth period, Pr (mm) was the
rainfall amount for the rth period and ir (mm h-1) was the intensity
for the rth period. Themaximum contiguous 30-min peak intensity,
I30 (mm h-1), can be calculated as:

I30 ¼
P30
0:5

(3)

where P30 (mm) was the maximum contiguous 30-min rainfall
amount. For 1, 5, 6, 10, 15, and 30- min rainfall data, P30 was the
maximum total amounts of 30, 6, 5, 3, 2, and 1 contiguous records.
For 20-min rainfall data, records were linearly interpolated into 10-
min data first and P30 was the maximum total amounts of three
contiguous 10-min intervals. For 60-min rainfall data, the P30 was
half of the maximum records. The storm rainfall erosivity EI30 can

be obtained by the product of E and I30:

EI30 ¼ E$I30 (4)

The R factor was defined as the average annual rainfall erosivity,
which can be calculated by the sum of the EI30 for all erosive storms
in a year:

R¼ 1
N

XN

i¼1

Xm

j¼1

ðEI30Þij (5)

where N was the length of the effective years, mwas the number of
erosive storms in the ith year.

Since the lengths of the data from stations with tipping bucket
rain gauges were no more than 12 years and annual maximum EI30
may not enough to accurately fit an extreme value distribution, the
90th percentile of the annual maximum EI30, denote as (EI30)P90,
estimated from 1 to 60-min rainfall data of 54 stations (with more
than 10 effective years) were used to develop linear functions for
conversion factors of the 1-in-10-year EI30 values from 5 to 60-min
rainfall data to those from 1-min data.

2.2.2. Calculation of conversion factors
The underestimation of rainfall erosivity from t-min resolution

data was characterized by the ratio of rainfall erosivity estimated
from t-min data to that calculated from 1-min data, which was
considered as the ‘true’ value in this study.

Since both EI30 and R factor estimated from the fixed-interval
rainfall data and the values from using high-resolution data have
a good linear relationship (Williams & Sheridan, 1991; Yin et al.,
2007). Linear models of R factors estimated from different time
interval data were developed to obtain the conversion factors for
relating the values from these data to those from 1-min data:

R1min ¼CFt$Rtmin (6)

where R1min and Rtmin were the R factor values calculated by 1-min
and t-min rainfall data from 62 stations, respectively, and CFt was
the calibrated conversion factor for the rainfall erosivity from t-min
data to 1-min data.

To assess the accuracy of the conversion factors in equation (6),
data from 62 stations were divided into two groups. Thirty-three of
them, marked as dots in Fig. 1, were classified as Group A, whereas
the remaining 29 stations marked as circles in Fig. 1 were classified
as Group B. At first stations in Group A were used to develop con-
version factors and those in Group B were used to evaluate the
performance of conversion factors. This process was then con-
ducted reversely, which meant data from 29 stations in Group B
were used to calculate conversion factors, and those from 33 sta-
tions in Group Awere used to evaluate the performance. Symmetric
mean absolute percentage error (sMAPE) and Nash-Sutcliffe model
efficiency coefficient (NSE) were used for the assessment:

sMAPE¼1
n

Xn

i¼1

����
Fi � Ai

ðFi þ AiÞ=2
����� 100% (7)

NSE ¼ 1�

Pn
i¼1

ðFi � AiÞ2

Pn
i¼1

ðAi � AÞ2
(8)

where nwas the number of stations, Fi was the R factors estimated
from 5 to 60-min rainfall data for the ith station (before or after
applying conversion factors), Ai was the R factor calculated from 1-

Table 3
Conversion factors for estimating annual rainfall erosivity.

5 min 6 min 10 min 15 min 20 min 30 min 60 min

CF 1.051 1.058 1.083 1.121 1.192 1.253 1.871

sMAPEa 7.2% 8.0% 10.4% 13.7% 20.6% 24.7% 66.2%
sMAPEca 4.1% 4.3% 4.4% 4.4% 4.8% 4.3% 8.8%
NSEa 0.999 0.999 0.999 0.999 0.998 0.998 0.990

sMAPEb 6.7% 7.3% 9.5% 12.6% 19.1% 24.5% 63.0%
sMAPEcb 3.7% 3.8% 3.7% 3.8% 3.8% 4.1% 4.6%
NSEb 1.000 1.000 1.000 1.000 0.999 0.999 0.992

sMAPE: sMAPE of rainfall erosivity estimated from 5-60 min data.
sMAPEc: sMAPE of converted rainfall erosivity estimated from 5-60 min data.

a Averaged validation values of Group B stations when using conversion factors
calibrated by Group A stations.

b Averaged validation values of Group A stations when using conversion factors
calibrated by Group B stations.
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min rainfall data for the ith station.

3. Results

3.1. Underestimation of R factor from 5 to 60-min rainfall data

The R factors estimated from the 5 to 60-min rainfall data were
all underestimated compared with values calculated from the 1-
min data. The longer the time interval of the data, the larger the
underestimated of R factors. Fig. 2 shows the relationship between
time interval and the reduction in the R factor, as the time interval
increases, the ratio of the R factor over that using 1-min data
decreases.

The averaged underestimations were -6.6, -7.2, -9.3, -12.2, -17.9,
-21.8 and -48.7% for R factors estimated from 5, 6, 10, 15, 20, 30 and
60-min rainfall data, respectively. Table 2 showed that 51, 50 and 44
stations out of 62 stations with relative errors less than 10% for 5, 6
and 10-min interval data, respectively. However, when it comes to
the data with the temporal resolutions more than 15 min, the bias
increased rapidly (Fig. 2). For the 15-min data, the estimated R fac-
tors for 66.1% of stations were underestimated by > 10% and for the
30-min data, 61.3% of stations underestimated by > 20% (Table 2).
Fig. 3 showed the distribution of the relative error for R factor based
on 5,15, 30 and 60-min data as examples. Therewere 4 stationswith
relative errors more than 15% when 5-min data were used. These
stations were located in the western part of China with dry climate

and low rainfall erovisity. The relative error tends to be large when
rainfall erosivity is low.

3.2. Conversion factors for the R factor

The scatterplots of the linear models based on equation (6) are
shown in Fig. 4 and it indicated a very good regressionwas obtained
with the coefficients of determination ranging from 0.994 to 0.999.
As the time interval of the data increases from 5 to 60 min, the
conversion factor rises from 1.051 to 1.871 (Fig. 4). The results also
showed that for stations with R factor less than 5,000 MJ mm ha-1

h-1 a-1, the values obtained from the data of the time interval within
10 min were not apparently underestimated, but for those with
higher rainfall erosivity, the R factors estimated from the data of the
interval within 10 min showed an obvious underestimation, which
probably resulted in significant differences when paired-sample t-
test was conducted to compare the R factors based on 5 to 60-min
data with those 1-min data.

Conversion factors and validation results can be found in Table 3.
The Nash-Sutcliffe model efficiency coefficients (NSE) of themodels
are all above 0.99, suggesting that conversion factors calibrated can
be quite effective for converting R factors estimated from 5 to 60-
min data to those based on 1-min data. After the conversion, the
sMAPE decreased by about 3% for the 5-min data, 4% for the 6-min
data, 6% for the 10-min data, 9% for the 15-min data, 15% for the 20-
min data, 20% for the 30-min data, 60% for the 60-min data.

3.3. Conversion factors for the 1-in-10-year EI30

The efficiency of models for the 1-in-10-year EI30 is slightly
lower compared with those for the R factor, with the coefficients of
determination ranging from 0.958 to 0.999. Conversion factors for
the 1-in-10-year-frequency EI30 were smaller than those for the R
factor (Fig. 5). As the time interval increases from 5 to 60 min, the
conversion factor rises from 1.034 to 1.489.

Conversion factors for the 1-in-10-year-frequency EI30 and the
validation results were listed in Table 4. The Nash-Sutcliffe model
efficiency coefficients (NSE) of the models are all above 0.93, and
those from 5 to 30-min rainfall data are all above 0.98. After the
conversion, the MAPE decreased by about 1% for the 5-min data, 2%
for the 6-min data, 3% for the 10-min data, 5% for the 15-min data,
8% for the 20-min data, 9% for the 30-min data, 37% for the 60-min
data. It is noticed that there was a difference of sMAPEc (20.8% and
10.1%, respectively) after applying conversion factors for the 60-

Table 4
Conversion factors for the 1-in-10-year EI30.

5 min 6 min 10 min 15 min 20 min 30 min 60 min

CF 1.034 1.044 1.053 1.090 1.101 1.180 1.489

sMAPEa 3.6% 4.6% 5.5% 9.5% 15.4% 18.3% 55.5%
sMAPEca 2.5% 3.3% 2.7% 5.1% 7.1% 9.6% 20.8%
NSEa 0.999 0.998 0.998 0.990 0.995 0.981 0.938

sMAPEb 3.9% 4.4% 5.9% 9.0% 14.6% 17.0% 49.4%
sMAPEcb 2.6% 2.8% 3.4% 4.3% 6.3% 8.8% 10.1%
NSEb 0.999 0.998 0.998 0.995 0.988 0.991 0.953

sMAPE: sMAPE of 1-in-10-year EI30 values estimated from 5-60 min data.
sMAPEc: sMAPE of converted 1-in-10-year EI30 values estimated from 5-60 min
data.

a Averaged validation values of Group B stations when using conversion factors
calibrated by Group A stations.

b Averaged validation values of Group A stations when using conversion factors
calibrated by Group B stations.

Table 5
Conversion factors (CFs) for converting EI30 (R factor) values from 5 to 60-min rainfall data to values estimated from high-resolution data.

Study Area 5 min 6 min 10 min 15 min 30 min 60 min Resolution of data
compared

Index REF.

Western Oregon,
US

e e e e e 1.193e1.378 15 min EI30 Istok et al. (1986)

Southeastern
Georgia, US

1.0416 1.0405 1.09 1.1209 1.3127 1.837 Breakpoint EI30 Williams and
Sheridan (1991)

US e e e e e 1.08e3.16 15 min EI30 Renard (1997)
Sicily, Italy e e e e e 1.33 15 min EI30 Agnese et al. (2006)
China 1.014 (1.010

e1.020)
e 1.044 (1.023

e1.069)
1.078 (1.039
e1.114)

1.161 (1.094
e1.257)

1.73 (1.568
e1.814)

Breakpoint EI30 Yin et al. (2007)

Europe 0.7984 (0.7514
e0.8568)

e 0.8205 (0.7986
e0.8951)

0.8716 (0.8072
e0.9233)

1 1.5597 (1.2974
e1.6995)

30 min R factor Panagos et al., 2015;
2016

Southern Italy 0.92 e 0.97 e 1.12 1.53 15 min EI30 Porto (2016)
China 1.051 1.058 1.083 1.121 1.253 1.871 1 min R factor This study
China 1.034 1.044 1.053 1.090 1.180 1.489 1 min 1-in-10-

year EI30
This study
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min data from Group A and B. There were no obvious differences
found for other intervals from two groups.

4. Discussion

Experiments were conducted to detect if conversion factors
varied by climate types by dividing stations into different regions
and it was found that conversion factors for EI30 in the western part
of China were significantly larger than those in the eastern part.
However, no significant differences among the regression equa-
tions for the R factor and 1-in-10-year EI30 for eastern and western
regions were found. Therefore, all stations were pooled together in
this study when conversion factors were developed for the R factor
and 1-in-10-year EI30. Table 5 lists conversion factors for different
parts of the world. As these studies were not undertaken using the
same criteria for defining erosive events, it is not appropriate to
conduct a rigorous comparison among these conversion factors.
Further complication occurs because these conversion factors were
related to different erosivity indicators such as EI30, R factor and 1-
in-10-year EI30, and they were derived using rainfall of different
types, and at different resolutions.

Most previous studies on conversion factors of rainfall erosivity
related erosive event EI30 index from the coarser fixed-interval data
to those from the breakpoint data or finer fixed-interval data.
Panagos et al. (2015; 2016) regressed R factor from the coarser
resolution of data to the finer data (Table 5). The results of this
study showed that conversion factors for different index (R factor
and the 1-in-10-year EI30) were quite different. The conversion
factors for the R factor, ranging from 1.051 to 1.871, were higher
than those for the 1-in-10-year EI30, ranging from 1.034 to 1.489. It
suggested that the corresponding conversion factors should be
applied in the calculation of different indexes of rainfall erosivity
(event EI30, R factor, or 1-in-10-year EI30).

The resolution of data used as the compared baseline can also
lead to differences in conversion factors. Table 5 showed that two
studies using the breakpoint data as baselines (Williams& Sheridan,
1991; Yin et al., 2007) obtained similar conversion factors for the R
factor in this study. Four studies used the 15-min data (Agnese et al.,
2006; Istok et al., 1986; Porto, 2016; Renard, 1997) and two studies
used 30-min data (Panagos et al., 2015; 2016) as baselines in Table 5.
Results in this study showed that the underestimation ranging from
4.5% to 28.2% with an average of 12.2% for the 15-min data and from
13.4% to 37.4% with an average of 21.8% for the 30-min data, which
indicated that it was better to obtain the breakpoint data or the data
with intervals less than 5min as the baseline compared. If those data
were not available, a further conversion may be required as done by
Renard (1997), in which a constant conversion factor of 1.0667
(Weiss, 1964) between EI30 from the 15-min data and the breakpoint
datawere adopted. Nearing et al. (2017) reminded us of themeaning
of the underestimation of the rainfall erosivity. The erosivity and
erodibility factors are two of the six factors in USLEwhich have units.
The remaining factors including the slope steepness, slope length,
cropping management, and control practice are all dimensionless.
Erodibility factor was defined as the ratio of actual soil loss divided
by the erosivity in a unit plot, which indicated that if rainfall erosivity
was biased, soil erodibility would need to be re-determined or
adjusted to make estimates of soil loss that fit the measured data.

Breakpoint or hyetograph data were used to compute ‘true’
values of rainfall erosivity as defined by Wischmeier and Smith
(1978) before. Along with the development of automatic tipping
bucket observation, fixed-interval data are growing more common
and 1-min data have begun to replace the breakpoint data gradu-
ally for easier acquisition, storage, and processing. 1-min interval
data should have higher or at least the same resolution comparing
with the breakpoint data.

Noted that rainfall erosivity values estimated from 1 to 60-min
time interval data could be converted to each other in addition to
converting values from intervals no less than 5 min to values from
1-min data. For example, the R factor estimated from 30-min data
can be converted to that from 5-min data, by applying a conversion
factor of 1.192 (1.253 divided by 1.051, Table 5).

5. Conclusions

This studyanalyzed1-minrainfall data from62stations inChina to
evaluate the degree of underestimation between R factors calculated
from the 5, 6,10,15, 20, 30 and 60-mindata and those from the 1-min
data, and to develop conversion factors for the R factor and 1-in-10-
year EI30 based on coarse resolution data to those based on 1-min
data. The following conclusions can be drawn as follows:

(1) R factors estimated from 5 to 60-min data were under-
estimated by 6.6 to 48.7%. For 5, 6 and 10-min data, the
underestimation for more than three-quarters of stations
was less than 10%, whereas, for data with time intervals of
more than 15 min, the underestimation increased rapidly.
For about two-thirds of the stations erosivity was under-
estimated by more than 10% using the 15-min data and for
61.3% of the stations, the underestimation was over 20% us-
ing 30-min data.

(2) Conversion factors for the R factor estimated from 5, 6, 10, 15,
20, 30 and 60-min were 1.051, 1.058, 1.083, 1.121, 1.192, 1.253
and 1.871, respectively. Validation results showed that after
applying conversion factors, symmetric mean absolute per-
centage error decreased by 3.0%, 3.6%, 5.9%, 9.0%,15.5%, 20.3%
and 58.0% for the 5 to 60-min data.

(3) Conversion factors for the 1-in-10-year EI30 were 1.034,
1.044, 1.053, 1.090, 1.101, 1.180 and 1.489, respectively, which
were generally smaller than those for the R factor. Symmetric
mean absolute percentage error decreased by 1.3%,1.6%, 2.9%,
4.9%, 8.2%, 8.4% and 36.2% for the 5 to 60-min data.
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a b s t r a c t

Tillage practices on sloping ground often result in unsustainable soil losses impairing soil functions such
as crop productivity, water and nutrients storage, and soil organic carbon (SOC) sequestration. A sloping
olive grove (10%) was planted in shallow gypsiferous soils in 2004. It was managed by minimum tillage;
the most frequent management practice in central Spain. The consequences of erosion were studied in
soil samples (at 0e10, 10e20, and 20e30 cm depths) by analyzing SOC, available water and gypsum
content, and by detecting spectral signatures using an ASD FieldSpecPro® VIS/NIR-spectroradiometer.
The Brightness index (BI), Shape index (FI), and Normalized Difference Vegetation Index (NDVI) were
derived from the ASD spectral signatures and from remote sensing (Sentinel-2 image) data. The devel-
opment of these young olive trees was estimated from the measured diameter of the trunks (17 ± 18 cm
diameter). In 20e30 cm of the soil, the carbon stock (38 ± 18 Mg ha�1) as well as the available water
content (12 ± 6%) was scarce, affecting the productivity of the olive grove. The above-mentioned indices
obtained from the laboratory samples and the pixels of the Sentinel-2 image were significantly (p < 0.01)
correlated, with a correlation coefficient of around 0.4. The BI was related to the gypsum content and the
slope of the plot. The FI was related to the carbon and water contents. The NDVI derived from the satellite
image identified the influence of soil degradation on the trees and the carbon content. The spatial-
temporal changes of the indices might help in tracking soil changes over time.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Soil degradation is considered one of the most important
environmental topics in recent years (Rojas et al., 2016) and has
been studied under very different approaches and methodologies
(Borrelli et al., 2017). Without a doubt, remote sensing is one of the
most important tools to monitor soil changes, being increasingly
used as image resolution has been improved. Since the initial
research on the relationships between soil properties and spectral
reflectance (Condit, 1970), many different studies have gathered
different physical-chemical characteristics to build spectral li-
braries (Ben-Dor et al., 2008; Dematte et al., 2004; Shepherd &
Walsh, 2002), in order to establish links between spectral

signatures and different soil parameters such as texture (Castaldi
et al., 2016), moisture (Whiting et al., 2004) or contents of
different elements or compounds, like mineral composition
(Sabins, 1999), salt concentration (Metternicht & Zinck, 2003), or
organic carbon (Gomez et al., 2008). The VIS, NIR, and SWIR
hyperspectral airborne data has been even used for the study of age
and soil formation (Ben-Dor et al., 2006; Galv~ao et al., 2008). An
important aspect of remote sensing or earth observation is its
usefulness for land monitoring and environmental assessment
(Dubovyk, 2017), as this information can be used to assist in the
decision-making process to achieve global environmental protec-
tion and sustainable development.

This paper is addressing one of the problems of degradation of
agricultural soils, erosion, and its repercussions on crop produc-
tivity, whose consequences are of particular importance (Panagos
et al., 2015). The research involving earth observation systems
and soil erosion is based on aerial photos and remote sensing sat-
ellite imagery. Different assessments are grounded on changes in
vegetation cover (Dwivedi & Ramana, 2003; Symeonakis & Drake,
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2004); changes in topography (Lee & Liu, 2001) and mass changes
related to gully processes (Bennett & Wells, 2019; Bocco &
Valenzuela, 1993). The different characteristics between eroded
and depositional areas (Beaulieu & Gaonac’h, 2002) can be also
used as indicators of erosion processes, for example, the relative
abundance of different soil particle size, considered as a proxy of
soil loss, has produced highly accurate results at the local scale (Hill
et al., 1995). A wide review of factors involving erosion and remote
sensing, mapping techniques and validation methods can be found
in Vrieling (2006).

When soils are shallow and show well-defined horizons with
different colors, erosion is clearly indicated by color changes in the
ground surface. Color information can be retrieved from the VIS
region of the electromagnetic spectrum, and in agricultural soils, it
is usually related to soil organic carbon (SOC), textural properties
(Castaldi et al., 2016; McCarty et al., 2002) and presence of salts, e.g.
outcrops of subsurface horizons enriched with carbonates or gyp-
sum (Escadafal, 1994). Color changes indicate a dual process; su-
perficial horizons are lost at the same time that the layers
underneath, with contrasting characteristics, are gradually
emerging. As already mentioned, different physical-chemical
characteristics can be detected by changes in reflectance and
spectral signatures of soils. Remote observation of soils does not
allow to calculate erosion rates, but it does allow to estimate
different states of degradation of soils when color changes indicate
that C horizons of soils approach the surface. This process usually
entails changes in SOC, soil bulk density or nutrients that harm soil
functions, especially primary productivity, edaphic biodiversity,
and hydraulic properties. This causes problems in agricultural
production and can lead to gradual land abandonment. Eventually,
when these soils are definitely abandoned, spontaneous vegetation
will also find difficulties to grow and land experiences a shift to
irreversible degradation (D’Odorico et al., 2013).

In this study, differences in soil reflectance observed from sat-
ellite imagery were used to estimate soil degradation and loss of
productivity in a sloping area used for olive production under semi-
arid environmental conditions. Traditional olive orchards have
been installed in sloping and poor gypsiferous soils and conse-
quently have experienced high rates of soil erosion (Fleskens &
Stroosnijder, 2007) being in conflict with environmental sustain-
ability and hampering its conservation as a traditional agricultural
system (de Graaff et al., 2008). More sustainable land use practices
have been proposed (G�omez et al., 2003; Hernandez et al., 2005;
Sastre et al., 2017), but farmers are reluctant to change their
management practices (Marques et al., 2015). There is an urgent
need to involve farmers in this effort to protect soil and maintain

sustainable production. In order to do so, the consequences of soil
erosion on agronomic productivity can be more effective than fig-
ures focused on soil erosion rates.

This paper was motivated by the need to highlight the influence
of erosion on elements that are important for land users like agri-
cultural productivity, water availability, and the ability to adapt to
climate change in semi-arid areas. Soil loss studies in the region of
central Spain (Marques et al., 2007; Bienes et al., 2009; Sastre, 2017)
observed that erosion resulted in the exposure of the deeper soil
horizon and arguably, the differences in soil properties could be
detected by remote sensing. Based on plot-scale measurements, the
present study intended to demonstrate the relationships between
soil reflectance and i) soil characteristics: i.e., soil organic carbon
content, water availability, and gypsum content, ii) plot slope, and
iii) olive tree development.

2. Material and methods

2.1. Study area

The study area is located in a semi-arid Mediterranean envi-
ronment in the Center of the Iberian Peninsula. In the last 20 years,
the accumulated mean annual rainfall yields 380 mm (Source
Meteorological Climate Agency). The area shows a rolling landscape
where agricultural use is predominant, especially for growing olive
groves and vineyards, and for grazing cattle. The tops of hills are
colonized by species of scrubland well adapted to drought and
gypsic soils such as the Poacea Stipa tenacissima (Fig. 1a).

The agricultural plot under study (Datum ETRS89, latitude:
40�402500N; longitude: 3�3102000W) has gypsiferous soils. According
to the FAO soil classification (WRB, 2015), two main soils can be
distinguished: Haplic Gypsisols usually found in flat areas, and
Gypsiric Regosols being shallow and located in sloping areas. Fig. 1
(b) shows these regosols with Cy1 horizon found by 35e40 cm
depth having high gypsum contents. These horizons are very un-
favorable for vegetation establishment. In previous research, soil
study analyses demonstrated high susceptibility to erosion due to
its silty loam texture (Sastre et al., 2017). This plot was previously
used to grow vines, but in 2004, vines were unearthed and olive
treeswere planted (7� 7m). The plot has beenmonitored since this
implementation and several episodes of intense erosion have been
recorded (Fig. 1 a). The plot covers 3.7 ha, with 10e12% of slope. The
altitude above sea level ranges between 540 and 560m. Soil is tilled
two or three times a year using chisel plow up to 20 cm depth.

2.2. Soil sampling and soil variables

In the plot under study, 30 georeferenced samples were selected
according to a randomized systematic design (Fig. 1 a, c). Around
these soil samples, trees vigor was estimated by trunk diameter.
The diameter of olive treeswas estimated at each sampling point by
averaging the tree’s diameters of the four olive trees immediately
around each point; the height of measurement was 1 ± 0.1 m,
variations were due to branches impedingmeasurements. The olive
trees were planted in 2004. Dead or defective trees were replaced
in the next two years, therefore, at the time of sampling olive trees
were between 12 and 15 years old.

Soil samples were taken in late summer of 2017, at three
different depths (0e10; 10 to 20 and 20e30 cm). Soil samples were
air-dried and sieved (2 mm). Two groups of subsamples were
established, one group to measure physical-chemical variables and
another one to obtain the spectral signatures using an analytical
spectral device (ASD) spectroradiometer described below.

The first group of subsamples was used to measure available
water capacity (AWC) using the pressure plate method (Richards,

List of abbreviations

ASD analytical spectral device (ASD)
spectroradiometer

AWC available water capacity
BI brightness index
FC field capacity
FI shape index
NDVI normalized difference vegetation index
NIR near infra-red
PWP permanent wilting point
S-2 Sentinel 2
SOC soil organic carbon
Sqr Gyp: square root of gypsum content
VIS visible
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1941), and gypsum content was estimated using X-ray diffraction
analysis (Klug& Alexander, 1974). These subsamples were also used
to measure soil organic carbon stock (Equation (1)).

Soil:Organic:C:Stock:
�
Mg:ha�1

�
:¼ :SOC:ð%Þ:

� :Bulk:density:
�
Mg m�3

�
:� :depth:ðmÞ:x:100 (1)

The SOC (%) was estimated by the Loss On Ignition Method
(Schulte & Hopkins, 1996); soil bulk density was estimated as the
mean density of 5 macroaggregates (1e3 cm diameter) obtained by
the mercury-displacement method (Franklin, 1977). This method
was accurate to measure the bulk density of irregular rocks using
nominal diameters ranging from 2 to 3 cm (Franzini & Lezzerini,
2003). Large macroaggregates (0.8e1.9 cm) have been found to
store and protect labile SOC and are good indicators of potential C
responses to land use management changes (Tivet et al., 2013). The
depth considered was 30 cm, following recommendations of the
Intergovernmental Panel on Climate Change (IPCC, 2006). There
were no gravel or stones in the study area.

The sieved dry samples of the second subset were placed on
5 cm diameter by 1 cm depth soil dishes to measure soil spectral
signatures across 350e1100 nm using an ASD FieldSpecPro® VIS/
NIR spectroradiometer (Boulder, CO, USA). The procedure was
carried out in a dark room using the ASD contact probe (halogen
bulb 2900K color temperature). Each scan was the 10 internal scan
average. Noisy portions from 350 to 450 nm and 950e1100 nm
were removed prior to statistical analysis. Awhite Spectralon™was
used every 9 measurements to optimize the spectroradiometer
measurements. Hereinafter the indices, explained in section 2.4,
calculated with laboratory ASD measurements will be qualified as
“ASD”.

Soil reflectance was obtained by two methods: laboratory
spectroscopic measurements of soil samples (ASD) and spectra
derived from the Sentinel 2 (S-2) multispectral image.

2.3. Images

One cloud-free Sentinel-2 image (Level 2) was downloaded
from ESA Sentinels Scientific Data Hub, this image was obtained on
the November 15, 2017, it was selected as the closest date from
ground sampling without rain events in the previous three weeks.
Fig. 3 depicts a detailed airborne image (pixel size 50 cm; plani-
metric precision 1m rmse), it was downloaded from the National
aerial Orthophotography (Instituto Geogr�afico Nacional, 2014), the
flight was made in the 2017 campaign. Images were analyzed with
Open Source Geospatial Information System (QGIS., n.d.) and the
Sentinel Application Platform v7.0 (SNAP-ESA. Sentinel Application
Platform v7.0.2, n.d.).The remote sensing indices, explained in

Fig. 1. Airborne photography of the study plot with sampling points a few days after a high-intensity rain event, the top of the hills are covered by spontaneous vegetation
dominated by Stipa tenacissima species; throughout the cultivated slopes, rill erosion is clearly visible in different small watersheds on the plot (a). Representative soil profile (b),
and thirty core samples from 0 to 30 cm depth (c).

Fig. 2. Volumetric soil moisture at field capacity (FC vol) and Permanent Wilting point
(PWP vol). The difference between these two measures results in the available water
(AW vol). Changes according to the gypsum content in 90 soil samples.
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section 2.4, were derived by ESA’s SNAP Sentinel-2 Toolbox soft-
ware. Hereinafter these indices will be qualified as “S-2”.

2.4. The thematic indices

The visible and near infra-red (NIR) part of the electromagnetic
spectrum was used to compute three different thematic indices.
The Brightness Index (BI; Equation (2)) is related to the brightness
of soils, which in turn is influenced by soil moisture, presence of
salts and organic matter content of soil surface (Escadafal, 1989).
The Shape index (IF; Equation (3)) is similar to a coloration index, it
was proposed by Escadafal (1994) for the identification of degraded
calcareous and gypsiferous soils in Tunisia. The normalized differ-
ence vegetation index (NDVI; Equation (4)) indicates the photo-
synthetic capacity or the energy absorbed by plant canopies, hence,
the amount of healthy vegetation. This index can distinguish be-
tween soil and vegetation,minimizing topographic effect; however,
the influence of soil background is significant (Huete et al., 1994). In
arid and semi-arid environments with scarce vegetation, the NDVI
index shows spectral properties of soils, and considering the visible
range, it can be a proxy of environmental degradation (Escadafal
et al., 1994, pp. 253e259); it varies between �1.0 and þ 1.0.

BI¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
R2 þ G2

�.
2

r
(2)

FI , ¼ ,ð2R � G� BÞ=ðG� BÞ; (3)

NDVI , ¼ ,ðNIR � RÞ=ðNIRþRÞ (4)

where the letters refer to the reflectance values acquired in the blue
(B, Band 2, 490 nm); green (G, Band 3; 560 nm); red (R, Band 4;
665 nm); and near-infrared (NIR, Band 8; 842 nm)wavebands (ESA,
2015).

2.5. Statistical analyses

The Gaussian distribution of soil variables was checked; only the
gypsum content was transformed using the square root of the
variable to approximate to a Normal distribution. Parametric ana-
lyses were used to calculate descriptive statistics and correlations
between variables. Significant differences between soil layers were
estimated by one way ANOVA and Kolmogorov-Smirnov test for
parametric and non-parametric distributions respectively. A prin-
cipal component analysis (PCA) was used to reduce the dimensions
of data sets and find out Components or Factors with the highest
variance. The SPSS software was used to perform statistical analysis
(SPSS-Inc., 2009).

3. Results

3.1. Soil organic carbon, water, and gypsum

Table 1 shows significant differences across the three soil layers
studied. The first two layers: 0 to 10 and 10e20 cm are similar, but
they are different from the deeper layer (20e30 cm), which shows
less carbon, higher bulk density, and less available water content.
Gypsum content was also significantly higher at the deepest layer.
Gypsum values have been expressed with the median and quartiles
and the significant differences established by non-parametric tests.

Soil bulk density and gypsum concentration are increasing
simultaneously with depth. Any increase in these variables, which
may be found in deeper soil layers (Tables 1, 20e30 cm depth), have
significant effects onwater content; however, only gypsum content
shows significant negative correlationwith plant available water in
this soil. The relationship between these two variables and water
volume in soil can be observed in Table 2.

The influence of gypsum on water availability can be seen in
Fig. 2. In these soils, higher gypsum content fundamentally affects

Fig. 3. Location of sampling points at the study plot. On the left aerial orthogonal image obtained in 2017 (latest images PNOA https://pnoa.ign.es/). On the right Sentinel-2 image
Level 2. Brightness Index (“SNAP BI”, Soil Radiometric Index. SNAP software). Below, four examples (samples No. 3, 14, 1 and 28) of spectral reflectance curves performed with the
ASD spectroradiometer of samples taken at three different soil depth; 0 to 10 (red), 10 to 20 (green) and 20e30 cm (blue). The Y-axis shows Reflectance, the X-axis shows
wavelength (nm).
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the volume of water available at the Permanent Wilting Point
(PWP). As a result, the difference between Field Capacity (�33 kPa)
and PWP (�1500 kPa) is getting smaller, and therefore the AWC is
significantly affected. Arguably, the increase of gypsum content in
topsoils, as a consequence of erosion processes, will influencewater
availability.

3.2. Soil reflectance and indices

It was hypothesized that erosion processes lead to the exposure
of the deeper soil horizons, having low SOC and high gypsum
content, and this different composition can be detected by soil
reflectance. In these sloping plots, ASDmeasured reflectance allows
soils to be classified into four general types, concerning their
spectral signature. A group of soils having high reflectance, indi-
cating low SOC content and high gypsum content, had spectral
signatures like those located at the bottom left side of Fig. 3; among
them, several soils had very similar reflectance for the three layers
studied, such as the sample 3; other soils had the deepest layer
(20e30 cm) very close to the Cy horizon, so that with high gypsum
content, and very light colors, as was the case of sample 14 with
high reflectance for the 20e30 cm layer. Another group of soils
showed lower surface reflectance, indicating higher SOC and low
gypsum content, in Fig. 3 they are located at the bottom right side,
and once again, there were soils with the upper 30 cm very ho-
mogeneous, like sample 1; and other soils had less reflectance at
the 20e30 cm layer, this would be the case of soils with a higher
carbon content throughout the whole depth studied (from 0 to
30 cm).

Following the equations mentioned above, BI, FI and NDVI
indices were calculated for ASD and S-2 reflectance. The figures
obtained for these indices were different. Considering the signifi-
cant differences between the two upper layers (0e10 and
10e20 cm) representing tilled soils, and the deeper one (from 20 to
30 cm depth) untilled, a correlation analysis between the variables
considered in this study was divided into two blocks, surface soil,
(0e20 cm) and the whole profile (0e30 cm). Table 3 shows the
correlations between indices obtained by ASD measurements and
the corresponding indices obtained from the reflectance of pixels in
the S-2 image.

The pairs of indices obtained from S-2 and ASD are positively
and significantly correlated, especially the FI_S-2 and FI-ASD,

whose correlation is 0.49 for tilled layers. It is also noteworthy
that for the indices calculated in soil samples from 0 to 30 cm depth
the significance of correlation persisted, although diminished for
NDVI and FI, but not so for BI.

3.3. Relationships between soil reflectance and soil properties

Again, considering the significant differences between the two
first layers and the at 20e30 cm depth, two principal component
analysis (PCA) were performed separately, one of themwith values
obtained from 60 samples taken at 0 to 10 and 10e20 cm depth,
and the other PCA analysis conducted with 30 samples taken from
20 to 30 cm depth. The slope at the sampling point position, the
SOC estimated as C Stock, the volumetric AW and the gypsum
content, transformed by square root (Sqr Gyp) were used as ground
indicators. The olive tree trunk diameter, ranging from 7.6 to
22.5 cm, was a biological indicator of the influence of soil condi-
tions. In this study, trunk diameter showed a positive correlation
with C stock in soils (0e30 cm) (r ¼ 0.57, p < 0.01), and negative
with gypsum content (r ¼ �0.53, p < 0.01). Finally the set of indi-
rect indicators of soil condition: BI, FI, and NDVI, derived by S-2, and
calculated from ASD measurements was also included. The objec-
tive was to determine the information that can be retrieved from
these indices and the relationship between these indices obtained
from different sources. Considering the topsoil or soil that was
influenced by tillage (0e20 cm depth), Fig. 4 shows the projection
of variables on the plane set by Factors 1 and 3 which extract 70% of
the variance; it depicts the relationships between soil and vegeta-
tion variables and the group of Indices. Both brightness indices are
on the right side of the factor plane, close to gypsum concentration
and slope, with which they are related. On the opposite side, the
magnitude of tree diameter, diametrically opposite to the Slope of
the plot, is located close to the NDVI index obtained in the S-2
image. On the same side of the factor plane, we can find the C stock,
close to both Shape indices (FI) and close to them the AWC, which is
in turn, opposite to the gypsum content.

The contributions of variables on the PCA Factor coordinates
based on correlations are shown in Table 4. The first PCA Factor is
involving C stock, AWC, Olive trunk diameter, and NDVI and Shape
indices, all of them are inversely related to gypsum content. Ac-
cording to this Factor, higher terrain slope tends to coincide with
soils having higher gypsum content, less C stock and less water
availability. These results are valid for both PCA analysis, 0 to 20 and
20e30 cm depth. In both cases, Factor 1 extracts 55% of the variance
(Table 4). The indices obtained from ASD showed stronger corre-
lations with this Factor than those obtained from S-2 images.

The second Factor of PCA is specifically related to the slope of the
plot, with a weak relationship with the tree diameter, especially for
the set of 20e30 cm depth. The third Factor is of special interest
because it is made up by the simultaneous variations of tree
diameter and water availability, being the other factors negligible,

Table 1
Mean and standard deviation of soil parameters. FC ¼ volumetric soil moisture at Field Capacity; PWP ¼ volumetric soil moisture at Permanent Wilting Point. Gypsum
concentration is described with the median and quartiles (Q25 and Q75) due to the lack of Normal distribution of this variable. Different letters indicate significant differences,
p < 0.05.

Soil parameters at different depth 0e10 cm (n ¼ 30) 10e20 cm (n ¼ 30) 20e30 cm (n ¼ 30) Average 0e30 cm (n ¼ 90)

SOC (g kg�1) 12.8 ± 4.2 a 10.9 ± 4.6 a 7.4 ± 4.8 b 10.4 ± 5.1
Bulk density (Mg m�3) 1.1 ± 0.2 a 1.2 ± 0.1 a 1.4 ± 0.2 b 1.2 ± 0.2
C Stock (Mg ha�1) 14.5 ± 5.3 a 12.6 ± 6.1 a 9.7 ± 6.4 b 37.8 ± 18.3
Water content at FC (%) 32 ± 5 a 30 ± 6 a 34 ± 7 a 32 ± 6
Water content at PWP (%) 17 ± 5 a 18 ± 6 a 24 ± 8 b 20 ± 7
Available Water (%) 14 ± 4 a 12 ± 5 a 10 ± 6 b 12 ± 6
Gypsum median (%) 80.7 (70e86) a 81.6 (61e89) a 89.3 (46e94) b 82 (59e90)

Table 2
Correlations between bulk density and gypsum concentration (squared root) and
water content of soils (FC: volumetric water content at Field Capacity; PWP: volu-
metric water content at Permanent Wilting Point).

Soil Parameters Bulk density (n ¼ 90) Sqr Gypsum (n ¼ 90)

Water content at FC (%) R ¼ 0.59; p < 0.001 R ¼ 0.34; p ¼ 0.001
Water content at PWP (%) R ¼ 0.47; p < 0.001 R ¼ 0.64; p < 0.001
Plant Available Water (%) R ¼ 0.07; p ¼ 0.52 R ¼ � 0.44; p < 0.001
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especially at the deepest layer. The information carried out by this
third Factor is of concern in this water-scarce environment, so that
Fig. 4 shows the spatial distribution of sampling points according to
Factors 1 and 3 of the PCA. The figures show the two shallow layers
separately from the deepest layer. First, we can observe the similar
location of samples in the plane formed by these factors when
layers are alike since the points usually appear very close. In red, the
soils corresponded to 0e10 cm depth, and in green, soils were from
10 to 20 cm depth; this was expected given that there were no
significant differences between them (Table 1). Factor 1, which
extracts the maximum variance, is indicating the carbon content,
the water content that is maximum to the left of the created space
and is minimal on the right. Similarly, on this axis of Factor 1, on the
left are the samples with the lowest gypsum content, and on the
right, those with the highest gypsum content, which coincided
with areas with greater slope. Factor 3, on the Y-axis, represents the
health of the trees, which is measured indirectly through the
diameter of the trunks, which is also related to the plant available
water. This distribution of the PCA indicates that themost degraded

soils are in the lower right quadrant.
When comparing charts in Fig. 5, we can observe that several

soils appeared at approximately the same location in both analyses
(charts a and b), this means that for these soil samples, the three
layers were similar, for example, samples 4 or 17, always in the
lower right quadrant, or samples 8 and 27 always in the lower left
quadrant. When samples were placed in a different quadrant, there
were more differences between the variables in surface and depth,
as was the case of sample 14, whose spectral signature is also
observed in Fig. 1, which shows more reflectance in the deepest
layer, and therefore with greater gypsum content and less SOC.

It can also be noted that soil samples of the upper layers (0e10
and 10e20 cm depth) on the upper chart of Fig. 5 (a), are mainly
located at the confluence of the axes, that is, this is a sample pop-
ulation of similar data, while in the deeper layer (20e30 cm) on the
bottom chart of Fig. 5 (b), soil samples tend to appear scattered, and
there are none in the central zone.

According to the PCA analysis, there is a link between soil
brightness and gypsum content, similarly the FI index is related to
the C stock and NDVI appears close to the variable of diameter of
olive trees. Fig. 6 depicts soil and the tree variables studied in the
first 20 cm, grouped according to regular intervals of the indices
obtained from the pixels of the S-2 image, with which they can best
be monitored. From left to right some soils have progressively more
gypsum content (Fig. 6 a), less SOC (b) and a smaller diameter of the
olive trees (c). Brightness values greater than 0.3 are an indicator of
soil problems, which are reflected in a lower development of trees.
The FI index, represented versus the C stock values, shows signifi-
cant differences in SOC content from values of 2.4. The NDVI is the
index that best represents the diameter of the olive trees, although
significant differences appear only for values greater than 0.18.

4. Discussion

Erosion in the study area has been studied in recent years. The
estimated soil loss was reported as 30 Mg ha�1 yr�1 (Sastre, 2017);
moreover, losses of 93 Mg ha�1 were recorded after a single high-
intensity precipitation event of 55 mm h�1 for 10 min (Bienes &
Marques, 2008) leading to an average soil loss of 0.6 cm. Alarm-
ing amounts of annual erosion rates were noticed for other sloping
olive groves managed by conventional tillage practices, for
example, 10.4 Mg ha�1yr�1 (Martinez et al., 2006), 21.5 Mg
ha�1yr�1 (G�omez & Gir�aldez, 2007), 41.4 Mg ha�1yr�1 (Bruggeman
et al., 2005) or 50 Mg ha�1yr�1 (Karamesouti et al., 2015). Such
erosion rates should be reduced to a tolerable limit of around
1 Mg ha�1 yr�1 (Verheijen et al., 2009), especially for degraded
shallow soils.

One of the effects of soil loss is the low C Stock; on average,
38 Mg ha�1 of C stock was observed in the 30 cm of soil depth in
this study. It concurs with the range of C Stock from the study of 45
different soil profiles in the olive groves in Spain that is
39.9 ± 28.3Mg ha�1 over 1m depth (Rodríguez-Murillo, 2001). This
range is considered low according to the global estimates

Table 3
Correlations between indices. The remote sensing indices were calculated in the Sentinel-2 image (date 2017-11-15) with SNAP software. Brightness Index (BI_S-2), Shape
Index (FI_S-2); Normalized Difference Vegetation Index (NDVI_S-2). The same indices were calculated from the blue, green, red and NIR wavelengths obtained with the
analytical spectral device, BI_ASD; FI_ASD and NDVI_ASD. (*) Marked correlations are significant.

Indices Depth 0e20 cm (tilled layers)
N ¼ 60

Depth 0e30 cm (both tilled and untilled)
N ¼ 90

NDVI_S-2 BI_S-2 FI_S-2 NDVI_S-2 BI_S-2 FI_S-2
NDVI_ASD 0.44 * p < 0.001 0.31 * p < 0.005
BI_ASD 0.38 * p < 0.005 0.37 * p < 0.005
FI_ASD 0.49 * p < 0.001 0.37 * p < 0.001

Fig. 4. Projection of variables on the plane formed with Factors 1 and 3. Physical-
Chemical soil variables (tilled soil 0e20 cm depth) were carbon stock in Mg ha�1 (C-
Stock); Available water capacity (AWC), Gypsum (Sqr Gyps). The slope and Tree Di-
ameters were also considered. The indices calculated in the Sentinel-2 image (date
2017-11-15) with SNAP software were: Brightness Index (BI_S-2), Shape Index (FI_S-2);
Normalized Difference Vegetation Index (NDVI_S-2). The same indices were calculated
from the blue, green, red and infra-red wavelengths obtained with the analytical
spectral device, BI_ASD; FI_ASD and NDVI_ASD. Factor 1 is related to slope and gypsum
content. Factor 3 is related to olive tree diameter and water scarcity.
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elaborated by the FAO (2017). For a 30 cm depth, the C stock ranges
from 20 to 120 Mg ha�1. Concurrently, the available water content
(AWC) declines. Olive trees are not water-demanding plants, and

they can grow in different types of soils, producing fruits in areas
with less than 200 mm of annual rainfall (Gucci & Fereres, 2012),
although the optimal condition is around 600 mm of annual pre-
cipitation. However, water shortages and soil quality impact the
plant vigor and survival rate (Sibbett & Osgood, 2004). Olive pro-
duction in these soils, considering the average of good and bad
years, is between 12 and 15 kg per tree (data not published). Pro-
duction depends on the climate, soil, age, and tree variety. How-
ever, these figures are comparable with the olive production of
different varieties growing in other drylandswith less than 250mm
of annual rainfall with a maximum production of around 10.6 kg
per tree (Aïachi Mezghani et al., 2019). The production is, however,
lower than the yields of olive trees in highly productive irrigated
areas and better soils that reach an average of 50 kg per tree (FAO,
n.d.).

Several issues are damaging the development and production of
olive trees, and all are interrelated: for example, low SOC hampers
soil structure and decreases soil’s ability to hold water (Castro et al.,
2008; Palese et al., 2014); a high gypsum content results in an in-
crease of water volume unavailable to the plants at the Permanent
Wilting Point. Reported publications also describe the negative
impact of gypsum on water availability (Moret-Fernandez &
Herrero, 2015). The shallow soils, technically not very suitable for
growing crops, becomemarginal when the first centimeters of soils
are lost. In addition, when gypsum content exceeds 35%, water
availability drops under 10% (Boyadgiev, 1974). Similar results were
noticed in the soils of this study; soil layers under 20 cm depth
showed AWC of 10%. Furthermore, over this depth, the massive Cy
horizons were preventing further water availability and root
development, which are usually extended only on the upper layers
of soils (Parra-Rinc�on et al., 2002). The complex topography of the
plot in this study created three micro-watersheds experiencing
sediment loss and sediment deposition at different sites, leading to
an accumulation of soil organic carbon (SOC), fine particles (silt and
clay), and water in certain areas. In these sediment sinks, we could
find better soil conditions (Hill & Schütt, 2000) and, therefore,
favorable conditions for olive tree development. These areas
showed lower reflectance compared to the upslope areas.

The described processes and changes can be monitored using
remote sensing indices (Dorigo et al., 2007). The correlations be-
tween the indices derived from the S-2 image spectral data and the
ASD laboratory-measured spectral data were significant (between

Table 4
Factor coordinates of the variables, correlations with three main factors and variance explained. On the left the principal component analysis (PCA) performed with samples
between 0 to 10 and 10e20 cm depth; on the right, the PCA performed only with samples taken at 20e30 cm depth. Physical-Chemical soil variables were carbon stock in Mg
ha-1 (C-Stock); Available water capacity (AWC), Gypsum (Sqtr.Gyps). The slope and tree’s Diameters were also considered. The Indices calculated in the Sentinel-2 image (date
2017-11-15) with SNAP software were Brightness Index (BI_S-2), Shape Index (FI_S-2); Normalized Difference Vegetation Index (NDVI_S-2), and finally, the same indices were
calculated from the blue, green, red and infra-red wavelengths obtained with the analytical spectral device, BI_ASD; FI_ASD and NDVI_ASD.

Variables
0 to 20 cm depth
Frequently tilled

20 to 30 cm depth
Untilled

Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3

Slope% 0,58 0,72 �0,28 0,44 0,83 0,18
Tree Diameter �0,70 0,43 0,54 �0,76 0,05 0,60
C Stock Mg/ha �0,86 0,21 �0,07 �0,88 0,32 0,04
AWC m3/m3 �0,79 0,23 �0,38 �0,71 0,40 �0,53
Sqr Gyps 0,77 0,32 0,23 0,82 0,29 0,04
BI_S-2 0,14 �0,26 �0,16 0,20 �0,20 �0,18
FI_S-2 �0,27 0,46 0,03 �0,22 0,27 0,30
NDVI_S-2 �0.38 0.22 0.18 �0.38 0.08 0.22
BI_ASD 0,48 �0,05 0,13 0,25 �0,20 �0,06
FI_ASD �0,68 0,16 0,01 �0,75 0,11 0,08
NDVI_ASD �0.72 0.34 �0.08 �0.66 0.15 0.32

% Total variance 55.3 18.0 11.6 54.5 20.9 13.7
Cumulative % 55.3 73.3 84.9 54.5 75.4 89.1

Fig. 5. Projection of soil samples on the plane formed by PCA Factors. Samples taken at
0e10 and 10e20 cm depth are represented at the upper figure (a). Samples taken at
10e30 cm depth are represented at the bottom figure (b).
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0.39 and 0.49). Their contributions to the PCAwas similar, as can be
observed from Table 4. In sparse or low vegetative areas, like this
olive grove, the influence of soil on reflectance values is very strong.
From the PCA results, it was concluded that BI-ASD was more
related to the gypsum content. Given the influence of the topog-
raphy on the presence of gypsum at the topsoil, it was not sur-
prising that the BI_S-2 was related to the slope of the plot.

The gypsiferous soils show a wide range of colors, moderately
dark such as 10 YR 5/3 with less gypsum or light colors such as 2.5Y
8/1, which is due to the high gypsum content of Cy1 horizon. These
colors are easily observed in the satellite imagery, especially when
gypsum forms crusts, whose high reflectance is noticed if soils have
more than 70% gypsum content (Escadafal et al., 1994, pp.
253e259). As a result, high gypsum content in the topsoil can be an

indicator of soil degradation and desertification by erosion
(Khanamani et al., 2017). In this study, the BI was related to the
gypsum content, and the FI was related to the C stock, especially
FI_ASD; studies have established the relationship between the
shape of the spectral signatures and SOC (Henderson et al., 1992;
Summers et al., 2011) which influences, in turn, the hue of soils.

The NDVI has been used as a proxy of net primary production;
therefore, it is used to assess the health and coverage of vegetation
(Higginbottom & Symeonakis, 2014). This index can be influenced
by soil background reflectance in scarcely vegetated areas (Tucker
et al., 1985); however, it has also been used to estimate soil
texture and water content (Lozano-García et al., 1991), moisture in
shallow soils (Wang et al., 2007), nitrogen and C content in soils
(Sumfleth & Duttmann, 2008), and soil color, especially hue (Singh
et al., 2006). From Fig. 3 it can be observed that the NDVI_S-2 is
related to the tree diameter that indicates the plant vigor. However,
these soils had a vegetation cover of around 20%, so the effect of soil
reflectance was also prominent. However, the NDVI_ASD, calcu-
lated from soil samples measured at the laboratory, could not
represent the plant vigor, and this index was more related to the
SOC and AWC (Fig. 3). In general, the results of PCAwere similar for
the two depths of study (0e20 and 20e30 cm). Reflectance gath-
ered by the S-2 images refer to the upper millimeters of soil;
however, the results obtained in this study showed that soil char-
acteristics over the 30 cm depth had a general influence on the soil
surface and could be indicated by the vigor of trees, which was
greater in areas with lower reflectance. These areas received sedi-
ment deposition from upper sites and had more SOC and AWC.

Tillage practices mix soil horizons; therefore, the gypsum
accumulated in the C horizon was progressively more abundant in
the upper layers, especially in the most eroded areas of the plot.
Fig. 5 (a) shows the more homogeneous characteristics of soil
samples in the upper layers (0e20 cm); these samples were,
therefore, homogeneously distributed in the plane formed by the
PCA Factors. On the contrary, the analysis performed with samples
of the deepest layer (20e30 cm), as shown in Fig. 5 (b), resulted in a
heterogeneous distribution of samples in the plane of Factors, i.e.,
none of the samples were located at the origin of the axes. This fact
indicated that in the deeper layers (untilled), soil characteristics
were more different between samples. In general, the PCA analysis
separates different types of samples influenced by their position at
the slope of the plot. Some samples showed lighter colors at the
upper layers, but are darker in the layer underneath. This might be
because they were located in areas receiving eroded sediments
from higher topographic positions with lighter colors. However,
high SOC and AWC in the deeper layers facilitated large trunk di-
ameters, for example; this was the case with samples 12 and 21.
Other areas showed soils with high reflectance in all the three
layers considered. They are shown at the lower right quadrant of
Fig. 5. The areas had trees with smaller trunk diameter as they were
growing on layers close to the massive Cy horizon with water
limitations. This Figure shows that soil changes according to the
position on the connectivity system of this plot modeled by erosion
processes depending on the topographic position and the degree of
slope (Marques et al., 2020). In the present study, there was
considerable variation between samples in the same plot; however,
three thematic indices could establish the different influences of
water erosion globally evidenced in tree development. The
degraded soils evidenced less growing of olive trees that could be
detected by an NDVI value of less than 0.18. The impact of soil
degradation on the size of trees was also visible in the aerial pho-
tographs (Fig. 3).

The analysis of temporal variations of the thematic indices
derived from temporal remote sensing images can be used for
monitoring degradation or recovery of this type of soil if changes

Fig. 6. From left to right the effect of soil erosion on the variables. Mean and standard
error of Gypsum content (a), Carbon Stock (b) and Tree diameter (c) and the corre-
sponding remote sensing indices derived by Sentinel 2 image: Brightness Index (BI),
Shape Index (FI) and Normalized Difference Vegetation Index (NDVI).
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are made in the land management practices. Agronomic produc-
tivity is related to water availability and SOC (Reeves, 1997); how-
ever, there are not many studies to relate agronomic productivity
and erosion (Pimentel et al., 1995). The consequences have been
revealed in this study; this aspect of erosion can be more effective
to get the involvement of farmers who, according to surveys in the
region, think that tillage prevents erosion (Marques et al., 2015) and
are more worried about water and production then they are about
soil erosion (Barbero-Sierra et al., 2018).

5. Conclusion

In the shallow soils of the study area with markedly differing
horizons, tillage practices exposed different colors or hues at the
surface that are indicative of the erosive processes. Certain hues at
the surface indicate soil horizons that are not suitable for plant
growth and can be observed by remote sensing. According to the
PCA results, in these gypsiferous soils, the Brightness Index was
related to the gypsum content, the increasing concentration of
which decreases the amount of available water in the soil. The
relationship between water content and soil organic carbon was
also verified. The latter could be observed with the Shape Index.
The NDVI, normally used as a vegetation index, was an indicator of
soil and crop degradation in these sparsely vegetated soils of the
study area. These three indices are recommended for monitoring
changes and can be related to loss of water availability and crop
productivity. The information can be used to increase awareness
among land users, instead of figures of tons per hectare of soil loss.
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a b s t r a c t

Golestan, a province in the North-East of Iran, is characterized by high coverage of loess deposits. Since
1963, the area has experienced approximately 200,000 ha deforestation due to land-use changes in
agriculture and increasing demand for wood. Approximately, 110,000 ha of the clear-cut lands are under
dry-farming, mainly for wheat cropping, and about 86,000 ha have been reforested. This IAEA funded
project is the first attempt to use nuclear techniques in the East of Hircanian Forest for determination of
on-site impacts of deforestation due to two land-use changes (i.e. dry farming and reforestation).
Practicing long-term dry-farming led to 60% soil losses with a mean rate of 2 mm per year. The net
erosion rate of croplands on loess deposits in the study area was 32.27 t ha�1 yr�1. Reforestation,
cultivation of even-aged Cypress trees since 1993, showed 13 to 60 percent effectiveness in soil con-
servation. Dry-farming land use resulted in the loss of 95 t ha�1 soil organic carbon (SOC) stock at a mean
rate of 1.7 t ha�1 over 54 years. Cultivating Cypress trees successfully restored the SOC content by 100%
compared with the SOC in original forests. The conversion of dry-farming lands to orchards of olive trees
since 2004, brought more income for farmers but were less effective in soil conservation because of low
canopy cover of olive trees. Our data provide key information and guidance for land users and decision-
makers about implementing strategic and sustainable conservation practices to restore degraded land.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Land-use changes such as clear-cutting of forests hasten soil
degradation (erosion) in catchment areas worldwide (Gharibreza
et al., 2013a, 2013b, , 2013c). Deforestation is known as one of the
most unsustainable land-use changes that lead to awide range of on-
site and off-site negative impacts. These include soil and nutrient
losses, increased emission of greenhouse gases (GHGs), loss of
biodiversity, loss of habitats, migration of animals, and increased in-
cidents of the landslide, debris flow, and floods which are well
recognized on-site impacts of deforestation. Besides, increasing of

sediment transport and sedimentation in reservoirs, wetlands, lakes,
shoaling of coastal sedimentaryenvironments, severe eutrophication
and pollution of water and sediment resources, climate change and
socio-economic impacts are the main results among off-site impacts
(Mohamed Abd Elbasit et al., 2013; FAO, 2015, p. 253; Indarto, 2016;
TejaswiandMutaqin,2007,p.49;Gharibreza&Ashraf, 2014). Besides,
the short and long-term socio-economic effects of deforestation
affected incomes which were dependent on the forest.

Land development projects, agriculture, mining, logging, ur-
banization and rural settlements, cattle ranching, transport, power
plants, commercial oil palmplantations, and utilization ofwood fuel
are knownas themaindriving forces fordeforestation (Kaimowitz&
Angelsen, 1998, p. 153; Gharibreza& Ashraf, 2014; Gharibreza et al.,
2013a, 2013b, b). Burning and clear-cutting are the most common
destructive methods that have been applied during deforestation
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over the last decades. Alternative methods such as strip, shelter-
wood, and selective cutting were also used for wood harvesting
around theworld.On theotherhand, silvicultural systemshavebeen
used for reforestation of cleared cut lands for industrial wood
demands.

These systems reflect the type of forest structure remaining after
the initial harvest. Two classes of silvicultural systems can be recog-
nized; even-aged and uneven-aged. Even-aged systems generally
create standswhere the trees are approximately the same age or one
age class. However, sometimes, even-aged systems can result in two
distinctageclassesof treeswhensomeolder treesare left behindafter
harvesting. Clear cutting, seed tree, and shelterwood are generally
considered to be even-aged silvicultural systems. Uneven-aged sys-
tems, on the contrary, aimat creatingormaintaining, by the selection,
stands to consist of trees with several distinct age classes.

Degradation of the forest by converting forest land to dry-farming
and silvicultural systems is common in Iran but their on-site impacts
on soil redistribution are still unknown. The effects of these types of
land use on soil redistribution rates were evaluated in this study.

Evaluation of empirical, conventional, and nuclear-based
methods (Evans et al., 2017; IAEA, 1998) has resulted in the appli-
cation of the nuclear technique of 137Cs to estimate soil redistribu-
tion rates on deforestation-induced land uses in the study area.
Therefore, the Technical Cooperation (TC) project between Iran and
the International Atomic Energy Agency (IAEA), IRA 5013 was
established to find out the effects of deforestation and afforestation
on soil erosion in theNorth of Iran using fallout radionuclides (FRNs)
techniques. The study method was supervised by the IAEA experts.

Cesium-137 (137Cs) is afissionproduct and atomic bomb-derived
radioisotope that has a half-life of 30.02 years and emits gamma rays
with an energy of 661.6 keV (Poreba, 2006). This radionuclide was
first used byYamagata et al. (1963) andRogowski andTamura (1970)
to estimate the rates of soil erosion. Analytical methods andmodels
for estimating soil erosion using 137Cs have remarkably improved
over the last four decades. Ritchie (2007) reported that scientific
publications on the 137Cs technique started in 1961 and reached its
maximum number in 1999. Newmodels for estimating soil erosion
have also been introduced by Robbins (1978), IAEA (1995, 1998),
Rogowski and Tamura (1970), Walling and Quine (1990), Walling
and He (1999), Walling et al. (1999), Zapata and Agudo (2000), and
Poreba (2006). Mabit et al. (2008) have evaluated different models
andnoted the advantages and limitations of using 137Cs and 210Pb for
assessing soil erosion. Therefore, 137Cs and 210Pb-based techniques
can be applied both quickly and efficiently to estimate soil loss and
redeposition. A PC-compatible software package by Walling et al.
(1999) contains improved models, based on several empirical and
theoretical approaches that are applicable to both cultivated and
non-cultivated areas. The package includes the Proportional Model,
the Mass Balance I, II, and III Models, the Profile Distribution Model,
and the Diffusion andMigration, Models. Specific requirements are,
however, needed in applying the models for the underlying as-
sumptions, descriptions, and representation of temporal variation
(Walling et al., 1999).

The objective of this research was to determine the soil redis-
tribution pattern induced by deforestation along the representative
transects of the dry-farming and afforested lands in the Golestan
Province of Iran using the 137Cs technique.

2. Materials and methods

2.1. The study area

The Hircanian Forests (HF) are located along the South of the
Caspian Sea, in theNorth of Iran. Their distribution along the northern
slopes of theAlborzMountains, covers ca.1.85million hectares in Iran.

The HF includes an important refugium of temperate broad-leaved
trees. The HF stretch across a large area that comprises the three
provinces of Guilan, Mazandaran, and Golestan (Fig. 1). Golestan
Provincehasapproximately452,000haof forest coverage, fromwhich
66% are productive, 18% are conserved, and 16% are degraded. A rapid
increase in the humanpopulation associatedwith the developmentof
wood industries led to extensive deforestation and a decline in
coverage of HF between 1942 and 2005. Between 1976 and 1991,
deforestation throughwood harvesting occurred at amean rate of 2.3
million m3 per year. Afterward, this deforestation rate decreased to
300,000 m3 per year; while since 1981, approximately 75,527 ha of
cleared cut areas have been reforested.

The study area has a semi-humid climate with a mean tem-
perature of 16.4 �C and annual precipitation between 700 and
1000 mm which mainly occurs in October and sometimes in July.

2.2. Site selection and sampling

A sampling strategy is a critical step for the success of the 137Cs
method in soil erosion and sedimentation studies (Fulajtar, 2017, p.
63). In this study, based on the research objectives and distribution
of specific land-use changes across the Golestan province, an accu-
rate sampling design was established. Field observations showed
that the hillslopes located between 150m and 500m elevations and
with a slope lower than 30% have been experiencing maximum
deforestation over the last decades. The deforestation affected
mainly the loess areas of Golestan Province. Loess is a sedimentary
deposit composed largely of silt-size grains that are loosely
cemented by calcium carbonate. Such deposits cover older geolog-
ical formations and rockunitswithdifferent thicknesses in the study
area. Muhs (2007) reported that the loess deposits have been
deposited during the Quaternary interglacialeglacial cycles. There-
fore, the development of loess deposits in the Golestan Province in
the eastern part of the Caspian Sea (CS) is correlated with sea-level
variation periods and with the availability of a huge amount of
silty and sandy sediments, eventually redistributed as aeolian sed-
iments layers (loess). Kakroodi et al. (2012) recognized five CS level
cycles after 3260 cal yr BP. Therefore, two major periods of cooling
phases occurred, including the 2600e2300 cal yr BP high stand and
the Little Ice Age, which had a strong impact on the CS water level
(Gharibreza et al., 2018). Such cooling ages provided a suitable
environment for aeolianmechanisms to accumulate loess at the toe
of the Eastern AlborzMountain range. This idea has been supported
by a newly published work (Rahimzadeh et al., 2019) on the for-
mation of aeolian deposits in the Eastern Caspian Sea. Sedimento-
logical and dating information has stressed on the accumulation of
loess and fossil dunes in the Early Holocene, probably following the
so-called Mangyshlak regression. High erodibility of loess deposits
especially in China has been proved by some authors (Yan et al.,
2018; Mohamed Abd Elbasit, 2013) using conventional models.
Therefore, another strategy of sampling in the present study was to
estimate deforestation-induced erosion rates on loess deposits in
the North-East of Iran.

The comprehensive field observations across the Golestan
province resulted in the selection of five representative transects
(Fig. 1). Site selection was conducted based on different land-use
changes across the study area. Intensive deforestation and con-
verting of the forest to dry-farming started in 1963 (Act 41, 1962) by
relaxing the law for the nationalization of forests and sharing land
with laborers and new farmers. Driving forces such as willingness
to create new land ownership, agriculture, cattle ranching, and new
demands for wood by industries have facilitated the deforestation.

A sampling strategy was designated to find out the proper
reference sites inwestern and easternparts of the Golestanprovince
to estimate variations in the 137Cs radioisotope inventory.
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Accordingly, two reference sites in the Kuhmian and Galikesh
watershed were identified with the cooperation of an IAEA expert
(IAEA, 1998) in August 2017. Both the reference sites are located in
conservative parts of the watershed where original forests are pro-
tected by the Forest, Rangelands, and Watershed Management Or-
ganization of Iran. The Galikesh reference site was located 1.3 km
fromthe studysite at anelevationof 728m, in theoriginal forest. The
Kuhmian reference site was located 1.1 km from the study site at an
elevation of 420 m, in the original forest. A sampling of reference
sites was carried out and 24 bulk samples and two incremental
depth samples were collected. A scraper plate with a cutting edge
and having a rectangular metal frame (surface area ¼ 1292.71 cm2)
served to collect 2 sectioned cores samples (one for each site) at 2-
cm intervals at a total depth of 30 cm. Both the Kuhmian and

Galikesh watersheds included conservative and trading forests and
deforested-induced land uses that gave opportunities to the project
team to find out appropriate locations for reference sites and sam-
pling transects.

Sampling strategy for such studies (IAEA,1998) implies selecting
the nearest location to the reference sites where a variety of sam-
pling patterns could be implemented. Conducting sampling pat-
terns with the catchment scale was not applicable because of the
extensive sub-catchments and limitations in the number of sample
analyses. Therefore, a transect approach was followed for sampling
along hillslopes with representative land uses.

Accordingly, three of the transects were chosen to represent the
effect of converting forest to dry-farming lands in two separate
watersheds in the western and eastern parts of the Golestan

Fig. 1. Location of the study areas and profiles of sampled transects in representative sites of Golestan Province, Iran: a) Eastward Dry-farming transect, Azadshahr, b) Westward
Dry-farming transect, c) Reforested by Cypress, Olive trees and Dry-farming transect Azadshahr, d) Dry-farming transect, Galikesh, and e) Reforested by even-aged Cypress trees,
Galikesh.
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Province (Sites Azadshahr and Galikesh, Table 1 and Fig. 1). Two
representative transects of dry-farming lands, located at the Kuh-
mian Watershed and west of Azadshahr (AZ) city, where clear-
cutting of original forest focused on hilly and loess formations,
between 150 m and 400 m elevations (Fig. 1). These sites have a
uniform slope (22%), Southeast and Southwest aspect, and 340 m
and 635 m 168 in length, respectively (Fig. 1 c, d).

In the case of transect “e” (Fig. 1), the presence of hedges (made
by bushes and wood bunches) between the different farm owners
represents a discontinuity along the slope, which was considered in
the sampling activity. Therefore, the Southeast direction dry-
farming land use was selected in such hillslopes with four farms
to identify soil redistribution patterns.

Sampling in the study area consisted of 93 bulk samples
collected along the five transects (Table 1 and Fig. 1). In this case, a
handy core sampler of 11-cm diameter was used to a depth of
25 cm. Also, single samples frommoved sediment at the catchment
outlet (where deposition occurred) were collected to gain infor-
mation on the particle size factor. In total, 21 and 24 samples were
collected with about 20 m intervals from the Azadshahr westward
and eastward dry-farming transects, respectively.

The third dry-farming land use transect with 1000 m length
(Fig. 1 d) was located in the Galikesh Watershed, eastern Golestan
Province. This transect has similar topographic conditions and
cropping systems as compared to the transects of the Azadshahr
city (Fig. 1a and b). Accordingly, 21 samples, 25 cm deep, were
collected along this transect approximately 50 m from each other.

On the other hand, reforestation of converted forest lands was
another land-use change in the study area. Cultivation of Cypress
trees using an even-aged method was envisaged by the environ-
mental Act71 (1992) in the Golestan Province in 1993. This law
settled by the Parliament of the Islamic Republic of Iran aimed to
perform appropriate practices to preserve natural resources.
Therefore, two transects were chosen to explore the effectiveness of
silvicultural practices in decreasing soil erosion in the study area.
Transects with 500 m and 350 m length (Fig. 1 b, e), represent the
implementation of even-aged silvicultural systems located near to
dry-farming landsatAzadshahrandGalikesh, respectively.19 and10
samples were collected from the Azadshahr (Fig. 1 c) and Galikesh
silvicultural (Fig. 1 e) transects with intervals of 25 m and 37 m,
respectively. Therefore, 19 and 10 samples were collected from the
Azadshahr andGalikesh silvicultural transectswith intervals of 25m
and 37m, respectively. The vicinity of transects provides conditions
to compare the rate of soil erosion in different land uses.

2.3. Sample preparation and analysis

The soil samples were oven-dried at 105 �C and ground using
mortar. Then, the sampleswere homogenized, weighed, and sieved.
Portions finer than 2 mm were packed in special containers
weighing 250 g. The 137Cs activity was measured using a well-
calibrated gamma-spectrometry based on high-purity germanium
(HPGe) detectors in the laboratories of the Nuclear Science & Tech-
nology Research Institute (NSTRI), in Iran. The gamma-spectrometer
model EGPC 80-200-R, (EURISYS MESURES) detector at NSTRI has a

relative efficiencyof 80% and fullwidth at halfmaximum(FWHM)of
2.5 keV for 60Co gamma-energy line at 1332 keV. The gamma-
spectrometer was calibrated using multi-nuclides standard (POLA-
TOMMIXSOURCE) solutions dispersed in soil homogeneously in the
same sampleedetector geometry (250 g Marinelli beaker). The
lower limit of detection depends on efficiency, FWHM, and counting
time, and thus, it differs from sample to sample. The IAEA reference
materials were used for quality control of the gamma-detector.

A total of 119 samples were analyzed for finding out grain size
distribution and bulk density values. The distribution of course and
fine particle size portions was estimated using the ASTM 422 stan-
dard and the ASTM D7928 methods, respectively. Besides, to esti-
mate the land degradation induced by deforestation, the total soil
organic carbon (SOC) was measured using the Walkley and Black
(1934) method. The soil organic carbon stock (SOCs) was esti-
mated with the formula proposed by Hiederer and Martin (2011):

SOCs¼ SOCc� BD�
�
1� VS

100

�
� LD� 102 (1)

where:
SOCS: the total amount of soil organic carbon to a given depth (t

ha-1).
SOCC: soil organic carbon content for given depth (%)
BD: dry bulk density (kg m�3).
VS: volume of stones (%)
LD: depth of soil layer (m).

2.4. The conversion model to estimate soil redistribution rates from
137Cs measurements

Some conversion models able to convert 137Cs loss (or gain) into
values of soil erosion (or deposition) are available in the literature
(Walling et al., 2007). Considering the type of land-use changes and
the current cultivation along the representative transects, the Mass
Balance Model 2 (MBM2) was an appropriate choice (Walling et al.,
2014). This model considers both the temporal variation in 137Cs
fallout input and the initial distribution of fresh fallout on the
surface soil. In addition, transects with dry-farming land use have
been plowed for more than 50 years, while two other selected
transects have been plowed at least for 30 years before afforesta-
tion. The equation for the MBM2 can be written following the form
proposed by Walling and He (1999 a, b):

AðtÞ¼Aðt0Þ e
�
ðt

t0

ðPR=Dþ lÞ dt0

þ
ðt

t0

ð1�GÞIðt0Þ e�ðPR=DþlÞ ðt�t0Þdt0

(2)

where:

R ¼ erosion rate (kg m�2 yr�1);
D ¼ cumulative mass depth representing the average plow
depth (kg m�2);

Table 1
Characteristics of the representative transects in the study area.

No. Sample number Slope % Transect length (m) Aspect Land uses Area

Transect a 23 22 580 East Dry-farming Azadshahr
Transect b 21 22 350 West Dry-farming Azadshahr
Transect c 19 22 480 Northwest Even-aged Cypress trees, Olive trees and Dry-farming Azadshahr
Transect d 20 20 1000 Northwest Dry-farming Galikesh
Transect e 10 20 380 Northeast Even-aged Cypress trees Galikesh

M. Gharibreza, M. Zaman, P. Porto et al. International Soil and Water Conservation Research 8 (2020) 393e405

396



l ¼ decay constant for 137Cs (yr�1);
I(t’) ¼ annual 137Cs or 210Pbex deposition flux (Bq m�2 yr�1);

G ¼ percentage of the freshly deposited 137Cs fallout removed by
erosion before being mixed into the plow layer;
P ¼ particle size correction factor;
t0 (yr.) ¼ year when cultivation started;
A(t0) (Bq m�2) ¼ 137Cs inventory at t0.

If A(t) is greater than the local reference inventory Aref, at a
sampling point, deposition may be assumed. In this case, the mean
soil deposition rateR0 can be calculated from the followingequation:

R0 ¼

ðt
t0
R0Cdðt0Þe�lðt�t0Þdt0

ð

S

RdS

PP0
ðt
t0
dt0

ð

S

�
Iðt0Þg

�
1� e�R=H

�.
Rþ Aðt0Þ

.
D
�
dS

(3)

where:

His the relaxation mass depth of the initial fallout input;
Cd(t0) reflects the radionuclide content of sediment mobilized
from all the eroding areas that converge on the aggrading point.
Generally, Cd(t0) can be assumed to be represented by the
weighted mean 137Cs activity of the sediment mobilized from
the upslope contributing area S (m2);
P0 is a furtherparticle sizecorrection factor reflectingdifferences in
grain size composition between mobilized and deposited sedi-
ment; g is the proportion of the annual fallout susceptible to
removal by erosion before incorporation into the soil profile by
tillage. According to field observations, a tillage depth of
D¼ 0.25mhas been assumed. The following valueswere used for
theother inputparameters:H¼4,g¼1 (basedon the relationship
between the timing of cultivation and the rainfall regime), and

calculatedvaluesof theP factorbasedonparticle sizeanalyses.The
PC-compatible Excel Add-in, developed by Walling et al. (2007)
was used to apply the model described above.

3. Results and discussion

3.1. Soil physical properties and organic matter

Particle size analyses confirmed the research hypothesis that the
conversion of forest to dry-farming and silvicultural operations has
led to an increase in erosion of loess deposits (see Table 2).

Soils with silty texture are the majority in the study area - up to
65% on average. In addition, at reference sites and dry-farming
transects, the clay content is between 30 and 40 percent (Fig. 2 a, b).

According to Smalley and Smalley (1983), loess layers had
generally unimodal, well-sorted, leptokurtic, and negatively-
skewed particle-size population. The present research supports
dominating palaeoclimate events in the study area and the
consequent development of paleosols on the basis of granulometric
results. The data showed a significant correlation to unimodal,
well-sorted, and clayey loess deposits. This composition pointed to
climate change andmeteoric diagenesis bywhich loamification and
soil formation on the loess developed. All evidence points out a
very high sensitivity of altered loess and paleosols to soil erosion,
especially when degraded by deforestation.

3.2. 3.2.137Cs inventories at the reference sites

The 137Cs depth distribution of the two sectioned cores collected
from the two reference sites (one for each location), showed an
exponential decline with depth (Fig. 3 a, b). The shape of these
profiles confirmed that 70e80% of the 137Cs inventory were present
in the top 12 cm. The 137Cs inventory gained in the reference sites of
Azahshahr and Galikesh was 3849 Bq m�2 and 4062 Bq m�2,

Table 2
Physical properties of representative transects in the study area.

Study area Bulk Density (kg m�3) SOC (%) Clay (%) Silt (%) Sand (%) Texture

Transect a (n ¼ 23)
Average 1494.6 1.24 35.67 59.63 4.67 Si - C - La

STDEV 163 0.45 4.97 4.12 4.57
CV 11 36 14 7 98
Transect b (n ¼ 21)
Average 1431.7 1.32 33.76 60.67 5.57 Si - C - L
STDEV 119.28 0.25 2.43 3.31 3.76
CV 8 19 7 5 68
Transect c (n ¼ 19)
Average 1385.37 2.32 31.37 61.37 7.26 Si - C - L
STDEV 125 0.73 2.71 2.61 3.35
CV 9 32 9 4 46
Transect d (n ¼ 20)
Average 1429 2.2 33.14 60.24 6.62 Si - C - L
STDEV 112 0.6 2.03 2.81 3.25
CV 8 30 6 5 49
Transect e (n ¼ 10)
Average 1355 3.58 30.10 67.6 2.3 Si-Lb

Si - C - LSTDEV 96 0.83 5.86 4.5 4.69
CV 7 23 19 7 200
Reference Site1-Azadshahr (n ¼ 12)
Average 1400.8 3.7 40.38 56.62 2.09 SeCc

Si - C - LSTDEV 92 0.53 7.7 4.61 0.83
CV 6.6 25 19 8 40
Reference Site2-Galikesh (n ¼ 12)
Average 1307 3.57 29 64.5 6.5 Si-L

Si - C - LSTDEV 101 1.1 3.5 6.6 4.25
CV 7 30 11 0.1 11

a Silty-Clayey Loam.
b Silty Loam.
c Silty Clay.
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Fig. 2. Particle size distribution along the incremental samples collected in the references sites of a) Azadshahr, b) Galikesh.

Figs. 3. 137Cs depth distribution from the sectioned cores collected at two reference sites, a) Galikesh, b) Azadshahr.
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respectively. A very low difference (ca. 10%) between the 137Cs in-
ventory of the two reference sites, testifies a similar distribution of
the 137Cs fallout in the study area. A recent work by Tagami et al.
(2019), assessing the geographical distribution of the 137Cs in-
ventory in India and other areaswith similar latitude and longitude,
reports 137Cs inventories of ca 4000 Bq m�2 and confirms the reli-
ability of the reference values found in our study areas.

3.3. 137Cs inventories within the study area

The 137Cs inventory along the representative transects by dis-
tance from the top of the hillslope is represented in Fig. 4, together
with the measured distances from the top hill. More specifically,
the 137Cs measurements in the two characterized dry-farming land
uses at Azadshahr area (Fig. 4 a and b), represented the mean 137Cs
inventory of ca. 1421.77 Bq m�2 with single values ranging from
271.2 Bq m�2 to 2896.4 Bq m�2 with a CV about ca. 60%.

Further, theGalikesh representative dry-farming landuse transect
showed the mean value of the 137Cs inventory of ca. 1600.91 Bq m�2

with single values ranging from833.6 Bqm�2 to 2340.4 Bqm�2 and a

CV equal to ca. 31%. As mentioned in Table 1, the Azadshahr repre-
sentative mixed land use transect consists of cultivation of Cypress
trees under even-aged silviculture, cultivation of olive trees, and dry-
farming section.Under these landuses, themean137Cs inventory is ca.
1703.04 Bq m�2 with single values ranging from 401.26 Bq m�2 to
5608.95 Bqm�2 and a CV equal to ca. 71% (Fig. 4 c). There are not any
convex and concave forms along these transects and variation in 137Cs
inventory represents a redistribution pattern. Further, the 137Cs in-
ventory along the Galikesh silviculture land use transect represented
an approximately 3544.31 Bq m�2 with single values ranging from
1119.7 Bqm�2 to 8265.45 Bqm�2 and a CV equal to ca. 65% (Fig. 4 e).
Variations of 137Cs inventory in single points of samples in both
disturbed and undisturbed forest areas can be expected because of
differences in canopy covers and ages of trees. All single inventory
values in both sites of the dry-farming land are lower than the cor-
responding reference value.

The soil redistribution trend shown in Fig. 4 provides useful in-
formation for farmers and decision-makers to understand which
part of the farmneeds to bemodified for soil and nutrient resources.

Variability on the ground and land use (see Fig. 1) have caused

Figs. 4. 137Cs inventory variation along the transects related to the dry-farming land use of (a) Eastward Dry-farming transects, Azadshahr, b) Westward Dry-farming transect, c)
Reforested by Cypress and Olive trees transect Azadshahr, d) Dry-farming transect, Galikesh) and e) Reforested by even-aged Cypress trees in Galikesh.
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variations in the trend of the 137Cs single inventory along the hill-
slope (Fig. 4). Correlation between the 137Cs single values and dis-
tance from the hilltop of the Azadshahr westward transect of dry-
land farming (Fig. 4 b), using the Mann-Kendall test showed a cor-
relation coefficient of 0.733 which is significant at the 0.01 level.
Dividing hillslopes to small farms is themost common feature in the
study area. Therefore, the Azadshahr eastward dry-farming transect
was selected along such a hillslope where it has been divided into
four farms by stakeholders. Accordingly, there is no significant cor-
relationbetween the 137Cs and thedistance fromthehilltop (Fig. 4 a).
Instead, statistics of each four sections point to meaningful corre-
lations. For instance, at the first farm (0e163 m), the correlation
coefficient of 0.667 was gained which is significant at the 0.05 level.
The second farm (163e363 m), the correlation coefficient of 0.714
which is significant at the 0.05 level was obtained. Similarly, there
are two consecutive farms along the third dry-farming transect at
the Galikesh area (Fig. 4 d). Correlation between the 137Cs single
values and distance from the hilltop at the first section (0e640m) of
transect “d” using the Mann-Kendall test showed a correlation co-
efficient of 0.538,which is significant at the 0.01 level. The statistical
test showed no significant correlation between 137Cs value and the
distance from the top of the hill from 640 m onward.

The multiple land use along the Azadshahr transect (Fig. 4 c)
resulted in a low correlation between the 137Cs inventory and the
distance from the hilltop. There are two unexpected downward
decreases in the 137Cs inventory of silviculture even-aged Cypress
trees. Meanwhile, the correlation coefficient of 0.905 was obtained
which is significant at the 0.01 level for this section. The Mann-
Kendall test showed a correlation coefficient of 1.000 which is sig-
nificant at the0.01 level forolive trees that points to a realdownward
increasing in the 137Cs values because of soil redistribution.

Clear variability between the 137Cs sing values and distance from
the hilltop was observed in the Galikesh silviculture transect (Fig. 4
e), which points to unexpected correlation. This transect is located
beneath the dry-farming land - some portions of eroded soil moved
to the first 100mof this transect and this caused an increase in 137Cs
inventory.As a result, thefirst 100mof the transect enrichedby137Cs
in comparison with the local reference value, while the rest of the
transect shows a downward increase of inventory because of soil
redistribution.

3.4. Estimating erosion and deposition rates at the sampling points

Asmentioned above, the rates of soil loss or deposition associated
with the individual sampling points in comparison with the local
reference value, have been obtained using the Mass Balance Model II
(Eq. (2) and Eq. (3)). The overall results showed that soil erosion was
the dominant process compared with the deposition along the hill-
sides since the beginning of 137Cs fallout in the mid-1950s. The land-
use history of the study area (Bobek, 2005) documents that exten-
sive deforestation has occurred before the maximum radionuclide
fallout (1954e1963). This activity reflects the lower values of 137Cs
inventory in the study areas if compared with the corresponding
referencevalues.Therefore, the trendof soil erosionand theamountof
soil and nutrients losses can be considered as the main indicators of
anthropogenic activities and susceptibility of loess deposits to land
degradation.

Maximum, minimum and mean values of soil erosion rates
along the AZ-East direction transect were 81.25, 7.63 and
35.86 t ha�1 yr�1 (Table 3; transect a) respectively, while the similar
values for the AZ-West direction transect were calculated to be
69.68, 8.66 and 34.87 t ha�1 yr�1, respectively (Table 3; transect b).
The maximum, minimum and mean values of soil erosion rates
along the Galikesh-Northwest direction transect were 48.4, 15.8,
and 29.19 t ha�1 yr�1 (Table 3; transect d). Besides, the hillslope

under silviculture and horticulture practices in the Azadshahr area
shows a mean value of erosion rate equals to 31.7 t ha�1 yr�1, with
single values ranging from 71.9 t ha�1 yr�1 (erosion) to 11.6 t ha�1

yr�1 (deposition) (Table 3; transect c). Such situations in the Gali-
kesh area indicate a net erosion rate of 10.01 t ha�1 yr�1 with single
values ranging from 39.8 t ha�1 yr�1 (erosion) to 20.9 t ha�1 yr�1

(deposition) (Table 3, transect e).
The net erosion rate of dry-farming lands of the East and West of

Golestan Province was calculated to be 35.86 t ha�1 yr�1 and
29.19 t ha�1 yr�1, respectively (Table 3; transects a, b). Therefore, the
mean rate of soil erosion of the whole province for loess soil type is
32.27 tha�1 yr�1, onaverage.Results pointedout that ca.160.6kgm�2

(orca.10.97cm)andca.150.6kgm�2 (orca.10.29cm)of soilhavebeen
eroded from the AZ-Westward and the AZ-Eastward transects,
respectively. Resultantdatahasbeenobtainedbasedonthemeanrate
of soil loss along the Azadshahr transects (64.24% and 60.24%), the
meanbulkdensityof 1463kgm�3, and the tillagedepthof 250kgm�2

(or ca. 25 cm). Considering the elapsed time of 54 years between
deforestation and the present research, soil erosion along these
transects has occurred with the rate of 2 mm yr�1 and 1.9 mm yr�1,
respectively.

Results suggest 151.47 kg m�2 (or ca. 10.59 cm) of soil eroded
from dry-farming land use (transect d). Similarly, these data were
calculated based on the mean rate of soil loss along the Galikesh
transect (60.59%), the mean bulk density of 1429 kg m�3, and the
tillage depth of 250 kg m�2 (or ca. 25 cm). Therefore, a long-term
rate of soil erosion of 1.96 mm yr�1 has been obtained along this
transect by considering the elapsed time (54 years) between
deforestation and the present research.

Soil loss based on the amount of the reduction in 137Cs inventory
from the silvicultural, horticultural, and dry-farming parts of the
Azadshahr mixed land use transect (c) was calculated to be 52.8%,
58.62%, and 61.67%, respectively. In such a situation, these sections
erodedby themean rate of 1.8mmyr�1,1,8mmyr�1, and2.1mmyr�1,
respectively. Although the upper part of this transect has experienced
the dry-farming land use for about 30 years, the silvicultural practice
using even-aged Cypress trees resulted in 15% effectiveness in soil
conservation since 1993. Similarly, the cultivation of olive trees in the
second section (z150 m) of the transect, caused - since 2004 - a 5%
soil loss in comparison to the remaining dry-farming land use.

In general, afforestation of dry-farming land inGalikesh results in a

Table 3
Soil loss and net erosion along the representative transects.

Transects Soil loss (%) Net Erosion (t ha�1 y�1)

Transect a (n ¼ 23)
Average 60.24 35.86
Max 92.95 81.25
Min 24.75 7.63
Transect b (n ¼ 21)
Average 64.28 34.87
Max 90.78 68.68
Min 28.16 8.66
Transect c (n ¼ 19)
Average 55.75 31.7
Max 89.57 71.9
Min 45.75b 11.6a

Transect d (n ¼ 20)
Average 60.59 29.19
Max 79.47 48.39
Min 42.38 15.8
Transect e (n ¼ 10)
Average 12.74 10.01
Max 72.43 39.8
Min 102b 20.9a

a Soil Accumulation.
b Deposition.
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highereffectiveness insoilerosioncontrol (ca. 34%)ascompared to the
adjacent dry-farming land (Table 3; transect e). A long-term volu-
metric soil lossof ca. 31.85kgm�2 (orca.2.38cm)witha rateof0.4mm
yr�1 has been recorded along this transect. This rate was obtained
using key resultant data of soil loss (12.74%), the mean bulk density
(1355 kg m�3), and the tillage depth of 250 kg m�2 (or ca. 25 cm).

In Fig. 5, the trend of soil redistribution along the transects are
presented. The severe soil erosionoccurring in theupperpart (z25%
of transect b), covered with dry-farming land use, is considerably
higher than the rest of the transect. Interpretation of satellite images
(Sentinel-2A, 10 m resolution) and comprehensive field observa-
tions documented very low fertility of such farms because of soil and
nutrients loss and confirms the above assumption. On the contrary,
the annual range of soil erosion along the rest of transect “b” doc-
uments value lower than 20 t ha�1.

Intensive soil erosion in the upper section of the transect with
silvicultural and horticultural practices was also observed (Fig. 5, c).
Thedivisionof the slope into sectionswithdifferent landuse seems to
beuseful in reducing soil erosion. In each section, theupper part has a

high erosion rate and the lower part has a much lower erosion rate.
Preventing soil erosion and collection of eroded soils under

silvicultural practices (with rates of 10e20 t ha�1 yr�1) is the
dominant process in the Galikesh transect (Fig. 5, e), even if severe
soil erosion (up to 40 t ha�1 yr�1) can be observed in the middle of
the transect e. It is difficult to explain such a situation, but it is
certainly related to the complex land-use history as a result of a
general alternation of clear-cutting and long-term dry-farming
before cultivation (Fig. 5, e).

3.5. Relations between soil erosion and soil organic carbon losses

The rates of soil loss provided by the 137Cs techniquemust be seen
as the first important step to point out some of the on-site effects
caused by soil erosion. In this respect, loss of nutrients can be
considered one of the most important consequences of land degra-
dation that can be observed after land-use changes. FAO and IPCC
(FAO, 2017; IPPC, 2019) have emphasized negative trends in land
conditions, caused by direct or indirect human-induced processes

Fig. 5. Trends in soil redistribution along the transects (a) Eastward Dry-farming transects, Azadshahr, b) Westward Dry-farming transect, c) Reforested by Cypress and Olive trees
transect Azadshahr, d) Dry-farming transect, Galikesh) and e) Reforested by even-aged Cypress trees in Galikesh.
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including anthropogenic activities and climate change, expressed as a
long-term reduction or loss of at least one of the following aspects:
biological productivity, ecological integrity or value to humans. In
forested areas, these aspects can be evaluated if the information on
soilorganic carbon isavailable.Normally, soil carbon is in steady-state
equilibrium in the natural forest, but as soon as deforestation (or
afforestation) occurs, the equilibriumwill be affected.

Accordingly, the present study highlights the aspects of land
degradation in terms of loss of soil organic carbon (SOC) followed by
the conversion from forest to dry-farming land use.Measurements of
SOC allowed to explore the existing relation between loss of SOC and
soil erosion andprovided useful information on the status of soil after
a change in land use. Azadshahr and Galikesh reference sites pre-
sented SOC values of 3.57 ± 1.1% and 465 3.7 ± 0.53%, respectively.
According to the bulk density values (1400 kgm�3 and 1300 kgm�3),

sample thickness (30 cm), and coarse grains content (2% and 6.5%) of
the reference samples, the carbon stock was calculated to be ca
147 t ha�1 and 135 t ha�1 for original forests of the study area. The
Azadshahr and Galikesh dry-farming transects (Fig. 6 a, b, d) pre-
sented SOC values of 1.24± 0.45% and 1.32 ± 0.25%, and 2.02± 0.62%,
respectively, on average. Clear cutting of forest to develop dry-
farming lands have contributed mainly to a carbon stock loss of ca.
93.55 tha�1, 93.83 tha�1 inAzadshahr transects andca. 54.14 tha�1 in
the Galikesh transect over the last five decades. Afforestation,
particularly on degraded soils with low organic matter contents, can
be an important way to mitigate this impact by long-term carbon
sequestration both in biomass and in soil (FAO, 2017). In the Golestan
Province, for example, silvicultural practices through the cultivation
of Cypress trees since 1993 in highly eroded parts of the hillside have
resulted in the restoration of SOC content by up to 100% effectiveness

Fig. 6. Correlation between the rate of soil and nutrient loss along the transects (a) Eastward Dry-farming transects, Azadshahr, b) Westward Dry-farming transect, c) Reforested by
Cypress and Olive trees transect Azadshahr, d) Dry-farming transect, Galikesh) and e) Reforested by even-aged Cypress trees in Galikesh.
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in comparison to the adjacent dry-farming lands. Accordingly, this
practice has increased the SOC content from 1.4% to 2.82% which
corresponds to a carbon stock restored from53.28 t ha�1 to 114 t ha�1.

The present study has highlighted the remarkable effectiveness
of silvicultural practices in the Galikesh area (Fig. 6 e), where the
carbon stock increased to 143 t ha�1 by 5% in comparison to the SOC
stock of the corresponding reference site (135 t ha�1).

In this respect, it is important to note the clear relation between
rates of soil erosion and loss of SOC content under dry-farming land
use and silvicultural areas (Fig. 6). In transects a, b and d, the high
value of R2 coefficients (R2 z 0.81, R2 z 0.70, and R2 z 0.58) (Fig. 6
a, b, d) show a significant correlation between soil erosion and SOC
loss along the representative transects under dry-farming land use.
This is likely due to plowing and the consequent decomposition
and oxidation of soil organic matter as compared to the original
forest where the soil remained undisturbed. Besides, in the dry-
farming lands, a very small amount of biomass is left in the fields
after harvesting. In addition, a high R2 coefficient (R2 z 0.69) was
also found between the SOC amount and 137Cs inventory in the
afforested dry-farming in the Galikesh area. These data stressed the
high affinity of 137Cs with SOC content and clay particles showing a
similar long-term fate (Fig. 7). Similar to the soil loss trend, an
expected downward decline in the rate of nutrient loss was found
along all the studied transects.

4. Discussion

The new findings of the present research can be compared with
the results of similar studies carried out in Golestan Province and
around the world. Erodibility of loess deposits in the Golestan Prov-
ince has been studied by several authors (see Hosseinalizadeh et al.,
2018; Najafinejad et al., 2018; Jafari et al., 2015; Hosseinalizadeh
et al., 2018; and; Khormali & Ajami, 2011). A specific contribution
bySeyed-Alipouretal. (2014)has reportedratesof soil erosion in loess
deposits using the 137Cs technique. These authors document a mean
rate of soil loss equal to 10.78 t ha�1 yr�1 that is lower than those
obtained in our study. However, because of the different sampling
strategyadopted (basedonrandomsampleswithout a specific trend),
the reported rate is not comparable with the present research in

method and assumption. The mean rate of soil erosion for loess de-
posits of the Golestan Province was estimated by Hosseinalizadeh
et al., 2018 using the WEPP model. He reported rates of soil loss
equal to 27.26 t ha�1 yr�1 and 37.11 t ha�1 yr�1 for a buffer strip with
andwithoutvegetationalongthehillsides,which is coherentwithour
results. A recent study by Poręba et al. (2019) documents rates of soil
erosion in loess deposits of Poland using radionuclides (137Cs and
210Pb). In that case, a similar approach to that used in our study has
beenemployedand themeansoil erosion rates of 33.5 t ha�1 yr�1 and
21.8 t ha�1 yr�1 have been calculated using Mass Balance I and II,
respectively. The loess deposits in Poland have been exposed to
agriculturebecauseof deforestationandare coherentwithour results
in terms of geomorphic context and range of soil loss. Another pre-
vious work aimed at estimating soil erosion on loess deposits using
the 137Cs technique has been carried out by Pennockl et al. (1995) in
Canada. Their results remarkably stressed the high sensitivity of the
loess deposits to erosion with rates of soil loss ranging between
20 t ha�1 yr�1 and 40 t ha�1 yr�1.

Additional contributions aimed at characterizing loess deposits of
theGolestanProvincehave alsobeenprovidedbyAyoubi et al. (2011);
Jafari Honar et al. (2015); Khormali and Ajami (2011); Khormali et al.
(2009);Kiani et al. (2007) in termsof effectsofdeforestation, land-use
changes and soil erosion features on soil properties. Specifically,
Ayoubi et al. (2011) stated thatdeforestation-inducedcroplands led to
a decrease in SOM by 71.5% over the last five decades. On the other
hand, this work highlighted the effectiveness of horticultural and
silvicultural practices through the cultivation of olive trees and Cy-
press trees, which restored the SOM by about 49% and 72%, respec-
tively. The overall results provided by Ayoubi et al. (2011) are in good
agreement with the findings of the present research, in which forest
clearing followedby thecultivationof the loesshill slopesresulted ina
general decline of the soil quality attributes (SOC content) over 54
years with a rate of soil loss equal to 93 t ha�1 in Azadshahr transects
and 54.14 t ha�1 in the Galikesh area. Similar information on soil
properties of deforestation-induced croplands in the Golestan Prov-
ince is reported byKhormali et al. (2009). These authors document an
increase of silt particle size up to 65%, and a general decrease of the
SOC content and clay particle size to 1% and 21%, respectively. These
results compare very well with the findings obtained in our study in

Fig. 7. Correlation between rate of soil and nutrient loss along the dry-farming land use, Azadshahr-West slope direction.
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terms of the method applied (usage of transect approach), topo-
graphical conditions (similar slope), driving forces, and emphasize
the negative effect of deforestation.

5. Conclusions

Soil redistribution following the conversion of original forests to
croplands and croplands to reforested lands in the East of the Hir-
canian Forest has been estimated, for the first time in Iran, using the
137Cs technique supervised by the IAEA. The research assumption
was tested and the study objectives were achieved successfully. The
research points to almost 110,000 ha of hilly lands, ranging in
elevation from 100 m to 500 m, having experienced deforestation,
dating back to the 1960s when maximum fallout of radionuclides
has been received in original forests. Therefore, the elapsed time of
54 yearswas assumedbetween theperiodofmaximumclear cutting
(1963) and the date of sampling (2017). Agriculture, cattle ranching,
and a variety of wood demands are the major driving forces of
deforestation on loess deposits in the North East of Iran, which sped
up soil and nutrients resources loss. Previous studies around the
world suggested the mean rate of soil erosion using radioisotopes
(137Cs and 210Pb) inducing through deforestation on loess deposits
ranges from ca 20 t ha�1 yr�1 to 40 t ha�1 yr�1. The highest impacts
on land degradation appeared on the converted original forest to
dry-farming lands. Present research concludes that loess hilly slopes
in theGolestan Province, North-East of Iran have been eroded by the
mean rate of 32.27 t ha�1 yr�1 over the last five decades. Under such
conditions, soil and nutrient losses account for ca. 25 cm of super-
ficial soil with a rate of z2 mm yr�1. Also, resultant data demon-
strated the loss of ca 93 t ha�1 of the carbon stock from croplands
over 54 years in comparison to theoriginalHircanian Forest. Further,
the present study has highlighted the effectiveness of soil conser-
vationpractices implemented since 1993 and 2004 (for olive groves)
and has led to a successful decrease in soil erosion and nutrient loss.
Cultivation of even-aged Cypress trees seems to be one of the best
silvicultural methods for reducing soil erosion. Accordingly, results
suggest a decline of soil loss from 16% to 60% in comparison with
adjacent dry-farming lands, and up to 100% efficiency in the resto-
ration of carbon stock in comparison with the original Hircanian
Forests. Although the cultivation of olive trees documented the
effectiveness of only 13% (because of its low canopy cover) in soil
erosion control, it has produced a general increase (ca. five times) in
the annual income of farmers. The research outcomes have recom-
mended the application of radioisotope techniques as a reliable
method in measuring some of the on-site impacts of deforestation
and specific landuses especially on loess deposits. The present study
has contributed greatly to highlighting the sensitivity of soil erosion
in suchanecologically important regionof Iranandhasprovidedkey
information for Iranian and international decision-makers to fulfill
soil conservation practices.
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a b s t r a c t

The paper shows the novel techniques introduction in the region of Latin America and the Caribbean in
order to strengthen the surveillance and monitoring of the sedimentation phenomenon in the surface
water reservoirs. The integrated use of the nuclear techniques allows a more complete assessment of
water and land sustainability. With the development of a regional project, supported by the International
Agency of Atomic Energy, Cuba participates as technical leader for 15 countries, to encourage and
implement the integrated application of 3 nuclear techniques (Fallout Radionuclides (137Cs, 7Be, 210Pb),
Compound Specific Stable Isotopes (fatty acids of the v13C) and the Isotopic Hydrology (18O, 2H, 3H). The
methodology used in the last studies referred to RLA 5076 Project is to apply the integration of these
three techniques allows evaluating, in the hydraulic facilities and surface water reservoirs, the negative
sedimentation impacts in natural and anthropic process as environmental and social risk. These tech-
niques evaluate the sedimentation process and its synergy, obtaining since the soil quantification in the
landscape, definition the soil origin deposited until the dynamic characterization of the water body as
soil receptor. The integrated application of these nuclear techniques in the Project RLA-5076 confirms it
as a useful tool to support the decisions makers in the definition of the national strategies and programs
related to the land and the water resources sustainability. With the support of the IAEA projects in the
Latin American and Caribbean region, has been evidenced an important increment in the use of these
novel techniques.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction, scope and main objectives

The introduction and integration of three nuclear techniques is
shown in order to strengthen in the Latin American and Caribbean
region, the surveillance and monitoring of the negative sedimen-
tation phenomenon in the surface water reservoirs (natural and
artificial). Better strategies and national’s programs for assessment
the sedimentation. (Dape~na et al., 2010, 2013), (Díaz et al., 2017),
(Gil et al., 2015), (Peralta Vital et al., 2003, 2011, 2013, 2015),
(Peralta , 2011), (Schuller et al., 2011).

The development of several regional projects support by the
International Atomic Energy Agency (IAEA), has allowed a sub-
stantial advance in the nuclear techniques uses, as technical tools

that contribute to the evaluation of the water, soil and sediment.
These tools allow to decision makers, to definition of better stra-
tegies and national environmental programs that assure finally the
land and the water resources sustainable. Among other important
regional projects (ARCAL) developed in the last 10 years, we had
two projects that have been important to encourage the nuclear
techniques use in the Latin American and Caribbean region.

These two projects support the development of the knowledge
on the nuclear techniques (Fallout radionuclide and Compound
specific stable isotopes) to evaluate the soil redistribution in the
landscape and the On-site and Off-site impacts of the
sedimentation.

- Project RLA-5051 (2009e2013). “Using environmental radionu-
clides as indicator of land degradation in Latin American,
Caribbean and Antarctic ecosystems” (ARCAL C); with the
participation of these countries (Argentina, Bolivia, Brazil, Chile,
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Cuba, Dominican Republic, El Salvador, Haiti, Jamaica, Mexico,
Nicaragua, Peru, Uruguay, Venezuela and IAEA, Spain). 15
countries. (IAEA Project RLA-5051, (2009e2013).

- Project RLA-5064 (2014e2016). “Strengthening Soil and Water
Conservation Strategies at the Landscape Level by Using Inno-
vative Radio and Stable Isotope and Related Techniques” (ARCAL
CXL); with the participation of these countries (Argentina,
Bolivia, Brazil, Chile, Colombia, Costa Rica, Cuba, Dominican
Republic, Ecuador, El Salvador, Guatemala, Haiti, Jamaica,
M�exico, Nicaragua, Panam�a, Paraguay, Peru, Uruguay, Venezuela
and IAEA). 21 countries. (IAEA Project RLA-5064, 2014e2016).

Both projects were relevant to initiate the application of nuclear
techniques for soil and sediment assessment in the region. Despite
the assessment of water resources by isotopic hydrology were not
included in the project scope; they showed the advantages to apply
these new techniques as assessment tools that contribute with
their results to support the sustainable development.

Assisting to the results obtained in the region during the
implementation and use of these techniques and the acquired
knowledge about it, the countries advance to more complex in-
vestigations at Basin scales. There is the need to study at the
landscape scale, the sedimentation phenomenon that degrade the
land and the water resources and for this reason Cuba intends the
integrated use of 3 nuclear techniques to evaluate the negative
impacts of this phenomenon in surface water reservoirs (natural
and artificial). Responding to this problem andwith the purposes to
improve the results with the integrated approach was proposed in
2017 and starting from the year 2018, the new ARCAL project.

- RLA-5076 (2018e2020), belongs to the cycle 2018e2019
“Strengthening Surveillance Systems and Monitoring Programs
of Hydraulic Facilities Nuclear Using Techniques to Assess
Sedimentation Impacts as Environmental Social and Risks”
(ARCAL CLV). 15 countries. (IAEA Project RLA-5076, 2018e2020).

With the development of this regional project, supported by the
International Atomic Energy Agency (IAEA), Cuba acts as technical
director with 15 countries participants (Argentina, Bolivia, Brazil,
Chile, Colombia, CUBA, Honduras, Mexico, Nicaragua, Panama,
Paraguay, Peru, Dominican Republic, Uruguay and Venezuela).

The important general goal is to encourage and to implement
the integrated application of three nuclear techniques (Fallout ra-
dionuclides (137Cs, 7Be and 210Pb), Compound specific of stable
isotopes (fatty acids of the v13C) and the Isotopic Hydrology (18O,
2H and 3H). These techniques confirm its validation as effective
technical tool to support the strategies definition and national
programs linked to support the sustainability the land and the
water resources.

In this ongoing project, the countries of the region incorporate
the necessary knowledge on these 3 nuclear techniques useful to
characterize the dynamics of the dam to evaluate the sedimenta-
tion impact in the surface water reservoirs (IAEA Project RLA-5076,
2018e2020).

2. Materials and methods

2.1. Methodology

The integrated application of these 3 techniques allows evalu-
ating, in the hydraulic facilities and surface water reservoirs (nat-
ural or artificial), the negative impacts of the sedimentation in
natural and anthropic process, as environmental and social risk
(Iurian et al., 2013), (Mabit et al., 2008, 2011, 2013, 2014),
(Meusburger et al., 2013), (Taylor et al., 2013). Each technique

assess the whole process and its synergy, contributing results that
expose from the quantification of the soil redistribution in the
landscape, the exact definition of the soil origin deposited until the
later dynamics characterization of the body water as final receptor
of that soil moves.

Each one of these three nuclear techniques exposes particular
results, which show a synergy in the process of the phenomenon
assessment:

- FRN (Fallout Radionuclides): Uses the 7Be; 137Cs and 210Pb, to
evaluate the soil redistribution to landscape scale and other scales.
It quantifies the redistribution of the soil in a study region, allowing
determining areas of lost (erosion) and deposition areas (sedi-
mentation) in the landscape.

- CSSI (compound specific of the stable isotopes): Uses the fatty
acids of the Carbon chain to evaluate the origin of the soil depos-
ited, allowing determining with great precision and accuracy, the
sediment origin transported and deposited.

- Isotopic Hydrology: Uses the 3H; 2H and 18O, to evaluate the
water dynamics (surface and undergroundwater) in a study region.
It allows determining several technical aspects, such as the water
origin, to identify recharge areas, the relationship surface-water
and underground-water, the aquifers vulnerability to the pollu-
tion and the saline intrusion, to classify the sources of renewable
and not renewable waters, to identify water mixtures, the water
dating, residence times of water, etc.

3. Results

The integrated application of these techniques is a fundamental
tool to support the sedimentation impact assessment, studying this
phenomenon as a process, each nuclear technique for itself and its
synergy; provides relevant results at the stages in this process.

The process of soil redistribution in the landscape includes, the
soil erosion its transport and the final deposition, when this sedi-
mentation occurs in a dam such as a water reservoir, these nuclear
techniques due its technical benefits, can be applied in an inte-
grated way to evaluate their impacts efficiently. The diagram shows
in Fig. 1, the integration of nuclear techniques to apply in each stage
of the process.

3.1. Synergy and integration of these three nuclear techniques

The nuclear technique “FRN”, quantifies and identifies the areas
with soil loss (-) and soil gains (þ) in the study region. The “CSSI”
technique, identifies possible areas of soil sources (areas -) and
possible mixture areas (areas þ), also contributing potential points
like hot spot. This result allows to the CSSI, a first approach of the
sampling points to collect to evaluate the sediment origin (depos-
ited soil). Once quantity the soil redistribution and certain the
origin of the soil deposited, the nuclear technique named “Isotopic
Hydrology”, plays their role in clarifying the dynamics of the water
body where appear the soil deposit.

The integrated use of these three nuclear techniques, with their
application methodologies, allows finally determining the sedi-
ment impacts in surface water reservoirs (natural and artificial).

4. Discussion

The processes of soil redistribution occur to different scales in
the landscape and it is extensive at Basin levels. This redistribution
always has three stages or moments: firstly, the soil degradation
appears, after that, the soil moves and then deposited. These stages
in the soil redistribution, can be evaluated by using the integrated
use of the three nuclear techniques (FRN, CSSI and isotopic hy-
drology), which describe each stage, analyzing the erosion process
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in the areas where the soil loss and deposition processes occur.
When the soil transported is accumulated in water surface reser-
voirs, then the third nuclear technique (isotopic hydrology), allows
characterizing the dynamics of this water (for example, dams, lakes,
etc.) and this way to clarify the impact of this sedimentation
phenomenon.

To evaluate the sedimentation phenomenon in surface water
reservoir, applying these 3 nuclear techniques in an integrated way,
we recommend to carry out the interpretation of the results,
analyzing the phenomenon like a process, in which the soil is
degraded, after is transported, and it is redistributed in the land-
scape. There are areas where the sediment and other areas of soil
loss (the soil redistribution rate is assessed with the application of
the first nuclear technique (FRN)). If these areas are showed in a
map, where a sign (-) are those that lose soil and a sign (þ) are the
areas where it is accumulated, then it has preliminary information
to the second nuclear technique (CSSI). The areas that contribute
soil, which are called “potential sources” (-) and showing the areas
that receive soil, called “mixtures” (þ); keeping in mind it, the
origin of the soil that arrives to the area (þ) is evaluated.

4.1. Important note

In all study applying the integrated use of these nuclear tech-
niques, is strongly recommended to take into account the differ-
ences that could exist in the temporary scale of the events that we
are analyzing; keeping in mind this, is possible to evaluate the
origin of the soil that arrives to the area (þ).

If this soil redistribution in the landscape evidences soil accu-
mulated in a water reservoir, then the results obtained are data
inputs for the third nuclear technique (isotopic hydrology) inte-
grated in order to characterize this water reservoir and so to ach-
ieve, finally, to assess the sedimentation impact in this reservoir.
The soil accumulation in surface water reservoir, evidence the
“sedimentation” phenomenon and the impacts are always nega-
tive. The integrated use of these three nuclear techniques (FRN,
CSSI, isotopic Hydrology), allows to evaluate the whole impact,
responding the uncertainties of the described process stage.

5. Conclusions

1 The new Project RLA-5076 (2018e2020). “Strengthening Sur-
veillance Systems and Monitoring Programs of Hydraulic Facil-
ities Nuclear Using Techniques to Assess Sedimentation Impacts
as Environmental Social and Risks” (ARCAL CLV), allows to 15
countries of the region the integrated application of three nu-
clear techniques. In addition, the project has a positive impact in
the strengthening in the Latin American and Caribbean region,
the strategies and programs of surveillance/monitoring of the
sedimentation phenomenon in surface water reservoirs.

2 In the project RLA-5076, the participant countries of the region
take whole knowledge Isotopic Hydrology, like very useful tool

to characterize the dynamics of the dam to be able to assess the
impact on the surface water reservoir.

3 The integrated application of these nuclear techniques (Fallout
Radionuclides (137Cs, 7Be and 210Pb), Compound specific of sta-
ble isotopes (fatty acids of the v13C and the Isotopic Hydrology
(18O, 2H and 3H) are validated as effective technical tools for the
decisions makers in the definition of strategies and national
programs linked to achieve the land and the water resources
more sustainable.

4 The integrated application of these three nuclear techniques
confirm the validation as effective technical tools for the impact
assessment of the sedimentation phenomenon in the water
reservoirs. This technical tools support the definition of the
strategies and programs of surveillance/monitoring of the
sedimentation phenomenon in water reservoir superficial.

Declaration of competing interest

All authors of the paper confirm and declare that there are not
actual or potential conflict of interest including any financial, per-
sonal or other relationships with other people or organizations that
could be inappropriately influence, or be perceived to influence,
this work.

Acknowledgements

The International Agency of Atomic Energy (IAEA). The support
received in Latin American and Caribbean, is fundamental to
develop the nuclear techniques application like important assess-
ment tools in the environment degradations.

References

Dape~na, C., Panarello, H. O., Peralta, J. L., & Gil Castillo, R. H. (2010). Environmental
isotopes in a coastal karstic aquifer, Cuba preliminary report. VII south American
symposium on isotope geology. CD Paper S0647:487-491. Brasilia, Brasil.

Dape~na, C., Peralta, J. L., Panarello, H. O., Castillo, R. G., & Bombouse, D. L. (2013).
Isotope and hydrochemical study of seawater intrusion into the aquifers of a
coastal zone. Cuba. International Symposium on Isotopes in Hydrology. In
Marine ecosystems, and climate change studies (Vol. 1, pp. 349e356). Vienna,
Austria: IAEA (CN-186) IAEA CN-082.

Díaz, A. M., Corcho, J. A., Cartas, H., & Pulido-Caraball, A. (2017). 210Pb and 137Cs as
tracers of recent sedimentary processes in two water reservoirs in Cuba. Journal
of Environmental Radioactivity, 177, 290e304, 2017.

Gil, R. H., Peralta, J. L., Carrazana, J., Riverol, M., & Aguilar, Y. (2015). Utilizaci�on de
t�ecnicas nucleares para estimar la erosi�on hídrica en plantaciones de tabaco en
Cuba. Revista Cultivos Tropicales, 36(4), 7e13. ISSN 1819-4087.

IAEA. (2009-2013). Project RLA-5051. Using environmental radionuclides as indicator
of land degradation in Latin American, Caribbean and Antarctic ecosystems. ARCAL
C).

IAEA Project. (2014-2016). RLA-5064. Strengthening soil and water conservation
strategies at the landscape Level by using innovative Radio and stable isotope and
related techniques. ARCAL CXL).

IAEA. Project RLA-5076. (2018-2020). Strengthening surveillance Systems and moni-
toring programmes of hydraulic facilities nuclear using techniques to assess sedi-
mentation impacts ace environmental social and risks. ARCAL CLV).

Iurian, A. R., Mabit, L., Begy, R., & Cosma, C. (2013). Comparative assessment of
erosion and deposition rates on cultivated land in the Transylvanian Plain of

Fig. 1. Integration of the nuclear techniques to apply in each stage of the process.

J.L. Peralta Vital et al. / International Soil and Water Conservation Research 8 (2020) 406e409408



Romania using 137Cs and 210Pbex. Journal of Environmental Radioactivity, 125,
40e49.

Mabit, L., Benmansour, M., & Walling, D. E. (2008). Comparative advantages and
limitations of Fallout radionuclides (137Cs, 210Pb and 7Be) to assess soil erosion
and sedimentation. Journal of Environmental Radioactivity, 99(12), 1799e1807.

Mabit, L., Fulajtar, E., & Alewell, C. (2011). The usefulness of 137Cs as a tracer for soil
erosion assessment: A critical reply to parsons and foster. Earth-Science Reviews,
127, 300e307.

Mabit, L., Meusburger, K., Iurian, A. R., Owens, P. N., Toloza, A., & Alewell, C. (2014).
Sampling soil and sediment depth profiles at a fine-resolution with a new
device for determining physical, chemical and biological properties: The Fine
Increment Soil Collector (FISC). Journal of Soils and Sediments, 14(3), 630e636.

Meusburger, K., Mabit, L., & Park. (2013). Combined use of stable isotopes and FRNs
as soil erosion indicators in a forested mountain site, South Korea. Bio-
geosciences, 10, 5627e5638.

Peralta, J. L. (2011). Radioisotope monitoring network designed for the best hydrody-
namic characterization of a karstic basin”. International symposium on isotopes in
hydrology, marine ecosystems, and climate change studies oceanographic museum,
Monaco.

Peralta Vital, J. L., Gil Castillo, R., Dape~na, C., & Gonz�ales, L. V. (2015). Hidrología
isot�opica, herramienta nuclear para la gesti�on sostenible del recurso hídrico.
Revista Ingeniería Hidraúlica y Ambiental, XXXVI, 1680-2338.

Peralta Vital, J. L., Gil Castillo, R., Le�on, L. F. M., Panarello, O. H., Dape~na, C., &

Gonz�ales, L. V. (2011). Cuban experience in the applications of the nuclear tech-
niques as valuable evaluations tools for the sustainable management water re-
sources. International Symposium on Isotopes in Hydrology, Marine Ecosystems,
and Climate Change studies oceanographic museum, Monaco.

Peralta Vital, J. L., Gil Castillo, R., Molerio Le�on, I. F., Dape~na, C., & Acosta, J. (2013).
Improving a radioisotope monitoring network for the hydrodynamic charac-
terization of a karstic basin International Symposium on Isotopes in Hydrology.
In , Vol. 1. Marine ecosystems, and climate change studies (pp. 263e272). Vienna,
Austria: IAEA (CN-186) IAEA CN-232.

Peralta Vital, J. L., Gil Castillo, R., Molerio Le�on, I., Leyva Bombuse, D., Dape~na, C.,
Panarello, H. O., Vera, M. C., & Ibarra, E. D. (2003). Isotope hydrology application
in Cuba for assessment of water resource management in the most important
basin of Havana city. Advances in isotope hydrology and its role in sustainable
water resources management (HIS-2007). CN151-3. In , 2. IAEA Proceedings (pp.
245e253). Vienna, Austria.

Schuller, P., Walling, D. E., Iroum�e, A., Quilodr�an, C., Castillo, A., & Navas, A. (2011).
Using 137Cs and 210Pbex and other sediment source fingerprints to document
suspended sediment sources in small forested catchments in south-central
Chile. Journal of Environmental Radioactivity.

Taylor, A., Blake, W. H., Smith, H. G., Mabit, L., & Keith-Roach, M. J. (2013). As-
sumptions and challenges in the use of fallout beryllium-7 as a soil and sedi-
ment tracer in river basins. Earth-Science Reviews, 126, 85e95.

J.L. Peralta Vital et al. / International Soil and Water Conservation Research 8 (2020) 406e409 409



Original Research Article

Use of geochemical fingerprints to trace sediment sources in an
agricultural catchment of Argentina

Romina Torres Astorga a, Yanina Garcias a, Gisela Borgatello a, Hugo Velasco a, *,
Rom�an Padilla b, Gerd Dercon c, Lionel Mabit c

a IMASL, UNSL, CONICET. Ej, de los Andes 950, San Luis, Argentina
b Nuclear Science and Instrumentation Laboratory, Division of Physical and Chemical Sciences, IAEA, Seibersdorf, Austria
c Soil and Water Management & Crop Nutrition Laboratory, Joint FAO/IAEA Division of Nuclear Techniques in Food and Agriculture, Seibersdorf, Austria

a r t i c l e i n f o

Article history:
Received 12 March 2020
Received in revised form
25 September 2020
Accepted 19 October 2020
Available online 29 October 2020

Keywords:
Fingerprinting
Geochemical elements
Energy dispersive X-ray fluorescence
Soil erosion
Mixing models

a b s t r a c t

Soil erosion and associated sediment redistribution are key environmental problems in Central
Argentina. Specific land uses and management practices, such as intensive grazing and crop cultivation,
are considered to be significantly driving and accelerating these processes. This research focuses on the
identification of suitable soil tracers from hot spots of land degradation and sediment fate in an agri-
cultural catchment of central Argentina with erodible loess soils. Using Energy Dispersive X-Ray Fluo-
rescence (EDXRF), elemental concentrations were determined and later used as soil tracers for
geochemical characterization. The best set of tracers were identified using two artificial mixtures
composed of known proportions of soil sources collected from different lands having contrasting soil
uses. Barium, calcium, iron, phosphorus, and titanium were identified for obtaining the best suitable
reconstruction of source proportions in the laboratory-prepared artificial mixtures. Then, these elements,
as well as the total organic carbon, were applied for pinpointing critical hot spots of erosion within the
studied catchment. Feedlots were identified to be the main source of sediments, river banks and dirt
roads together are the second most important source. This investigation provides key information for
optimizing soil conservation strategies and selecting land management practices and land uses which do
not generate great contribution of sediment, preventing pollution of the waterways of the region.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the Dry Chaco, South America, one of the main semiarid
woodlands on Earth, the native vegetation is quickly being con-
verted to pastures and croplands (Baldi & Jobb�agy, 2012; le Polain
de Waroux et al., 2016). This region has been depleted as a
consequence of the global increase in food demand and the
incorporation of new agricultural technologies, among other fac-
tors, over the last 30 years. The depletion rate in native woodlands
reaches 2.2%, on average, per year (Gasparri & Grau, 2009; Zak
et al., 2004).

Additionally, in the southern limit of this region, in central
Argentina, the agricultural frontier continues to expand from the
wet Pampas towards arid and semi-arid environments despite

higher water shortage. In many cases, land practices adopt
similar agricultural strategies to those applied in the more humid
regions, which increase the risk of environmental deterioration
(Viglizzo et al., 2011). After decades of changes in the use of land,
suitable indicators of the impact of these practices on the soil
status and water quality are necessary. These indicators should
provide reliable information for effective decision making that
could lead to sustainable development. In this way, it could be
possible to contribute to reduce the existing tensions between
productive development and environmental protection. The
magnitude of soil erosion is one of the most evident indicators of
environment degradation. In this region with high vulnerability,
erosion can significantly increase by inappropriate land use
management, which results in a reduced productivity of crop-
lands and increases pollution of streams, rivers and water res-
ervoirs. Effective strategies for controlling the increased flux of
sediments are necessary to determine both the nature and the* Corresponding author.
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region of the main sources of sediments at catchment scale and
its relationship with the land uses.

The method o f geochemical fingerprinting has been widely
used to determine sediment provenance (Hardy et al., 2010).
Elemental concentrations in the areas where the sediments origi-
nate and accumulate allow us to identify and to quantify the rela-
tive contribution of different sources. These concentrations mainly
depend on the soil type, the geological substratum and the land
uses fromwhich they originate (Blake et al., 2012). Applying mixing
models (MM) allows us to derive the relative contributions of each
source to the sediment mixtures in the fate places.

In this paper, we applied a geochemical fingerprint approach to
characterize the temporal sediment apportionment in a small
basin located in the Province of San Luis, in the central region of
Argentina. In this relatively small mountain catchment, different
land uses have been incorporated at the expense of native vege-
tation since the 1960s, with greater intensity in the last 20 years.
Soils are currently being used for agriculture (no tillage crop
rotation), livestock, and some fields used to exploit fruit trees.
Original vegetation occupies important extensions of the region.
To evaluate the impact of different land uses in the sediment
contribution, the source samples were collected in the region of El
Durazno sub-catchment, where loessoid material soils are domi-
nant (i.e. Quaternary deposits). Thus, no differences in lithologies
were studied.

In a previous study (Torres Astorga et al., 2018) on the same
region, a set of 5 geochemical elements were identified as finger-
prints to reconstruct the proportion of two artificial mixture sam-
ples (MIX 1 and MIX 2). These were prepared in a laboratory
combining 4 sedimentary sources from different sectors of the
catchment. In the reconstruction processes of the sources propor-
tion two mixing models were independently used: CSSIAR v2.00
(de los Santos-Villalobos et al., 2017) and IsoSource (Phillips &
Gregg, 2003). In both cases a very good approximation was ob-
tained. The selected elements were: Ba, Ca, Fe, P and Ti.

In this second part of the investigation, we used the 5 finger-
prints identified from the artificial mixtures analysis. The total
organic carbon (TOC) was added as a sixth tracer in order to
improve the accuracy of the results without changing the resulting
proportions.

The main objective of this research is to use the previously
selected geochemical fingerprint elements and TOC to describe the
temporal sediment apportionment in different locations in the
hydrographic network that includes streams of stationary char-
acter, rivers with very variable flows and artificial bodies of water
that serve for their regulation. The results achieved are highly
relevant. They make it possible to have specific indicators of the
impact ofthe new productive uses of the land on natural resources
in a highly vulnerable region.

2. Study area

The selected study site is El Durazno Sub-catchment (previously
called Estancia Grande Sub-catchment), covering 1235 ha, which is
located in the centre of Argentina 23 km north east of San Luis city
(S 33� 100; W 66� 080) at 1100 m.a.s.l. The studied sub-catchment is
part of theVolc�an river Sub-catchment (Fig. 1). The Volc�an river
Sub-catchment presents 5 different lithological units: granites,
gneisses, micaschists, mafic and ultramafic rocks, and quaternary
deposits (Morosini et al., 2017). The mean annual temperature is
17 �C. In summer (December to March), the mean temperature is
23 �C. Annual rainfall ranges from 600 to 800 mm, with a tendency
to increase. At the same time, the frequency of extreme rainfall
events during the last decades has been amplified (de la Casa &
Ovando, 2014; Penalba & Vargas, 2004). Precipitation regimes

vary seasonally, following a normal distribution (maximum rainfall
in midsummer). The rainy season is from November to April, and
the dry season is fromMay to October, with almost no precipitation,
but some occasional drizzles. The studied sub-catchment is char-
acterized by highly erodible Eutric Fluvisol soils. These soils origi-
nated from silty sand material and possess a high level of organic
matter in their upper 25 cm. The studied catchment belongs to the
loess belt of North East Argentina (Teruggi, 1957). There is no rocky
outcrop in the studied area, but rather secondary loessoid deposits.
Fig. 1 displays that El Durazno sub-catchment has 2 different lith-
ological units, mainly Quaternary deposits and a small portionwith
Gneiss. The soil is composed of silt-sandy materials of river rework
origin (Torres Astorga et al., 2018).

The region is currently being used mainly for agriculture
(rotation of 2 or 3 crops). Livestock (rangelands, pastures and
feedlots) is another important land use. Likewise, some of the
agricultural fields are used for growing nut orchards (walnuts and
almonds) (Fig. 2). Furthermore, native vegetation is found in be-
tween the agriculture lands and in the upper part of the sub-
catchment. In relation to agriculture and its soil management
practices, since early 2000 the local farmers have been using a
direct seeding mulch-based system as the main practice for their
crop cultivation. This system has increased cultivation yields and
reduced soil erosion. Crops include soybean, maize, and wheat.
Direct seeding mulch-based system requires the use of herbicides
and fertilizers. The most applied herbicides are atrazine and
glyphosate. Nevertheless, fertilizers are not used with the same
consistency on all the agricultural fields. Some of the most
widely used ones are NePeK-based fertilizers, such as urea
ammonium nitrate (UAN) 32-0-0, monoammonium phosphate
(MAP) 11-52-0, triple superphosphate 0-46-0; and biological
growth promoters which depend on the species of the cultivated
crop. Feedlot cattle are fed with different grain: maize, oats,
sunflower meal, and grazing hay. Besides, the cattle are admin-
istered mineral supplements of calcium, magnesium, phosphorus
and sodium chloride.

3. Materials and methods

3.1. Sampling

The sampling methodology included removing leaves and
other organic material found in the place; and collecting a soil
layer of 100 cm2, 2 cm thick of exposed soil with a stainless-steel
flat spatula. At each sampling area, 5 to 6 subsamples from a
surface of about 150e200 m2 were collected in a plastic container
to put together a composite sample representative of that land
use, i.e. the source sample. Sediment mixture samples (from the
river courses) were collected at the top 2 cm of the accumulation
zones on small floodplains where deposition of sediments was
observed. Photos of different land uses are shown in Fig. 3. For the
river bank source the samples were collected scraping vertically
the wall of them, as most of themwere wide high and along 10 m
(or less for shorter extensions), Fig. 3(f). Sediment mixture com-
posite samples were collected in smaller areas, maximum 5 m
apart in between the subsamples at 5 sites along the channel as
observed in Fig. 3(h).

The sediment samples (mixtures) were taken during three
different periods: (I) at the end of the rainy season (II) at the end of
the dry season, and (III) at middle of the rainy season. The location
of the sediment sampling points is presented in Fig. 2. In the first
period (I) sediment sample collection in the northern part of the
river (M4 and M5) was not possible.

A total of 71 samples were collected from source soils and
mixture sediments. The number of samples was chosen based on
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the dimension of each land use.

3.2. Analytical methods

3.2.1. Samples of artificial mixtures: fingerprints identification
In the first stage, a group of samples were used to create artificial

mixtures for fingerprint selection. This samples were first dried at
50 �C, later disaggregated and sieved through a 2-mm sieve at the
GEA-IMASL Laboratory.

To perform an EDXRF spectrometry analysis, the samples were
ground into fine powder, and pressed pellets of 25 mm diameter
and 2.5 g weight were shaped. The pellets were measured at the
IAEA Nuclear Science and Instrumentation Laboratory using a
software-controlled EDXRF spectrometer which uses five second-
ary targets for accuracy improvement (SPECTRO X-LAB 2000). The
spectral fitting and following quantification was carried out using
the software and instrument calibration supplied by the manu-
facturer for the analysis of geological samples. The accuracy of the
results was verified by analysing three different reference mate-
rials: IAEA-Soil7 (soil sample), IAEA-433 (marine sediment) and
IAEA-405 (sediment). The concentration of 51 elements for each
sample was obtained from them. Eight elements showed concen-
tration levels below detection limits for some samples and were
discarded.

As described in a previous publication (Torres Astorga et al.,
2018), suitable fingerprinting elements were identified from the
two artificial mixed samples (MIX 1 and MIX 2). They were
composed using known source samples following the below

proportions:

MIX 1 ¼ 0.40 S3 þ 0.25 S2 þ 0.25 S4 þ 0.10 S1
MIX 2 ¼ 0.45 S2 þ 0.32 S4 þ 0.20 S3 þ 0.03 S1

where S1 represents the source riverbank. S2 and S4 were two soil
samples collected in agricultural fields with crop rotation. During
the sampling campaign, one of these sources was under corn and
the other one with soybean cultivation. Source S3 corresponds to
soil samples collected in a feedlot. The proportions were chosen to
represent possible distributions of sediment origins and, at the
same time, to ensure that the mixing model yields results outside
the uncertainty margins.

A three-stepped procedure was applied for fingerprint selec-
tion: 1) Kruskal Wallis H test was performed to dismiss fingerprint
properties that were redundant. This test is a nonparametric pro-
cedure equivalent to analysis of variance (ANOVA); 2) Discriminant
Function Analysis (DFA) was used to test the power of the proper-
ties that passed the former test to classify the source samples into
the correct groups and 3) Bi-plots exam that consists of a visual
inspection of bi-plots of the elements that were previously selected.
All possible combinations of element pairs were plotted. Then, we
considered the fact that if a mixture lies outside the polygon shaped
by the sources, one or both of the element pairs should not be used
(Torres Astorga et al., 2018).

The resulting elements were validated using the two artificial
mixtures in two MMs: CSSIAR v2.00 (de los Santos-Villalobos et al.,
2017) and IsoSource (Phillips & Gregg, 2003). In Fig. 4 it can be

Fig. 1. Location of the Volc�an sub-catchment in San Luis, Argentina and geological map of this sub-catchment presenting 5 lithological units. Study area is highlighted with slanted
black lines.
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observed the difference in the use of these two MM in the artificial
mixtures. After validation, CSSIAR v2.00 was then applied for
identifying critical hot spots of erosion using the selected
geochemical elements and TOC data as fingerprints in the collected
mixture samples from the studied sub-catchment. An uninforma-
tive prior was used, as there was no previous information of the
sediment transport related with the land uses in the region.

3.2.2. El Durazno Sub-catchment sample analysis
The sampling was extended to the complete region of study.

The total amount of samples (sources and mixtures) were ana-
lysed for total organic carbon (TOC) and EDXRF spectrometry. TOC
was measured to assess its addition to the set of fingerprint
properties. The TOC value of each sample was determined at the
IAEA Soil and Water Management & Crop Nutrition Laboratory.
Soil samples were dried at 40 �C, carbonates were removed by acid
fumigationwith hydrochloric acid and TOC content was measured
using an elemental analyser (Vario Isotope Select, Elementar,
Langenselbold, Germany) coupled to an isotope ratio mass spec-
trometer (Isoprime 100, Elementar UK, Manchester, United
Kingdom) followingmethods proposed by (Harris et al., 2001) and
(IAEA, 2019).

To perform the EDXRF spectrometry analysis, the samples were
prepared as explained above (in Samples of artificial mixtures:
fingerprints identification). The pellets were measured at the IAEA
Nuclear Science and Instrumentation Laboratory using a software-
controlled EDXRF spectrometer which uses different secondary
targets for accuracy improvement (Epsilon 5, Malvern Panalytical).
The spectral fitting and subsequent quantification was carried out
using a calibration established by using 15 different certified
reference materials of geological origin. The accuracy of the results

was also verified by analysing three different reference materials:
IAEA-Soil7 (soil sample), IAEA-433 (marine sediment) and IAEA-
405 (sediment). The correspondence between the two equipment
used was assured prior use of the data.

4. Results

After validation (Torres Astorga et al., 2018), the selected ele-
ments (Ba, Ca, Fe, P and Ti) were used as tracers in the catchment to
recognize the main sediment sources. TOC was used in the sedi-
ment mixture 4 (M4) and in sediment mixture 5 (M5) as the sixth
fingerprint improve the accuracy of the results without changing
the resulting proportions. Table 1 is a summary of the fingerprint
element concentration of source samples. In five points along the
river channel the sedimentmixture samples were collected in three
different seasonal times, end of rainy season, end of dry season and
in middle of the rainy period of the year. The MM used for this
procedure was CSSIAR v2.00. The unmixing procedure was made
taking into a count the sources that contribute to each mixture, in
accordancewith the flow direction of the river. Results on sediment
apportionment in channel mixtures are reported in Fig. 5.

5. Discussion

The selected elemental tracers can be used as suitable finger-
prints due to specific features of the land uses of the explored
catchment. Calcium content is lower on the top soils of agricultural
fields as compared to soil samples collected in native vegetation
areas and stream banks, which have no human intervention. Ca
content is also high in feedlot soil. Likewise, iron shows different
concentrations, the lower content of Fe may be due to the constant

Fig. 2. Land uses map of Durazno sub-catchment and sediment mixtures location tagged from M1 to M5.
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manuring in the feedlot soils (Whalen et al., 2000). The trees topsoil
(walnuts) are also expected to have a lower Fe content in than
native vegetation top soils (Little & Bolger, 1995). Feed lot soils are
expected to have the highest content of phosphorus due to cattle
manure. Phosphorus content in bank and dirt road soils is notably
lower than in the rest of the sources. The lowcontent of phosphorus
in cropping soils is in agreement with results of Roger et al., 2014,

who found higher concentrations of this element in grasslands and
mountain pastures than in crop lands. Titanium content could be
inherited from the parent material, and its variability may show
differences because of the loess materials’ provenance. The feedlot
source has the lowest value of all sources, and it is different from
banks, rotation crops and roads, considering their standard de-
viations. TOC content is strongly higher in feedlots soils, as

Fig. 3. Activities and land uses identified in the study area. (a) rotation crops, (b) nut orchards, (c) dirt roads, (d) native vegetation, (e) grazing, (f) river banks, (g) feedlot and (h)
river channel in summer.
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expected, because of cattle’s manure. Native soils present high
values as well, due to the abundant vegetation of the area. As ex-
pected, the lowest contents of TOC are banks and dirt roads, due to
the lack of vegetation. A descriptive statistics (mean and standard
deviation) of the sources soils fingerprint properties can be found
in Table 1.

The analysis of the channel mixture sediments revealed that
feedlot soils were one of the major sources of the sediments that
reached the watercourses, and in one of the mixtures the propor-
tion of this source was 90% (Sediment Mixture 5 - M5). River banks
and dirt roads together are the second most important source of
sediments, particularly at the end of the dry season (period II) when
vegetation coverage is limited. Both sources, which consist of
subsoil material, are the main source of sediments in all three

downstream mixtures at the end of the dry season. These uncov-
ered soils reach 43% in Sediment Mixture 1 (M1), in the period of
time II, i.e. after the dry season. In some cases, rangelands and
pasture lands (treated as grazing) are considered as the main source
in two channel sediment mixtures. Moreover, where grazing is the
major contributor, the proportions are high (76% and 60%, in the
third period in Sediment mixture 2 (M2), and in the second period
in Sediment mixture 4 (M4)). This might be explained by a larger
number of animals living in that area and their proximity to the
water channel. Another important outcome is the low contribution
of the native vegetation and nut orchards sources. This is not sur-
prising, as no major soil removal is expected to occur any in these
zones.

Analysing the temporal changes in the proportions, we can only

Fig. 4. Comparison between actual (in red) and calculated soil proportion in the artificial mixed samples for (a) MIX 1 and (b) MIX 2. Blue bars represent soil proportions calculated
by CSSIAR model and green bars soil proportions calculated by IsoSource model. The error bars of actual proportions depicted the associated uncertainty of preparing the artificial
mixtures. For the calculated soil proportions of CSSIAR, the standard deviation provided by MM was included as error bars (Adapted from Torres Astorga et al., 2018).

Table 1
Source samples fingerprint mean concentrations and standard deviations.

Sample P (ppm) Ca (ppm) Fe (ppm) Ti (ppm) Ba (ppm) TOC (%) Number of samples

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Bank 16 21 24,000 1700 38,600 3100 4710 260 526 49 0.3 0.3 6
Feedlot 2600 1000 24,300 3400 32,400 3100 4120 320 452 48 5.3 2.2 5
Rotation 140 100 18,300 2200 36,900 2300 4800 180 507 17 1.9 0.6 10
Grazing 280 270 21,800 3700 38,500 5000 4690 310 472 42 3.1 2.0 8
Trees 260 140 20,000 2800 35,200 980 4560 170 503 30 2.9 1.3 5
Native 300 200 26,600 2200 41,000 4700 4560 280 436 27 5.1 4.3 5
Roads 63 90 27,100 4700 41,400 3000 4870 240 489 32 0.7 0.0 2
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observe a clear relationship, in most of the channel mixtures, be-
tween the contributions of sediments from subsoils and the dry
period of the year. For the rest of the sources, there is no relation-
ship between the land uses and the different periods of the year.

Soil erosion is a key degradation factor in highly vulnerable
environments, such as the one explored in this research. This po-
tential loss in the environmental quality is not only due to
geological (i.e. topography, lithology) or climatological factors (i.e.
rain regime, singular events of intense precipitation) but also due to
the introduction of new land uses and changes in vegetation cover.
Agricultural development leads to the rapid transformation of
native vegetation into pasture and farmland. In this context, it is
imperative to have suitable indicators of the environmental con-
sequences derived from new land uses and other activities associ-
ated with them.

In this investigation we have shown that geochemical elements
used as fingerprints of the sediment transport allow us to identify
hot spot areas of erosion. In these areas, it would be necessary to act
with specific strategies in order to reduce or to avoid soil

deterioration processes. Taking into account the identified main
sediment sources, some possible measures could be:

a. To control the slow but permanent expansion of the gullies and
river banks, preserving the natural vegetation or planting in
blocks or strips, in order to have an appropriate buffer zone
around the streams.

b. To consider dirt roads as important sources of sediment. It is
very likely that their contribution will grow due to the increase
in population in the region and the use of machines and other
means of transportation employed in agricultural activities. A
feasible alternative to reduce this contributionwould be to pave
the main access roads and all the sides a suitable planting
should be established. This actionwould provide a living filter to
soil particles.

c. As demonstrated, during the annual cycle the main feedlots are
active sources of sediment. In this case, an additional problem,
besides sediment mobilization, is the increase of organic and
inorganic pollutants towards effluents. The size of these

Fig. 5. Sediment mixtures (fromM1 to M5) collected in 5 sites along the main channel. The samples were collected at three times of the year, period I: at the end of the rainy season
(after harvesting), period II: at the end of dry season and period III: at the middle of the rainy season. In the sites M4 and M5 (subfigures (d) and (e)) sediment collection was not
possible, for logistic issues, in period I.
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facilities, the maximum number of animals and the location
away from streams and rivers should be critically analysed. The
permanent control of soil movement inside the feedlot and the
drainage channels should be strictly controlled.

On a prospective basis, the degree of impact of these measures
of environmental preservation could be annually tested using the
same identified fingerprints, with a low cost and proven efficiency.

6. Conclusions

In this study, the geochemical fingerprints approach has been
used to explore sediment sources in a small mountain catchment in
a semiarid region. Element signatures allow for discriminating
sources based on different land uses in the same lithology (qua-
ternary deposits). The most relevant results obtained are:

a. The same set of geochemical elements (Ba, Ca, Fe, P and Ti)
allowed us to approach the source contribution in the laboratory
artificial mixtures;

b. These tracers, used as sources signatures in the whole catch-
ment, made it possible to identify the feedlots as the main
source of sediments in most of the analysed channel sediment
mixtures;

c. Together, river banks and dirt roads are the second most
important source of sediments. Indeed, the limited vegetation
cover during the dry season favours sediment movement;

d. Rangelands and pasturelands can be a relevant source of
sediments;

e. The area of native vegetation presents one of the lowest con-
tributions to soil erosion.

The identification of the main sources of sediments using the
geochemical signature allows the monitoring of the watershed
giving relevant information in a relatively quickly and cost-effective
way. Nevertheless, given the complexity of the problem and the
limitation of the technique, the method should be applied as a
complement to other more conventional approaches.
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a b s t r a c t

This review of soil erosion (SE) studies in Russia focuses on two main tasks: (i) ensuring the
completeness and reliability of SE data in Russia, a large country (17.1 million km2) with a variety of
natural and socio-economic causes of land degradation, (ii) assessing the possibility of including a SE
indicator among the indicators of land degradation neutrality (LDN). A wide range of statistical, remote
sensing, mathematical modeling data, the results of scientific and field studies obtained at different
levels were analyzed. It is asserted that in Russia the total area of eroded lands and those under erosion
risk occupy more than 50% of all agricultural lands, whereas soil fertility of croplands decreased in Soviet
time (from 1950s to 1980s) by 30e60% only due to water erosion. However, recent scientific studies
indicate a decrease in erosion rate and in the area of eroded land during the last 30e40 years as a result
of abandonment of arable land and subsequent overgrown with natural vegetation. The climate change
resulting in decrease of the depth of soil freezing, flow of spring runoff also adds to the decrease of soil
erosion. The SE indicator was suggested as an important complement to three global LDN indicators. At
national and subnational level, it can be interpreted through such indices as “Rate of soil loss” (ton ha-1
yr-1) and “Total soil loss” (1000 tons, in certain area during selected time period). At local level the set of
indices can be wider and site-specific, including those obtained through remote sensing data by using
the classifier of thematic applications of remote sensing technologies; the example was tested at the local
site.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Soil erosion is the most common problem of land degradation in
Russia, covering not only agricultural, but also pasture and forest
lands. The issue of correct assessment of soil erosion dynamics is of
particular importance in connection with the recent development
of the new concept of land degradation neutrality (LDN). UNCCD
determined LDN as “a statewhereby the amount and quality of land
resources, necessary to support ecosystem functions and services

and enhance food security, remains stable or increases within
specified temporal and spatial scales and ecosystems” (UNCCD,
2015). At global level the state of LDN is evaluated through using
the SDG indicator 15.3 “Proportion of land that is degraded over
total land area” and its three subindicators (changes in land cover,
land productivity and soil organic carbon) considering the “one out
all out” principle: (Akhtar-Schuster et al., 2017). Studies of the
applicability of global LDN indicators for Russia, taking into account
the wide climate, landscape, and land use diversity, have shown
(Kust, 2019) that the indicator of SOC changes is the most prob-
lematic for application of the LDN concept. Detailed monitoring of
SOC indicator stopped in Russia with the collapse of the Soviet
system in the early 90s, and the new methods based mainly on
remote sensing data (ISRIC, 2018) are still far from sufficient ac-
curacy. At the level of regional (national and subnational) assess-
ments the trends in changes of SOC coverage and dynamics
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ascertained by national institutions in general coincide with the
trends obtained by the analysis of global databases (Hengl et al.,
2017) although with some difference in absolute values of SOC
content and stocks. However, at the local level the reliability of the
analysis and the accuracy of the estimates are still at unacceptable
values and currently cannot serve as a reliable source to indicate
changes in SOC. According to our expert estimates, the global
datasets have reported SOC differences with Russian national data
of 1.5e3 times (Kust et al., 2018).

In this respect, it is important to search for alternative adequate
indicators of land degradation, the dynamics of which at different
levels (from national to local) can be determined using modern
methods and reliable mathematical and cartographic modeling. As
suchan indicator, in thispaperweconsider thepossibilityofusing soil
erosion data obtained using various methods and data sources,
including remote sensing. The importance of taking soil erosion into
account as an independent or additional subindicator for assessing
LDN, aswell as an alternative to the SOC indicator, was pointed out by
many authors (Cowie et al., 2019; Gilbey et al., 2019; Solomun et al.,
2018; Speranza et al., 2019). Some authors have noted a close rela-
tionship between SOC and soil erosion (Chappel et al., 2019; Chasek
et al., 2019). Keesstra et al. (2018) indicated that in most (northern)
European countries, water erosion along with pollution is the most
important process of land degradation. The fact that the impact of soil
erosion processes are more important than that of salinization,
compaction, anddecreaseof the SOCcontentwere indicated for other
countries (Wunder & Bodle, 2019; Liniger et al., 2019; ).

2. Methodology

This work is of an overview nature, therefore, for the collection
and generalization of information, we used numerous scientific,
archival, analytical and statistical materials and the results of
mathematical modeling that describe various generalizations: from
local to national.

At the national (federal) level in Russia, the assessment of the
area prone to soil erosion, its rate and degree is carried out mainly
with the help of the state institutes of the so-called agrochemical
service, which conducts observations on agricultural lands and
provides extension service. These lands occupy less than 25% of the
total area of the country, including arable land, meadows and
pastures, including deer pastures (Rosreestr, 2017), therefore the
agrochemical service does not represent a complete picture for all
the country’s land resources. This makes it difficult to assess the
dynamics of soil erosion at the national level, especially regarding
industrial disturbances beside agricultural land (due to the con-
struction of linear infrastructure (roads, pipelines)), mining, pro-
specting, drilling and other anthropogenic impacts. Significant
violations of this kind are also noted in the subarctic and arctic
regions (Grigoriev et al., 2006; Kapitonova et al., 2016), where
agriculture is not carried out. Therefore, to assess soil erosion at the
national level only approximate estimates based on expert syn-
thesis of different data sources can be obtained by collecting and
summarizing disparate data from state official statistics, scientific
researches carried out at different scales, and various materials of
cartographic and mathematical modeling.

At the local level, the accuracy of the soil erosion assessment is
more detailed, because a complex of methods is used for this pur-
pose: from direct observations that record runoff rates at field plots
(Medvedev et al., 2016) to mathematical modeling methods that
evaluate the risks, also rate and degree of soil erosion development
(Gobin et al., 2002; Ketema & Dwarakish, 2019; Kuznetsov &
Glazunov, 1996; Lisetsky et al., 2012).

Recently remote sensing methods for assessment and mapping
of soil erosion are increasingly used (Garcia et al., 2019; von Maltitz

et al., 2019; Crossland et al., 2018; Medvedeva et al., 2018). With the
accumulation of large arrays of dynamic remote sensing data and
the development of correct methods for their interpretation, it is
possible to receive reliable, comparable and feasible results for the
whole country with minimal need for confirmation by ground data.
This is of particular importance for remote inaccessible areas where
land degradation occur as a result of trigger reactions caused by
random short-term impact (for example, prospecting works with
heavy geophysical equipment) and the subsequent long-term
development of a negative loop of after-effect reactions
(Dorozhukova & Yanin, 2004).

3. Soil erosion assessment and dynamics in the Russian
Federation

3.1. Assessment at national level and “soil erosion neutrality”

Soil erosion is the most common process of land degradation in
Russia. Sheet, rill and gully erosion during snowmelt (MarcheApril)
and rainstorm (MayeSeptember) seasons are the main factors for
soil degradation of agricultural lands and other human-affected
surfaces.

The analysis of the state monitoring of agricultural land (State
report, 2016, 2017; EMISS, 2018) shows that the total area of
eroded, deflated and lands potentially prone to deflation and water
erosion is over 50%. The processes of erosion especially dramati-
cally affect Chernozems (known as highly fertile black soils), which
constitute more than 40% of the total arable land of the country. For
example, in the central part of Russia, 34% of arable land and 51% of
pasture area are vulnerable to water erosion, and respectively 18%
and 15% are vulnerable to wind erosion. In the southern regions,
two thirds of the total agricultural land area are at risk of deflation,
where actual wind erosion is manifested in 11.3% of the agricultural
land area. In the boreal regions of Siberia, the Far East, and the north
of the European territory of Russia, a high water and wind erosion
hazard and risk persists where the natural balance of forest eco-
systems is disturbed, for example, during forestry, fire, oil and
transport infrastructural development.

Among the total area of the land prone to water erosion, slightly
eroded soils occupy 87%, moderately and strongly eroded soils
occupy 13%. The strongest development of gully erosion (gully
density is more than 5 km km�2, gully length density is more than
1.3 km km�2) is observed in forest-steppe and steppe zones, in
areas of long-term and old agricultural development (State report,
2017). These include deeply dissected and intersected parts of the
uplands (south of Central Russian upland, separate parts of the
Volga upland), composed of silty loess-like sediments.

Averaging and summarizing sample estimates conducted by the
agrochemical service over the past 15 years (data taken fromEMISS,
2018) show that among those agricultural lands prone to wind
erosion, 76% are characterized by a low degree, and 24% by mod-
erate and strong deflation. Significant areas (about 50% of the total)
of agricultural lands having certain risk of wind erosion are located
in southern Siberia, although the southern European territory of
Russia and the North Caucasus are characterized by the strongest
deflation. Here, in open plain areas, the intensity of deflation rea-
ches 50e100 ton ha-1 yr-1 or even more, in some areas not pro-
tected by forest belts, a decrease in soil thickness during last 30e40
years can reach 30e35 cm (State report, 2017). On light textured
soils (sandy and light loam) in the south of Western Siberia in some
spots the deflation also may be higher than 50 ton ha-1 yr-1.
However, due to the widespread use of “flat-cut tillage” (cultivation
of the soil with keeping stubble on the surface) by farmers, the
common development of deflation is unlikely here (Kulik et al.,
2007, p. 86).
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At the same time, these estimates are approximate, since they
are based on sample and irregular observations, updated in recent
years only in certain regions of the country. The dynamic data that
demonstrate changes in the state of eroded lands are required to
obtain information on achieving/not achieving LDN. Although such
assessments of the degree of soil erosion of arable landwere carried
out every 15 years throughout the country during the Soviet years,
regular field surveys in modern Russia have been discontinued
since early 1990s. Therefore, generalized expert estimates carried
out and presented in the scientific literature and official statistical
reports are using different approaches (State soil erosion map of
Russia, 1999, 2004; Kulik et al., 2007, p. 86; Kuznetzov &
Kashtanov, 2011; Kust et al., 2011; Krasilnikov et al., 2016; State
report, 2016, 2017). Hence, they differ by data and provide a big
challenge for the interpretation and comparing them for use in the
LDN methodology.

Most official sources, such as State Reports, demonstrate the
average annual water erosion of about 80 million ha of the culti-
vated land is estimated at 0.56 billion tons from the late 80s and
early 90s. Up to 80e90% of phosphorus, nitrogen and pesticides in
rivers and water bodies originates from agricultural soils. Experts
estimate that soil fertility decreased in Soviet time (from early
1950s to late 1980s) by 30e60% only due to water erosion of arable
land. The area of gullies reached more than 1 billion hectares, and
the rate of gullying was assessed as up to 10e15 thousand ha yr-1.
From 80 to 90% of gullies in the agricultural area of Russia have the
anthropogenic origin due to improper cultivation of arable lands.
There are more than 2 million of individual gullies, with a total
length of about 300 thousand km and an area occupied of over 6
million ha (State report, 2017). Almost all sources indicated an in-
crease in the rate of water and wind erosion throughout the
country until the 1990s. In this respect, soil erosion is traditionally
considered the main scourge of all agricultural lands.

However, since official sources mainly repeat the results ob-
tained 30 years ago, they do not express the trends in the devel-
opment of erosion processes nationwide, although recent scientific
studies indicate that the dynamics of erosion processes are multi-
directional with a clear predominance of trends for their reduction
in most regions of Russia.

In current time in Russia, especially in the boreal regions, agri-
cultural lands abandoned in the late 80s and 90s of the 20th cen-
tury occupy a vast area. Many of these lands were overgrown not
only with grassy vegetation, but also with shrubs and even forests
(Lyuri, 2015). We also described this phenomenon in a survey of the
dynamics of the land cover based on the long-term series of sat-
ellite images using the Trends.Earth GIS system (2018) as a tool for
determining LDN (Kust et al., 2018; National report, 2019). Erosion
processes on abandoned arable lands slowed down significantly up
to their stop and reverse development of progradation phenomena
(Lyuri et al., 2010).

Significant socio-economic reasons caused these trans-
formations and drastic changes of the main trends of soil erosion in
the last 30e40 years. The economic crisis of the late 80s led to a
considerable transformation of land. In boreal regions the crop-
lands, which covered a relatively small proportion of land cover
(<20%) were abandoned due to drastically decreased productivity
The lack of resources to support irrigation systems was the main
reason for the reduction of cultivated area in the dry steppe zone
with a higher proportion of cropland (40e80%) (Nefedova, 2013).
For example, the modelling of the total annual soil loss for the
Russian Plain showed that it reduced from 436 Mt in 1960e1980 to
245 Mt in 1991e2012, mainly due to the decrease in cropland area
(Golosov et al., 2018b). The highest reduction was identified for the
forest zone, where soil losses reduced up to 75% and the mean
annual erosion rate decreased from 7.3 to 4.1 ton ha-1 yr-1 (Golosov

et al., 2018), although some experts consider that these data are
overestimated by 5e15% (Barabanov et al., 2018). The increasing
frequency of heavy rainstorms in the southern part of steppe zone,
on the contrary, led to the minor intensification of soil erosion rate
(Golosov et al., 2017). The density of active gullies decreased
considerably during last decades (Golosov et al., 2018c). The trend
of reduction of gully head retreat is confirmed by the results of
long-termmonitoring in the south of the forest zone of the Russian
Plain (Medvedeva et al., 2018). The main reason for this is likely the
decrease in soil freezing depths, which results in a significant
reduction in surface runoff during snowmelt (Petelko et al., 2007).

These trends are confirmed by the processing of numerous ev-
idences obtained from various sources, as well as by the results of
mathematical modeling (Chalov et al., 2017), Table 1. A modified
version of the Universal Soil Loss Equation (USLE) were used for
calculation soil losses because of rainfall-induced sheet erosion. A
model developed by the Russian State Hydrological Institute (SHI)
was also modified to estimate sheet erosion from snowmelt runoff
(Larionov, 1993). The detail description of both models and results
of their verification can be found elsewhere (Sidorchuk et al., 2006;
Golosov et al., 2018). The contemporary erosion rates for the two
time windows (1980 and 2010) were calculated using a modified
version of the USLE and the SHI on a 1:500,000 scale for the
cultivated slopes. The data provided in Table 1 describe how the
indicator of soil erosion (SE) can assess the achievement of LDN.
“Soil erosion neutrality” at the level of large regions can be
measured by two main indices: “Rate of soil loss” (ton ha-1 yr-1)
and “Total soil loss in the area” (103 ton yr-1). Following the prin-
ciple “one out all out” used for LDN assessment by global indicators
(Orr et al., 2017, p. 129), it is easy to see that the dynamics of erosion
processes in different regions of Russia remain multidirectional
despite the clear and widespread tendency of overgrowing of
agricultural lands. This multidirectional dynamic does not also
allow to achieve “Soil erosion neutrality” (herewith LDN) in many
regions. The assumption is that the result in the rate of the
achievement of LDN could be even less impressive for assessing soil
erosion at a more detailed level with an increase in the number of
indices.

Thereby, in many lands, particularly in the boreal and forest-
steppe regions of Russia (for the latter, especially in the case of
the Siberian region), the rate of erosion has been sharply reduced or
stopped over the past 30e40 years as a result of land abandonment
(Litvin et al., 2017). The productivity of shrubbery and woody
vegetation on abandoned lands is increasing (Land degradation,
2019), which indicates the restoration of natural landscapes and,
therefore, may indicate the achievement of LDN evaluated by the
indicator of SE dynamic in such areas. However, the multidirec-
tional trends of changes of the individual indices that make up the
SE indicator are noted in different regions. This indicates that even
the general trend of overgrowing of abandoned lands at national
and subnational levels does not allow considering lands as those
achieved LDN within individual territories (Table 1). For a more
detailed assessment, especially at the local level, studies of addi-
tional parameters (measures or indices) of SE dynamic are required.
These parameters, unfortunately, cannot be provided by official
statistics, but can be obtained using modern methods.

3.2. Possibilities for soil erosion assessment for LDN assessment
purposes at local level

3.2.1. Classifier of thematic applications of remote sensing data
Remote sensing has a great potential for evaluation of soil

erosion. However, its application can be complicated due to high
dissimilarity of remote sensing data and approaches of processing
and interpretation of the data. The multipurpose classifier of
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Table 1
Changes in area of croplands and soil erosion in Russian economic regions from 1980 to 2010 (Chalov et al., 2017; adapted and added by authors).
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thematic applications of remote sensing data and its processing
algorithms STRATO RS (Kushnyr et al., 2018) could serve as one of
the possible solutions of the issue under discussion. This classifier
was developed to simplify automatic assessment of different pro-
cesses and phenomena indicated by remote sensing methods,
including evaluation of soil erosion in different spatial scales
regardless of land cover or land use types. STRATO RS is a web
application with client-server architecture. It includes only those
thematic applications and algorithms, which are validated by
particular study cases and practices. The more successful algo-
rithms are known for any particular task, the more reliable this
application is rated. The more cases are known used for any algo-
rithm, the more confident its results are considered. Several the-
matic applications of remote sensing data for assessing soil erosion
were formalized and placed in STRATO RS according to this
approach (Table 2).

3.2.2. Testing universal classifier for assessing soil erosion (case
study and examples)

A plot for testing classifier STRATO RS for soil erosion assess-
ment is located near Panino Village in the Kursk region, Fig. 1. A few
examples of testing results are provided below.

Two images of Landsat7 and Landsat8 for 2001 and 2018 were
used. The images were obtained from earthexplorer.usgs.gov and
registry. opendata.aws and were processed with open source
software: GDAL/OGR (gdal.org) was applied for batch processing
such as converting between different formats, clipping, projection
and raster calculations; SAGA GIS (www.saga-gis.org) was used for
processing DEM for analysis of topography, classification of images
and pansharpening; QGIS (qgis.org) was used for digitization and
rendering of final maps. Images in natural colors were synthesized
(channels 321 for Landsat7 and 432 for Landsat8) and pan-
sharpened to enhance spatial resolution. These synthesizes were

Table 2
Thematic applications of remote sensing data formalized in multipurpose classifier STRATO RS for assessing soil erosion in forest, forest-steppe and steppe farmlands of humid
plains of the temperate zone.

Thematic applications References

Mapping of the state of gully erosion Yermolaev et al. (2017)
Analysis of dynamics of gully erosion Yermolaev et al. (2017)
Mapping of land cover Singh and Dubey (2012)
Indicating changes in land cover Ilmidin Kyzy et al. (2017)
Indicating hollow forms of relief Тrofimetz et al. (2017)
Soil erosion risk assessment in agricultural landscapes Buryak, 2014; Rozhkov, 2007
Algorithms for applying remote sensing data
Assessment of state and changes in gully erosion based on gully density index in time series of space imagery Gaifutdinova et al., 2016; Yermolaev et al., 2017
Assessment of state and changes in gully erosion based on river basin approach Yermolaev et al. (2017)
Large-scale mapping of erosional forms based on visual interpretation of remote sensing images Тrofimetz et al. (2017)
Assessment of soil erosion risk based on the topography calculated by remote sensing data (LS-factor) Buryak, 2014; Lisetsky & Polovinko, 2012
Indicating changes in land cover based on NDVI time series Ilmidin Kyzy (2017)

Fig. 1. Location of the testing plot “Panino”.
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used to interpret the state of erosion network by visual and auto-
matic methods which showed high similarity (Fig. 2). The density
index for erosional pattern (LS-factor, km km�2) was calculated for
a regular net of cells of 500 � 500 m size. .

The results of testing of the algorithm of automatic mapping of
erosion network and density of erosional pattern based on river
basin approach and digital evaluation model (DEM) are shown in
Fig. 3. Boundary of river basins were calculated by the SAGA GIS
module “Basic Terrain Analysis”.

3.2.3. Mapping of the risk of soil erosion
The classifier considers an approach of mapping of the risk of

soil erosion in case if traditional soil loss models like USLE cannot
be applied due to the lack of data. In similar conditions of limited
territories relief becomes the most critical factor of soil erosion. In
this case its mesurable representation such as LS-factor can be used
to distinguish areas of risk of erosion. Buryak (2014) offered inter-
preting maps of LS-factor based on the criteria developed through
visual indication of soil loss on space imagery by the difference in

Fig. 2. Changes of the erosion network
Upper left: The erosion network drawn by the method of visual interpretation of images; Upper right: The increased erosion network in 2001e
2018 calculated by the changes in density index; Down: The density index of the erosion network: left e 2001, based on Landsat-7 (ETMþ, 2001-05-04); right e 2018, based on
Landsat-8 (OLI, 2018-08-15).

Fig. 3. Analysis of the density of erosional pattern. Left: the visualized SRTM DEM; Right: the map of erosional density drawn with the help of the river basin approach.
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hue and color. This approach was tested using SRTM data and the
Sentinel-2A image (2019-06-06): visual interpretation detected the
surface pattern with a lighter hue, which corresponds to eroded
soils. The median value of the LS-factor was calculated for this
pattern and its value 0.45 was considered as critical when erosion
can be harmful to soil fertility. It was used as a threshold for clas-
sification of soil erosion risk and on this base the map of LS-factor
was developed using the SAGAGISmodule « Basic Terrain Analysis»
(Fig. 4).

The analysis of the map of the testing plot evaluated it as a
territory where the critical risk of soil erosion is less than 50% of the
total area. Using the same algorithm for time series of images, the
dynamics of the risk of the erosion can be also described.

Based on these examples, it can be concluded that for local as-
sessments the multipurpose classifier can help to evaluate changes
for different indices of soil erosion and to monitor more accurately
the achievement of LDN in erosion-risky areas. The peculiarity of
using such a classifier for assessing soil erosion is that it is appli-
cable for a limited number of the most common applications. On
the other hand, it makes it possible to apply the similar algorithm
for big and different territories that provides a possibility for esti-
mates comparative in time and space.

3.3. Assessment of soil erosion trends related to climate changes

We noted earlier (Kust et al., 2018) that for the LDN assessment,
it is important to take into account not only anthropogenic impacts
and trends, but also climatic long-term changes, which imprints on
the nature of the processes of land degradation and restoration,
taking into account local and regional characteristics. In this paper,
using the example of the Kursk region of Russia we consider some
features that affect the long-term dynamics of soil erosion and have
to be taken into account when modeling erosion and LDN forecasts
based on the SE indicator.

The erosion runoff and, therefore, the total soil loss on arable
slopes in most of Russia is determined, on the one hand, by the
conditions of the soil surface and meteorological characteristics
during spring snowmelt, and on the other hand, by the frequency of
heavy rainfalls (Chalov et al., 2017; Demidov, 2016, p. 62). Another
important factor in the formation of surface runoff is the type of the
soil treatment and the soil cover pattern, which in turn are deter-
mined by the set of crops and soil conservation measures used.

A very significant feature of the conditions of the formation of
snowmelt and flood is the degree of soil freezing by the beginning

of the formation of surface runoff in spring.We analyzed the data of
the depth of soil freezing obtained since 1938 at weather stations
Petrinki and Ushakovo in Kursk region. The maximum freezing
depth is observed, as a rule, at the end of the period with negative
air temperatures, in late March - early April, coinciding in most
cases with the beginning of spring snowmelt and the formation of
floods. The degree of soil freezing affects soil water permeability
and the formation of a “locking screen”, which determines the
coefficient of surface runoff from the slopes during the spring flood
period and its extent.

The long-term values of the spring flood features for the Tuskar
River basin (A ¼ 2380 км2) under consideration form coinciding
linear trends in the analyzed period (Fig. 5 a, b): the maximum flow
of the flood runoff and thickness of the layers of runoff decrease
along with the decrease of the maximum depth of the soil freezing.
The trend of freezing depth decrease is statistically significant and
coincides with the trends in spring flood characteristics. Similar
trends were found for the other regions of the Central Chernozemny
Federal okrug (Golosov et al., 2017, 2018a; Golosov et al., 2017).

The opposite trend is typical for the minimum low-water flows
of summer and winter (Fig. 6b). Long-term values of the considered
features of low-water runoff both in winter and in summer time
(“open channel period”) have a significant trend to increase. This
indicates an increase in the share of underground runoff as a result
of a decrease in surface runoff on arable land. At the same time, the
long-term dynamics of the annual runoff layer is not well
expressed, and annual precipitation is also relatively stable (Fig. 6a).

A same analysis of the flood characteristics was carried out for
38 hydrological stations of the Central Chernozem region
(Apukhtin, Kumani, 2015). They demonstrate the similar trend for
the all rivers including in the entire region: with a relatively stable
annual flow and annual precipitation, a decrease in spring flood
runoff is observed, especially in the second half of the snowmelt
period, and in parallel an increase in low-water runoff is taking
place during the summer and winter.

The described long-term trend of redistribution of river flows by
seasons of the year (spring water discharge decrease, low-water
water discharges increase, annual runoff only slightly reduce)
clearly indicates serious transformation of the proportional con-
tributions of surface and underground runoff in this region. In
recent decades the surface runoff from arable slopes during the
period of spring snowmelt has practically ceased, which led to the
cessation of meltwater erosion previously amounted to 1e1.5 ton
ha-1 yr-1 per year (Chernyshev, 1980). This is also evidenced by
decrease in sedimentation rates in the upper parts of the fluvial
network (the bottoms of dry valleys) closest to arable land (Golosov
et al., 2014, 2017; 2018a; Gusarov, Golosov,& Sharifullin, 2018). This
conclusion is also confirmed by information on changing overbank
sedimentation rates within small and medium sized river basins
within the Central Russian Upland (Golosov et al., 2010). Sedi-
mentation rate decreased up to 2.5e3 times in 1986e2009
comparing to the period 1964e1986 (Markelov et al., 2012).

The frequency of runoff-forming showers gradually increases in
certain regions of the European part of Russia (EPR) during last
decades. This trend is statistically significant only for the western
regions of the EPR and Ciscaucasia within the southern megaslope
of the EPR (Golosov et al., 2018). In the rest of the EPR the trends are
multidirectional. Although in Russia the field observations of long-
term average rainfall runoff from cultivated slopes are extremely
limited, it can be stated that in contrast to meltwater runoff, the
rainfall runoff occurs locally, but soil loss significantly exceeds that
with melt runoff. The consequences of rain-storms were studied on
two sites located to the south of Kursk City (Belyaev et al., 2008).
Relatively moderate magnitude rainstorm events caused soil
erosion evaluated as from 36 to 44 ton ha-1 yr-1. However, such a

Fig. 4. The risk of the soil erosion.

P. Tsymbarovich et al. / International Soil and Water Conservation Research 8 (2020) 418e429424



tremendous soil loss is observed on individual fields only, where
bad soil conditions contribute to the surface runoff (over-
compaction of topsoil after harvesting, fallow land technology, etc.).

The estimates of the average annual soil washout based on
evaluation of sediment accumulation in ponds and reservoirs with
a known lifetime reliably indicate the long-term rates of soil loss
from arable land in the Kursk region over the past decades. Most
reservoirs and ponds were constructed between late 1960s and
mid-1980s. That is the estimates obtained characterize the annual
runoff values over a period of 35e50 years. This is especially true

for ponds close to arable lands, since in this case there is practically
no redeposition of sediment washed out from the arable land and
accumulated in the reservoir (Table 3). The bigger the pond
catchment area is, the smaller is the long-term average runoff
within these catchments, and vary in the region from 0.69 to 0.1 ton
ha-1 yr-1. Such a phenomenon occurs in consequence of the
redeposition of about 70e80% of sediments washed away from
arable land in the bottoms of dry valleys (Golosov et al., 2017;
2018a). Nevertheless, the modern long-term annual soil losses,
evaluated based on data received for the near-field ponds (0.69 ton

Fig. 5. Changes of long-term values of the maximum depth of soil freezing (a) and the maximumwater discharge of spring flood (Q) and thickness of the layer of flood runoff (H) (b)
for Tuskar River (data collected from gauging station Kursk, belong to Roshydromet State system).
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ha-1 yr-1) is almost twice lower than the long-term annual soil
losses on slope catchments during snowmelt in the Kursk region in
1960e1980s (Chernyshov, 1976; Gerasimenko, 1995). This is addi-
tional confirmation a significant decrease in soil erosion in the last
three decades.

4. Conclusion

Soil erosion is considered the main process of land degradation
in Russia that is reflected in different sources of data including
official. It is asserted that the total area of eroded and deflated lands

Fig. 6. Changes of long-term values and trends of the minimum water discharges (Qmin) in summer and winter (a) and thickness of the layers of annual runoff (H) and annual
precipitation (h) for Tuskar River (b); data collected from gauging station Kursk, belong to Roshydromet State system.
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and lands potentially prone to wind and water erosion is over 50%
of agricultural lands. On average the annual water erosion from the
cultivated land (about 80 million ha) is estimated as 0.56 billion
tons. The flow of water and sediments from the slopes in the
agricultural area supplies up to 80e90% of phosphorus, nitrogen
and pesticides to rivers and water bodies. Experts estimated soil
fertility of arable land decreased from early 1950s to late 1980s by
30e60% only due to water erosion. However, there is no more ac-
curate data on the current state of soil erosion in Russia, since
official information characterizes mainly agricultural land and has
not been updated since the early 1990s. Relatively new scientific
data are scattered and describe various regions that differ in natural
and socio-economic conditions. Despite this, many recent scientific
studies show that in the last 30e40 years the opposite processes
have been actively developing and leading to a decrease in erosion
rate and degree and in the total area of eroded land. The reason is
that a significant area of arable land has been abandoned and is
overgrownwith shrubs and forests due to the economic crisis of the
late 80se90s.

The soil erosion dynamics indicator (SE) with such indices as
“Rate of soil loss” (ton ha-1 yr-1) and “Total soil loss” (1000 tons, in
certain area during selected time period) can serve as an important
complement to three global LDN indicators (dynamics of land
cover, land productivity and soil organic carbon) for assessing land
degradation at the national and sub-national level in Russia. It was
found by using these indices that despite the general trend of
reduction of the area of arable land, the dynamics of erosion pro-
cesses (and these two indices) are multidirectional. In at least half
of Russia’s economic regions, a LDN state evaluated according to the
SE indicator has not been achieved over the past 30 years. The
reason for this is the deterioration of at least one of these indices or
both at once.

It is important to create capacities to analyze the dynamics of
soil erosion on a unified methodological basis for different types of
lands cover and land use for Russia, a country with a large territory.
For this purpose, a universal classifier of thematic applications of
remote sensing data and its processing algorithms can serve as a
useful solution, which allows to obtain in a detailed scale data on
gully dynamics, changes in erosion fragmentation and erosion
hazard based on processing of satellite images. This classifier was
tested at the local site in the Kursk region.

Simulation of soil washout taking into account the volumes of
melt and rainfall runoff and using maps and other data obtained
with the universal classifier in the future will make it possible to
analyze the dynamics of “Rate of soil loss” and “Total soil loss”, as
well as other indices of soil erosion at a local level. Taking into
account the principle of “one out all out”, this can provide more
fully application of the entire set of soil erosion indices to establish
and diagnose the achieving/non-achieving of LDN targets at
different scale levels, including detailed assessment.

The decrease in volume and rate of soil erosion in Russia over
the past 30e40 years is connected not only with abandonment and
overgrowing of arable land, but also with certain climatic trends,
such as a decrease in the maximum depth of the soil freezing,
maximum flow of spring runoff and thickness of the layers of flood
runoff. The revealed long-term trend of redistribution of river flows
by seasons of the year (flood runoff decreases, low-water runoff

increases) clearly indicates a sharp reduction in surface runoff from
arable slopes. Surface runoff from cultivated lands on slopes during
the period of spring snowmelt has practically stopped in recent
decades. This resulted in the cessation of meltwater erosion.
Therefore, these climatic trends, along with land abandonment and
anti-erosion SLM measures on arable land, jointly contribute to the
achievement and maintenance of LDN.
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a b s t r a c t

Soil erosion is a major environmental problem in China. Planning for soil erosion control requires ac-
curate soil erosion rate and spatial distribution information. The aim of this article is to present the
methods and results of the national soil erosion survey of China completed in 2011. A multi-stage, un-
equal probability, systematic area sampling method was employed. A total of 32,948 sample units, which
were either 0.2e3 km2 small catchments or 1 km2 grids, were investigated on site. Soil erosion rates
were calculated with the Chinese Soil Loss Equation in 10 m by 10 m grids for each sample unit, along
with the area of soil loss exceeding the soil loss tolerance and the proportion of area in excess of soil loss
tolerance relative to the total land area of the sample units. Maps were created by using a spatial
interpolation method at national, river basin, and provincial scales. Results showed that the calculated
average soil erosion rate was 5 t ha�1 yr�1 in China, and was 18.2 t ha�1 yr�1 for sloped, cultivated
cropland. Intensive soil erosion occurred on cropland, overgrazing grassland, and sparsely forested land.
The proportions of soil loss tolerance exceedance areas of sample units were interpolated through the
country in 250 m grids. The national average ratio was 13.5%, which represents the area of land in China
that requires the implementation of soil conservation practices. These survey results and the maps
provide the basic information for national conservation planning and policymaking.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Sustainable development, and especially sustainable land use, is
very important worldwide. In 2015, the United Nations (UN)
adopted Sustainable Development Goals (SDGs), in which land
degradation caused by soil erosion is one of the main issues
(Keesstra et al., 2018). In China, soil erosion is also a major envi-
ronmental and ecological problem. Soil and water conservation is
the key to soil erosion control and development of an ecologically
stable environment and society. The Chinese government has made
great effort toward soil and water conservation, with projects such
as Grain for Green (retiring cropland to forest and grass land) and
the bench-terrace construction project, which have reduced soil

erosion greatly. Sediment load in the Yellow River decreased from
1.6 billion t yr�1 to approximately 0.2 billion t yr�1 (Liu et al., 2019).
However, the status of soil loss as a function of geographic region
and land use should be well understood if soil and water conser-
vation planning and relevant policies are to be efficiently made.

Formal scientific surveys in China began in the 1930s
(Lowdermilk, 1943), mainly at local scales under the guidance of W.
C. Lowdermilk (US soil conservationist). A large-scale survey star-
ted in the 1950s in the Loess Plateau, known also as the Yellow
River basin. Three major national surveys were conducted in 1985
(Zhou & Wu, 2005), 1999 and 2001 (Zeng & Li, 2000), which were
predominantly qualitative in nature. The fourth was a quantitative
survey conducted in 2011 (Liu et al., 2013), which aimed at deter-
mining the rate of soil loss, soil loss acreage, and their spatial dis-
tributions; providing basic data for national soil and water
conservation planning, project resource allocation and policy
formulation for construction of an ecologically stable society.* Corresponding author.

E-mail address: xieyun@bnu.edu.cn (Y. Xie).
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Many other countries and regions in the world have also con-
ducted national and regional surveys. In the United States, soil
erosion surveys began as early as 1935 (Goebel, 1998; Nusser &
Goebel, 1997). After 1977, assessments of soil erosion rate and
amount were carried out every five years (Harlow, 1994); and after
2000 (USDA, 2009) they have been conducted as annual routine
work. A Europe-wide assessment of soil erosion risk began in 2000
and has been updated several times (Van der Knijff et al., 2000;
Grimm et al., 2002; Knikby et al., 2004; Panagos et al., 2015). Other
countries have conducted national soil erosion surveys as well,
such as India (Singh, Babu, Narain, Bhushan, & Abrol, 1992), Italy
(Van der Knijff et al., 1999), Iceland (Arnalds, 2000), France
(Bissonnais et al., 2001), Australia (Lu et al., 2001), and the United
Kingdom (Evans et al., 2015), etc. This article will present the results
of the Chinese soil erosion survey completed in 2011.

2. Methodology

2.1. Overview

A multi-stage, unequal probability, systematic area sampling,
method was employed for the national soil erosion survey of 2011.
One small catchment of 0.2e3 km2 or a square of 1 km2 was
sampled within each square of 100 km2. Each of these was
considered to be a sample unit (SU), and a total 32,948 SUs were
taken. A field survey was made for each SU to collect data based on
1:10,000 topographic maps and remote sensing images. The data
collected was land use and cover, vegetation canopy cover, ground
cover, and soil conservation practices. The field survey data was
transformed into grids of 10 m by 10 m within each SU. Daily
rainfall and soil survey map information were identified for
calculating rainfall erosivity and soil erodibility at the national
scale, which was then intersected with SU boundaries and resam-
pled as 10m grids for use as erosion factors for each SU. Soil erosion
rate for each 10 m by 10 m grid was calculated by multiplying the 7
erosion factors of the Chinese Soil Loss Equation (CSLE, Liu, Zhang,
& Xie, 2002) within each SU using the geographical information
system (GIS) software of ArcMap. The soil erosion rate of each 10 m
grid exceeding soil loss tolerancewas considered as “Soil Loss Area”
(SLA). The SLA was summed up and then divided by the SU area,
which determined the ratio, or proportion, of the SLA for each SU.
The SLA-ratio is considered to be the proportion of the area
requiring attention for soil conservation measures. Finally, the soil
erosion rate maps and the SLA-ratio maps were made in national,
river basin, and provincial scales by spatially interpolating with the
SU average values.

2.2. Sample design

A total of 32,948 SUs were sampled from the land area of
approximately 6.32 million square kilometers. There were no
samples made on land of snow or ice cover, desert, and the Gobi,
together constituting an area of approximately 3.28 million square
kilometers. The SUs were selected according to the 1:10,000
topographic map divisions and numbering system developed by
the China Bureau of Surveying and Mapping (Fig. 1). First, each
sheet of the 1:10,000 topographic map was used as control area
(CA), which was 5 by 5 km2 with a 1 by 1 km2 grid embedded in it,
and one SU was selected at the center grid from each CA. The SU
could be either a catchment (0.2e3 km2) or a square (1 by 1 km2). In
most hilly andmountainous areas, the SUwas the catchment. In flat
areas where it would be a great challenge to locate a small catch-
ment, the center 1 by 1 km2 square was selected as the SU instead.
When a small catchment was used, it was selected to intersect with
the center grid. In this case the sampling density was 1/25, i.e., 4%.

This was the basic sampling density for the nation. If it was
necessary to decrease the density for whatever reason, one SU
would be taken from the township level, transfer area, and even
county-level, accordingly (Fig. 1).

2.3. Data collection

Two groups of data were collected. The first was field survey
data including land use and cover, soil conservation practices,
canopy cover, and ground cover. The other was basic data prepared
in the office, including rainfall, soil, DEM, and vegetation cover
interpreted from satellite images.

2.3.1. Field survey data
A base map and a satellite image of each SU were prepared for

the field survey. The base map was a digital topographic map
including serial numbers, contour lines, road, boundaries, latitude
and longitude grids. The satellite image had the same latitude and
longitude grids as did the base map. During field investigation, the
information of the soil erosion polygons were recorded on a form
(Fig. 2a), and the polygon boundaries were drawn on the base map
(Fig. 2b). Pictures were taken to display features of each soil erosion
polygon, GPS coordinates (Fig. 2c), any typical or special conser-
vation practices (Fig. 2d), and an overall view of the landscape of
the SU (Fig. 2e). The soil erosion parcel (or soil erosion polygon on
the map) was defined as the uniform piece of land parcel with the
same type of land use and cover, same conservation measure, and
similar canopy cover and ground cover (�10% difference).

2.3.2. Other data
Daily rainfall of 1981 through 2010 from 2678 stations were

collected, and only erosive daily rainfall, greater than 10 mm, was
used for calculating average annual rainfall erosivity and 24 ratios
of average half-month erosivity to annual erosivity for estimating
vegetation cover factors. Soil series maps and related features of
more than 7764 soil profiles were used for calculating soil erod-
ibility. The soil maps were digitized at a provincial scale of
1:500,000 mainly, including 60 soil groups, 203 soil subgroups, and
402 soil genera. The locations of the 7764 soil profiles were
assigned to a soil genus map with data of soil organic matter, clay
(less than 0.002 mm), silt (0.002e0.02 mm), and sand
(0.02e2 mm), soil structure, and permeability of the surface layers.
NDVI (Normal Difference Vegetation Index) from HJ-1 satellite
Multispectral reflectance and from MODIS (Moderate-resolution
Imaging Spectroradiometer), and national land use map of the year
2010 in a scale of 1:100,000 were collected for calculating 24 half-

Fig. 1. A spatial representation of the sample unit selected.
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month fractions of vegetation cover (FVC) from January to
December. HJ-1 satellite NDVI data was for three periods of
different seasons of the year for 2010 in a resolution of 30 m, and
MODIS NDVI data (MCD43B4) was for continuous periods of every
16 days every year from the year 2005 to the year 2010 at a reso-
lution of 250 m grids. The fusion method was used to produce time
sequence NDVI of 24 half-months for the year 2010 by using these
two datasets. First, the average NDVI seasonal variation curves were
extracted from MODIS data in 16-day temporal resolutions. Then
the actual NDVI values of the year 2010 were obtained for three
time points within 24 half-months from HJ-1 satellite data in 30 m
spatial resolutions. Finally, the fusion equation was used to esti-
mate actual seasonal variation curves for every 30 m by 30 m pixel.
Both of the MODIS land cover classification data (MOD12Q1) and
land use map of the year 2010 covering China were used to identify
vegetation types through this processes.

2.4. Soil loss calculation for sample units

2.4.1. Model description
The Chinese Soil Loss Equation (CSLE) was used to calculate soil

loss for each SU in a grid of 10 m by 10 mwith the ArcMap software
of Geographical Information System (GIS).

The equation for the CSLE is (Liu et al., 2002):

A¼R,K,L,S,B,E,T (1)

Where A is soil loss in t ha�1 yr�1. R is rainfall erosivity in MJ mm
ha�1 h�1 yr�1. K is soil erodibility in t h MJ�1 mm�1. L and S are
dimensionless topographic factors of the slope length and the slope
steepness. B is the dimensionless vegetation cover factor of bio-
logical practices for trees, shrubs, and grasslands. E is the dimen-
sionless factor of engineering practices such as terraces and fish-

scale pits. T is the dimensionless factor of tillage practices such as
crop rotation, contour tillage, residue cover, inter-cropping strips.
Each of these factors are discussed individually below. Different
from the USLE (Wischmeier & Smith, 1978), factors of B, E, and T of
the CSLE replace factors of C and P of the USLE where C is the cover
and management factor and P is the support practice factor. For
easy application, the vegetation cover factor was divided into non-
cultivated land cover represented by the B factor and cultivated
land crop cover was represented by the T factor. The support
practice factor P was divided into either manual labor or mecha-
nized long-term practices represented by the E factor and tillage
management practices such as the contour tillage represented by T
factor. Thus, a part of the C factor of the USLEwas grouped into the T
factor of the CSLE, such as crop rotations, no till, residue manage-
ment, and the P factor of the USLE was grouped into the E factor for
practices such as terraces and into the T factor for contour tillage
and inter-cropping strips. The T factor of the CSLE includes both
crop coverage effects due to crop rotations and conservation tillage
practices effects due to tillage management. All the factors of the
CSLE have been calibrated using more than 2000 plot-years runoff
data observed in China.

2.4.2. Rainfall erosivity factor, R
The equations of average annual rainfall erosivity and 24 ratios

of half month erosivity to annual erosivity calculation using daily
erosive rainfall data were represented as Eqs. (2)e(4) (Xie et al.,
2016):

Ryear ¼
X24

j¼1

Rj (2)

Rj ¼
1
N

XN

i¼1

Xm

k¼0

�
a , P1:7265i;j;k

�
(3)

RRj ¼Rj
�
Ryear (4)

where Ryear is average annual rainfall erosivity in MJ,mm,
hm�2,h�1,a�1, j represents the half month sequence of 1, 2,…, 24 in
each year, Rj is half month rainfall erosivity inMJ,mm,hm�2,h�1, i is
time series of daily rainfall from1981 to2010, k is days of dailyerosive
rainfall (rainfall equal or greater than 10mm)within each halfmonth
period, Pi,j,k is 0whenno erosive rainfall occurs in the halfmonth, and
a represents calibrated parameter values of 0.3957 for warmmonths
from May to September and 0.3101 for cool months from October to
April. RRj is the ratio of the average erosivity of half month j to the
average annual erosivity. After calculations of R for 2678 stations,
these were interpolated by kriging in 30 m by 30 m grids over all of
China.

2.4.3. Soil erodibility factor, K
Soil erodibility was estimated with the USLE equation shown by

Eq. (5) (Wichmeier and Smith, 1978), and calculated results were
modified by using observed data from runoff plot data.

K ¼Cm,
�
2:1�10�4ð12�OMÞM1:14 þ3:25ðs�2Þþ2:5ðp� 3Þ

�

�
.
759

(5)

where K is soil erodibility in t hm2 h hm�2 MJ�1 mm�1, Cm is a
coefficient varying from 0.09 to 0.87 from the southeast to the
northeast of China. OM is the organic matter content in percent, M

Fig. 2. Field survey information collection for a sample unit: (a) Survey form; (b) The
GPS coordinates of one point within the unit; (c) The unit survey map; (d) The con-
servation practice picture; (e) The unit landscape picture.

B. Liu et al. / International Soil and Water Conservation Research 8 (2020) 430e439432



is the textural factor with N1,(100 e N2) in percent, and N1 is
percent content of soil particles from 0.002 to 0.1 mm, and N2 is
clay content percentage (less than 0.002 mm). S is the soil structure
class from 1 to 4 determined by soil textures, and p is the perme-
ability class from 1 to 4 determined by soil structures and texture.
After calculations of K for 7764 soil profiles with the polygons of soil
maps, they were resampled to 30 m by 30 m grids over all of China.

2.4.4. Slope length and steepness factors, LS
The slope length and steepness factors were calculated only

within the SUs in 10 m spatial resolutions after obtaining the DEM
(Digital Elevation Model) by using digital contour maps at 1:10000
scale.

The slope length factor was calculated by using a slope segment
length equation, Eq. (6), (Foster & Wischmeier, 1974):

Li ¼
lmþ1
i � lmþ1

i�1
ðli � li�1Þ,ð22:13Þm

(6)

where Li is segment slope length factor, li and li-1 are slope length
for segment i and segment i-1 in m, respectively, and m is the
parameter varying with slope degree q, calculated by:

m¼

8>><
>>:

0:2 q � 1�
0:3 1� < q � 3�
0:4 3� < q � 5�
0:5 q>5�

(7)

The slope steepness factor was calculated by using the USLE
equations, Eq. (8) (Wichmeier and Smith, 1978), and the equation
developed by Liu et al. (1994):

S¼
8<
:

10:8 sin qþ 0:03 q<5�
16:8 sin q� 0:5 5� � q<10�
21:9 sin q� 0:96 q � 10�

(8)

2.4.5. Vegetation and biological practice factor, B
The calculations of vegetation and biological practice factor B

were made at two spatial scales.
One was at the country scale for calculating the fraction of

vegetation cover (FVC) of 24 half months from NDVI in 30 m by
30 m grids using Eq. (9).

FVCj ¼
NDVIj � NDVIsoil;j

NDVIveg;j � NDVIsoil;j
(9)

where NDVIveg is NDVI values of pure vegetation pixels. NDVIsoil, is
NDVI values of pure soil pixels, j is the sequence number of the 24
half months.

Another was at the SU scale for calculating B values using Eq.
(10) based on Polygon land use information of surveyed maps and
forms:

B¼
X24

j¼1

SLRj,RRj (10)

where SLRi is dimensionless soil loss ratio of soil loss from the
vegetated land under the FVC and ground cover (GC) conditions in
half month j to the calculated soil loss from bare land with all other
conditions the same, and RRj is the ratio of half month erosivity to
the annual erosivity. Thus, SLR values varied with vegetated land
conditions.

For trees the equation used was:

SLRj ¼0:44468� exp
��3:20096�GCj

��0:04099
pt� exp

�
FVCj � FVCj �GCj

�þ 0:025 (11)

For shrubs:

SLRj ¼
1

1:17647þ 0:86242� 1:05905100�FVCj
(12)

For grassland:

SLRj ¼
1

1:25þ 0:78845� 1:05968100�FVCj
(13)

For other land uses and covers, B values are given in Table 1.
In the above equations, FVC is the fraction vegetation cover for

canopy calculated from NDVI in percent. GC is the ground surface
cover including green vegetation such as lichens, mosses, and lit-
ters. Before the national soil erosion survey, more than one hun-
dred GC seasonal variation curves in half-month intervals for
typical trees were observed for two years, such as natural and
planted forests and various fruit trees. If a polygon in a SU was fruit
tree land, its FVC would be obtained from corresponding FVC map
layers of 24 months for its canopy cover, and its GC would be ob-
tained from the nearest GC seasonal curves and modified by
multiplying the ratio of observed GC to the value of the GC curve at
the survey time.

The procedures of estimating B factor with the GIS software are
summarized as: (1) developing FVC maps of 24 half-months in the
country scale in 30 m grids; (2) Intersecting 24 half-months FVC
grid maps by digital SU survey maps with polygon boundaries and
resampled in 10 m grids; (3) Calculating B factors in 10 m grids by
identifying polygon land uses, selecting equations, choosing and
modifying GC seasonal curves if the polygon represented tree land.

2.4.6. Engineering practice factor, E
Both runoff plot data and published literature were collected to

obtain the E values involving eleven engineering practices (Table 2).
All the polygons within each SU were given E values from Table 2
with engineering practices recorded or from Table 1 without en-
gineering practice recorded. Then the vector E of the digital survey
map was transformed into grid maps in 10 m resolution in GIS
software for all the SUs.

2.4.7. Tillage practice factor, T
Tillage practices influence soil loss from the two aspects of

management and the crop rotation, so the T factor is the product of
the management sub-factor and rotation sub-factor. After review-
ing the published literature, sub-management factor values were
determined (Table 3). Based on cropland runoff plot observations,
single crop factors of main crop types were obtained for soil loss of
five crop growing periods, i. e., fallow, seedbed, establishment,
development, residue and stubble. According to the Chinese system
of crop rotations, crop distributions, and crop growing periods, crop
rotation factors for eighteen regions were estimated (Guo et al.,
2015), which were average annual rotated single crop factors
weighted by ratio of crop growth period rainfall erosivity to annual
erosivity (Table 4). All the polygons of cultivated cropland within
each SU were given management sub-factor values from Table 3
with tillage practices recorded, and given crop rotation sub-factor
values from Table 4 according to the location. Then the vector T,
product of two sub-factors, of the digital survey map was trans-
formed into grid maps with 10 m resolution using GIS software for
all the SUs.

2.4.8. Soil loss calculations
For each SU, seven grid maps in 10 m resolutionwere multiplied
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to obtain the soil erosion rate using GIS software. Each grid had a
soil erosion rate in t ha�1 yr�1, while the deposited area that had
zero degrees of slope steepness or stone, water, and high coverage
areas had little or no soil loss. The soil erosion rate of the SU was
averaged of all 10 m grids for each SU. Soil erosion rate of every grid
was comparedwith soil loss tolerance, and then all of the grids with
soil erosion rate greater than tolerancewere summarized as the soil
loss area for each SU. Furthermore, the soil loss areawas divided by
the SU area to obtain the proportion of soil erosion area, which
represents the area requiring soil erosion control.

2.5. Intensity assessment for province, river basin and national
scales

The regional and national soil erosion rate was interpolated
using an inverse distance weighting method in 250 m spatial res-
olution using the average soil erosion rate of the SUs. Soil erosion
rate was then classified into six grades to create the national soil
erosion ratemap. The average proportions of excessive soil loss area
of each SU was used to make the national ratio of soil loss area map
by the same interpolation method. Then, this map was intersected
with county and provincial boundaries. Computed total areas of
excessive soil loss were the products of the excessive soil loss area
ratios and land area for both provinces and counties, and the total
national soil loss area was the sum of provincial soil loss areas.

3. Results and discussion

3.1. Map of soil erosion rates in China

China is divided into three major climate-topographic region-
s:eastern monsoon climate, northwestern dry climate, and Tibet
plateau high cold region. Rainfall erosivity varies from the south-
eastern coast with values greater than 10,000MJ mm ha�1 h�1 yr�1

to the northwestern inland of less than 100 MJ mm ha�1 h�1 yr�1.
Within the eastern monsoon climate region, R value increases from
north to south. It was 1000e4000 MJ,mm,ha�1,h�1,yr�1 in the
northeast mainly north of the Liao River, between 1000 and
6000 MJ mm ha�1 h�1 yr�1 in north China, and greater than
6000 MJ mm ha�1 h�1 yr�1 in southern and southeastern China
south of the Yangtze River. Resulting from monsoon and conti-
nental climates, rainfall erosivity had a high percentage of annual
values during the warm season from May to September, at
approximately 70e80%. Soil erodibility decreased from north to
south due to clay contents decreasing and other influencing factors,
varyingmainly from 0.035 to 0.007 t hMJ�1 mm�1. B values in most
mountainous regions covered by forest varied from 0.003 to 0.02,
and from 0.003 to 0.11 for inland grass regions. Eighty-eight crop
rotation groups were classified, and their T values were deter-
mined, which varied from 0.147 to 0.669 (Guo et al., 2015).

The average soil loss of all the SUs was 5.02 t ha�1 yr�1, and the
total soil loss was 2.58 billion tons. The soil loss from cultivated
cropland, orchard, forestland, shrub land, grassland, and other land
was 1.64, 0.15, 0.13, 0.21, 0.26, 0.19 billion tons, respectively. How-
ever, it varied greatly for different regions. To provide information
for making soil conservation policies and plans, the spatial distri-
bution map of the soil erosion rate was made by inverse distance
weighted interpolation, with the average soil erosion rate of each
32,948 SU. The interpolated results were grouped into six grades
(Fig. 3). The first grade was soil erosion rate less than 5 t ha�1 yr�1,
and then 5e10, 10e15, 15e20, 20e25 for the second to the fifth
grades, and finally greater than 25 t ha�1 yr�1 for grade six. The
areal percentage of the six grades was 76.2%, 12.6%, 5.9%, 3.0%, 1.6%,
and 0.7% of national land, respectively. The higher grades were
largely distributed in three, general regions (Fig. 3). One area of
high erosion was located in northeastern China, in the black soil
and rolling sloped cropland area, which is one of the most impor-
tant grain bases for maize and soybean in the nation. Another was

Table 1
Values of the B factor for non-vegetated lands.

Land uses or covers B values Explanations

Urban developed area 0.006 Equivalent to land with 20% of FVC and 90% of SC
Rural developed area with annual rainfall �800 mm 0.016 Equivalent to land with 30% of FVC and 80% of SC
Rural developed area annual rainfall <800 mm 0.1 Equivalent to land with 30% of FVC and 40% of SC
Construction sites 1 Equivalent to bare land
Other industry sites & Transportation land 0.018 Equivalent to land without canopy cover and 80% of SC
Field roads 0.073 Equivalent to land without canopy cover and 50% of SC
Bare land 1
Water body 0

Table 2
Values of E factor for engineering practices.

Bench terrace for paddy Bench terrace Inward slopping terrace Terrace with slope Segregated bench terrace Broad base terrace

0.01 0.102 0.151 0.414 0.347 0.414

Contour ditch for tree crops Big hole for tree crops Fish scale hole for tree planting Vegetation hedge Bamboo joint like ditch

0.335 0.16 0.249 0.347 0.8

Table 3
T Values of the management sub-factor.

Contour farming Contour furrow ridge Contour strip cropping Contour ditch seeding Reduced tillage No till Mulch film Cover crop

0.431 0.425 0.225 0.213 0.212 0.136 0.5 0.225

Gravel cover field Grain crop grass rotation Checkboard- liked hole Pot seeding Ditch in the fallow field Intertill ridge rebuilt Cross slope ridge

0.2 0.225 0.152 0.499 0.425 0.499 0.7
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the Loess Plateau, the noted serious soil loss area due to the heavy
storms in summer, loose soils, the steep slopes, and long historical
intensive cultivation. The third was the Yungui Plateau and sur-
rounding hills of Sichuan Basinwith very steep farmland, located in
southwestern China.

Soil erosionrate alsovariedgreatlyamongdifferent landuses and
covers. The cultivated cropland had the greatest soil erosion rate,
varying from 0 t ha�1 yr�1 in the plain region to over 240 t ha�1 yr�1

in very steep slope land, with an average of 8.6 t,ha�1,yr�1. Orchard
followed as the second, varying from 0 t,ha�1,yr�1 to over
201 t,ha�1,yr�1, with an average of 6.1 t ha�1 yr�1. The soil erosion
rate fromforestlandhad the least variation, from0 tha�1 yr�1 to over
111 t ha�1 yr�1 at an average of 0.6 t ha�1 yr�1. The shrub land and
grassland had a similar rates, varying from 0 t ha�1 yr�1 to approx-
imately 127 t ha�1 yr�1, with the average of 3.4 and 3.5 t ha�1 yr�1.
The average rate from other lands was 2.6 t ha�1 yr�1.

3.2. Soil loss area and its spatial distribution map

Soil loss area was defined as the area where the soil erosion rate
was greater than soil loss tolerance (Tv) at a 10 m grid. Soil loss area
for each soil erosion polygon (land parcel with same land use and
cover, same soil conservation practice and similar canopy and
ground cover) in each SU was summarized based on the 10 m grid
erosion rate. Tv was 2 t ha�1 yr�1 for cultivated cropland in both
northeastern and northern China, and 5 t ha�1 yr�1 for cultivated
cropland in other regions and all other land uses and covers nation-
wide. Soil loss intensity was classified into six grades for different
land uses and covers (Fig. 4). These were �Tv, Tv-2Tv, 2Tv-3Tv, 3Tv-
4Tv, 4Tv-5Tv, >5Tv. Total soil loss area in China was 1,293,200 km2,
13.5% of the national land. Of national erosion areas, 37.1% was from
cropland, 27.7% from forest, 20.0% from grassland,11.6% from shrub,
and 3.6% from the others. When soil loss rate less than Tv it was
considered to be a non-soil loss area. The cultivated cropland had
the lowest ratio of non-soil loss area, and the greatest ratio of high
intensity classes (Fig. 4).

The soil loss area percentage was also estimated for seven large
river basins, the greatest value was for the Yellow River Basin with
28.2% of total basin land area, followed by Liaohe, Haihe, and Yangzi
basins, with a similar percent of 23.3%, 22.9%, and 20.2%. Zhujiang
river basin had 19.9%, and Songhuajiang was 14.8%. These seven
river basins are mainly in the eastern monsoon climate region, and
dominated by water erosion. The northwestern dry climate area
had little water erosion (Fig. 5).

At the province scale, 10 provinces had soil loss areas percent-
ages of the total province land greater than 20% (Table 5), 10
provinces were between 10 and 20%, and 11 provinces had per-
centages of less than 10%. Ten provinces had greater than 20%
erosion area, and were distributed in north China, the Loess
Plateau, and southwestern China (Fig. 5).

From the view of land uses and covers, although 28.3% of
cultivated cropland had terraces at the national scale, 32.7% of the
national erosion area was from cultivated cropland, especially
distributed in northeastern and southwestern provinces. In
Guangdong and Hainan provinces of southern China, the erosion
area came from orchard, because 48.8% and 14.8% of the total
province land was orchard in these two provinces, respectively. In
Xinjiang, Xizang, and Ningxia provinces in western China, the soil
loss area was mainly in grassland.

3.3. Changes of soil loss areas

Compared with the results of the remote sensing survey for the
year 1999, the estimated water erosion area decreased by
354,000 km2 in 2011, which is 29,500 km a�1, on average. The
erosion areas of most provinces decreased except the four prov-
inces of Jilin, Guangdong, Hainan, and Guangxi (Fig. 6).

There were two reasons for this great reduction, one was a
different method used for two surveys, and the other was soil
conservation policies. An artificial identification method was used
for the last survey, using only one factor of slope steepness for
cropland and two factors of slope steepness and FVC for vegetated
lands. In the previous survey the slope degree was obtained by
1:50,000 DEM, and FVC was estimated by TM images. The crop-
lands with a slope degree greater than 5 were considered erosion
areas. The vegetation lands with FVC greater than 75% were
considered non-eroding areas. If FVC was less than 75%, the vege-
tation lands were or were not erosion areas depending on the
combination of slope steepness and vegetation cover. Difference in
method accounts for the increases in the four provinces, which had
many orchard lands for Hainan, Guangdong, and Guangxi in
southern China, and many long slope lengths but gentle slope de-
grees for cropland for Jilin in northeastern China. In addition,
conservation practices, especially terraces, were considered in this
survey but not for the last survey. During 1999 through 2011, the
Chinese government implemented many conservation programs,
which no doubt decreased soil erosion, such as Grain for Green in
the Loess Plateau.

Table 4
T Values of crop rotation sub-factor.

Zones T Zones T Zones T Zones T Zones T Zones T

I1-1 0.41 I2-10 0.38 II1-1 0.34 II3-1 0.35 III1-1 0.38 III3-2 0.48
I1-2 0.44 I2-11 0.44 II1-2 0.42 II3-2 0.42 III1-2 0.38 III3-3 0.47
I1-3 0.35 I2-12 0.24 II1-3 0.44 II3-3 0.36 III1-3 0.24 III3-4 0.15
I1-4 0.38 I3-1 0.38 II1-4 0.42 II3-4 0.43 III1-4 0.27 III3-5 0.15
I1-5 0.36 I3-2 0.36 II1-5 0.48 II3-5 0.15 III1-5 0.36 III3-6 0.16
I1-6 0.26 I3-3 0.51 II1-6 0.27 II3-6 0.16 III1-6 0.15 III3-7 0.27
I1-7 0.3 I3-4 0.63 II1-7 0.32 II3-7 0.48 III1-7 0.16
I1-8 0.15 I3-5 0.56 II1-8 0.44 II3-8 0.46 III1-8 0.21
I2-1 0.49 I4-1 0.18 II1-9 0.35 II4-1 0.37 III2-1 0.39
I2-2 0.49 I4-2 0.36 II2-1 0.31 II4-2 0.44 III2-2 0.31
I2-3 0.46 I5-1 0.3 II2-2 0.42 II4-3 0.36 III2-3 0.38
I2-4 0.5 I5-2 0.27 II2-3 0.33 II4-4 0.44 III2-4 0.15
I2-5 0.44 I5-3 0.3 II2-4 0.39 II4-5 0.15 III2-5 0.16
I2-6 0.51 I5-4 0.31 II2-5 0.15 II4-6 0.16 III2-6 0.17
I2-7 0.33 I5-5 0.32 II2-6 0.16 II4-7 0.47 III2-7 0.15
I2-8 0.36 I5-6 0.19 II2-7 0.4 III2-8 0.16
I2-9 0.37 II2-8 0.41 III3-1 0.44
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4. Conclusions

There are two general methods of conducting soil erosion sur-
veys. One is the sampling method introduced in this article and

used in the national soil erosion survey of the Natural Resources
Inventory by the Department of Agriculture of the United States
(USDA, Goebel, 1998; Nusser & Goebel, 1997). The other is a
gridding method used in assessments of European soil erosion

Fig. 3. Soil erosion rates in China.

Fig. 4. Soil Loss Area in different intensities of different land uses and covers. Tv is soil loss tolerance, which was 2 t ha�1 yr�1 for cultivated cropland in both northeast and north
China, and 5 t ha�1 yr�1 for cultivated cropland in other regions and all other land uses and covers.
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Fig. 5. Ratio of Soil Loss Area (proportion of area exceeding tolerable) in China.

Table 5
Erosion areas and percentages.

Province Erosion area km2 Percent of erosion area to total erosion area

Cultivated Cropland Orchard Forest Shrub Grass Others

Nation 1293246 32.7 4.4 27.7 11.6 20.0 3.5

Anhui 13899 21.9 7.3 63.0 4.1 0.5 3.2
Beijing 3202 7.7 8.7 33.9 46.5 1.0 2.2
Chongqing 31363 51.8 2.6 30.0 9.8 4.3 1.5
Fujian 12181 12.2 8.9 66.6 4.2 0.9 7.2
Gansu 76112 36.0 1.2 10.1 7.7 43.0 1.9
Guangdong 21305 10.8 30.5 36.1 15.2 2.2 5.1
Guangxi 50537 25.4 9.0 36.9 21.1 6.0 1.5
Guizhou 55269 51.9 3.0 23.6 14.6 5.7 1.3
Hainan 2116 32.9 61.2 1.8 1.6 0.4 2.0
Hebei 42135 24.7 4.8 9.4 41.5 16.4 3.2
Heilongjiang 73251 78.3 0.3 16.6 1.2 2.6 1.1
Henan 23464 34.7 2.5 45.8 10.6 4.6 1.8
Hubei 36903 24.9 3.3 50.5 17.8 2.5 1.0
Hunan 32288 15.6 5.1 61.6 10.8 3.4 3.6
Jiangsu 3177 60.9 4.6 20.1 0.5 6.0 7.9
Jiangxi 26497 6.3 5.1 79.5 4.4 2.0 2.6
Jilin 34744 67.9 0.8 26.5 1.0 2.3 1.5
Liaoning 43988 48.5 10.5 22.3 10.0 6.1 2.7
Neimenggu 102398 38.8 0.1 19.8 1.1 36.7 3.5
Ningxia 13891 24.1 0.1 3.3 7.3 63.6 1.5
Qinghai 42805 7.8 0.0 11.0 18.1 54.1 9.0
Shandong 27253 59.3 11.9 15.7 2.2 8.2 2.6
Shanghai 4 96.8 0.0 0.0 0.0 0.0 3.2
Shannxi 70807 18.1 3.1 29.1 21.9 27.1 0.7
Shanxi 70283 23.1 3.3 14.9 19.3 37.7 1.7
Sichuan 114420 31.3 2.2 43.8 10.3 7.9 4.5
Tianjin 236 14.1 11.3 33.3 41.1 0.0 0.1
Xinjiang 87621 1.3 0.1 1.5 3.6 81.0 12.5
Xizang 61602 10.1 0.0 10.6 22.8 43.1 13.3
Yunnan 109588 34.4 10.1 33.8 11.0 8.7 2.1
Zhejiang 9907 14.6 14.0 62.5 1.8 0.3 6.8
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(Panagos et al., 2015) or for assessing global impact of land use
change on soil erosion (Borrelli et al., 2017), which requires inves-
tigation of entire areas. Both the China and US surveys used the
sampling method, but the distributions and sizes of the sample
units were different between them. A systematic (uniform) sam-
pling method was used in Chinese survey, while a random sam-
pling method was used in the US. A small watershed was surveyed
as a sample unit and soil erosion rate for thewhole sample unit was
estimated in China, while only a slope profile was surveyed and soil
loss from the slope was estimated in the US.

The average rate of soil erosion across the country was
5.02 t ha�1 yr�1, and was 8.61 t ha�1 yr�1for cultivated croplands
including plain fields, rice paddies, and terraces. If only the sloped
cultivated cropland was considered, the estimated soil erosion rate
was 18.17 t ha�1 yr�1. The most serious soil erosion problem came
from the sloped cultivated cropland. The other soil erosion problem
areas were orchard, overgrazed grassland, and some sparsely
planted tree fields.

From the view of spatial distribution, three regions were found
with more soil loss area ratios than other regions, i.e., northeast
China, the Loess Plateau, and southwest China. In north-eastern
China, the serious soil loss came from the long sloped, cultivated
croplands. In the Loess Plateau, the soil erosion occurred in the
steep slope croplands including fruit trees such as apple tree fields.
In the southwest China, more soil erosion was from steep slope
croplands.

The sustainability of human societies depends on thewise use of
natural resources. Soils contribute to basic human needs (Keesstra
et al., 2016). To make national policies and plans for soil conser-
vation, it is necessary to identify where the soil erosion problems
are, which means knowing where soil erosion rate is exceeding the
soil loss tolerance. Since this investigation, the Chinese government
has paid much more attention to soil conservation in sloped
cultivated cropland and orchards, etc., especially in the northeast
black soil region of China, because most government officials
believed previously that soil erosion there was slight due to the flat
landform. In addition, national soil conservation planning for years
of 2015 through 2030 was issued in 2015 according to the survey
results.

A sampling method was recommended for the regional soil
erosion survey which could collect the detailed information on a
sampling unit, and accurately estimate its soil erosion rate. A small
watershed, which can represent the local soil erosion better than a
slope profile, will be recommended as a sample unit.
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a b s t r a c t

Soil erosion is one of the most severe global environmental problems, and soil erosion surveys are the
scientific basis for planning soil conservation and ecological development. To improve soil erosion
sampling survey methods and accurately and rapidly estimate the actual rates of soil erosion, a Pan-Third
Pole region was taken as an example to study a methodology of soil erosion sampling survey based on
high-spatial-resolution remote sensing images. The sampling units were designed using a stratified
variable probability systematic sampling method. The spatiotemporal characteristics of soil erosion and
conservation were taken into account, and finer-resolution freely available and accessible images in
Google Earth were used. Through the visual interpretation of the free high-resolution remote sensing
images, detailed information on land use and soil conservation measures was obtained. Then, combined
with the regional soil erosion factor data products, such as rainfall-runoff erosivity factor (R), soil
erodibility factor (K), and slope length and steepness factor (LS), the soil loss rates of some sampling units
were calculated. The results show that, based on these high-resolution remote sensing images, the land
use and soil conservation measures of the sampling units can be quickly and accurately extracted. The
interpretation accuracy in 4 typical cross sections was more than 80%, and sampling accuracy, described
by histogram similarity in 11 large sampling sites, show that the landuse of sampling uints can represent
the structural characteristics of regional land use. Based on the interpretation of data from the sample
survey and the regional soil erosion factor data products, the calculation of the soil erosion rate can be
completed quickly. The calculation results can reflect the actual conditions of soil erosion better than the
potential soil erosion rates calculated by using the coarse-resolution remote sensing method.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Soil is a major environmental element and a nonrenewable
natural resource. The provision of ecosystem services on which
humans depend, including food provision, require healthy soil to
support and regulate them (Amundson et al., 2015; Montanarella,
2015; Robinson et al., 2017; Morgan, 2005). However, soils in
most parts of the world are threatened by erosion (Oldeman et al.,
1991; FAO, 2019a).

As one of the global environmental problems (Crosson et al.,

1995; Montanarella, 2015; FAO, 2019a), soil erosion not only can
lead to land degradation, reduced ecological service levels and
biodiversity loss (on-site impact) but also can cause river and
reservoir/lake siltation downstream, thus endangering regional
sustainable development (off-site impact, FAO, 2019a). At the same
time, soil erosion possibly accelerates soil carbon loss, increasing
atmospheric CO2, thereby affecting global change (global impacts,
Lal, 2019). The International Symposium on Soil Erosion (GSER19)
and the Sixth International Soil Day (Dec 5, 2019) having the
common topic of “stop soil erosion, save our future” aimed to
improve soil health by encouraging farmers, social groups and
governments to actively participate in soil erosion control (FAO,
2019b).

To scientifically and effectively control soil erosion, the location
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and extent of soil erosion occurrence, the current situation and
benefits of soil conservation measures, and the dominant factors
affecting soil erosion must be investigated and understood.
Therefore, a quantitative assessment of regional soil erosion must
be conducted (Oldeman et al., 1991; Crosson et al., 1995; FAO,
2019b). Since the 1990s, a series of studies on assessing and map-
ping soil erosion have been carried out. Based on these studies,
some valuable datasets have been collected in countries and re-
gions (Table 1). These studies have provided a good knowledge of
the macro-regional pattern of soil erosion and hotspots, and the
main drivers of soil erosion, and therefore are of great significance
in supporting soil conservation policies (Oldeman et al.,1991, 1994;
Yang et al., 2006; Borrelli et al., 2017). However, the studies
mentioned above were mostly based on low- and medium-
resolution remote sensing imagery and small cartographic scale
geographic information system (GIS) data products, so they have
mainly provided potential soil erosion to a certain degree (Borrelli
et al., 2017; Teng et al., 2018) but cannot fully meet the re-
quirements of a comprehensive understanding of soil erosion and
related decision making.

From the perspective of soil erosion processes and mechanics,
soil erosion by water occurs at a hillslope (Morgan, 2005; Weil &
Brady, 2017; Liu et al., 2018). Therefore, soil erosion assessment
should be based on field investigation, high-resolution remote
sensing and/or detailed cartographic data, and the soil erosion in-
formation finally obtained at the hillslope scale. Therefore, soil
survey sampling methods have been developed in the previous
studies.

The “Natural Resources Conservation Service, United States
Department of Agriculture” (USDA-NRCS) uses a stratified two-
stage spatial sampling scheme to design sampling units and
random samples (a hillslope) in the National Resources Inventory
(“NRI”). Based on field surveys and remote sensing interpretation
methods, datawere collected for all of sampling units and sampling
points, and Universal Soil Loss Equation (USLE) or Revised Universal
Soil Loss Equation (RUSLE) was used to calculate the soil loss rate of
each sample point to reflect the soil loss on the nation’s nonfederal
lands in the United States (Nusser et al., 1988; Nusser & Goebel,
1997; USDA, 2018). After some adjustment of the NRI methods
according to the soil erosion and conservation characteristics of
China, in the China Water Resources Inventory (“WRI”), the survey
units (the unit is a small watershed with an area of 0.5e2 km2)
were designated using a stratified unequal probability systematic
sampling method, and soil loss rate was calculated using the Chi-
nese Soil Loss Equation (CSLE) model (Liu et al., 2002, pp. 143e149).
The equation for the CSLE is:

A¼RKLSBET (1)

where A is soil loss in t km�2 a�1. R is rainfall erosivity in MJ mm
ha�1 h�1 yr�1. K is soil erodibility in t h MJ�1 mm�1. L and S are
dimensionless topographic factors of the slope length and the slope
steepness. B is the dimensionless vegetation cover factor of bio-
logical practices for trees, shrubs, and grasslands. E is the dimen-
sionless factor of engineering practices such as terraces and fish-
scale pits. T is the dimensionless factor of tillage practices such as
crop rotation, contour tillage, residue cover, inter-cropping strips.

WRI uses field survey-based and remote sensing-assisted tech-
nologies to collect data on land use and soil conservation measures,
which are then combined with regional soil erosion factor data
products (RKLS and biological factor, B). The land use, soil conser-
vation measures, and calculated soil erosion rates obtained by the
sampling survey method are closer to the actual soil loss rate.
Therefore this method can provide stronger support for the plan-
ning of soil conservation, dynamic analysis of human factor impacts
and soil erosion (Liu et al., 2013; Yin et al., 2018).

There are two problems to be urgently solved in soil erosion
surveys and mapping studies. One is how to collect the information
about dominant factors of soil erosion quickly and accurately at the
local scale (hillslope or small watershed) and then estimate the soil
erosion rate. The second is how to make a map of soil erosion at the
regional scale, so that the macro differentiation and local variations
in soil erosion can be well represented and analyzed simulta-
neously. The unit for assessing the soil erosion rate in the NRI is a
hillslope; however, because of its small area, it is not an ideal
approach in steep areas and the field work currently adopted by the
WRI method covers a relatively large area. In addition, neither the
NRI norWRI methods are used outside the USA or China. Therefore,
how to obtain soil loss rate data at the sampling level quickly and
accurately across continents and even at a global scale is still a
major issue that needs further study.

This research focuses on the first of the two issues mentioned
above, i.e. how to collect the information about dominant factors on
erosion and then estimate the soil erosion rate for the sampling
unit. The paper stems from our previous work, mainly focused on
the method of interpretating landuse and soil conservation mea-
sures for sampling units (Yang et al., 2019; Zhu et al., 2019). This
paper first briefly introduces the sampling unit designing and
interpretation of landuse and soil conservation measures, then
discusses the calculation methods of sampling unit interpretation
accuracy, regional representativeness, and finally discusses the
applicability of the interpretation results in calculation of soil loss
rate of selected units. The purpose of this study is to develop a rapid

Table 1
Main researches on regional soil erosion mapping.

author date Method resolutionor map scale Geographical extent data accessibility

Zhu, 1965; Zhu et al., 1999 19565, 1999 artificial compilation 1:15000 million China available (1)

Oldeman et al., 1991; Oldeman et al., 1994 1991, 1994 artificial compilation 1:10000 million Global available (2)

Batjes, 1996 1996 RS, GIS, simple model 0.5 deg Global not available
Lu & Yu, 2002 2002 RS、GIS、RUSLE 1000 m Australia not available
Yang et al. (2003) 2003 RS、GIS、RUSLE 1000 m Global not available
Liu et al. (2013) 2013 Soil erosion map of China not available
Li et al. (2014) 2014 CSLE based soil erosion mapping 1000 m China Atlas (available)
Panagos et al. (2015) 2015 RS、GIS、RUSLE 1000 m Pan-EU not available
Bosco et al. (2015) 2015 RS、GIS、RUSLE 1000 m Pan-EU not available
Teng et al. (2016) 2016 RS、GIS、RUSLE 250 m Australia not available
Borrelli et al. (2017) 2017 RS、GIS、RUSLE 250 m Global available (3)

USDA, 2018 2018 sampling þ USLE/RUSLE ? US not available

(1) Apply through the Loess Plateau Scientific Data Center (http://loess.geodata.cn/), or apply to the author (qkyang@nwu.edu.cn)
(2) https://www.isric.org/projects/global-assessment-human-induced-soil-degradation-glasod.
(3) https://esdac.jrc.ec.europa.eu/content/global-soil-erosion.
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and practical sampling survey method of soil erosion based on
high-resolution remote sensing interpretation and provide support
for large-scale and even global-scale soil erosion surveying and
mapping. The highlights of this method are its high accuracy, good
applicability, and high efficiency.

2. Data and methods

2.1. Study area

The Pan-Third Pole (PTP) region, with a total area of approxi-
mately 5.14 � 107 km,2 covers the Qinghai-Tibet Plateau and its
surrounding areas, geographically including Eurasia, a small part of
Central and Eastern Europe andNorth Africa (Fig.1; Yao et al., 2017).
This region is an ideal study area for soil erosion and conservation
due to its large area (37% of the global land area) and the variety of
types of soil erosion, such as strong and extensive water erosion on
the Loess Plateau, wind erosion in arid regions in northwest China
and central Asia, and freeze-thaw erosion in the Qinghai-Tibet
Plateau and high-latitude region (Lin et al., 2017; Ma et al., 2018;
Teng et al., 2018; Zhang et al., 2019; Chen et al., 2020). The envi-
ronment is fragile, and the economy is relatively underdeveloped.
This study can also provide data support for soil erosion control
planning in the PTP region, as well as accumulate data and expe-
rience for global soil erosion mapping.

2.2. Data sources

The datasets used in this study can be divided into two groups
(Table 2): (1) Basic data: including remote sensing images for the
interpretation of sampling units and regional soil erosion factors for
the calculation of the unit soil erosion rate. (2) Auxiliary data: these
data indirectly support the remote sensing interpretation of sam-
pling survey units and the calculation and analysis of unit soil
erosion rate, including the global 1 arc-second resolution Shuttle

Radar Topography Mission (Farr et al., 2007),1 the global 30-m-
resolution land cover map (GLC30) (Ban et al., 2015), etc.

2.3. Methods for the sampling survey

The soil erosion sampling survey (PTP sampling) in this study
refers to the processes of designating sampling units, extracting
information about soil erosion factors (such as land use and soil
conservation measures) on each sampling unit, calculating the soil
loss rate of each sampling unit and making the necessary analysis.

2.3.1. Sampling surveying unit designing and information
extraction

The sampling survey unit (sampling unit, SU) for soil erosion
sampling survey is a small geographical areawith specified location
and area, basic characteristics of soil erosion and spatial hetero-
geneity in soil erosion factors (especially soil and water conserva-
tion measures) (Zhu et al., 2019).

In this study, a two-stage, unequal probability, systematic area
sampling method developed by the WRI (Liu et al., 2013; Xie et al.,
2019) is used to designate the sampling units (SUs). A sample unit
(SU) was designed within each of the regions in different latitude,
with specified latitude and longitude interval (Table 3), and a total
20880 SUs were designed in first stage. Then more sampling units
were designated on the Qinghai-Tibet Plateau and its surrounding
areas, such as Xinjiang, Qinghai, Gansu, Sichuan and Yunnan, China.
This designing is performed by inserting an extra SU between two
SUs in the first stage, a total 11,041 SUs were designed. As a result,
more than 31,921 sampling units have been designated in the PTP
area, exact longitude and latitude coordinates of the centre point
for each of the SUs were specified.

In soil erosion survey practices, the sampling unit of the soil
erosion sampling survey is a small basin just surrounding the SU
point, which can be clearly identified on the ground or with high
resolution images (or DEM), and the suitable unit area can be

Fig. 1. Position of The Pan-Third Pole and distribution of large sampling area. Note: the black boxes on the map are large sampling sites for Representative analysis of the
interpretation results (in section of 3.3); they are: LH – loess hilly (northwestern China), BSUH– block soil undulated hilly (northeastern China), RSH– red soil hilly (southern China),
NTP–northern TP area (China, southeastern), STP–southern TP area (China, southern), DM–dry mountain area (northwestern China), HM–humid mountain area (northern Thailand),
GL–the Great Lakes region (central Kazakhstan), MEM–the Middle East mountain (central Iran), EU–rolling plain in eastern Europe (central Ukraine), CP–cold plain (central Russia).

2 Center of Soil Conservation Monitoring of MWR, Guide of Soil Erosion Moni-
toring (draft), 2018.8.

1 https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-
elevation-shuttle-radar-topography-mission-srtm-1-arc.
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0.2e3 km2 (the area can be slightly larger if high-resolution im-
agery is not available). In relatively flat, a rectangular area of 1 km2

(4 km2 if a high-resolution image is not available) can be used as
sampling unit (Liu et al., 2013; Zhu et al., 2019).

To calculate the soil erosion rate for SUs, this study extracted
information on land use and soil conservation measures based on
high-resolution images for the sampling units. Among them, soil
conservation measures include biological measures (e.g., manmade
grassland and forest), engineering measures (e.g., sand sand-check
dams and terraced cropland) and tillage measures (e.g., contour
tillage, and crop rotation). Considering the limitation of remote
sensing interpretation, tillage measures have not been considered
at this stage, but records are taken in the field check. The classifi-
cation systems for land use and soil conservation measures pro-
posed by theWRI (MWR, 2010.11; Liu et al., 2013) are applied. In the
information extraction process, a template file prepared by the
author’s team is first loaded, then visual interpretation is per-
formed based on the downloaded images in ArcMap (Law& Collins,
2018), and the attributes are directly assigned to the polygon and
line features (Tables 4 and 5). Mainly based on the practices of

China’s WRI and after some testing, the minimum area (MA) was
decided for different categories in the interpretation. For con-
struction land, water bodies, and transportation land, the MA is
400 m2; for cropland, orchard the MA is 600 m2; for forestland and
grassland, the MA is 2500 m2. The minimum width of linear fea-
tures (roads, rivers) is 20 m (Zhu et al., 2019).

2.3.2. Field investigation
In southeast Qinghai, China; southeastern Tibet, China; eastern

Xinjiang, China; northern Thailand; northern Pakistan; and central
Kazakhstan, cross sections are designated along the direction of the
maximum gradient of the dominant soil erosion factor. The domi-
nant factor is elevation which equivalent vegetation in Tibet, Xin-
jiang and Thailand, and precipitation in Pakistan (Fig. 2). Then,
sampling units have been defined and sampled along the cross
sections approximately every 10 km and interpreted in the labo-
ratory. Additionally, observations on the characteristics of soil
erosion factors were performed in the field to help understand the
process of soil erosion, establish interpretation marks of typical
ground features, and check the previous interpreted results.
Because the cross sections in Qinghai and Tibet are all located on
the Qinghai-Tibet Plateau, so just selected Tibet section to analyze;

Table 2
Summary list of the datasets in this study.

datasets resolution Source Simple description

remote sensing images 0.5 m, 16 m Downloaded from Google Earth high resolution images are mainly quickbird, partly are IKNOS; medium resolution images are
mainly landsat Thematic Mapper (TM) or Operational Land Imager (OLI)

rainfall erosivity (R) 0.5�

(55 km)
Provided by Chinese Academy of
Sciences (CAS) project team

Based on 1986e2015, 0.5� resolution daily rainfall of Climate Prediction Center (CPC)(1)

Soil erodibility(K) 30 m Based on soil survey datasets and USLE algorithm
Terrain factor (LS) 1 arc (30 m) Calculated based on shuttle radar

topography mission (SRTM)
Based on 1 arc-second SRTM, and LS_Tool(2)

Fractal vegetation
coverage (FVC)

30 arc
(1000 m)

Provided by CAS project team Based on 2014e2016 MODIS NDVI, and pixel dichotomy model, used to calculate B factor

non-photosynthetic
vegetation data
(NPV)

3 arc
minute
(5.5 km)

CSIRO Land and Water
(Guerschman et al., 2009)

Based on MODIS images and field observations used to calculate B factor

SRTM 1 arc (30 m) https://lta.cr.usgs.gov/SRTM1Arc NASA Shuttle Radar Topography Mission conducted in 2000 to obtain elevation data for most of
the world. Used to calculate slope for sampling unit during interpretation.

GLC30 30 m National Geomatics Center of
China, (Ban et al., 2015)

Based on Landsat TM/OLI, and visual interpretation http://www.globeland30.org/
GLC30Download/index.aspx
used to make a rough understanding about the background of land use for sampling unit

Note: (1) https://climatedataguide.ucar.edu/climate-data/cpc-unified-gauge-based-analysis-global-daily-precipitation.
(2)LS_Tool is a LS calculator developed by Prof Hongmin Zhang and author, it can be applied by send the email (zhm@nwsuaf.edu.cn, qkyang@nwu.edu.cn)

Table 3
Regions for designing sampling units.

region Interval of latitude (degree) Interval of longitude (degree) between SUs

90 Ne75 N No sampling uints (1)
75 Ne60 N 0.5 1
60 Ne40 N 0.5 0.75
40 Ne10 S 0.5 0.5

Note: (1)because of the relatively low level of human activity and very slight soil erosion in the Arctic region, the sampling does not include this
area.

Table 4
Structure of polygon attribute table.

items explanation Type of items

LU_Code Code of landuse text
BM_Code Code of bio-measures text
EM_Code Code of engineering-measures text
resolution Resolution of Google float
Date Date of image date
quality Quality of image text

Polygon attribute table (PAT) is a necessary table for coverage model in ArcGIS
software of Environmental Systems Research Institute, Inc (ESRI), used to record the
descriptive information of areal geo-features.

Table 5
Structure of line attribute table.

items explanation Type of items

LU_Code Code of landuse text
WIDTH width (m) float
CLASS type text

Note: (1) railway, express highway, highway, field road, sandcheck dam (dam body).
(2) line attribute table, or arc attribute table (AAT) is a necessary table for coverage
model in ArcGIS software of Environmental Systems Research Institute, Inc (ESRI),
used to record the descriptive information of line geo-features.
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the field data for the cross section in Kazakhstan have not finished
yet, so this article analyzes only the four cross sections shown in
Fig. 2 (see Fig. 3).

2.4. Calculation of the soil loss rates for sampling units

Based on the interpretation results, the soil loss rates (t km�2

a�1) for the selected sampling units were calculated based on the
CSLE (Liu et al., 2002, pp. 143e149) and regional soil erosion factors
(R, K, LS) and other data products, such as fractal vegetation

coverage (FVC) and nonphotosynthetic vegetation (NPV), as listed
in Table 2, according to the methods of soil erosion assessment in
the WRI (Liu et al., 2013). Then the applicability of the sampling
interpretation was analyzed.

2.5. Accuracy and applicability analysis methods

Based on themodified interpretation results after field work, the
kappa coefficients and accuracy values (formula 2 and 3; Lillesand
et al., 2015) for each of the four sections were calculated and used to

Fig. 2. Sections and sampling distribution for field works. (a) Southeastern Tibet (China): field work has been conducted in August of 2018, the team consists of 2 scientists and
five postgraduate or doctoral candidates; (b) Northern Thailand: field work has been conducted in November of 2018, the team consists of 6 scientists and 3 postgraduate or doctoral
candidates; (c) Northern Pakistan: April of 2019, the team consists of 3 scientists and 4 postgraduate or doctoral candidates; (d) Eastern Xinjiang (China): June of 2019, the team
consists of 6 scientists/technicians and 5 postgraduate or doctoral candidates.
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make an assessment of interpretation accuracy. Then, by checking
other units that have not been field-verified and making further
edits for those units if the problems found in the field work exist in
the interpretation results, the accuracy of the 31,921 sampling units
was improved to some extent.

U¼ xii
xiþ

(2)

K ¼N
Pn

i¼1xii �
Pn

i¼1xiþxþi

N2 �Pn
i¼1xiþxþi

(3)

where r is number of rows in the error matrix, xii is number of
observations in row i and column i (on the major diagonal), xiþ is
total of observations in row i (shown as marginal total to right of
the matrix), xþi is total of observations in column i (shown as
marginal total at bottom of the matrix), N is total number of ob-
servations included in matrix.

Eleven large sampling sites were selected in the PTP to represent

Fig. 3. Flow diagram of high-resolution image based soil erosion sampling survey. (Note: SRTM– Shuttle Radar Topography Mission; SU e sampling unit; plug-in tool is
developed by the authors for load).
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the main landscapes of the PTP area. They included black soil un-
dulated hilly (northeastern China, BSUH), loess hilly (northwestern
China; LH), red soil hilly (southern China; RSH), northern TP area
(China, southeastern NTP), southern TP area (China, southern TP;
STP), dry mountain area (northwestern China; DM), humid
mountain area (northern Thailand; HM), the Great Lakes region
(central Kazakhstan; GL), the Middle East mountain (central Iran;
MEM), rolling plain in eastern Europe (central Ukraine; EU), and
cold plain (central Russia; CP). Each of the above samples was
covered by 100 sampling units. For each sampling area, the histo-
gram similarity index (HS) between the SU and GLC30 data (Ban
et al., 2015) is calculated for the first category of land use, and
used to make an assessment of sampling accuracy. Here, the
intersection (HS) of histograms is used to represent the similarity of
the two datasets, and its value range is 0e1. The larger the HS value
is, the higher the similarity between the two datasets (Swain &
Ballard, 1991).

To illustrate the applicability of interpretation results, 42 sam-
pling survey units were designatedaround the world and inter-
preted with the same method describe in 2.2, and water erosion
rate was calculated with CSLE (Liu et al., 2002, pp. 143e149) based
on sampling units and soil erosion factors (RKLS, Table 2), the
erosion rate calculation results were compared with the literature
reports (Du et al., 2020).

The technical flow diagram of this study is as follows, in which
quality check of the interpretation mainly includes three aspects:
(1) whether the recognizable features (land use and soil conser-
vationmeasures) on the images have been interpreted; (2) whether
the boundaries of the interpreted features are consistent with the
actual situation, in images or in the field; (3) whether each polygon
in the attribute table has complete attribute items. Therefore,
monitors were appointed to be responsible for the inspection. If
there is any problem, it must be returned to the interpreter for
modification until it meets the requirements.

3. Results

3.1. Results of the interpretation for SUs

The result of the interpretation for each of the units is a digital
maps in ESRI shapefile format (Fig. 4), therefore in total, 31,921
digital maps have been completed after interpretation, by the ef-
forts of 10 scientists and more than 40 postgraduate or doctoral

candidates from April of 2018 to Oct of 2019. Each polygon layer
records six items, including land use, biological measures, engi-
neering measures, image quality, image resolution, and image date
(Fig. 4). The map scale of the interpretation result is larger than
1:5000 in the case of high resolution images; otherwise, the scale is
approximately 1:10,000 (in the case of no high-resolution images).
The sampling survey results can meet the needs of the calculation
of soil conservation measure factors (biological practice factor, B;
engineering practice factor E; tillage practice factor, T) at the level
of each sampling unit and then be used to obtain the soil loss rate
data at the unit level (Liu et al., 2013; Du et al., 2020).

The interpretation results are managed using a ESRI geo-
database (Law & Collins, 2018), and the data volume is approxi-
mately 359 gigabytes (GB), including 319 GB of basic data (images
and DEMswithin a range of 5� 5 kmnortheast of the sampling unit
point) and 50 GB of interpretation unit maps in vector format.

Comparing to the field work based survey, the technique of this
study is more efficient and accurate, and t he former strategy more
time/labour consuming. The large volume resultant data, especially
the soil conservation measures within watershed for each of the
SUs, will be a valid base for calculation of soil erosion rate at the
regional even global scale.

3.2. Accuracy analysis of interpretation

Based on the modified interpretation maps and problems found
during the field work, the accuracy of interpretationwas calculated
and analyzed for the four field sections.

3.2.1. Section of Southern Tibet
The kappa coefficient and the accuracy values for the interpre-

tation results were calculated based on the interpretation of very
high-resolution unmanned aerial vehicle (UAV) images in the Ti-
betan area, China. The results (Fig. 4a) show that the mean kappa
coefficient of 9 units (No.1, No. 2, No. 3, No. 4, No. 5, No. 6, No. 7, No.
8 and No. 9 villages) is 0.7, and the average accuracy is 80.04%,
which means that the interpretation results are basically consistent
with the actual situation. The accuracy of No. 2 and No. 4 reached
93.76% and 91.84%, respectively, and the kappa coefficients were
between 0.7 and 0.9, which is fully consistent with that found in the
field. The accuracy in No. 8 is 89.37%, but the kappa value is 0.456, it
is because the unit has a confusion with grassland, shrubs and bare
land in interpretation.

Fig. 4. Example for result of interpretation of sampling unit. (Note: ‘LU_Code’ is landuse code, ‘BM_Code’ is biological measure code, ‘EM_Code’ is engineering measure code,
‘quality’ is quality of images (G is good), ‘resolution’ is image resolution (m), ‘date’ is date of image).
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3.2.2. Section of Northern Thailand
Accuracy assessment in Thailand is based on the results of field

investigation and modified interpretation. The accuracy calcula-
tions of 18 units (Fig. 4b) show that, except for Unit 2, the kappa
coefficients of the other small watersheds are all greater than 0.5
with an average accuracy of 85.78%, and the interpretation results
have high consistency with the field observations. The main
problem for interpretation in this area is that it is difficult to
identify some crops/fruit such as lychee and coffee, when in the
seedling stage.

3.2.3. Section of Northern Pakistan
In the northern Pakistan Section, field surveys and accuracy

evaluations were performed on 15 survey units. As shown in Fig. 4c,
the average accuracy of the units reached 88.3%, except for units 12,
13, 15, and 17. The accuracy of the other units is greater than 80%,
and kappa is between 0.75 and 0.95. The sampling interpretation
results in Pakistan are consistent with the actual land use types and
have high accuracy. In the sampling units with lower accuracy, the
main problem is the difficulty in separating the shrubs and forest. In
addition, there are many unused construction sites and brick kilns
in Pakistan, which are difficult to distinguish based on the texture
features of the images, so land use types are easily classified as
farmland or grassland.

3.2.4. Section of Southeast Xinjiang
The accuracy assessment in the Xinjiang section is based on the

land use interpretation results after a field trip. The relief in this
area is quite high. In total, 42 small watersheds were interpreted,
and considering accessibility, only 16 units were finally checked in
the field.

In general, the accuracy in the Xinjiang section is relatively high.
The average accuracy of 16 interpretation units is 81.9%, but the
average kappa coefficient is only 0.44. The variation in the kappa
coefficient among units is quite large, with aminimumof 0.05 and a
maximum of 0.99 (Fig. 4d). According to the field work, the main
problem for remote sensing interpretation in Xinjiang in the lab-
oratory stage is that the grassland in this area is the dominant land
use type. The texture of the image varies with the season; therefore,
misclassifications of bare soil/rock or shrubland are inevitable.

3.3. Representative analysis of the interpretation results

The histogram similarity for the top-level category of land use
for 11 large sampling sites (Figs. 1 and 5) shows that the HS values
of the two datasets (SU vs GLC30 data) in the larger sampling areas
of LH, BSUH, NTP, DM, GL, MEM, EU are more than 0.8, which in-
dicates that the results of interpretation in these areas are very
similar to that of GLC30 data. The HS values for the RSH and HM
sampling areas are 0.78 and 0.75, respectively, and the interpre-
tation results in these areas are consistent with the land use
structure of the GLC30 data to some extent. However, the HS value
for the STP is only 0.31, and the interpretation in this area is
different from that of the GLC30 data mainly because of the
grassland (refer to 2.2.1).

The absolute values of the differences between the two datasets
and the calculation results (Fig. 6) indicate that the differences in
land use types are mainly in grassland, forestland, water body, and
bare land. Cropland, shrubland, and construction land have high
consistency. For the LH, NTP, DM, and GL sampling areas, the main
problems are how to effectively cognitive grassland and bare land
and then make a separation of grassland and bare land. The inter-
pretation process needs to be based on all available images, some
literature-based understanding, and requisite field checks to make
an accurate interpretation for these types.

The differences between the two datasets in the STP area are
mainly in the shrub, grassland, water and unused land categories,
especially in the water body category, where the difference is 51.7%.
The water bodies in GLC30 can include glacial water and snow, but
most of them were found to not truly be permanent snow cover
after analyzing the historical images. They are more likely to be
grassland according to the field observations.

For the RSH and HM areas, the difference mainly occurs in
cropland and forest, partly because there is no orchard category in
the GLC30 classification system, and because the resolution of the
images is coarse, separation of cropland and forest is difficult. For
the EU and CP areas, the problems are in shrubland, and grassland.
In the processes of interpretation, these types are interpreted ac-
cording to the image texture and the canopy density, so the results
are more accurate than that of the GLC30 data.

Overall, the SU data have a high similarity with the GLC30 data
and therefore have a higher representative accuracy in land use
structure in the PTP area. From the perspective of statistical
mathematics, representative accuracy is truly an analysis of sam-
pling error or precision.

3.4. Applicability of selected SUs for calculating the soil erosion rate

The calculation results for the water erosion loss rate in the
selected units using the CSLE (Fig. 7) show that: (1) the soil erosion
rate for each of the polygons (or cells) can be calculated, and a set of
soil erosion maps for the sampling units (small watershed or
rectangular small area) can be generated. The local spatial variation
in soil erosion is well represented. It is expected that the macro-
scopic differentiation of the soil erosion rates can be represented or
described for a large region if the soil erosion rates for all the
sampling units have been calculated and simple statistics can
determine the regional rate (e. g., mean). (2) There is an obvious
difference between the potential soil erosion (or soil erosion risk,
i.e. RKLSB; Ap in Fig. 7) and the actual soil erosion rate (RKLSBET; A
in Fig. 7)., and this difference is consistent with (Yin et al., 2018).
Otherwise, the soil erosion map based on the low- and medium-
resolution datasets only represent soil erosion vulnerability or
potential (Yang et al., 2003; Borrelli et al., 2017; Teng, 2017). (3) The
results shown in Fig. 7 are basically consistent with the results of
field surveys (Ma et al., 2018; Zhang et al., 2019); calculations on 42
survey units around the world (Fig. 8, Du et al., 2020) show that
there is good consistency with reports in the literature (Panagos
et al., 2015; Teng et al., 2016; USDA, 2018; Du et al., 2020)
(seeFig. 9).

4. Discussion

4.1. Interpretation methods and possible improvements

(1) Comparing the PTP sampling with related methods: A
survey of sampling point (SP) in the NRI has evolved from a
field work based to aerial interpretation with necessary field
surveys. This evolution has significantly reduced labor and
time consumption (Nusser et al., 1988; USDA-SCS, 1994;
Nusser & Goebel, 1997; USDA, 2000; Schnepf & Flanagan,
2016; USDA, 2018). It can be concluded that remote sensing
interpretation is an effective way to undertake sampling
surveys, but it cannot completely replace field surveys. The
WRI in China has mainly used a field survey approach, at
least in the first time of WRI, which is a labor and time
consuming approach (Liu et al., 2013). The soil loss rate
calculated by the NRI is only for random sampling points
(each point is actually a hillslope), whereas the WRI and the
“PTP sampling” are for a small watershed (flat areas are small
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rectangular areas) so are more informative for soil erosion
surveys. Bosco et al. (2015) interpreted 725 small samples
(1 km � 1 km) and 85 large samplings (3 km � 3 km) in the
European soil erosion survey and obtained the soil erosion
rate (Bosco et al., 2015). The results have been used to
perform a plausibility check for 1-km-resolution mapping
results based on RUSLE (Bosco et al., 2014). The “PTP sam-
pling” has provided a more efficient soil erosion sampling
survey method by making full use of modern remote sensing
and geographic information technology and has also not
ignored field work. In follow-up research and practice, more
information in addition to land use and soil conservation
measures will be collected based on the integrated ap-
proaches of RS interpretation, data sharing, and field work, as
in the NRI (Nusser & Goebel, 1997; Schnepf & Flanagan,
2016), Such as WEQ factors, land ownership, soil data (soil
name, texture, slope class, flooding class, etc), land capability

class, cropping history, irrigation, ephemeral gully erosion,
etc, and an attempt will be made to collect information about
the impact of human activities on soil erosion (such as con-
struction projects), learning from the ‘Project of China Soil
and Water Loss Dynamic Monitoring (MWR, 2010.11; Liu
et al., 2013), ,2 to form a more complete information collec-
tion system.

(2) Improve the automation of the sampling survey: The
source data of the “PTP sampling” are 0.5-m-resolution im-
agery freely downloaded from Google Earth, most of which
are Quickbird images with clear texture structure and can
meet the demand of visual interpretation, especially for
extracting soil conservation measures. However, the images
downloaded fromGoogle Earth are only digital imageswith a
single channel, with some known and unknown distortions
and no complete metadata. It is not easy for us to undertake

Fig. 5. Kappa coefficient and Accuracy for 4 sections. (a) Kappa coefficient and Accuracy in Southern Tibet section; (b) Kappa coefficient and Accuracy in Northern Thailand
section; (c) Kappa coefficient and Accuracy in Northern Bakinstan section; (d) Kappa coefficient and Accuracy in Southeastern Xinjiang section.

Fig. 6. Histogram similarity of landuse between sampling survey and GLC30 for 11
larger sampling areas.

Fig. 7. Histogram similarity of landuse between sampling survey and GLC30 for
landuse types.
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image processing and rapid (even automatic) classification.
The next development direction should try to look for and
use digital high-resolution remote sensing images (with
multiple channels, systematic distortion correction, and

complete metadata provided by the data sponsor) and try to
develop a semiautomatic classification method to achieve
the rapid extraction of land use and soil conservation mea-
sures in large areas. At the same time, more attention will be
paid to big data methods (e. g., Ramcharan et al., 2018) in the
future, such as methods for crowdsourced data collection, to
further reduce costs and obtain datasets with much higher
temporal accuracies (or more current) that are more
informative.

4.2. Accuracy improvement and uncertainty analysis

(1) Interpretation accuracy and quality control: The accuracy
assessment shows that the accuracy of the “PTP sampling” in
the four sections (Tibet, Thailand, Pakistan, and the eastern
part of Xinjiang) are 80.04%, 85.78%, 88.3%, and 81.9%
respectively. This accuracy is slightly higher than the remote
sensing interpretation accuracy of the China Soil and Water
Loss Dynamic Monitoring Project (64%e91%, with an area
weighted average of 76.86%; Li et al., 2018). The interpreta-
tion accuracy for orchards and shrubland is relatively low
both in the China Soil Erosion Monitoring Project and in this

Fig. 8. Map of water erosion loss rate for selected units. (a) Water erosion loss rate in southern Tibet (the sampling unit id is N08132); (b) Water erosion loss rate in Northern
Thailand (the sampling unit id is THA02).

Fig. 9. Comparison of calculated soil loss rate and related value from references for
selected 42 sampling units.
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study. Therefore, further improving the interpretation accu-
racy will become the key issue in the future work for
applying “PTP sampling” at a larger geo-extent.

(2) Uncertainty analysis: Data uncertainty is in the nature of
geo-data (Longley et al., 2015) and is also an inevitable
problem in any data. The NRI and some of the recent global
soil erosion assessment methods have included compre-
hensive uncertainty analyses (Borrelli et al., 2017 USDA,
2018). This study has primarily analyzed the accuracy for
sampling units, the sampling representativeness for all
sampling units, and the applicability of “PTP sampling”.
Complete data quality assessment (including data accuracy,
precision, consistency, and completeness) and uncertainty
associated with the geodistribution of sampling will be
further researched for future surveys.

4.3. Implications of this study

With the development of remote sensing, the availability of
high-resolution remote sensing data and the application of vol-
unteered geographic information (VGI) and geo-big data, GI science
has developed to the stage in which we have access to the needed
information everywhere at any time (Yuan, 2015). Virtual Earth
based on high-resolution remote sensing images (such as Google
earth) and freely accessed high-resolution data have already been
covered worldwide and are widely used in geoscience research (Yu
& Gong, 2012). The method of geographic big data is also now
widely used in the study of earth surface processes (Bui, 2016; Guo,
2018; Boulton, 2018). These factors make it possible to extract soil
erosion factors and conservation measures at finer resolution (near
meter scale) and to accurately calculate the soil erosion rate at the
sampling level based on high-speed computing. The implication of
this and previous studies (Zhu et al., 2019; Yang et al., 2019; Du
et al., 2020) is there is a possible for us do implement rapid and
accurate sampling survey of soil erosion on a global scale based on
the high-resolution images, even if the visual interpretation
method to be improved is used.

5. Conclusions

(1) The dominant factors of soil erosion (in this case, land use
and soil conservationmeasures) for sampling units can be
extracted rapidly and accurately using the PTP sampling
approach. PTP sampling, based on the spatial and temporal
variations in soil erosion and the dominant factors, is sup-
ported by the scientific conclusion that we have access to
needed information everywhere at any time and makes full
use of the virtual earth and its freely accessible high-
resolution remote sensing images, and detailed information
of land-use and soil conservation measures can be collected
rapidly and accurately for a larger region. The main technical
procedure of the sampling survey includes the sampling unit
designing, the interpretation of land use and soil conserva-
tion measures, field checks, accuracy assessment, and
applicability analysis.

(2) The sampling data are accurate with regional represen-
tativeness. The accuracy of data collection at the sampling
unit scale can reach more than 80.0%, and the land use in-
formation obtained in the sampling survey can be used to
analyze the land use characteristics in regional soil erosion
mapping. Additionally, this method is mainly based on
remote sensing interpretation and emphasizes field work for
establishing interpretation marks and checking the inter-
pretation results. The PTP sampling approach is based on and

improves the WRI so that the advantages of the WRI,
including higher accuracy, flexibility, and consideration the
benefits of soil conservation (Liu et al., 2013; Li et al., 2018),
have been accepted, and efficiency has been improved. The
approach has been applied to a large area outside China to
meet the requirement of soil erosion sampling at the regional
scale.

(3) The water erosion loss rate for the sampling unit can be
calculated accurately based on the results of the sampling
interpretation. Preliminary calculations of the water erosion
loss rate for selected units show that the soil loss rate for
each polygon of the unit can be calculated accurately based
on the sampling information (land use and soil conservation
measures), the existing regional soil erosion factor data
products (including R, K, LS, etc.) and the CSLE model. The
calculation result is a soil erosion map in 2.5 ~ 5-m-resolu-
tion raster format, in which spatial variation of soil loss rate
(local change) in a sampling unit can be represented. In this
process, if the soil conservation measures have not been
taken into account, the calculated soil loss rate will be
noticeably overestimated. Therefore, the shortcomings of
traditional remote sensing mapping, especially those that
just represent the potential of soil erosion, can be overcome
to a large extent. Therefore the approach can potentially be
extended to a larger area or even a “global soil erosion
sampling surveymethod” after some necessarymodification.
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