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Short Communication

In Memoriam: Dr. John M. Laflen

Dennis C. Flanagan a, *, 1, Richard M. Cruse b, 2, James L. Baker c, 3, Paige Chyu d, 4

a USDA-Agricultural Research Service, National Soil Erosion Research Laboratory, West Lafayette, IN, USA
b Department of Agronomy, Iowa State University, Ames, IA, USA
c Department of Agricultural & Biosystems Engineering, Iowa State University, Ames, IA, USA
d International Research and Training Center on Erosion and Sedimentation, Beijing, China

a r t i c l e i n f o

Article history:
Available online 1 July 2021

a b s t r a c t

The soil erosion research and soil and water conservation global community lost a treasured member on
November 20, 2020, when Dr. John Matthew Laflen (Fig. 1) died. Always one with a friendly welcoming
smile, John had hundreds of friends, both personally and professionally throughout the world. This
article includes many of his professional and scientific contributions, and impacts from his research and
outreach activities.
© 2021 International Research and Training Center on Erosion and Sedimentation, China Water & Power

Press. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Early years

John was born on August 31, 1936 at his parents' home in Milo,
Missouri. He graduated from Bronaugh High School in 1954. Little
known outside his family, Johnwas a basketball star in high school,
often the team's highest scorer and a letterman each year. After
high school, he attended Ft. Scott Jr. College in Kansas on a
basketball scholarship, and also played (and lettered) on their
football team; quoting John: “The first football game I ever saw, I
played in”. In 1956, he graduated from Ft. Scott with an associate
degree. He had also continued to date and entertain his high school
sweetheart, Shirley Ann Wolf, often taking her to dances while in
college. They were married on December 27, 1958.

After Ft. Scott, John attended the University of Missouri, in
Columbia. In the summer of 1958, between his junior and senior
years, he worked for a company laying large pipe lines in the Chi-
cago area; he made enough money to pay for his last year of college
(and an engagement ring for Shirley), and had an experience he

never forgot. He completed his B.S. in Agricultural Engineering in
1959, and his M.S. in 1960. John and Shirley also welcomed their
first daughter, Christy, into the world in Missouri in 1960. John's
first job after college was as an Agricultural Engineer with the
USDA-Agricultural Research Service (ARS) Surface Drainage
Research Unit in Baton Rouge, Louisiana, from 1960 to 1967. His
early work included characterization of rainfall and runoff re-
lationships (Laflen & Saveson, 1970), as well as development of
measurement equipment that could be used for water quality
monitoring on the very flat lands in the lower Mississippi River
Basin (Willis et al., 1969). John and Shirley's daughters Cindy (1961)
and Cheri (1964) were both born in Louisiana. In 1967, John
transferred to the USDA-ARS Soil Erosion Research Unit in Ames,
Iowa, and began an extensive career in field research examining soil
erosion, sedimentation, and water quality processes. John and
Shirley's youngest daughter, Coral, was born in Ames in 1969.

2. Iowa

Once in Iowa, John promptly began work on a Ph.D. degree at
Iowa State University, with a dual major in Agricultural Engineering
and Statistics, ultimately graduating in 1972 under the direction of
his major advisor, Dr. Howard Johnson. John's Ph.D. dissertation
research was on “Simulation of sedimentation in tile-outlet ter-
races”, and included field measurements at three field tile-outlet
terrace systems, as well as development of mathematical re-
lationships and computer code to predict sedimentation in the
terraces, and discharges of runoff and sediment (Laflen et al., 1972,
1978b). This work would later be included as part of the USDA-ARS

* Corresponding author.
E-mail address: Dennis.Flanagan@usda.gov (D.C. Flanagan).

1 Dennis C. Flanagan, Research Agricultural Engineer, USDA-Agricultural Research
Service, National Soil Erosion Research Laboratory, West Lafayette, Indiana.
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Chemicals, Runoff, and Erosion from Agricultural Management
Systems (CREAMS) model (Foster et al., 1981).

Other research conducted by John included extensive field
rainfall simulation experiments examining effects of conservation
tillage on runoff, and soil, nutrient, and pesticide losses. Many of
these were in collaboration with Iowa State faculty members. Most
often, they utilized a rotating boom rainfall simulator (Swanson,
1965) that could accommodate two 3 m � 10 m plots, or more
numerous smaller plots (Fig. 2). These studies are documented in
numerous journal publications, including Laflen et al. (1978a), and
Baker et al. (1978).

In 1980, John became the Research Leader for the USDA-ARS
Conservation Tillage Research Unit, and was also an adjunct Pro-
fessor at Iowa State University in Agricultural Engineering. Sub-
stantial field experiments continued, documented in Laflen and
Colvin (1981), Baker and Laflen (1982, 1983a, 1983b), and Laflen
and Tabatabai (1984). He also was heavily involved in the design
of the National Soil Tilth Laboratory that was constructed on the
Iowa State University campus and opened in 1989.

John received numerous awards during his time in Iowa,
including many American Society of Agricultural Engineers (ASAE)
paper awards and a Presidential citation from the Soil and Water
Conservation Society (SWCS) in 1985. He was Engineer of the Year
for the ASAE Iowa Section in 1984, and for the ASAE Mid-Central
Region in 1985.

3. Indiana

In 1987, John was named Director and Research Leader at the
USDA-ARS National Soil Erosion Research Laboratory (NSERL) on
the Purdue University campus inWest Lafayette, Indiana (Fig. 1). He
was also an Adjunct Professor of Agricultural Engineering and
Agronomy at Purdue. The NSERL is the main federal lab conducting
research on upland soil erosion mechanics, prediction, and control
methodologies. This unit originally developed the Universal Soil
Loss Equation (USLE) during the 1950's-1970's under the leadership
of Walter H. Wischmeier, but the actual NSERL building was not
constructed and open until 1981. When John came to the lab, all of
the old original USLE computer punch cards created by Walt's
clerks in the 1950's were still housed in the building; the data were
subsequently backed up to tape and computer server files, and John
had the thousands of paper cards recycled.

John was heavily involved with the USDA Water Erosion Pre-
diction Project (WEPP) modeling effort that had begun in 1985. He
and his graduate students and staff still at Iowa State University
planned and conducted rainfall simulation studies at 33 benchmark
cropland soil sites in 1987e1988 across the U.S. to develop erod-
ibility parameterization relationships for WEPP (Elliot et al., 1989).
An initial prototype of the WEPP model for application to hillslope
profiles was released with documentation in 1989. In August 1989,
John became the third leader of the WEPP Project, and in 1990 the
Core Team received the USDA Superior Service Award from the
Secretary of Agriculture (Fig. 3).

However, the WEPP model version released in 1989 was only an
incomplete prototype for small hillslope profile applications. John
expanded the WEPP scientific team at the NSERL, and filled key
positions to develop, test and validate important model compo-
nents, including plant growth, hillslope erosion, watershed hy-
drology and erosion, and surface impoundments. In August 1995,
the complete, validated, and documented WEPP erosion model for
hillslope and small watershed applications was released on a
multimedia CD-ROM at a special SWCS symposium held in Des
Moines, Iowa. Several publications authored or co-authored by
John provide information on WEPP science and its application and
prediction accuracy (Laflen et al., 1997, 2004; Flanagan et al., 2001).

Awards during this time included the 1987 ASAE Hancor Soil
and Water Engineering Award and numerous USDA-ARS
outstanding and superior performance awards. In 1992 John was
awarded the rank of Fellow by ASAE, and in 1994 became a Fellow
of SWCS (these are the highest honors bestowed by these two
professional organizations).

4. Return to Iowa

In 1996, John and Shirley returned to live in rural northern Iowa
where he farmed part-time with his son-in-law. John also
continued as WEPP Leader and as an Agricultural Engineer located
at the USDA-ARS National Soil Tilth Laboratory (now the National
Laboratory for Agriculture and the Environment) in Ames, Iowa,
and as an Adjunct Professor at Iowa State University. He conducted
numerousWEPP training workshops, and assisted a wide variety of
users in development of input parameter sets to successfully apply
the model to their unique situations. He was awarded a second
SWCS Presidential citation in 1998.

John officially retired from USDA-ARS in 2000. However, he
remained extremely busy as an adjunct Professor at Iowa State Uni-
versity, assisting on a variety of erosion andWEPPmodeling projects,
and was a member on graduate student program of study commit-
tees.Healso continued topublish scientific articles as anauthoror co-
author (Laflen & Moldenhauer, 2003; Gelder et al., 2018; Laflen &
Flanagan, 2013; Newman et al., 2010; Persyn et al., 2007).

Fig. 1. Dr. John Laflen, as director of the USDA-ARS National Soil Erosion Research
Laboratory, 1987e1995.
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In 2001, John with Dr. Richard Cruse and others in the Depart-
ment of Agronomy at Iowa State, the University of Iowa, and USDA-
ARS began work on a project to utilize WEPP with NEXRAD (Next-
Generation Radar) precipitation input and National Resources In-
ventory field data to provide near real-time estimates of runoff and
soil loss from hillslopes for all of Iowa. Ultimately the Iowa Daily
Erosion Project (IDEP) operated from 2003 to 2014 (Cruse et al.,

2006), before being updated to the Daily Erosion Project (DEP) in
2014 (Gelder et al., 2018). DEP utilizes more sophisticated remote
sensing and electronic databases for deriving topographic and
management inputs for WEPP, and has expanded beyond the state
of Iowa to include all or parts of Minnesota, Kansas, Nebraska, and
Missouri (https://www.dailyerosion.org/). In 2007, John received
the prestigious American Society of Agricultural & Biological

Fig. 2. John collecting runoff samples under the rotating boom rainfall simulator during a field study in Iowa during the 1970s.

Fig. 3. WEPP Core Team receiving USDA Superior Service Award from Secretary of Agriculture Clayton Yeutter, 6/13/1990. Top: John Gilley, George Foster, John Nordin, Glenn
Weesies, Arlin Nicks, Bob Young, Mark Weltz, John Laflen, Dale Fox. Bottom: Vicente Lopes, Mark Nearing, Dave Schertz, Roger Simanton, Waite Osterkamp, Clayton Yeutter, Leonard
Lane, Gene Alberts, Norm Miller, Walter Rawls, George Wingate.
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Engineers (ASABE) John Deere Gold Medal Award “for his distin-
guished accomplishments in leading the development of a new
generation of erosion prediction technologies that have advanced
soil and water conservation”. In 2012, John received the Norman
Hudson Memorial Award presented by the World Association of
Soil and Water Conservation (WASWAC) for his outstanding
achievements in soil and water conservation research.

5. International activities

John participated in the 1992 Soil Erosion Prevention and
Remediation Workshop as part of the U.S. and Central and Eastern
European Agro-Environmental Program held in Budapest, Hungary.
He also attended numerous SWCS and ASAE Annual International
Meetings, as well as ASAE Soil Erosion Research Symposia.

While at the NSERL, in 1994 Dr. Laflen and his research group
were invited to visit the Loess Plateau of China by the Institute of
Soil and Water Conservation (ISWC) in Yangling, Shaanxi, China.
The NSERL group (Dr. Laflen, Dr. Chi-Hua Huang, Mr. Glenn
Weesies) toured many field erosion research stations and conser-
vation demonstration projects. Discussions then includedways that
the two institutions could cooperate, including co-hosting an in-
ternational symposium, and exchange of scientists and graduate
students.

In 1996, the new director of the ISWC, Dr. Junliang Tian, visited
the U.S. and the NSERL and spent considerable time there working
with John and Chi-Hua on developing the program for SEDF097, the
International Symposium on Soil Erosion and Dryland Farming,
subsequently held on September 15e19, 1997 in Xi'an, China. John,
Junliang, and Chi-Huawere the co-chairs for the event (Fig. 4), with
over 130 participants, and that resulted in a printed proceedings
containing 66 chapters of research results (Laflen et al., 2000).

These cooperative efforts also resulted in numerous scientist
and graduate student exchange visits between the NSERL and the
ISWC, that continue to this day. They were also instrumental as a

pre-cursor towards creation of the Sino-U.S. Centers for Soil and
Water Conservation and Environmental Protection, co-located at
the Northwest Agriculture and Forestry University in Yangling,
Shaanxi, China and the USDA-ARS National Soil Erosion Research
Laboratory in West Lafayette, Indiana, formally established on
December 10, 2002.

Johnwas an active member of theWASWAC for many years, and
served at the Treasurer of the organization in the 2000s. He was
also the Editor-in-Chief for English for International Soil and Water
Conservation Research, the official journal of WASWAC, at its
inception in 2013 and for several years afterwards. He worked very
closely with Dr. Li Rui, Dr. Tingwu Lei, and Dr. Mark Nearing to have
the journal indexed in SCIE, and for it to have rapid global impact.
John was always a very strong proponent of international cooper-
ation and soil conservation efforts around the world.

6. Legacy

Dr. John Laflen's research and publications will have a lasting
impact in soil and water science. His leadership in development
and application of next generation erosion modeling technologies
will help guide soil conservation practice selection for agricultural
management systems under current and future climate scenarios.
He leaves behind many friends, his wife Shirley of 61 years, their
four daughters, fifteen grandchildren, and eight great-
grandchildren. John is greatly missed by everyone who knew him
as a colleague and mentor, but most of all as a friend.
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a b s t r a c t

Land allocation has been an important issue in land use planning research studies. Land allocation in-
volves different multifunctional activities of maximizing environmental, economic and social benefits.
Multi-criteria decision making (MCDM) method is the most popular tool to optimize land allocation
problems by considering decision variables, conflicting objectives, and criteria. Hence, decision-makers
face problems on how to optimize the land allocation while minimizing the conflicting trade-offs
existing in the decision analysis. With this review study, we aim at identifying and extracting infor-
mation on MCDM methods to solve land allocation problems from English language articles published
between 2000 and 2019 and indexed by four scientific literature databases (Web of Science, Science
Direct, Scopus, Google scholar). To this end, we applied a systematic literature review approach, i.e. the
Preferred Reporting Items for Systematic Reviews and Meta-Analysis procedure (Moher et al., 2009),
with a structured database search expression. 120 articles were selected of which, after careful screening
of title, keywords and abstract, 69 were retained for detailed review. This review study report compiles
comprehensive information by classifying the papers into application area, optimization objectives,
criteria used, decision techniques, publication year and study region. In summary, we found that in the
last two decades, the use of the MCDM method has increased, particularly in Europe and China. AHP
(analytical hierarchal process) is frequently used for multi-attribute land allocation problems with
reference to ecotourism and ecosystem management. LP (linear programming) and SA (simulating
annealing) methods are predominantly used to optimize multi-objectives complex agricultural and
forest land allocation problems respectively.
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1. Introduction

In combinationwith water, land of sufficient quantity and quality
is an essential resource for supporting sustainable societies.Whereas
the quantity of available land onwhatever scale of interest is limited,
its quality is extremely variable in space and also in time due to the
variability of soil-forming processes, topography, weather patterns
and the management humans have applied or are applying to the
land (FAO,1976a). Moreover, human activities outside the territory of
interest (ToI), may add to this spatio-temporal variability due to off-
site impacts like landscape visibility, greenhouse gas emissions,
emissions of other substances in the atmosphere, or water bodies
that eventually are deposited in the ToI.

Regional land-use planning is a scientific discipline and pro-
fessional practice that aims at making the best possible use of the
available land with a view to achieving multiple objectives, in the
short and longer-term, taking prevailing physical land quality
constraints and socio-economic limitations into account (Verheye,
1997). The first step in a typical regional land use planning exer-
cise is to discretize the available land into sufficiently homogeneous
land units (LU) in terms of its soil, topographic, climatic, hydrologic
and use characteristics and qualities. Next, requirements of candi-
date land-use types (LUT) are matched with the characteristics and
qualities of the identified land units (LU). The level of matching is
then used as a basis for decisions on which LU or which portions of
LU to allocate to which LUT to achieve the set objectives taking the
planning principles, objectives and constraints of the exercise into
account. The list of candidate LUT, the objectives and constraints
are typically established in ex-ante, in-process participatory and
political processes. The considered candidate LUT are conditioned
by the socio-economical context of the ToI, e.g., different in urban
compared to rural settings. Typical objectives are to maximize
socio-economic benefits while minimizing environmental costs or
vice versa. Typical constraints are related to available financial
budgets, minimal level of benefits and maximum level of costs. The
resulting land-use plan is most often not the end product but rather
a firm basis for political decision making.

‘Land allocation’ or ‘land use allocation’ are more technical
terms closely connected to the term ‘land use planning’which has a
more policy and political connotation. In this paper, we adhere to
‘land allocation’ as the data and rule-driven process of assigning
portions of land to candidate LUT.

The application of a multi-criteria decision making (MCDM)
method is a multi-step process of (i) formulating a problem (ii)
defining objectives (iii) selecting criteria (iv) setting alternatives (v)
setting weights/scores to the criteria (vi) and (vii) selecting appro-
priateMCDMmethods. It is commonly challenging for researchers to
randomly select and employMCDMmethods to solve land allocation
problems. Hence, selecting appropriate decision techniques for
different land allocation problems requires exploring and studying

previous research publications. Previously, some review studies on
MCDMhave been published related to land allocation problemswith
regard to forest management (Ananda & Herath, 2009; Uhde et al.,
2015) to agricultural land use (Kaim et al., 2018), and to protected
areas (de Castro&Urios, 2016). However, these reviewpapers did not
intensively cover the different land allocation problems. Few focused
on the comparison of specific types of MCDM methods, and others
focusedon a specific area of application. A lack of detailed description
of MCDM methods on multiple application areas, motivated to
explore and todiscuss themost likelydecision techniquesused for the
different land allocation problems. Furthermore, unlike the previous
review studies, this review uses the preferred reporting items for
systematic reviews and meta-analyses (PRISMA) approach to extract
and present information (Moher et al., 2009). This reviewaims to: (a)
provide anup-to-date overviewof the application ofMCDMmethods
indifferent landallocationproblemsand todeterminewhichdecision
technique isoftenemployed for a specific landallocationproblem; (b)
determine the evolution and distribution of decision-making
methods in space and time; (c) determine the most frequently
considered criteria aspect in the decisionmakingprocess; (d) suggest
the most likely appropriate decision technique for the different rural
land allocation application areas. This study contributes to sustain-
able land use planning practice, by analyzing variousmultifunctional
dimensions. It underlines the economic, social, and environmental
aspects. Particularly, the environmental component analysis mainly
contributes to soil andwater conservation theories and activities (e.g.
minimizing soil erosion, sediment load, water pollution, nutrient
runoff into streams, maximizing soil quality, water use efficiency,
etc.).

2. Materials and methods

2.1. Classification of MCDM methods

Multi-criteria decisionmaking is a branch of operational research.
It is a tool which deals with decision problems under a number of
different conflicting criteria. MCDM has been applied in many aca-
demic fields of research studies. According to (Leake & Malczewski,
2000; Zimmermann & Gutsche, 1991), MCDM can be classified into
multi-attribute decision making (MADM) and multi-objective deci-
sion making (MODM) based on the number of alternatives under
consideration. MADM is suitable for the evaluation of discrete deci-
sion spaces with predetermined decision alternatives. Alternatives
are thedifferent choicesavailable for thedecision-maker. Thenumber
of alternatives is usually assumed to be finite. These alternatives are
supposed to be screened, prioritized and finally ranked or sorted ac-
cording to the stated criteria decisions or goals. MADM is categorized
into outranking methods (e.g. ELECTRE, PROMETHEE), distance-
based methods (e.g. TOPSIS), value or utility function (e.g. AHP,
MAUT/MAVT, SAW) and pair-wise comparison methods (e.g. AHP/
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ANP) (Brans & Vincke, 1985; Hwang & Yoon, 1981; Keeney & Raiffa,
1976; Roy & Vincke, 1981; Saaty, 1980; Vincke, 1992; Vulevi�c &
Dragovi�c, 2017). The MODM method is preferably used for contin-
uous decision problems inwhich alternatives are not predetermined.
Instead, a set of objective functions are optimized taking a number of
constraints into account. Further, theMODMmethod is classified into
mathematicalprogrammingmodels and (meta-)heuristic algorithms
based on computational time and solution quality (Fig. 1). The
detailed explanation of the different decision techniques is presented
in (Supplementary material, Appendix 1, AS1).

2.2. Bibliographic search engine databases

In this systematic review, all the widely acceptable literature
web database sources were used.

The characteristic features of each source are clearly stated for
better understanding (Table 1).

1. Web of Science core collections (WoS) (https://apps.
webofknowledge.com)

2. Science Direct (SD) (http://www.sciencedirect.com)
3. Scopus (http://www.scopus.com)
4. Google Scholar (GS) (http://scholar.google.com)

Web of Science, Scopus, and Science Direct are the world's most
leading scientific literature search database platforms. The platforms
are easily accessible, have smart search and track tools, and are
updated regularly (Li et al., 2018; Orduna-Malea et al., 2015). They are
widely accepted and use database search engines for systematic re-
view purpose. Furthermore, Google Scholar (GS) is also used as a
databasesource. Even if,Google Scholar isunable to support literature
retrieval, has very low precision in the search results and is unable to
accommodate a structured retrieval of a scientific paper for research
review (McGowan, 2005). Notwithstanding these limitations, Google
Scholar can be used as a useful source for systematic review in com-
bination with Publish or Perish bibliometric analyses. Harzing and
Alakangas (2016); Gehanno et al. (2013); Harzing (2007); Myhill
(2005); Notess (2005) supported the use of Google Scholar (GS) as a
database source to retrieve journal articles for a systematic review.

2.3. Data extraction and procedures

2.3.1. Selecting research literature using formal strings
In Table 2, the literatures were selected using the stated string

words from each database through screening of the abstracts,
keywords and titles of the research articles (Fig. 2). In this review
analysis, although we used all the available web databases, we

Fig. 1. Classification of MCDM methods
MAV(U)
T:multi attribute value
(utility) theory; SAW: simple additive weighting;
AHP/ANP: Analytical hierarchy
(network) process;
TOPSIS: technique for order of preference by similarity to ideal solution;
ELECTRE TRE: elimination and choice expressing reality;
PROMETHEE: preference ranking organization method for enrichment evaluation;
LP:linear programming;
NILP:non integer linear programming;
MILP:mixed integer linear programming;
GP:goal programming;
CP:compromise programming;
D_models:dynamic models;
SA:simulating annealing;
TS:tabu search; GRASP: greedy randomized adaptive search procedure;
HPSO: hybrid particle swarm optimization;
NSGA: non-dominated sorted genetic algorithm.
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Table 1
Bibliographic database source characteristics.

Type Features What is
included?

Search results Strength Weakness Publisher Year of data
availability

References

Web of
Science (WoS)

Interdisciplinary
platform with
many data base of
sciences. It covers
agriculture
in the broadest
sense, including
veterinary
medicine

Journal articles,
conference
proceedings

Reliable sorting.
Searches are
reproducible and
reportable

Ability to analyze
search results by
author, affiliation,
country, journal/book
title, and broad subject
categories.

Poorer coverage of
interdisciplinary
journals

Thomson
Reuters/
Clarivate
Analytics

Established
1973 but data
contains
since 1900

(Boeker et al.,
2013; Harzing,
2007; Nasir
Ahmad et al.,
2020;
Waltman,
2016;
Mongeon &
Paul-Hus,
2016)

Scopus Biomedical
sciences, natural
sciences,
engineering, social
sciences, arts &
humanities

Journal articles,
conference
proceedings

Reliable sorting.
Searches are
reproducible and
reportable

Tools for analyzing
search results by
author, affiliation,
country, journal title,
and broad subject
categories

Medium coverage
of interdisciplinary
journals

Elsevier Launched in
2004 but article
indexing
coverage goes
back 1970-

(Harzing, 2007;
Waltman,
2016; Falagas
et al., 2008;
Mongeon &
Paul-Hus,
2016)

Science Direct Science,
technology, and
medicine

Journal articles,
and books

Reliable and
retrievable

Easy to search journal
articles and provide full
text access

Low coverage of
interdisciplinary
sciences

Elsevier 1997 Markus (2011)

Google Scholar All subject areas Includes all
types of
documents -
e.g., tutorials,
posters,
presentations

Search results are
not reproducible
and reportable

International and
interdisciplinary
coverage (all types of
documents)

Few sorting
options; many non-
peer-reviewed
sources

Google Unknown (Boeker et al.,
2013; Harzing,
2007; Martín-
Martín et al.,
2018)

Table 2
Scoping and screening results of selected and included articles based on the four database sources (From January 2000 to 2019, English language-based literature).

Strings category Strings WoS SD Scopus GS Total Total % coverage(inc)

hits Sel inc hits sel inc hits sel inc hits sel inc sel inc

Land use resource
L1 TI¼ ((“Land use

allocation” OR
“optimization”) AND
(“forest management”
OR “forest planning” OR
“sustainable forest” OR
“agriculture
production” OR
“conservation of
protected areas"))

23 11 10 106 14 11 2170 10 3 64 5 2 40 26 37.68

L2 TI¼ ((“Multi objective”
OR “Optimization of
land use”) AND (“forest
management” OR
“forest planning” OR
“sustainable forest” OR
“agriculture
production” OR
“conservation of
protected areas"))

9 4 0 15 4 2 228 38 22 7 3 2 49 26 37.68

L3 TI ¼ ((“Multi criteria
decision making ") AND
(“ forest management "
OR 00 forest planning”
OR “sustainable forest”
OR “agriculture
production” OR
“conservation of
protected areas"))

2 2 2 4 2 1 818 25 14 896 2 0 31 17 24.64

Subtotal 17 12 22 14 73 39 10 4 120 69 100%
% coverage (selected) 15.5 18.18 66.4
% coverage (included) 18.5 21.5 60

*WoS ¼ Web of Science, SD¼ Science Direct, GS ¼ Google Scholar, sel ¼ selected, inc ¼ included.
*L1, L2, L3 ¼ string search category lists, TI ¼ title.
*The strings in the case of GS used the same words, but with different word orders to restrict the search engine.
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cannot be certain all the important articles were included. Themain
reasons are subjectivity in screening and assessing the eligibility of
articles. For instance, only reading the title and abstract does not
always guarantee that useful information can be obtained for
judgment of selecting the article. Hence, there may be some rele-
vant articles that have been excluded. In addition, this review
search was limited to the English language published academic
reviewed journals. Despite all the limitations, 69 articles were
reviewed in-depth using a systematic review procedure. This sys-
tematic review approach has been used and recommended for
scientific literature review (Gebre et al., 2021; Marttunen et al.,
2017; Ottoy et al., 2018; Rezaei, 2015).

In this study, the main attention was given only to those articles
that have covered multi-criteria based rural land allocation
research papers. Rural land refers to an open swath of land areas
found in villages and small towns. This review study identified and
screened articles that dealt with optimal rural land allocation for
agricultural practices, forest management, ecotourism manage-
ment, conservation area, and protected area. The application areas
are categorized based on the implementation of the multi-criteria
methods to address rural land allocation problems. Therefore this
study excluded articles that focus on optimal urban land use
planning. The screening was done by thoroughly scanning the ar-
ticles. The eligible articles are retained and through full-text

reading, data are extracted on the distribution of papers based on
publication years and study origin, types of decision techniques
with respect to publication year, aspect of the criteria/indicators
used, objectives, and so on.

In thispart,when the searchwasdone somearticleswere found in
each database, those articles that overlap in each database were
carefully screened and excluded from the report. With this regard,
‘hits' indicates the number of articles that pop up and ‘sel' represents
the number of articles selected for further screening and eligibility
process. And ‘incl’ shows the number of papers included for review
data extraction. For instance, under the L1 search string from WoS
(Web of Science), 23 papers are hit and 11 papers are selected and
then 10 papers are included for a full review. In this case, the per-
centage of data extraction coverage of GS is not compared with the
rest of the databases. Normally, GS has a high percentage of coverage.
However, due to a poor advanced search system. It is difficult to use
the search string words as is. Hence, we further restricted the search
by restricting some words from the search strings.

In this section, a high number of hits or recalls have been
recorded compared to the other databases. Scopus covers a wide
range of journals compared toWeb of science. 60% of the papers are
retrieved and included from the Scopus database source (Table 2).
The large difference between Scopus and Web of Science and Sci-
ence Direct arises from the large number of journals indexed in

Fig. 2. Study flow chart for the systematic review procedure.
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Scopus. Scopus has a comprehensive journal coverage of more than
30,000 titles compared to the Web of Science which has around
12,000 indexed journals (Aksnes & Sivertsen, 2019; Zhu & Liu,
2020). For example (Falagas et al., 2008) reported that Scopus
gives 20%more journal coverage than theWeb of Science. The small
number of hits in WoS and SD is associated with less number of
journals indexed in their databases. Markus, 2011, who has assessed
the performance of web databases, highlighted that the Scopus
database has performed well in search words hit or recall than
PubMed database (Martín-Martín et al., 2018). have done a sys-
tematic review on comparison of web databases looking at GS,
WoS, and Scopus. They come to the conclusion that Scopus has a
higher coverage than Web of Science. The results are similar to our
findings. In this study, a high number of papers are included from
L1 and L2 search string categories (Table 2).

3. Results and discussions

In this section, we present a synthesis of the key findings to give
a profound coverage, evolution and future direction in selecting
and implementingMCDMmethods tomulti-dimensional rural land
allocation problems.

3.1. Distribution of published papers based on publication year,
study region and decision techniques

From 2000 to 2018, a continuous increase in the number of
research studies using MCDM to solve land allocation problem is
noted (Fig. 3). From 2011 till 2015, 23 publications appeared and in
the shorter period 2016e2018, 22 articles were published. How-
ever, in 2010 we did not find any publication paper that would fit

Fig. 3. Trend of published articles based on publication year.

Fig. 4. Distribution of publications based on study region (2000e2018)
* in this context means that the study of the publication is not a study origin-specific.
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and was eligible to be included for further review. Only those pa-
pers that have passed the scanning and screening process of the
systematic review are reported. Overall, these results indicate that
research studies on land allocation will probably continue in the
future. In the same way, Goulart Coelho et al. (2017) reported that
after 2010 the use of MCDM methods in the field of natural re-
sources management, particularly in solid waste management, has
increased by 53% compared to the previous decade.

Fig. 4 shows that most of the reviewed studies originate from
Europe (30) and Asia (20). An equal number of publications has
been recorded both from North and South America. Within Europe,
Spain (6) and Italy (6) come first, followed by Finland (3) and the
Netherlands (3). China (7) has recorded the highest number of
publications. On the contrary, only one research study has been
reported from Africa. It seems that MCDM is rarely used for
developing countries. Other review studies also draw a similar
conclusion about the unlikely use of multi-criteria decision making
in developing countries. This might be due to lack of financial
means, technology, and/or expertise (Ananda & Herath, 2009;
Romero & Rehman, 2007). In general, in this study, 31 countries
used MCDM as a study area and China comes first with 7 research
publications, then Spain and Italy follow.

Fig. 5 provides the distribution of the different decision tech-
niques used. There is no clear trend pattern of decision-making
applications. In general, out of all decision-making methods, AHP,
Linear Programming, and Simulating Annealing obtain the first,
second and third position of most widely used decision-making
methods. Some research studies also implemented a hybrid form
of the different decision-making methods (Liu et al., 2013; Zhang
et al., 2016). In a comprehensive summary, AHP is typically the
most widely used decision method in land allocation problems
(Ananda & Herath, 2009).

The predominance use of AHP over the other methods is
because it is traditionally a suitable approach for comparative
analysis of finite allocation problems in land use planning problems
(Ananda & Herath, 2009). This is because multi-attribute decision
analysis is most of the time extended with a GIS environment for
visualization and simplicity to recognize the process. Besides, most
of the time the possible inputs of land use optimization are related
to environmental factors and it is easy to preprocess by integrating
with a GIS tool.

In conclusion, AHP is relatively easier, more flexible and requires
less cognitive skills than any other type of MCDM (Ananda& Herath,
2009). An AHP application possesses advantages, it is best suited for
optimization problems which require a limited number of alterna-
tives andwhen less quality information is available (Ishizaka& Labib,
2009). In contrast, the AHP method has drawbacks regarding
assigning weights to each criterion. Aweighting criteria procedure is
judgmental and based on the decision-maker preference. Hence, the
final alternative score is highly dependent on the weight of each
criterion. This can affect the accuracy of thefinal solution (Baker et al.,
2001). Comparatively, the number of applications of AHP has been
reduced after 2012. This shift is influenced by the innovation
advancement of computation in multi-criteria decisions.

Recently, different types of mathematical and heuristic methods
became common multi-criteria decision tools. For multi-objective
land allocation problems, mathematical programming model
particularly linear programming (LP) is the most dominant applied
model. Mathematical programming techniques such as LP are
suitable for handling multiple decision variables, constraints, ob-
jectives and can include a time variant (Beyer et al., 2016). But this
kind of method requires more computational time even sometimes
may take many hours depending on the size of the problems
(DeMeyer et al., 2014; Beyer et al., 2016). Next, to mathematical
models, heuristic algorithms are repeatedly used. Recently, the use
of heuristic optimization is increasing, this is to overcome the
drawback of mathematical models. Heuristic algorithms are good
in finding a solution in a reasonable time, though it is moderately
challenging to determine how close the final solution is to the
global optimum (Coley & Schukat, 2002; S€orensen, 2015). From the
heuristic optimization algorithm groups, simulating annealing (SA)
was frequently implemented (Table 3). In fact, SA is conceptually
simple and can be applied to large and non-linear objective func-
tions (Beyer et al., 2016).

Overall, this literature review suggests that mathematical models
were used frequently for multi-objectives analysis compared to
other types of decision techniques. Mathematical models with their
embedded shortcomings are very applicable and convenient to
resolve practical problems (e.g. agricultural land use allocation), and
to answer questions like how much, when and where.

3.2. Distribution of publication based on criteria and land
allocation application areas

When applying an MCDM approach, goals have to be set and
criteria selected (Dodgson et al., 2009; Riabacke et al., 2012). In this
study, the criteria and objectives of each study were evaluated and
grouped according to economic, environmental, social and tech-
nical aspects. Fig. 5 shows that 40.6% of the publications considered
only the environmental aspect, while 26% considered a combina-
tion of economic and environmental aspects. Surprisingly, only 13%
considered the three combinations of economic, environmental
and social aspects and it is even less for the combination of
economic-environmental and technical dimensions. From this
result report, we can conclude that most multi-criteria decision on
land allocation studies use either only environmental or economic
and environmental dimensions in their criteria selections. It is
evident that many land allocation studies mainly aim at satisfying
environmental and economic aspects (Liu et al., 2013). A possible
explanation for this might be, land use planning emphasizes more
on ecosystem services (ESS) such as provisioning or regulating
services, and also between ecosystem services and different
biodiversity. This service mainly targets environmental and eco-
nomic benefits. Uhde et al. (2015) indicate that environmental
factors trade-offs are the fertile ground for the application of
MCDM methods to optimize land allocation problems. Similarly, a

Fig. 5. Percentage distribution of publications based on aspects (2000e2018)
*En(environmental), Ec(economical), T(technical), En þ Ec(environmental and
economical), En þ T(environmental and technical),Ec þ T (economical and
technical),En þ S (environmental and social),Ec þ S (economical and
social),En þ Ec þ S (environmental, economic and social), En þ Ec þ T(environmental,
economic and technical).
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review study report using multi-criteria optimization techniques
for agricultural land use allocation by Kaim et al. (2018) discussed
that most of the reviewed studies evaluated economic and envi-
ronmental trade-offs between ecosystem use and ecosystem pro-
vision. This reveals that less attention has been given to social
aspects in the optimization of land allocation problems. In fact,
there is a challenge in considering the social dimension, because
most of the time it is expressed in a qualitative term. Qualitative
measurement is subjective and complex, moreover, it is strenuous
to measure social impacts because it is expensive to measure and
the perception is very variable (Malakooti, 2014). Although
considering social aspects is challenging, decision making in land

use planning should implement an integrated approach in allo-
cating the land use that would satisfy the environmental,
economical and social demands. Therefore, it is recommended that
any multi-criteria land use planning study should incorporate the
three main core components of sustainability.

Fig. 6 presents an overview of the distribution percentage of
published articles based on application area. About 36% and 29% of
the published articles cover land and forest management problems
respectively, which is more than 60% of the reviewed papers. In
contrast, ecotourism management is the lowest topic researched.
Normally, land allocations for agriculture and forest practices share
the largest portion of land use planning. Because at global level
agricultural and forest land use activities take the major share for
the global economy and livelihood change.

Optimizing multifunctional landscapes for the allocation of
forest and agriculture productivity is the main research topic. These
results are consistent with those of Ananda and Herath (2009) who
reviewed more than 60 research studies on multi-criteria decision-
making methods on forest management and planning. Likewise,
Kaim et al. (2018) also reviewed articles on multi-criteria tech-
niques for agricultural land use allocation. This review shows many
research studies having used multi-criteria to solve land allocation
problems particularly with regard to agriculture and forest man-
agement. On the other hand, a few research studies have used
MCDM to solve problems on protected areas, conservation areas,
ecosystem, and ecotourism management. Some previous studies
discussed in their review report there has been limited multi-
criteria decision making studies on conservation and protected
areas (de Castro & Urios, 2016; Moffett & Sarkar, 2006). Further
studies on those topics are therefore recommended.

In summary, land management, with reference to agricultural
land allocation, is the most studied application area. This is due to
the existence of multi-complex ecosystem component interactions.
For instance, crop soil ecosystem functioning has an influence on

Table 3
Decision technique type used based on publication year (2000e2018).

decision technique 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 Total

AHP 1 1 1 1 2 4 2 2 1 3 2 20
LP(I) 1 1 1 2 1 2 1 1 10
SA 1 1 1 1 1 3 8
GP 1 1 2 1 1 6
Wt 1 1 1 1 1 5
NSGA-II 1 1 1 1 4
GA 1 1 1 3
LGP 1 1 2
MH 1 1 2
MILP 1 1 2
PSO 1 1 2
CP 1 1
ELECTRE-TRI 1 1
Fuzzy 1 1
GRASP-MH 1 1
HPSO 1 1
LCP 1 1
LP(Gray) 1 1
PDSO-LA model 1 1
PROMETHEE 1 1
Rank 1 1
SA_greedy_rarity 1 1
TA 1 1
TS 1 1
WLA 1 1
WLC 1 1

AHP: analytic hierarchy process; LP(I):linear(integer)programming; SA; simulating annealing; GP:goal programming; Wt:weight; NSGA-II:non dominated sorting genetic
algorithm; GA; genetic algorithm; LGP; lexicographic goal programming; MH:metaherustic; MILP:mixed integer linear programming; PSO:particle swarm optimization;
CP:compromise programming; ELECTRE TERI: elimination and choice expressing reality; GRASP-MH: greedy randomized adaptive search procedure-meta herustic;
HPSO:hybrid particle swarm optimization; LCP:linear complementary programming; PDSO-LA model; primary development and secondary optimization model for land
allocation; PROMETHEE; preference ranking organization method for enrichment evaluation; TA:Tabu algorithm; TS:tabu search; WLA:weighted linear average;
WLC:weighted linear combination.

Fig. 6. Distribution of publications based on application area (2000e2018)
*LM (land management), FM (forest management), CA (conservation area), PA (pro-
tected area), Ecot_
M (ecotourism management), EM (ecosystem/ecological management).
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agricultural land allocation (Kapur et al..2011, 2018). Next, forest
land use allocation is the second most studied research area. This is
connected to the universal benefits of land use for ecosystem goods
and services. For example, forest covers nearly one-third of the land
area, and it is the source of income for more than 1.6 billion people
(Aerts & Honnay, 2011). This implies that there is a high concern to
address the rural land-use problem related to agricultural land and
forest management. As the global population increases the
competition demand for land resources will also increase. In future,
the use of an advanced multi-criteria decision tool remains an ideal
option to address land allocation concerns.

3.3. MCDM applications to solve different rural land allocation
problems

3.3.1. Conservation area
Various types of decision-making techniques have been used to

solve land allocation problems with respect to the application of
conservation area (Supplementary material, Appendix A2;
Table S2). In this section, four research papers applying MODM and
two publications using MADM methods to solve conservation area
problems are discussed. Beyer et al. (2016) studied the conservation
status of the Greater Yellowstone Ecosystem (GYE) in Colorado (the
United States) using Simulating Annealing (SA) decision making to
maximize conservation benefits and to identify new site selection
which is not conserved and exposed to degradation. In their pub-
lished research, they used nine quantitative criteria to determine
the optimum conservation area to minimize the potential loss of
irreplaceability and vulnerability of certain species. They proposed
new reserve areas that would increase the conservation capacity of
the Greater Yellowstone Ecosystem.

Mathematical models such as linear programming (LP), mixed-
integer linear programming (MILP) and integer linear program-
ming (ILP) are used to address multi-objective optimization prob-
lems on conservation of areas (Williams& Snyder, 2005; Chaminuka
et al., 2014; Beyer et al., 2016). Mathematical models are highly
recommendable to optimize land use allocation under various
alternative scenarios. Chaminuka et al. (2014) used a mixed-integer
linear model to reconcile land allocation of a competing nature for
agriculture and conservation in the Limpopo basin, South Africa.
They used both socioeconomic and ecological factors as tradeoffs to
propose spatial options for diversification in land use to maximize
total profit. In this study mathematical models are often used to
solve land allocation for a conservation area. However, the choice of
decision methods relies on the nature of the optimization problem,
process time and requirement of the level of certainty in the
outcome (Beyer et al., 2016). For example, Beyer et al. (2016) used an
ILP model and an SA heuristic for the same size and type of opti-
mization problems. They found a processing time of approximately
14 h was required for SA to achieve a solution within 19% of opti-
mality,while ILP achieved solutionswithin 0.5% of optimalitywithin
30 s after linearizing the quadratic objective function. In general,
heuristics like (SA) are conceptually simple and can be applied to
large and non-linear objective functions but unlike ILP, produce
solutions of unknown quality. However, it is possible to know the
quality by calculating lower and upper bounds.

3.3.2. Ecosystem management
Recentlyecosystemmanagementhasdrawntheattentionof land

use planning (Supplementary material, Appendix A2; Table S2). il-
lustrates that four research papers out of six use multi-attribute
decision-making methods (MADM). The studies applied the most
common types of attribute decisionmakingmethods like AHP/rank.
Optimization problems aimed at prioritizing land suitability, iden-
tifying land location and integration have focused to use multi-

attribute decision-making methods, this may be due to the criteria
and variable types used in decision making (Comino et al., 2016;
Odgaard et al., 2017; Langemeyer et al., 2018). More often, spatial
land allocation for ecosystemmanagement uses scored or weighted
qualitative data analysis for selecting the best suitable alternatives
available from the listed rank. As explained by Comino et al. (2016),
multi-attribute evaluationmethods are reasonablywell regarded as
suitable methods to perform useful analyses, because they
adequately provide operational flexibility in the evaluation process
and can conveniently deal with weak and unstructured problems.
One paper uses ameta-heuristic optimizationmethod called GRASP
(Supplementary material, Appendix 1, AS1). The motivation behind
the implementation of the GRASP method to solve environmental
investment problems in the coastal Nambucca Heads catchment in
Australiawas due to the nature of themethod in producingmultiple
solutions along a Pareto front. This allows decision-makers to
consider the trade-offs in benefits between the objectives when
selecting a solution (Higgins et al., 2008). Zhang et al. (2014)
implement a land allocation model like PDSO_LA model (Primary
Development and Secondary Optimization Model for Land Alloca-
tion) to maximize socio-economic development and maximize
ecological stability in Wu'an County, China. They reported that this
model approach can effectively optimize the multi-objective con-
flicting trade-offs existing in ecological stability management.

3.3.3. Protected areas
As can be seen from (Supplementary material, Appendix A2;

Table S2) both MODM and MADM methods are used to optimize
land allocation for protected areas. The AHP decision technique is
frequently applied to address land-use problems (Comino et al.,
2014; Fuller et al., 2006; Geneletti & van Duren, 2008;
Hajehforooshnia et al., 2011; Risti�c et al., 2018). Geneletti and van
Duren (2008) used multi-attribute decision techniques to achieve
the objective of land suitability for zoning of protected land use or
sites in the Paneveggio-pale di San.Marintino Natural Park (Italy).
They suggested such kind of techniques provide easy understand-
ing and visualizing of the process that leads to optimizing the at-
tributes in the zoning of protected areas. In addition, it allows
including stakeholders’ suggestions in further fine-tuning criteria,
scores, and weights as wells as to include extraneous information
that would be relevant for decision making. Optimizations of land
allocation for protected area problems are not exclusively restricted
to multi-attribute decision methods. For instance, a study con-
ducted by Mehri et al. (2014) used a meta-heuristic-simulating
annealing decision technique to prioritize and select candidate
areas for environmental protection in Mazandaran Province, Iran.
The results obtained by simulating annealing algorithm represent
the most plausible results for all parameters compared to other
methods used to identify the best zones for a protection area. In
summary, heuristic algorithms (e.g. SA) are advantageous for
solving combinatorial complex problems because they generate a
range of reasonable near-optimal solutions in less computational
time; other methods fail when the number of candidate sites for
protection is large and provide only a single optimal solution
(Mehri et al., 2014). In this study, they reduced the combinatorial
problem size of land planning units and the maximum iteration is
set manually to get a solution with less computational time.

3.3.4. Ecotourism management
Land allocation for ecotourism development is also one of the

application areas. In this review category, out of four published arti-
cles, three of the studies applied multi-attribute decision analysis,
particularly, AHP decision technique (Supplementary material,
Appendix A2; Table S2). Bunruamkaew and Murayama (2012)
implemented to prioritize suitable areas for ecotourism
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sustainability in Surat Thai province, Thailand. They considered
different conflicting socio-environmental factors (Supplementary
material, Appendix A2; Table S2) and analyzed them by an AHP/pair-
wise comparison method. They generated suitable spatial alterna-
tives for future ecotourismdevelopment. TheMCA_GIS_AHPmethod
is the most appropriate approach for solving spatial ecotourism
problemsbecause suchstudies typically requirequalitative inputdata
that can be easily accessed, further updated and analyzed by spatial
tools. In addition, the method provides a structural basis for exam-
ining decision elements and criteria in a pair-wise comparison tech-
nique. The fourth paper discusses the application of Goal
Programming (Zografos & Oglethorpe, 2004) to address a multi-
objective ecotourism sustainability problem in Ecuador. The goal is
to maximize ecotourism benefits consisting of economic, social, and
environmental aspects. They asserted that Goal Programming (an
MODM method) supports the integration of quantitative and quali-
tative input data to analyze complex conflicting criteria.

3.3.5. Land management
Land management is one of the most studied research topics. In

this section, six out of the 25 reviewed publications implemented
multi-attribute decision making (MADM) methods with the com-
mon elicit method of AHP. Comparatively, the multi-attribute de-
cision method is not as famous as it is in the other parts of land
allocation. Perpi~na et al. (2013) used AHP to determine a suitable
location for a biomass plant in Valencia Spain, considering multiple
socio-economic and environmental factors (environmental: 5,
economic: 6, and social: 2). AHP is the most common technique
exploited for such type of land use problems (Nourqolipour et al.,
2015; Ahmadi Sani et al., 2016; Zhang et al., 2017).

Multi-objective decision-making methods (MODM) have been
used in 19 publications (Supplementary material, Appendix 2
Table S2). Mathematical programming e.g. linear programming
forms (LP, LIP, MLIP, NLIP, LGA) has been frequently applied. NSGA-II
is the second most used heuristic algorithm (Lautenbach et al.,
2013; García et al., 2017; Schwaab et al., 2018) but other heuristic
algorithms like SA, PSO, and GA have been used also (Aerts et al.,
2005; Liu et al., 2013, 2017; Zhang et al., 2016). In this study,
compared to the other application areas, few reviewed articles
incorporated hybrid algorithms to solve multi-objective optimiza-
tion problems (Aerts et al., 2005; Zhang et al., 2016).

3.3.6. Forest management
In the case of forest management, both MADM and MODM

methods are equally applied (Supplementary material, Appendix 2;
Table S2). From the multi-attribute methods, AHP has been mostly
used. On the other hand, from the multi-objective methods, distinc-
tive types of techniques were used (e.g. mathematical programming
(LP, GP), heuristic (SA, GA, and NSGAII). Khadka and Vacik (2012)
examined the community forest management strategies in Nepal.
Theyevaluated andproposed the best alternative forestmanagement
strategies employing the AHP approach considering six important
criteria and forty-four indicators through stakeholders’ participation.
The AHP method was useful in solving decision problems by gener-
ating best management strategies alternatives. They discussed in
their report that, the application of the AHP process is highly exposed
to subjective judgment in setting preference on the importance of
tradeoffs between various alternatives.

Therefore, the AHP approach involved the participation of
stakeholder groups. The optimality of the best solution alternative
is affected by the composition of the stakeholder groups. A similar
conclusion is drawn by Nordstr€om et al. (2011), for an area of the
urban forest in northern Sweden.

Additionally, two other research studies used another type of
multi-attribute decision analysis namely, PROMETHEE and ELECTRE.

Shang et al. (2012) adopted the PROMETHEE decision method, to
select the best forest management alternatives available for the area
of the Mark Twain National Forest, southern Missouri. Destan et al.
(2013) implemented ELECTRE TRI to create an optimum forest stand
map forAsarand theYenice forest area, Turkeybyconsideringvolume
and tree species. They preferred this approach because the outcome
of the optimum solution is not subjective, and the method avoids
classical approaches based on individual experience and intuition.

MCDM applications in forest management are not only
restricted to multi-attribute decision methods. Quite an extensive
set of multi-objective decision tools described in 11 papers such as
LP, GP, GA, SA, and NSGA-II, were used to solve complex forest
management problems. It is clearly noted in this study topic, heu-
ristic algorithms (SA and GA) are frequently applied compared to
other forms of decision techniques. Recently, the number of forest
planning and management problems are increasing, and such
problems are adequately dealt with a heuristic method because of
the extraordinary complexity, non-linearity, and integer nature of
the problems. Korosuo et al. (2014) used SA to evaluate the effect of
different landscape indices on fragmentation in northern Sweden.
Their objective was to answer the forest planning optimization
problem in order to maximize timber production and biodiversity.
Besides, some other studies also employed SA to solve combina-
torial forest planning and management problems (Pukkala &
Heinonen, 2006; Heinonen et al., 2007; Jin et al., 2016).

Recently, SA has been one of the most common successful de-
cision tools for forest management problems involving nonlinear
relationships (Korosuo et al., 2014).

4. Conclusions

This review paper comprehensively examined and described the
updated status of the theory and application of MCDM methods to
address land allocation problems. It gives the trends and distribution
and application of decision techniques to solve complex land alloca-
tion problems. The number of publications has increased from 2000
to 2018.Many publications are originated in Europe andAsia. China is
the most studied country with 7 publications then follow Spain and
Italy each with 6 publications. There is no uniform distribution of
publications across the world. There is a limited publication report
from the southern hemisphere. With regards to criteria dimension
analysis, more than 40 percent of the publications have considered
only the environmental aspect. Less than fifteen percent of the pub-
lications have considered the three combinations of economic, envi-
ronmental, and social aspects. It is recommended that multi-criteria
land allocation practice should address themultidimensional aspects
of land use planning.More than 60% of publications have covered the
MCDM application with reference to agricultural and forest man-
agement problems. 9% of publications have employed multi-criteria
decision-making methods to solve conservation area and ecosystem
management.Only 6%of publicationshave focusedon land allocation
to address ecotourism management. This shows except for agricul-
tural and forest management, less attention has been given to multi-
complex rural land allocation problems.

The selection of the MCDM method for the specific land-use
problem remains a challenging issue. Indeed, this study proposed
a specific decision technique for certain land-use problems. AHP is
proposed for multi-attribute land-use allocation problems related
to ecotourism and ecosystem management that requires ranking,
sorting and assigning alternatives. It is easy, flexible, and relatively
requires less skills. A mathematical programming model like LP is
an ideal technique to solve multi-objective complex agricultural
land-use allocation problems. Linear programming models are
flexible and suitable to handle multiple decision variables, con-
straints, and objectives. The other type of multi-objective decision
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technique suggested is a heuristic algorithm. This method is quite
relevant in solving combinatorial complex optimization problems.
In this case, SA (Simulating Annealing) is a preferred technique for
optimization of forest land-use problems.

In conclusion, land allocation problems are inherently very com-
plex, the approach adopted to solve real-world problems merely us-
inga singledecision isnot sufficient.Werecommendhybridmethods,
they are a preferred option. They enhance achieving maximum effi-
ciency in finding the best feasible solution. In this review study,
research papers on climate-smart land-use planning concepts were
not sufficiently covered. The issue of climate component in land use
optimization trade-offs is important. Further, less attention has been
given to the social criteria component in multi-complex decision
problems. Therefore, further research study should be conducted
towards climate-smart land-use planning. And future research
studies should also emphasize the social criteria in decision problem
analysis. Moreover, the role of soil ecosystem functioning ought to be
studied in the application of rural land allocation.

This study report contains extensive recent data and information
about the application of multi-criteria decision making to solve rural
land allocation problems. It shows the current state of the art of
MCDM in the field of land use planning. The result report can be used
as a guideline for academics, researchers, policymakers, and partic-
ularly to natural resource managers to build and enhance their deci-
sion techniques as a basis for further research and choose appropriate
decision techniques to solve rural land allocation problems.
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a b s t r a c t

Among the models used to assess water erosion, the RUSLE model is commonly used. Policy makers can
act on cover (C-factor) and conservation practice (P-factor) to reduce erosion, with less costly action on
soil surface characteristics. However, the widespread use of vegetation indices such as NDVI does not
allow for a proper assessment of the C-factor in drylands where stones, crusted surfaces and litter
strongly influence soil protection. Two sub-factors of C, canopy cover (CC) and soil cover (SC), can be
assessed from phytoecological measurements that include gravel-pebbles cover, physical mulch, annual
and perennial vegetation. This paper introduces a method to calculate the C-factor from phytoecological
data and, in combination with remote sensing and a geographic information system (GIS), to map it over
large areas. A supervised classification, based on field phytoecological data, is applied to radiometric data
from Landsat-8/OLI satellite images. Then, a C-factor value, whose SC and CC subfactors are directly
derived from the phytoecological measurements, is assigned to each land cover unit. This method and
RUSLE are implemented on a pilot region of 3828 km2 of the Saharan Atlas, composed of rangelands and
steppe formations, and intended to become an observatory. The protective effect against erosion by
gravel-pebbles (50%) is more than twice that of vegetation (23%). The C-factor derived from NDVI (0.67) is
higher and more evenly distributed than that combining these two contributions (0.37 on average).
Finally, priorities are proposed to decision-makers by crossing the synthetic map of erosion sensitivity
and a decision matrix of management priorities.
© 2021 International Research and Training Center on Erosion and Sedimentation, China Water & Power

Press. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Desertification increases when erosion proceeds faster than
pedogenesis, causing severe and widespread degradation
(International Panel on Climate Change, 2019). One third of dryland
soils are moderately to severely degraded (Cabeza, 2016; Pimentel
& Kounang,1998). Circum-Saharan regions are themost threatened
(Roselt/Oss, 2012). In the Mediterranean region, topographic,
hydro-climatic and socio-economic conditions are conducive to

high water erosion (Le Bissonnais et al., 2004; PlanBleu, 2006;
Cherif et al., 2009; Food and Agriculture Organization, 2016). In
recent decades, water erosion has been intensified by population
growth, food production, mining activities (Barbut, 2018; Bayramin
et al., 2008) and other human activities such as floriculture (Ilbert
et al., 2016; Ratsimbazafy et al., 2016).

Among the models used to assess sensitivity to water erosion,
the revised version (R-USLE) of the Universal Soil Loss Equation
(USLE) by Wischmeier and Smith (1978) and Renard et al. (1997) is
commonly used by policy makers and the scientific community
over different climates (e.g. Gaubi et al., 2017; Hu et al., 2019; Laflen
& Flanagan, 2013; Markose & Jayappa, 2016; Touaibia et al., 1999;
Toubal et al., 2018). This multiplicativemodel estimates the average
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annual soil loss rate A (t ha-1 yr-1) from R, the average annual
rainfall erosivity on bare soil (MJmmha-1 h-1 yr-1), K, the erodibility
of bare soil (t ha h MJ-1 mm-1), LS, a topographic factor (dimen-
sionless) e three factors on which human control is extremely
weak e, and C the soil cover and management factor (dimension-
less) and P the conservation practice support factor (dimensionless)
e two factors that authorities can influence to reduce erosion
through appropriate management decision e, by the equation:

A¼R � K � LS � C � P (1)

It is known that erosion is strongly dependent on soil surface
cover in drylands (Armand, 2009; Morsli et al., 2004, 2013; Mtimet
et al., 1987; Rey et al., 2004), and the action on soil surface char-
acteristics (thus modifying C) is much less costly than conservation
practices (P) such as terraces and banks. It is therefore useful to
map the C-factor, not only for the scientific community, but also for
decision-makers who will be able to use it and the erosion
vulnerability map to define priority areas for erosion control.

The C-factor represents the impact of soil management on soil
erosion. In agricultural catchments, it is defined as the ratio of soil
loss due to specific crops to soil loss due to an equivalent bare soil
ploughed. The most accurate estimation of C is based on field
measurements and is feasible at the plot or farm scale, but it is
rarely used over large areas due to its difficulties and cost
(Benavidez et al., 2018; Gonz�alez-Botello & Bullock, 2012; Phinzi &
Ngetar, 2019; Tanyas et al., 2015). Alternatively, estimates of C are
often made from a classified land cover map, possibly supple-
mented by the percentage of vegetation cover, and values based on
tables (see reviews in Benavidez et al., 2018, and Phinzi & Ngetar,
2019). Over large areas, formulas which express C from vegeta-
tion indices such as NDVI (Normalized Difference Vegetation Index)
have been shown to provide reasonable and inexpensive estimates
of C (de Jong et al., 1999; van der Knijff et al., 2000; De Asis &
Omasa, 2007; Gitas et al., 2009; Ma et al., 2010). They also make
it possible to determine infra-annual C factors, which can allow the
analysis of the periods of the year most sensitive to erosion ac-
cording to the evolution of the vegetation cover (Ferreira &
Panagopoulos, 2014). However, the protective effect of vegetation
does not depend only on the vitality and surface cover of vegeta-
tion: mature and senescent vegetation have lower vegetation
indices but protect soils against splash erosion (De Jong, 1994), and
leaf height (or drop interception) plays an important role against
splash erosion that a vegetation index does not incorporate.
Furthermore, in dry areas with low vegetation cover, soil surface
characteristics such as stoniness, crusted surfaces and litter have a
very high impact on soil protection (Poesen & Lavee, 1994; Poesen
et al., 1994; Cerda, 2001; Descroix et al., 2001; Morsli et al. 2004,
2013). Gravel-pebble cover, physical mulch, annual and perennial
vegetation protect the soil from erosion by reducing the kinetic
energy of water runoff, promoting water infiltration, delaying
aggregate destruction and consequently crust formation (De
Figueiredo, 1996; Li, 2003; Roose et al., 2010; Xiaonan, 2016; Tia-
nyang, 2017). In particular, the protective effect of stones placed on
the surface soil against erosion has been shown to be high in dry
parcels (Descroix et al., 2001; Poesen et al., 1994; Poesen & Lavee,
1994; Simanton et al., 1994) but it is difficult to estimate on a
large scale. The values of these different physical (bare soil, bedrock,
gravel, sand, crust) and biological (perennial and annual litter and
vegetation) characteristics at the soil surface are collected during
phytoecological surveys in order to estimate the ecological status of
drylands (Braun-Blanquet, 1932, p. 439; Escadafal, 1992, pp.
105e121). In this framework, this paper presents a method for
using phytoecological data in the estimation of the C-factor and, in
combination with remote sensing, for mapping it over large areas.

In the RUSLE model, the C-factor is calculated by the sub-factor
method which expresses soil loss ratios related to past land use
(PLU), i.e. the effect of residues and cropping practices; canopy
cover (CC); soil cover (SC); soil surface roughness (SR) and soil
moisture (SM) (Wischmeier& Smith,1978; Renard et al., 1991,1997,
2011). While the latter two sub-factors are not accessible by visible
and near-infrared remote sensing, soil cover (SC) and canopy factor
(CC) are, and they can also be derived from phytoecological studies.
In this context, this paper details the formulation of the SC and CC
sub-factors from plant ecology data and introduces a novel super-
vised method to map the C-factor using plant ecology data and a
geographic information system (GIS). First, a supervised classifi-
cation of the study area, based on field phytoecological studies, is
applied to radiometric data from Landsat-8 operational land imager
(OLI) satellite images using a GIS. Then, a C-factor value estimated
by the sub-factor model is assigned to each land cover unit, for
which the SC and CC sub-factors are derived directly from the
phytoecological measurements. This method and the calculation of
soil loss by R-USLE are implemented on a 3828 km2 pilot region of
the Saharan Atlas, composed of rangelands and steppe formations
and intended to become an observatory.

Finally, this paper answers the following three main questions:
(i) How can we benefit from phytoecological data to improve the
estimation of the C-factor and thus the rate of soil loss?; (ii) In a dry
area, what are the protective effects of vegetation and gravels
estimated by the new method, compared to the NDVI-based
method?; (iii) How can the obtained erosion vulnerability map be
used to prioritise units of soil conservation actions in the fight
against desertification?

2. Materials and methods

2.1. Study area

In the Saharan Atlas, the study area is located in central Algeria,
south of the wilaya of Djelfa, between 3�202.6900 and 3�43028.9700

East longitude and 34�33028.7300 and 34�0037,3700 North latitude.
The altitude decreases from north to south from 1481 m to 582 m
(Fig. 1). It belongs to the Chott Melghir catchment area, one of the
largest hydrographic basins in Algeria (Fig. 1) and has an area of
382,883 ha. It straddles three sub-watersheds: Wadi Djedi Fedj,
Wadi Tadmit and Wadi Demmad (Benkhaled, 2011, pp. 287e293).
The latter is the main watercourse of the endorheic hydrographic
network; it receives two main tributaries from north to south:
Wadi Aouat and Wadi Messâad which in turn receives water and
sediment from Wadis Moudjbara, Melagua, Ratef El Baguar and
Mergueb (Fig.1). The study area has the status of a pilot observatory
of the Algerian steppe plains (Nedjraoui & B�edrani, 2008).

The study area is covered by crude minerals (25.94%), alluvial
soils (8.91%), calcimagnesic soils represented mainly by xeric to
calcareous soils (44.0%), sirozems (1.92%) and halomorphic soils
(0.09%).

The general geomorphology of this hilly region encompasses a
series of Cretaceous anticlines and synclines, oriented from
southwest to northeast (Pouget, 1977). Geologically, the relief is
very young. It comprises Cretaceous formations, with hard rocks
protecting soft clay soils (location A on Fig. 1) (Pouget, 1977; Roose
et al., 2010). The mountains consist of sandstone, limestone and
marly limestone, and the foothills form gently sloping accumula-
tion surfaces (Tatar et al., 2012).

The average annual rainfall varies from 221.31 to 139.75 mm
from north to south. The highest rainfall was recorded in 1969 at
Djelfa (548.8 mm), in 1989 at Ain El Ibel (446.3 mm) and in 1972 at
Messâad (315 mm). In recent decades, climatic conditions com-
bined with anthropogenic action have led to a strong degradation
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Fig. 1. Geographical location of the study area (hydrographic network extracted from a 2011 Digital Elevation Model (DEM)) and the hypsometry map (derived from Aster DEM
30m); Photos (A): Cretaceous geological formations (hard rocks protect soft clay soils).

L. Boussadia-Omari, S. Ouillon, A. Hirche et al. International Soil and Water Conservation Research 9 (2021) 502e519

504



of biodiversity and soils (Nedjraoui & B�edrani, 2008; Pouget, 1977;
Salemkour et al., 2016). State improvements in road traffic, feed
subsidies and veterinary care have led to overgrazing (Khaldi, 2014;
Salemkour et al., 2016). Crops, mainly composed of cereals, which
have long remained marginal, are expanding and reducing the area
of transhumant pastures (Bencherif, 2013). The study area has
become agro-pastoral.

With the exception of crops and urban areas, perennial vege-
tation consists of trees, shrubs, bunch grasses, crassulescent and
herbaceous plants. Their leaves and stems reduce the energy of
raindrops and the resulting splash erosion. The annual vegetation is
small (<20 cm), especially in times of drought. It promotes water
infiltration by breaking the soil crust during the germination and
budding period, and by increasing soil porosity during root devel-
opment (Bourges et al., 1984; Gyssels et al., 2005). It also slows
down runoff. Annual plants usually develop from the first rains in
spring and persist until early summer depending on rainfall
(Mtimet et al., 1987), before forming litter that can remain in place
until the following winter.

2.2. Data set

Data required for mapping the water erosion model, their
sources and characteristics (acquisition periods) are given in
Table 1.

2.3. Description of the model

The calculation of erosion at each pixel is based on the rainfall
erosivity R and on the parameters K, LS, C and P which determine
the potential agro-pedo-geomorphological sensitivity to erosion.
Sensitivity classes can be defined for each of them (Le Bissonnais
et al., 2004). The general approach adopted in the present study
is presented in Fig. 2 and detailed below.

2.3.1. The cover and management factor (C)
To estimate the C-factor in different environments (forest, ran-

geland and crops under different bioclimates), it is subdivided into
5 sub-factors, as follows (Wischmeier & Smith, 1978; Renard et al.,
1991, 1997, 2011):

C¼ PLU � CC � SC � SR� SM (2)

Difficult to apply over large areas (Benavidez et al., 2018;
Gonz�alez-Botello & Bullock, 2012), the sub-factor method is rarely
used due to the huge amount of data and the time needed to ac-
quire and analyse them (Phinzi & Ngetar, 2019). However, when a
sub-factor is stable for more than one year, e.g. for forest and
grasslands, it is considered invariant (Galetovic et al., 1998). Sub-
factors that vary are mainly related to cropping areas (Galetovic
et al., 1998; Haan et al., 1994, p. 588). The SR sub-factor provides
information on the saturation rate of the soil horizons, which are
not very conducive to rainwater infiltration; it is reinforced when
the SM sub-factor (in particular the micro-relief) is high due to the
surface retention of water (Escadafal, 1981; Mtimet et al., 1987; Le
Bissonnais et al., 2004). SM and SR, which have not been docu-
mented by phytoecological surveys in the study area nor accessible
by visible satellite imagery, have been assigned a value of 1 by
default e their estimation is beyond the scope of this paper. The
PLU applies only to crops (Renard et al., 1997); in the steppe area
studied, where crops are very much in the minority, the PLU is set
to 1. The sub-factors CC and SC were carefully studied.

Whatever the environmental conditions, the rate of soil loss
varies with the canopy cover (CC). The relationship between soil
loss and vegetation cover follows a linear (Wischmeier & Smith,

1978) or exponential (Gyssels et al., 2005) regression curve. The
interception of raindrops by leaves reduces their energy and limits
water erosion in two ways: it reduces substrate ablation and can
favour the deposition of particles that have been eroded upstream
(Pimentel & Kounang, 1998; Rey et al., 2004; Dur�an Zuazo &
Pleguezuelo, 2008). The higher the vegetation cover, the less pro-
tection it offers, as raindrops recover energy before reaching the
ground (Wischmeier & Smith, 1978; Roose, 1996). We assume, as
Wischmeier and Smith (1978) did, that for plants less than 20 cm in
height, the raindrops energy tends towards 0.

The canopy cover sub-factor CC, which varies between 0 and 1,
depends on both the vegetation cover (or fraction, hereafter noted
FC: proportion of soil occupied by the canopy in spatial projection)
and its height, for species taller than 20 cm, which correspond to
the perennial species at our site. The associated soil loss ratio is
estimated as follows (Renard et al., 2011):

CC¼1� Fc� expð�0:3281:HÞ (3)

where H is the distance of raindrops after hitting the canopy
expressed in m (in the initial formula, H is expressed in feet; a
conversion was made to 1 m ¼ 3.281 feet to express it in SI units).

In dry areas, the soil surface consists of a combination of phys-
ical elements: bare soil, bedrock, gravel/pebbles, sand, litter and
crust. Surfaces other than bare soil and bedrock have an effect on
erosion (Renard et al., 1991), sometimes with opposite effects
(Floret et al., 1989). Sand resulting from wind or water erosion fa-
vours the infiltration of rainwater (Roose et al., 2010). Its clay
content, although low, is more than sufficient to induce soil
crusting at the beginning of the rains (Niang, 2006; Rajot et al.,
2009; Valentin, 1985). However, sand particles can be carried
away by runoff on steep slopes. The amount of litter is proportional
to the CC. In arid areas, litter is negligible, subject to thewind effect,
as it can be trapped by plants in the same way as soil particles,
leaving the rest of the surface bare. In arid environments, gravel/
pebbles (>2 mm in size) are therefore the only physical elements
providing good soil protection. In the RUSLE model, gravel/pebbles
in the soil are included in the estimation of the K factor, while
gravel/pebbles on the surface, which protect against erosion, are
included in the C factor (Brakensiek & Rawls, 1994; Collinet et al.,
2013; Galetovic et al., 1998; Renard et al., 1997; Roose & Sarrailh,
1989). At the surface, they constitute the main protection against
the splash effect of raindrops (L�opez Bermúdez, 1996) and the
entrainment of particles by runoff. The soil loss ratio associated
with the presence of mulch is estimated using the following
equation (Wischmeier & Smith, 1978):

SC¼ e�bM (4)

where M is the percentage land cover and b is a coefficient, which
was 0.025 in USLE and revised to 0.035 in RUSLE (Renard et al.,
1991). The value b ¼ 0.035 was used in this study. Annual species
with a height of less than 20 cm in our site study were considered
as a biological mulch. According to this assumption, their effect on
erosion is not to reduce the energy of the drops (as expressed by eq.
(3)), but to reduce the transport capacity of the runoff water and to
decrease the surface area sensitive to the impact of raindrops
(Renard et al., 1997), in the same way as rocks on the surface.
Therefore, their impact on the C-factor was calculated from their
ground cover by equation (4), in accordance with Renard et al.
(1991) who did not distinguish the respective influence of phys-
ical and biological mulches.

Finally, we expressed soil erosion protection by the product of
three factors: a CC term associated with perennial vegetation (eq.
(3)), a physical mulch SCGP corresponding to gravel/pebbles and a
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biological mulch associated with annual vegetation SCann (eq. (4)),
which gives:

C¼CC � SCann � SCGP (5)

The protection effect associated only with vegetation is given by
CC� SCann.

Values of CC, SCann and SCGP were calculated in two steps. A
phytoecological field survey was carried out to determine the land
cover units (LCUs) present in the steppe areas and to measure their
characteristics: height of dominant plant species, total vegetation
cover, relative surface area of different soil components. The
method is detailed below. This field survey defined 18 LCUs in the
steppe formations and determined their CC, SCann and SCGP values.
By crossing a satellite image with in situ phytoecological data, a
supervised classification was used to draw up a land cover map
(LCM) for the whole study area, including steppe areas, crops and
urban areas. For crops and urban areas, the C-factor was estimated
from typical values used in the literature.

Phytoecological study. In the field, sampling was carried out us-
ing the subjective method, which requires the selection of repre-
sentative and sufficiently homogeneous samples (Gounot, 1969, p.
314). Each phytoecological survey was carried out on a minimum
sampling area of 20 m2 subdivided into 20 contiguous elementary
squares (Fig. 3A). In each square, the coverages of soil surface
characteristics, plant species and global vegetationwere estimated.

The floristic composition was documented by an exhaustive
floristic list with an abundance-dominance coefficient for each
species (1 for 1e10%, 2 for 10e25%, 3 for 25e50%, 4 for 50e75%, 5
for 75e100%), according to Braun-Blanquet (1932, p. 439). The
height of the vegetation strata was measured in each square. The
averages obtained on the different squares provided the plant
species composition (abundance-dominance and height) and the
soil surface characteristics for a sample. The values of CC, SCann and
SCGP were thus determined for each sample. Phytoecological
monitoring was carried out on other representative samples of the
same phytoecological unit. Taking as an example the steppe
dominated by alpha grass (Stipa tenacissima), Juniperus oxycedrus
and Pinus halepensis represented by samples R1, R6, R7 and R10 in
Fig. 3B, the final values of CC, SCann and SCGP associated with this
phytoecological unit are the averages of the sub-factors obtained
from samples R1, R6, R7 and R10.

For the calculation of the CC (eq. (3)) associated with each
sample, which includes several plant species, we propose to
consider as “representative” height of the vegetation the height
weighted by the surface covered by each species, according to:

H¼
Pn

i¼1FCiHiPn
i¼1FCi

(6)

where FCi is the fraction the soil in the spatial projection covered by
the canopy of species i of averaged height Hi. An example is given in

Table 2 for a survey of steppe of Stipa tenacissima, Juniperus oxy-
cedrus and Pinus halepensis, with canopies (and heights) for the
three main species of 25% (0.5 m), 10% (1.2 m) and 5% (2.6 m),
respectively, with a cover of 5% annual species (biological mulch),
and 15% gravel/pebbles (physical mulch).

In this example, the soil protection effect of 40% perennial
vegetation of 0.94 m height and 5% annual vegetation (CC� SCann ¼
0:593) is equivalent to that generated by 15% gravel/pebbles
(SCGP ¼ 0:592Þ. In this unit, the presence of gravel/pebbles reduces
erosion by about 40% compared to the same vegetation cover and
bare soil. The combination of the two reduces erosion by 65%. On
crops, the estimation of the C-factor is rather complex. Its value
varies according to life cycle, phenological stage, density and size of
the species, as well as previous use practices (Goujon, 1968;
Wischmeier & Smith, 1978). The values assigned in our study are
derived from published works: 0.4 to irrigated crops; 0.5 to crops
and fallows on fully eroded soils (Cox & Madramootoo, 1998); and
0.9 to tree crops which are generally open soils (Gaubi et al., 2017;
Zante et al., 2003) and mainly represented by olive trees. In the
Mediterranean region, these plantations are generally grown on
hilly slopes with fragile shallow soils and are subject to high water
erosion (Karydas et al., 2009).

Land cover map. The phytoecological survey, crossed with the
satellite images, generates the LCM. A supervised classification was
carried out using the maximum likelihood algorithm on Landsat-8
raw bands 3, 5 and 7 under ARCGIS 10.2. The choice of bands aims
at an optimal distinction between lithological units (band 7) and
vegetation units (bands 3 and 5). A total of 24 LCUs were defined.
The quality of the classification was assessed by analysing of the
confusion matrix which estimates the user (PU in rows) and pro-
ducer (PP in columns) qualities for each class. Thus, the overall
quality (PG) was the average value of correctly classified pixels
(Girard & Girard, 1999):

PU ¼Xcc

nj
; PP ¼ Xcc

ni
and PG ¼

P
Xcc

N
(7)

where XCC is the number of well ranked pixels on the diagonal of
the confusion matrix; ni and nj are the total numbers of pixels
respectively of user class i and producer class j respectively; N is the
total number of pixels included in the confusion matrix
(N¼ Sni¼ Snj). The Kappa coefficient (k) is evenmore accurate as it
takes into account row and column errors (Congalton, 1991; Girard
& Girard, 1999). We note:

k¼
�
N
X

XCC �
X

ninj
�.�

N2 �
X

ninj
�

(8)

Comparison with the C-factor from NDVI. The formula proposed
by van der Knijff et al. (2000) to calculate C from NDVI was also
applied to the Landsat-8 OLI/TIRS data so as to compare its mean
value, histogram and distribution with those provided by our

Table 1
Observation data set.

Data Type Format Source Description

Rainfall data Table (xls) ANRH Monthly and annual rainfall: 21 climate stations, 1965e2011
Phytoecological and biometric

survey data
Table (xls) Field Survey data 76 surveys between 2010 and 2016

Satellite image Raster (tif) United States Geological Survey (http://
earthexplorer.usgs.gov/)

Operational Land Imager Landsat-8 data, Resolution: 30 � 30 m;
Acquisition date: 2016.

Topographic data (ASTER) Raster (tif) Shuttle Radar Topography Mission, Resolution: 30 � 30m;
Acquisition date: 2011

Soil properties Vector image
(shf) þ Table (xls)

Harmonized World Soil Database (http://
webarchive.iiasa.ac.at)

Harmonized world soil database (version 1.2), 2012
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method. This formula is widely applied in the literature and cited in
reviews (e.g., Benavidez et al., 2018).

2.3.2. Other RUSLE factors
In this study, the erosivity factor (R) was calculated according to

the modified Fournier index (Arnoldus, 1977; after Fournier, 1960),
i.e. the ratio of the sum of the square of the monthly rainfall (Pi) to
the annual rainfall (P). The formula optimised by Rango and
Arnoldus (1987, pp. 1e11), adapted to the Maghreb region (e.g.,
Djoubkala et al., 2018; Gaubi et al., 2017; Markhi et al., 2015; Toumi
et al., 2013), was used. The topographic factor (LS) Results from the

multiplication of the length L and the slope inclination S. To account
for their landscape variability, the formula proposed by Desmet and
Govers (1996), which takes into account the DEM resolution, was
used for L, and the formula of McCool and al (1989, quoted by
Renard et al., 1997). was used for S. The soil erodibility (K) was
extracted from the Harmonized World Soil Database (Food and
Agriculture Organization /IIASA/ISRIC/ISS-CAS/, 2012). The conser-
vation practice factor (P) was assigned to each slope class according
to the method proposed by Wischmeier and Smith (1978) and
adapted by Morgan (2005), frequently used in the literature.

Fig. 2. Flow chart of the methodological approach.

L. Boussadia-Omari, S. Ouillon, A. Hirche et al. International Soil and Water Conservation Research 9 (2021) 502e519

507



3. Results and Discussion

3.1. Land cover map

Landsat-8 OLI images are particularly suitable for land cover
mapping (LCM) of arid and semi-arid areas, and for soil loss
through sheet erosion using GIS. The PG coefficient for the confu-
sion matrix associated with the LCM produced by the supervised
classification (84.4%) indicates that the classification is correct. A
small amount of confusion was observed between the steppe for-
mations; the other units were better classified. The k coefficient of
83.9% confirms this result.

The resulting LCUs are very diverse (Table 3): (1) forests and
matorrals (LCUs 1&2) constitute the last treemassif of the Saharan
border with Pinus halepensis of Senalba Gherbi and Chergui (Guit

et al., 2016). They are threatened by timber exploitation and
dieback; (2) the wooded steppes (LCUs 3 & 4), which are very
degraded, are represented by a facies with Retama retam and
Aristida pengens where psamophytes (Iris sisyrunchium, Fagonia
arabica, Fagonia Kahirina, Shismus barbatus, etc.), and facies with
Stipa tenacissima and Pinus halepensis develop; (3) most of the
traditional rangelands are composed of grassy steppes (LCUs 5 to
9). The facies with Stipa tenacissima, mainly in rocky mountainous
regions, is more widespread (24.4%) than with Lygeum spartum
(8.5%). These perennial tussock grasses contribute to the retention
of soil particles subject to wind erosion and, added to the litter,
constitute a favourable biotope for the development of annual
species (Aidoud-Lounis, 1984; Kadi-Hanifi, 1998). The elongated,
narrow and curled leaves of Stipa tenacissima only spread out in
rainy weather to increase the interception surface of raindrops and

Fig. 3. Sampling plan; A: Sampling grid of contiguous squares used in the semi-quantitative method of vegetation cover quantification by Braun-Blanquet (1932, p. 439); B:
Example of sampling areas (different phytoecological samples) carried out in an area covered by three phytoecological units.

Table 2
Example of calculation of factor C and its sub-factors from a phytoecological study of a steppe formation.

Vegetation facies Species Cover
(%)

Raindrop distance (m) Sub-factor C-factor

Steppe of
Stipa tenacissima,
Juniperus oxycedrus and Pinus halepensis

Perennial Sp1 25 H1 ¼ 0.5 FC ¼ 0.4, H ¼ 0.94 m
CC ¼ 0.706

C ¼ 0.351
(plant only: 0.593)Sp2 10 H2 ¼ 1.2

Sp3 5 H3 ¼ 2.6
Annual 5 0.03 SCann ¼ 0.839
Physical mulch
Gravel/pebbles

15 0.03 SCGP ¼ 0.592
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reduce their kinetic energy, and their rhizome stabilizes the surface
horizons (Kadi-Hanifi, 1998); (4) The Pre-Saharan chamaephytic
steppes (LCUs 10 and 11) are physiognomically dominated by
xerophilous pre-Saharan species based on Hammada scoparia; (5)
The degrading chamaephytic steppes (LCUs 12 to 16) are based on
Astragalus armatus, Cleome arabica and Atractylis serratuloides. The
thorny species Astragalus armatus has no pastoral interest but de-
velops rapidly on the steppe thanks to its ecophysiological perfor-
mances adapted to dry areas (high germination capacity, strong
capacity of its roots to use to the low water content of the soil)
(Chaieb, 1997; Melzi, 1993); (6) the azonal formations include
microdunes and nebkhas (LCU 17), permanently renewed by the
winds, more or less stable and based on Aristida pungens; saline
and gypsum efflorescences (LCU 18), linked to primary salinity (El
Bordj region) or secondary salinity (cultivation areas), based on
Salsola vermiculata; and the flood plains of wadis with conglom-
erates (LCU 19); (7) crops and fallow land (LCUs 20 to 22), floris-
tically rich (Peganum harmala, Onopordum arenarium, Hordeum
murinum, Malva aegyptiaca, Medicago laciniata, Diplotaxis harra,
Reseda phyteuma, Eryngium ilicifolium, Ferula communis, etc.), are
expanding, favoured by the evolution of agricultural policies since
Independence (e.g. the agrarian revolution 1980e1990, the Na-
tional Programme for Agricultural Development NEPAD in 2000,
the National Programme for Agricultural and Rural Development
NPARD in 2002 and the Agricultural and Rural Renewal Policy PRAR
in 2008). These formerly covered 7% of the deep soils of the ter-
races, wadis and dayas (Pouget, 1977) reached 17.8% in 2016,
leading to a shift from a strictly pastoral to an agro-pastoral voca-
tion of the study area; (8) urban infrastructure, roads and
quarries (LCUs 23 & 24).

3.2. Protective effects of vegetation and gravel/pebbles and the
cover and management C-factor

The protective effects of vegetation and gravel/pebbles (Table 3)

and the resulting C-factor for each LCU are plotted in Fig. 4. In
contrast to the protective effect of vegetation, the protection by
gravel/pebbles is very heterogeneous: it is rather weak on the LCUs
surrounded by an oval in Fig. 4, and very strong on the LCUs indi-
cated with arrows. The latter correspond to areas where sand or
crusting dominates.

Knowledge of the sub-factors CC and SC allowed us to analyse
their relative effects against water erosion on the 18 LCUs of non-
cultivated vegetation (Fig. 4). Tall vegetation alone gives an area-
weighted average CC coefficient of 0.85, providing higher erosion
protection than annual vegetation alone (SCann ¼ 0.90). Combining
these two contributions, the vegetation protection rate (CCv) av-
erages 0.77. It is low to very low on 86.4% of the area of the 18 LCUs
of non-cultivated vegetation (Fig. 5). The presence of gravel/pebbles
alone (weighted average SCGP ¼ 0.50) reduces erosion by half
compared to bare soil and, combinedwith the vegetation, Results in
an average protection rate of 0.37. The effectiveness of protection by
surface rock fragments (50% erosion reduction) is more than twice
that of vegetation (which alone reduces erosion by 23%). With an
average protection of 0.37, the uncultivated vegetation areas have a
medium to high protection. The average C-factor is 0.55 on culti-
vated areas (LCUs 20 to 22, Tables 3), and 0.98 on urban areas,
quarries and wadi floodplains (LCUs 19, 23, 24). Overall, consid-
ering the 24 LCUs, the weighted average of the C-factor is 0.42.

Its values encompass 5 protection classes (Figs. 5 and 6A): (1)
very strong protection (C < 0.2) on 36.4% of the total study area, in
the mountains, alluvial fans and dayas region with a lot of gravel/
pebbles between the dayas; (2) strong protection (0.2e0.4) in
irrigated crops and on 16.9% of the area covered by forests,
matorrals and steppes between Kaf Netsila and Kaf Trog, in the Ain
Naga-Selmana region and around Djebel Tafara; (3) medium pro-
tection (0.4e0.6) in the North and North-East on 26.5% of the total
area; and (4 and 5) weak to very weak protection (0.6e1) on 20.2%
of the total area including wadis, urban networks, roads and
quarrying areas.

Table 3
Protection factor for vegetation and gravel/pebbles on the 24 LCUs of the steppe areas.

Land Cover Units Average phytoecological
characteristics

C sub-factors C Factor Area (%) Vegetation Formations

FCper
(%)

Hper (m) Fann
(%)

FGP
(%)

CC SCann SCGP

1 Clear forest of Pinus halepensis 44.0 4.34 7.5 15.0 0.89 0.77 0.60 0.41 0.08 Forest
2 Matorrals 44.0 1.07 11.5 11.5 0.69 0.69 0.67 0.32 0.78 Matorrals
3 Wooded steppe of Stipa tenacissima 35.0 0.85 7.7 12.7 0.73 0.76 0.65 0.37 9.98 Wooded

steppe
(10.72%)

4 Wooded steppe of Retama ratam 16.5 1.26 4.0 32.5 0.89 0.87 0.32 0.25 0.74

5 S. of Stipa tenacissima and Artemisia herba alba 20.0 0.65 4.3 13.3 0.84 0.86 0.64 0.46 7.14 Grassy
steppe
(32.87%)

6 S. of Stipa tenacissima and Atriplex halimus 34.0 0.48 2.0 5.0 0.71 0.93 0.84 0.56 7.12
7 S. of Stipa tenacissima and Astragalus armatus 14.7 0.42 2.0 5.0 0.87 0.93 0.84 0.68 5.01
8 S. of Stipa tenacissima 4.0 0.22 1.0 65.0 0.96 0.97 0.10 0.10 5.14
9 S. of Lygeum spartum 16.5 0.56 2.5 6.0 0.86 0.92 0.81 0.64 8.45
10 S. of Hammada scoparia and Noea mucronata 5.0 0.22 1.0 67.5 0.95 0.97 0.09 0.09 10.05 Pre-Saharan chamaephytic steppe

(15.6%)11 S. of Hammada scoparia and Astragalus armatus 15.0 0.37 1.0 15.0 0.87 0.97 0.59 0.50 5.55
12 S. of Thymelaea microphylla 15.7 0.61 2.7 5.0 0.87 0.91 0.84 0.67 2.05 Degraded

chamaephytic steppe
(18.3%)

13 S. of Astragalus armatus and Stipa tenacissima 7.0 0.48 3.0 45.0 0.94 0.90 0.21 0.18 2.19
14 S. of Astragalus armatus and Stipa parviflora 20.0 0.23 5.0 15.0 0.81 0.84 0.59 0.40 0.66
15 S. of Astragalus armatus and Thymelaea microphylla 14.0 0.27 3.5 52.5 0.87 0.88 0.16 0.12 11.49
16 S. of Cleome arabica 16.5 0.40 3.5 22.5 0.86 0.89 0.47 0.36 1.91
17 Microdunes and nebkas 6.5 0.53 2.0 2.5 0.95 0.93 0.92 0.81 0.51 Azonal formations

(1.88%)18 Saline and gypse efflorescences 16.3 0.25 1.7 9.3 0.85 0.94 0.73 0.58 0.5
19 Floodplains of wadis with conglomerates / / / / / / / 0.95 0.87
20 Arboricultures / / / / / / / 0.9 2.59 Anthropogenic formations (19.78%)
21 Irrigated crops / / / / / / / 0.4 0.7
22 Cultivated areas and fallow land / / / / / / / 0.5 14.54
23 Urban network / / / / / / / 1 0.8
24 Quarry zones / / / / / / / 1 1.15
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Soil protection by perennial species is low (0.85) and evenly
distributed. The coupled protection of perennial and annual species
(CCv ¼ 0.77) remains low due to overgrazing, soil salinisation and
the duration of dry periods. Field measurements have shown that
in absence of overgrazing, after a rainy year, the protective action of
annuals persists in the form of litter until the following winter, in
agreement with the observation of Bourges et al. (1984). The in-
clusion of gravels and pebbles in the calculation of C has a huge

impact on its values and distribution (Fig. 6A). Its mean decreases
from 0.77 to 0.37 over areas of uncultivated vegetation, from low to
a high protection.

The average C-factor calculated using NDVI (0.67) has a value
between these two values, closer to the one considering vegetation
alone (0.77). The histogram of the C-factor calculated from NDVI
shows a peak in the low protection zone (0.6e0.8), as does the C-
factor calculated with the vegetation alone (Fig. 5). The mean value
indicates that the NDVI-derived C-factor incorporates slightly more
than the protective effect of vegetation alone, but its distribution
(Fig. 6B), similar to that of perennial species, does not take into
account the geographical disparities associated with the distribu-
tion of rock fragments on the soil surface.

Finally, in the uncultivated vegetation areas of the steppe region
studied, vegetation reduces erosion by 23% while gravels and
pebbles on the soil surface reduce it by 50%. The impact of gravel/
pebbles on erosion is a research topic in itself (L�opez Bermúdez,
1996; Cerda, 2001; Collinet et al., 2013; Hu et al., 2019; Jomaa
et al., 2012; Panagos, Borrelli, & Meusburger, 2015; Poesen et al.,
1994; Poesen & Lavee, 1994; Rodrigo-Comino et al., 2017; Roose
et al., 2010). It takes two forms depending on whether the gravel/
pebbles are embedded in the soil (affecting the K-factor) or present
on the surface as mulch (affecting the C-factor). While embedded
rock fragments promote runoff, surface stones dissipate drop en-
ergy, reduce water flow velocity, promote infiltration and reduce
erosion. Future studies are encouraged to estimate the erosion
reduction effect of gravels and pebbles in other arid or semi-arid
environments.

Fig. 4. Variation of the C-factor and its sub-factors CC, SCann, SCGP over the 24 Land Cover Units. Over the uncultivated vegetation facies, the arrows and circles indicate a high and
low contribution of gravels and pebbles, respectively.

Fig. 5. Histograms of the C-factor considering protection by vegetation only or by
vegetation and gravel/pebbles, over the 18 LCUs of non-cultivated vegetation. Com-
parison with the histogram of the C-factor derived from NDVI.
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3.3. Other RUSLE factors

The map of annual rainfall erosivity (Fig. 7A) shows a decreasing
distribution from north to south from 35 to 15 MJ mm ha-1 h-1 yr-1.
The weighted average annual erosivity obtained over about half a
century is 26.65 MJ mm ha-1 h-1 yr-1. According to the classification
of Wischmeier et al. (1971), this relatively high value indicates a
high level of erosion on 89% of the total area. The slopes between 2
and 25% are the most extensive and cover 87.53% of the total study
area (Fig. 7B). On these slopes sheet erosion dominates (Roose et al.,
2010).

The spatialization of the LS-factor shows that the relief of the
Saharan atlas is very uneven, which favours runoff when climatic
and soil surface conditions allow it. The study area is divided into
two parts according to soil erodibility, with 87.2% of the soils being
moderately to highly erodible (K ¼ 0.2 t ha h MJ-1 mm-1) and 12.8%
highly erodible (K ¼ 0.34 t ha h MJ-1 mm-1) (Fig. 7C) according to
the classification of Dumas (1965). A survey of the study area on
high-resolution Google Earth satellite images reveals the presence
of soil conservation practices only in the northwestern part of the
study area, at the level of the Djelfa syncline (Fig. 7D). The use of
high-resolution Google Earth images was of great interest to locate
conservation practices (for calibration purposes) and areas affected
by high erosion (for qualitative validation, in addition to field
measurements). In these areas we calculated a protection factor
according to Morgan (2005). For the remaining 96.5% of the study

area, we consider P ¼ 1, in the absence of any specific conservation
practice. The average P-factor for the whole area is 0.98.

3.4. Potential and actual annual soil losses

While the actual soil losses are given by eq. (1) and include all
effects, the potential soil losses are defined as the soil losses that
would occur without any protective effect of vegetation, mulch or
conservation practices (Apot ¼ R � K � LS). The two resulting maps
over the study area (Fig. 8) clearly show the protective effect of
vegetation, gravel/pebbles and, to a lesser extent, conservation
practices: large areas with potential erosion between 5 and 50 t ha-
1 yr-1 (Fig. 8A) have actual erosion below 5 t ha-1 yr-1 (Fig. 8B). These
values lead to weighted averages of potential and actual soil water
erosion of 11.32 and 4.8 t ha-1 yr-1, respectively. They could be
revised upwards if all forms of erosion were taken into account (de
Vente et al., 2013; Touaibia et al., 1999), and when soil surface
roughness and soil moisture are assessed.

3.5. Tolerance of annual soil losses

The results can be interpreted in terms of soil loss tolerance,
which is defined as the maximum erosion without compromising
soil productivity (Roose et al., 2010; Stone & Hilborn, 2000).
Tolerance thresholds range from 2.5 to 12.5 t ha-1 yr-1 depending on
soil thickness (Masson, 1972; Wischmeier & Smith, 1978), rock

Fig. 6. Factor C Map, A: using supervised method and phytoecological dataset; B: using NDVI.
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hardness and climate (Roose, 2010). The threshold values we
considered were defined by Roose et al. (2010) in a wide range
(1e15 t ha-1 yr-1), subdivided into classes and compared with
bioclimatic stages (Table 4). In the study area, which straddles arid
(tolerance threshold 2.5 t ha-1 yr-1) and semi-arid (tolerance
threshold 5 t ha-1 yr-1) areas, we consider an average tolerance
threshold of 3.75 t ha-1 yr-1 to define intervention priorities. The
soil class with an estimated actual erosion between 2.5 and 5 t ha-1

yr-1 corresponds to soils in equilibrium.
Seven vulnerability classes were selected for the soil loss anal-

ysis (Table 5). The negligible or acceptable vulnerability classes
(<5 t ha-1 yr-1) cover 80% of the total area and 36.2% of the soil
losses. They are located in depressions, dayas, wadi flood plains and
old terraces. The remaining 20% of the study area, affected by
moderate to very severe vulnerability, produce 63.8% of the soil
losses by water erosion. They correspond mainly to glacis and
mountainous areas with high block falls, located both to the north
and to the south. Without any protection, the negligible or
acceptable erosion surface would decrease to 49.7%. For compari-
son, the “real” negligible or acceptable soil loss area estimated with
the NDVI-derived C-factor covers 63% of the study area (Table 5).

3.6. First step in validation

In situ measurements are the best validation of soil loss esti-
mates. With few resources, an attempt to quantify them under
simulated rainfall was made on 0.22 m2 plots located in the north,
centre and south of the study area (see locations of experimental
stations in Fig. 9). Erosivity is best assessed under maximum

rainfall intensities (Bidon, 1994, p. 128). The observed maximum
rainfall intensity varied from 75.5 to 141 mm h-1 (corresponding
respectively to duration of 9 min in the south and 5 min in the
centre and north of the study area). They were calculated by Aidi,
Boutoutaou, Saker, Younci, and Zeddouri (2015) for the Djelfa sta-
tion for a return period of 20 years. The soil loss values we obtained
vary from 0.8 to 4.5 t ha-1 yr-1. The protection factor on these plots
was high to very high (varying from 0.06 to 2.9). These Results are
in the range of those obtained by the RUSLE method.

Systematic validation by in situ measurements over all land
cover units in the study area is beyond the scope of this paper but is
strongly encouraged in the future.

Another alternative method e a qualitative method based on
Google Earth imagery e was proposed by Toubal et al. (2018) and
Touahir et al. (2018) and applied in this study. Immediately after
sheet erosion, linear erosion starts along drainage channels of
various aspects and dimensions (rills, gullies) (Roose et al., 2010).
They are therefore a powerful indicator of all erosive phenomena.
As they are present in our study area, and following the method
proposed in the literature, we performed a qualitative validation of
the distribution of erosion in different sub-basins and different
types of vulnerability using high resolution Google Earth images
(Fig. 9). The most severe erosion features revealed on Google Earth
images (Fig. 9 B, C, D, H, I, K, L, M) are mostly in good agreement
with the spatial distribution of erosion (Fig. 8B). Other erosional
features may be explained by processes that were not specifically
included in our method, such as fluvial sediment transport (Fig. 9 E)
or the presence of fossil organic carbon (Fig. 9 J).

Fig. 7. Spatial distributions of the R-USLE model parameters; A: erosivity of annual rainfall (1965e2011); B: topographic factor (2011); C: soil erodibility (1977); D: conservation
practice factor (2016).
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3.7. Comparison with other sites

Rainfall erosivity (15e35 MJ mm ha-1 h-1 yr-1) is within the
range of values observed in the Maghreb (Table 6), rather in the
lower range because rainfall is lower in this region (221 mm yr-1 in
the North, 139 mm yr-1 in the South) than in the coastal areas. The
average erodibility is 0.22 t ha hMJ-1 mm-1. Combined with average
erosivity and low protection, this allows natural soil restoration
only in areas of depression and settling.

Fig. 8. Annual losses due to water erosion (2016); a: potential soil loss; b: actual soil loss.

Table 4
Relationship between soil loss tolerance and bioclimatic stages (after Masson, 1972;
Wischmeier & Smith, 1978; Roose, 2010).

Tolerance
(t ha-1 yr-1)

Soil Bioclimatic stages

Depth depth (cm)

2.5 Thin <30 Arid
5 Medium 30e70 Semi-arid
7.5 Deep 70e120 Subhumid
10e12.5 Very deep >120 Humid-Per humid

Table 5
Classification of vulnerability to water erosion according to soil loss rates.

Potential losses soil Real losses soil (our method) Real losses soil (NDVI)

Class (center)
(t ha-1 yr-1)

Vulnerability
Level

Area
(%)

Soil
losses
(t yr-1)

Soil
losses
(%)

Area
(%)

Soil
losses
(t yr-1)

Soil
losses
(%)

Area
(%)

Soil
losses
(t yr-1)

Soil
losses
(%)

1e2.5 (1.75) Negligible 25.8 173078 3.99 61.7 413598 22.17 35.13 235127 7.93
2.5e5 (3.75) Acceptable 23.9 342343 7.9 18.2 261558 14.02 27.85 399429 13.47
5e7.5 (6.25) Moderate 10.4 249893 5.76 6.3 149717 8.03 9.87 235707 7.95
7.5e10 (8.75) High 10.7 359550 8.29 5.5 184033 9.86 9.91 331492 11.18
10e12.5 (11.25) Very High 5.4 229956 5.31 2.15 92638 4.97 4.22 181345 6.11
12.5e50 (31.25) Severe 22.6 2706327 62.42 5.9 706883 37.89 12.83 1533354 51.70
>50 (60) Very severe 1.2 274321 6.33 0.25 57007 3.06 0.25 49234 1.66
Total soil loss (t yr-1) 4335469 1865434 2965688
Soil loss rate (t ha-1 yr-1) 11.32 4.87 7.75
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Fig. 9. Types of water erosion in the study area, shown on Google-earth; (a): river dynamics; (b), (c), (k), (l) and (m): gully, rill and micro-channel erosion; (d), (f) and (k): sheet
erosion; (e) and (i): mudflows; (g): hydro-eolian depression, prone to flooding and braided stream; (h) and (j): hotspots for sediment and fossil organic carbon release. Background
map: altitude (m).
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3.8. Identification of priority critical areas

Today, institutions and decision-makers involved in environ-
mental protection are asking to map the levels of sensitivity and
risk of a territory to erosion, rather than its absolute values
(Derungs, 2018; Touahir et al., 2018). The identification of critical
erosion areas is essential for planning conservation and erosion
control actions (da Silva et al., 2012; Markose & Jayappa, 2016;
Toubal et al., 2018). It is therefore necessary to classify and prioritise
sub-watersheds of the study area.

In the study area, 25 sub-catchments were delineated, named
and prioritised, determined by a decision matrix combining the
estimated soil losses by water erosion and the nature of their relief
(Table 7, Fig. 10). The method used is described in detail by Dubreuil
and Guiscafre (1971) and Toubal et al. (2018). The average soil loss
on the sub-basins varies from 2.29 to 7.76 t ha yr-1 (negligible to
high), on fairly low to fairly high relief (Table 7). The ranking
identified four priority classes for intervention in the study area:

not urgent, low, moderate and high (Table 8).
The absence of very high priority areas (as defined in Table 8) is

mainly due to the soil protection by rock fragments. Immediate
priority action is suggested for 6.46% of the study area (sub-basins
6, 20, 17 and 19) and moderate priority for 35.96% of the area (sub-
basins 5, 24, 16, 18, 8, 25 and 3), due to their medium to fairly high
relief, and tolerable to high soil losses. Areas of medium to severe
vulnerability to water erosion are mainly glacis and mountainous
areas with high block falls, located both in the north and in the
south (Fig. 9 C, D, I, K, L and M). The highest priorities are hot spots
for sediment and fossil organic carbon release (Fig. 9 H and J).
Moderate priority areas are more heavily concentrated in the cen-
tral and the north-eastern regions (Fig. 10). In the study area,
although largely mitigated by the presence of rock fragments,
actual soil losses exceed the tolerable limit for maintaining the soil
in its current state in some sub-basins.

Management must minimize soil degradation, beyond the level
of neutrality, for sustainable development of drylands (Barbut,

Table 6
Parameters values of the RUSLE model factors in arid and semi-arid zones from the literature.

Reference Country R K LS C P A (t ha-1 yr-1)

Min Max Min Max Min Max Min Max Min Max Min Max Mean

Farhan & Nawaiseh, 20151 Jordan 0 250 0 0.4 0 360 0.15 0.2 0.1 0.9 0 790 64
Abdo & Salloum 20172 Syria 4.5 42 0.22 0.28 0 51.3 0.36 1 1 1 0 109 27.3
Gaubi et al. 20173 Tunisia 73 96 0 0.09 1 >150 0 1 1 1 0 >150 24
Markhi et al. 20153 Morocco 41 57 0.24 0.86 0 >30 0 1 0.5 1 7 1221 115
Toubal et al. 20184 Algeria 324 536 0.34 0.34 0 19.5 0.002 1 0.6 1 0 255 16.7
Toumi et al. 20133 Algeria <20 70 / / 0 55 0.033 1 1 1 0 1500 /
Djoukbala et al. 20183 Algeria 45 69 0.014 0.022 0 22.3 0.18 0.9 1 1 0 17 5.7
This study3 Algeria 15 35 0.2 0.34 0.03 >12 0.03 1 0.5 1 0 >100 4.9

i indicates the model used to estimate the R factor: (1) Eltaif et al. (2010), (2) Wischmeier and Smith (1978), (3) Rango and Arnoldus (1987), (4) Diodato and Ceccarelli (2004)
and Diodato (2005).
Over the whole semi-arid to arid study area, the weighted average value of soil loss (4.87 t ha-1 yr-1) is in agreement with the Results obtained in the literature in a similar
environment and climate (Table 6). The averaged value obtained using the NDVI-derived C-factor (7.75 t ha-1 yr-1, see Table 5) is also in agreement with the values given in the
literature, since most applications of RUSLE so far have used NDVI in the Maghreb (e.g., Djoukbala et al., 2018; Markhi et al., 2015; Toubal et al., 2018). In semi-arid regions of
theMiddle East andMaghreb, soil losses only exceptionally exceed 30 t ha-1 yr-1. The average value over the study area is also very close to the global mean value (estimated at
5.07 t ha-1 yr-1 based on erosion of 75 � 109 t yr-1).

Table 7
Characteristics of sub-basins by priority of intervention.

SB
#

Name of the sub-basin SHD
(m)

Relief type Amean

(t ha-1 yr-1)
Soil loss classes Area % Priority

6 Moudjbara river 133.1 Fairly high 7.76 High 2.28 High
20 Djebel Seba El Hadid-2 104.4 Fairly high 7.56 High 1.53 High
17 Djebel Boukahil-West 135.9 Fairly high 6.53 Moderate 0.75 High
19 Djebel Seba El Hadid-1 69.80 Moderate 7.53 High 1.90 High
5 Zekkar 96.84 Moderate 7.35 Moderate 2.68 Moderate
24 Demmed river 81.27 Moderate 6.61 High 2.80 Moderate
16 Djebel Boukahil-East 91.87 Moderate 5.55 Moderate 1.16 Moderate
18 El Bordj 136.7 Fairly high 4.48 Tolerable 7.78 Moderate
8 Mokta El Hasbaia 101.2 Fairly high 4.38 Tolerable 4.65 Moderate
25 Region of dayas 106.5 Fairly high 4.1 Tolerable 5.96 Moderate
3 Djebel Djellal El Gharbi-1 123.4 Fairly high 3.49 Tolerable 9.47 Moderate
21 Southern Kef Trog 74.47 Moderate 4.48 Tolerable 2.11 Low
15 El Kharza river 85.67 Moderate 4.32 Tolerable 2.81 Low
7 Ain Naga 60.45 Moderate 4.21 Tolerable 3.61 Low
4 Djebel Djellal El Gharbi-1 88.38 Moderate 4.2 Tolerable 5.61 Low
12 Messâad 36.42 Fairly low 4.14 Tolerable 3.08 Low
2 Djebel Djellal El Chergui 82.28 Moderate 3.95 Tolerable 2.80 Low
13 Atef El Begar river 42.48 Fairly low 3.69 Tolerable 4.89 Low
14 Dalet Bel Aroug 89.00 Moderate 3.82 Tolerable 8.50 Low
23 Djebel hasbaia 76.44 Moderate 2.97 Tolerable 1.95 Low
11 Northern Kef Trog 33.03 Fairly low 2.9 Tolerable 2.67 Low
9 Daiet Meguied 70.34 Moderate 2.89 Tolerable 7.48 Low
1 Synclinal of Djelfa 71.31 Moderate 2.46 Negligible 5.21 Not urgent
22 Kef Netsila 31.66 Fairly low 2.32 Negligible 1.08 Not urgent
10 Sidi Makhlouf 67.12 Moderate 2.29 Negligible 7.21 Not urgent

SB #: Sub-basin number; SHD: Specific height difference
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2018). Three means can contribute to reduce soil erosion: (1) pro-
motion of ecosystem restoration and rehabilitation through con-
tour farming, installation of terraces, gabions and stone barriers
using local materials and other anti-erosion practices adapted to
steppe rangelands and taking into account the biotic efficiency of
species, such as agroforestry, with a preference for legumes. Man-
agement issues can be considered and tested with care to stabilise
the soil by adding rock fragments locally, as has been tried in China
(with a gravel-sand cover on the loess plateau: Li, 2003); (2) pro-
hibition of dangerous cultivation practices; (3) promotion of the
Saharan Atlas as a natural barrier to fight desertification and as a
refuge for endemic and/or threatened species.

Fig. 10. Synthesis map of intervention priorities and erosion sensitivity for 25 sub-basins in study area.

Table 8
Decision matrix of intervention priority.

A (t ha-1 yr-1) Relief characteristics

Very low Low Rather low Moderate Rather high

<10m 10e25m 25e50m 50e100m 100e250m

1e2.5 Not urgent Not urgent Not urgent Not urgent Low
2.5e5 Low Low Low Low Moderate
5e7.5 Low Low Moderate Moderate High
7.5e10 Moderate Moderate Moderate High High
10e12.5 Moderate Moderate High High Urgent
12.5e50 High High High Urgent Urgent
>50 Urgent Urgent Urgent Urgent Urgent
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3.9. Future development of the methodology

Although the estimated soil losses are based on phytoecological
data from a single period (March 2016) and may vary from year to
year (dry vs. wet years) and between seasons, the mapping should
not be significantly affected by these variations at this site where
most annual species do not exceed 20 cm in height and are
considered a biological mulch. Further work can be undertaken
based on field studies to determine more precisely the vegetation
height threshold to be considered in the model between canopy
and mulch, and, possibly to test alternative formulations that allow
combining plant species of different heights in the same space (eq.
(6)).

More accurate estimates of soil losses due to water erosion in
arid and semi-arid areas could be obtained by studying the
particular effects of Mediterranean ecosystems and their func-
tioning on the soil surface. In the future, other applications can be
envisaged with the growing dataset available, such as studying the
relationship between soil parameters measured during phytoeco-
logical surveys and other parameters such as the soil slope (e.g.,
Simanton et al., 1994).

4. Conclusion

This study allowed the quantitative assessment of the C-factor,
by a new method involving phytoecological measurements (sur-
veys), and the mapping of soil loss by sheet erosion, an indicator of
desertification. The precise knowledge of the field has made it
possible to carry out a supervised classification and to highlight the
importance of protection by vegetation and mulch in these areas at
risk of desertification. The phytoecological data made it possible to
differentiate the three-dimensional effects of vegetation (height
and cover) over the non-cultivated Land Cover Units which have a
major impact on the splash effect, where an approach based solely
on NDVI only considers vegetation cover. In addition, they allowed
to quantify and highlight the protective role of rock fragments on
the soil surface. In the uncultivated vegetation areas of the steppe
region studied, vegetation reduces erosion by 23%, while rock
fragments at the soil surface reduce it by 50%. The C-factor derived
from the NDVI (0.67) is higher and better distributed than the one
combining these two contributions (0.37 in average). Moreover, the
product of this method can directly be used by decision-makers to
prioritise areas for erosion control. The final product of this work is
a zoning of vulnerability to water erosion, to support decision
making formanagement, monitoring and regular long-term follow-
up of ecosystems.

In his review of soil erosion research needs, Poesen (2018)
highlighted the scaling of soil erosion processes and rates in
space and time, as well as innovative strategies to reduce erosion
rates. The combination of plant ecology data and remote sensing
data is an alternative balance between more accurate, but time-
consuming, field surveys and some loss of accuracy associated
with the use of remote sensing methods.

Gravel-pebbles are widespread in arid and semi-arid areas, and
most published studies have dealt with their impact on erosion at
the parcel scale. The method introduced in this paper allows to
extend the analysis to large basins. To our knowledge, the proposed
method provides the first estimate of the protective effects of rock
fragments against sheet erosion over a large area (>3000 km2).

Acknowledgement

The field campaigns were funded by the University of Science
and Technology Houari Boumediene (USTHB); the study was also
supported by the French Institut de Recherche pour le

D�eveloppement (IRD).

References

Abdo, H., & Salloum, J. (2017). Mapping the soil loss in Marqya basin: Syria using
RUSLE model in GIS and RS techniques. Environmental Earth Sciences, 76(3).
https://doi.org/10.1007/s12665-017-6424-0, 0e10.

Aidi, K., Boutoutaou, D., Saker, M. L., Younci, D., & Zeddouri, A. (2015). Aperçu sur les
intensit�es pluviales dans la region de Zahrez (Sud Alg�erien). 3�eme Colloque Inter-
national Sur La G�eologie Du Sahara, 205e212. Available at https://dspace.univ-
ouargla.dz/jspui/bitstream/123456789/11032/1/DJAMEL BOUTOUTAOU.pdf.

Aidoud-Lounis, F. (1984). Contribution �a la connaissance des groupements �a Sparte
(Lygeum spartum L.) des hauts plateaux Sud-Oranais, �etude phyto�ecologique et
syntaxonomique. Alger, Algeria: Universit�e des Sciences et de la Technologie
Houari Boumedi�ene.

Armand, R. (2009). �Etude des �etats de surface du sol et de leur dynamique pour
diff�erentes pratiques de travail du sol. Mise au point d’un indicateur de ruisselle-
ment, PhD thesis, Universit�e de Strasbourg. Available at https://tel.archives-
ouvertes.fr/tel-00461222/document.

Arnoldus, H. M. J. (1977). Methodology used to determine the maximum average
soil loss due to sheet and rill erosion in Morocco. Assessing Soil Degradation, FAO
Soils Bulletin, 34, 39e48.

Barbut, M. (2018). La r�ehabilitation des terres d�egrad�ees dans les zones s�eches.
Annales Des Mines, S�er. Responsabilit�e & Environnement, 91, 51e55. Available at
http://www.annales.org/re/2018/re91/2018-07-12.pdf.

Bayramin, I., Basaran, M., Erpul, G., & Canga, M. R. (2008). Assessing the effects of
land use changes on soil sensitivity to erosion in a highland ecosystem of semi-
arid Turkey. Environmental Monitoring and Assessment, 140, 249e265. https://
doi.org/10.1007/s10661-007-9864-2

Benavidez, R., Jackson, B., Maxwell, D., & Norton, K. (2018). A review of the (revised)
universal soil loss equation ((R)USLE): With a view to increasing its global
applicability and improving soil loss estimates. Hydrology and Earth System
Sciences, 22, 6059e6086. https://doi.org/10.5194/hess-22-6059-2018

Bencherif, S. (2013). L’�elevage agropastoral de la steppe Alg�erienne dans la tour-
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a b s t r a c t

This research aims to improve erosion control practice in the Loess Plateau, by studying the surface
erosion processes, including splash, sheet/interrill and rill erosion in four contrasting soils under high
rainfall intensity (120 mm h�1) with three-scale indoor artificial experiments. Four contrasting soils as
sandy loam, sandy clay loam, clay loam and loamy clay were collected from different parts of the Loess
Plateau. The results showed that sediment load was significantly impacted by soil properties in all three
sub-processes. Splash rate (4.0e21.6 g m�2∙min�1) was highest in sandy loam from the north part of the
Loess Plateau and showed a negative power relation with the mean weight diameter of aggregates after
20 min of rainfall duration. The average sediment load by sheet/interrill erosion (6.94
e42.86 g m�2∙min�1) was highest in clay loam from middle part of the Loess Plateau, and the stable
sediment load after 20 min showed a positive power relation with the silt content in soil. The average
sediment load increased dramatically by rill and interrill erosion (21.03e432.16 g m�2∙min�1), which
was highest in loamy clay from south part of the Loess Plateau. The average sediment load after the
occurrence of rill showed a positive power relation with clay content and a negative power relation with
soil organic matter content. The impacts of slope gradient on the runoff rate and sediment load also
changed with soil properties. The critical factors varied for different processes, which were the aggregate
size for splash erosion, the content of silt particles and slope gradient for sheet/interrill erosion, and the
content of clay particles, soil organic matter and slope gradient for rill erosion. Based on the results of the
experiments, specific erosion control practices were proposed by targeting certain erosion processes in
areas with different soil texture and different distribution of slope gradient. The findings from this study
should support the improvement of erosion prediction and cropland management in different regions of
the Loess Plateau.
© 2021 International Research and Training Center on Erosion and Sedimentation, China Water & Power

Press. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Many investigations have focused on erosion processes on
hillslope cropland, due to their significant impacts on soil produc-
tivity of cropland and potential harmful off-site impacts on water
quality downstream (Berger et al., 2010; He et al., 2016; Krasa et al.,
2019; Zhou et al., 2019).Surface erosion processes by water on

hillslope cropland can be categorized into three sub-processes as
splash, sheet/interrill and rill erosion (Auerswald et al., 2009;
Kinnell, 2005; Parts et al., 2019).Splash erosion process involves the
detachment and subsequent splash transport of soil particles
(Angulo-Martínez et al., 2012; Fern�andez-Raga et al., 2017; Kinnell,
2005).The dominating process of sheet/interrill erosion is sediment
detachment caused by raindrop impact and sediment trans-
portation by thin overland flow (Angulo-Martínez et al., 2012;
Kinnell, 2006). Rill erosion begins when concentrated flow occurs
under certain hydraulic conditions with more energy for entrain-
ment and transport of eroded sediments (Bryan, 2000; Di Stefano
et al., 2017).

* Corresponding author. Key Laboratory of Water Cycle and Related Land Surface
Processes, Institute of Geographic Sciences and Natural Resources Research, Chi-
nese Academy of Sciences, Beijing 100101, China.

E-mail address: sunliying@igsnrr.ac.cn (L. Sun).

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.2021.06.008
2095-6339/© 2021 International Research and Training Center on Erosion and Sedimentation, China Water & Power Press. Publishing services by Elsevier B.V. on behalf of
KeAi Communications Co. Ltd. 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 9 (2021) 520e531



Soil erosion is directly derived from the intricate interactions
between soil, raindrop and runoff, thus soil properties significantly
affect sediment transportation under raindrop detachment and
runoff scouring (Bryan, 2000; Del Barrio et al., 2017; Ouyang et al.,
2018; Romero et al., 2007). Soil erodibility, the susceptibility of soil
to erosion agents, is closely related to soil physical, chemical and
biological properties (Bryan, 2000; Mahalder et al., 2017).Particle
size directly influenced splash erosion in many ways (Angulo-
Martínez et al., 2012; Saedi et al., 2016; Cheng et al., 2008;
Fern�andez-Raga et al., 2017; Fu et al., 2017). Saediet al. (2016)
indicated that the increase of fine silt content increased splash
erosion due to its high detachability, but it decreased splash erosion
when formed a surface crust. They also explicated the strong
negative effects of mean weight diameter on splash erosion, and
the indirect effects of organic matter content on splash erosion
through its influences on mean weight diameter. Cheng et al.
(2008) indicated that the maximum splash erosion occurred in
soils with the highest content of sand, and the minimum splash
erosion may be related to soils with the highest aggregate content,
aggregate stability and organic content. Small particles are reported
to be more susceptive to runoff than large particles, because they
differed in inertia force and drag force (Nguyen et al., 2016).Seal
development had both significant positive and negative impacts on
sheet erosion through changing the soil shear strength and runoff
(Levy et al., 1994).The transportation of sediment is also influenced
by the primary particle size composition (Shi et al., 2012). Koiter
et al. (2017) indicated that particles of silt and very fine sand
could contribute to sheet erosion as they were hard to aggregate
and thus were prone to be transported by overland flow. Rill
development sharply increased soil loss, and denser rill networks
were observed in soils with higher clay content (Fang et al., 2014).
Rill resistance was determined by rill erodibility and critical shear
stress, both of which were influenced by soil properties, including
soil texture, soil cohesion, soil organic matter and water stable
aggregate (Geng et al., 2017). Rill erodibility and soil detachment
capacity were negatively affected by soil cohension and aggregate
stability, which showed strong positive effects on critical shear
stress (Geng et al., 2015). Geng et al. (2015) also indicated opposite
effects of silt content on soil detachment capacity and critical shear
stress. Meanwhile, sand content showed the opposite effects on rill
erodibility and critical shear strength (Geng et al., 2017).Clay con-
tent was observed to show negative impact on soil detachment
capacity and rill erodibility (Knapenet al., 2007; Geng et al., 2015).
The eroded sediment is enriched in clay and silt-sized particles
relative to the original soil at the beginning of the erosion event,
then becomes coarser progressively, and turns to be similar with
the particle composition of the original soil at the end of rill erosion
(Asadi et al., 2011). Interrill erosion shows different size selective
with rill erosion, depending on the sediment particle transport
capacity by runoff flows (Romero et al., 2007; Shi et al., 2012).The
soil chemical properties e.g. soil oxides, may alter soil tightness and
detachment rates by closely linking to inter-particle forces of
cohesive properties (Mahalder et al., 2017; Sun et al., 2013). Several
indices have been used to quantify the soil erodibility (Bryan, 2000;
Le Bissonnaiset al., 2005; Romero et al., 2007),however, there is yet
no thorough understanding of this phenomenon due to its
complexity (Del Barrio et al., 2017).

Surface erosion processes were also impacted by other factors,
such as rainfall intensity and slope gradient. Runoff and sediment
load were analyzed to be positively correlated with rainfall in-
tensity and slope gradient from both indoor and field experiments
(El Kateb et al., 2013; Nord & Esteves, 2010; Deng et al., 2020). Wu,
Peng, et al. (2018) observed high erosion sensitivity with the in-
crease of rainfall intensity and slope gradient on loess slopes.
Furrow diking dams showed a higher probability to be damaged or

collapsed under a higher rainfall intensity with steeper slope
gradient (Liu et al., 2019).Similarly, Assouline and Ben-Hur (2006)
indicated the fluctuations of sediment concentration with the in-
crease of slope gradient on the dynamics of interrill erosion with
soil surface sealing. Kinnell (2000) reported that sediment con-
centration increasedwith slope gradient in slopes steeper than 10%.
In contrast, Chaplot and Le Bissonnais (2003) suggested no signif-
icant correlation between sediment concentration and slope
gradient. The brief review therefore suggested that the results from
the slope gradient effects on soil erosion are inconsistent in the
recent studies.

The Loess Plateau is the key agricultural area in northwest China
and well known for suffering from the most serious soil erosion for
decades (Zhaoet al., 2013). At the same time, soils have shown
strong zonal distribution characteristics in soil texture with the
increase of coarse sand particles from south to north of the Loess
Plateau (Li et al., 1985, 2017; Liu et al., 1981; Zhao et al.,
2016).Despite great research efforts on the Loess Plateau (He
et al., 2016; Shen et al., 2016; Shi et al., 2012; Wang et al.,
2020),the causes of significant responses of surface erosion pro-
cesses to soil particle composition changing from north to south of
the Loess Plateau are still unclear. Most of the previous studies
focused on the experimental mechanism analysis and model
simulation of single process as splash erosion, sheet erosion or rill
erosion separately. This study was to explore the variations of three
sub-surface erosion processes (splash, sheet and rill erosion) on
four types of soil in an integrated approach, under simulated high
rainfall intensity with different slope gradients. The effects of the
slope gradient on sub-processes of surface erosion were compared
among four soils, in order to unravel the critical factors controlling
the sub-processes of the surface erosion.

The artificial rainfall experiments were controlled in three
scales, using modified Morgan trays, movable steel boxes
(1m� 0.5m� 0.5m) andmovable steel boxes (5m� 1m� 0.5m).
For the scale of modified Morgan tray, splash erosion was the
dominant erosion pattern. For the scale of movable steel boxes
(1 m � 0.5 m � 0.5 m), although splash erosion happened, sheet/
interrill erosion dominated the erosion processes. For the scale of
movable steel boxes (5 m � 1 m � 0.5 m), although splash erosion
and sheet/interrill erosion contributed to soil loss, rill erosion
dominated the erosion processes after the formation of rills. Four
types of soil were collected for the laboratory experiments with an
increasing trend in clay and soil organic matter content and a
decreasing trend in sand content from the north to south of the
Loess Plateau. The differences in sediment load among four types of
soil in three scales were compared, instead of comparing the
sediment load in three scales on the same soil. Moreover, the
critical factors of surface erosion processes in high rainfall intensity
were discussed with suggestions for improving erosion control
practices on hillslope cropland.

2. Materials and methods

2.1. Soil sampling

Four types of soil were collected based on the unique spatial
distribution of soil texture from the north to south of the Loess
Plateau (Li et al., 1985, Fig. 1). These four soil types are:(i) soil
collected from Suide County (37�310 N, 110�160 E), belonging to
Sandy loam belt in the Loess Plateau; (ii) soil collected from Ansai
County (36�580 N, 109�200 E), belonging to Sandy clay loam belt in
the Loess Plateau; (iii) soil from Changwu County (35�120 N,107�470

E), belonging to Clay loam belt; and (iv) soil from Yangling County
(34�160 N, 108�40 E), belonging to Loamy clay belt in the Loess
Plateau (Fig. 1). All soil samples were collected from farming land
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up to a depth of 20 cm (Wang & Shi, 2015).The fundamental
properties of the experimental soils are listed in Table 1.

2.2. Indoor rainfall simulation experiments

The indoor rainfall simulation experiments were conducted
under controlled conditions in three scales, using modified Morgan
trays, movable steel boxes (1 m� 0.5 m� 0.5 m) and movable steel
boxes (5m� 1m� 0.5m) to simulate splash erosion, sheet/interrill
erosion and rill erosion, separately, with four types of soil. All
rainfall experiments were carried out in the State Key Laboratory of
Soil Erosion and Dry Land Farming on the Loess Plateau, located in
Yangling, Shaanxi Province, China. Artificial rainfall experiments
were carried out using the Tap water (conductivity at 0.7 dSm�1).
The down-flow rainfall simulation system was used for all experi-
ments, covering 27m� 18m areawith the height at 18 m to ensure
all raindrops reach their final velocities (He et al., 2014).

2.2.1. The setting of rainfall intensity
The artificial rainfall intensity was set at 120 mm h�1 for all

experiments, which relates to the extreme rainfall events that are
highly concerned on the Loess Plateau in recent years, mainly due
to global warming (Sun et al., 2016). The damages caused by
extreme rainfall events are rising seriously in the Loess Plateau
because of the rapid economic development in the past decades,
such as the huge losses by the heavy rainfall event in Wuding River
Basin of the Loess Plateau on 25e26 July 2017 (Wang et al., 2019).
The precipitation intensity showed a significant upward trend and
was recorded to be more than 120 mm h�1 in several sites of the
Loess Plateau (Zhang, 1983; Li et al., 2020). Thus, this study focused
on surface erosion processes response to soil properties in rainfall
intensity of 120 mm h�1.The rainfall dynamics were automatically
measured by the specific electronic control system. Before the ex-
periments, the homogeneity of the artificial rainfall distribution
was calibrated to ensure the uniformity of rainfall intensity
(ku) > 90%, which is calculated by Eq. (1) (He et al., 2014),

ku ¼1�
Xn

i¼1

�
�xi � x

�
�

nx
(1)

Where ku is the uniformity of rainfall intensity, xi is the rainfall

intensity at a given point, x is the mean rainfall intensity of all
monitoring points, and n is the number of monitoring points. All
soils were firstly air dried to stable moisture content at approxi-
mately 10% as natural conditions, and then passed through a
10.0 mm sieve (Li et al., 2016; Xu et al., 2017).

2.2.2. Splash erosion
The modified Morgan trays (Fern�andez-Raga et al., 2017) were

used for splash erosion experiments, which were made of tinplate,
with a diameter of 30 cm and height of 10 cm (Fig. 2(a)). Before the
artificial rainfall experiments, soil was loaded in the soil plate with
permeable fine gauze at the bottom. The dried and sieved soil was
weighted to control the soil bulk density at 1.13 gcm�3 for sandy
loam, sandy clay loam, loamy clay and 1.25 gcm�3 for clay loam,
which are almost the same as those observed in the farmland of
natural slopes. Rainfall duration was set at 5, 10, 15, 20, 30, 40 and
50min, respectively. The experiments on splash erosion were
repeated 8 times. The splashed sediment was collected, dried in
oven (105 �C) and weighed.

2.2.3. Sheet/interrill erosionon1-m slope
Movable steel boxes (1 m � 0.5 m � 0.5 m) were used for the

sheet/interrill erosion experiments (Fig. 2(b)). The slope length was
set to be 1-m to ensure no rill knickpoints and no rills during the
experiments. Slope gradient varied at 10�, 15�, 20� and 25�. Coarse
sandwas packed into the first 10-cm in the bottom of the box. Then,
the dried and sieved soil was weighed and packed into the steel box
by six times with 5-cm thick each time. The soil bulk density was
set the same as splash erosion for four types of soil. The permeable
fine gauzewas used to separate the coarse sand and the packed soil.
The artificial rainfall duration was controlled at 45 min. Runoff
samples were collected at1 min interval within the first 10 min and
then at 2 min interval after that. Sediment concentrations were
measured using oven-drying (105 �C) method after the deposition
of the runoff samples. Sheet/interrill erosion experiments were
repeated 2 times, however, the experiments of sandy loam soil
were not successful due to the collapse during the artificial rainfall
processes.

2.2. 4Rill and interrillerosionon5-m slope
Movable steel boxes (5 m � 1 m � 0.5 m) were used for the rill

and interrill erosion experiments (Fig. 2(c)). The soil filling process,
soil bulk density and slope gradient were set the same as the sheet/
interill erosion experiments. Runoff and sediment samples were
collected at 1 min interval for the whole processes. Two video
cameras were used to record the laboratory experiments. Thus, rill
evolution was explicitly observed. These experiments were
repeated 2 times. The experiments of sandy clay loam and loamy
clay on 25� slope were not successful due to the collapse during the
artificial rainfall processes.

2.3. Data analyses

Analysis of variance (ANOVA) was conducted using SPSS soft-
ware (version 22.0) to examine significant differences of different
variables during the erosion experiments, such as sediment load,
runoff amount, runoff rate and soil loss. The method of the least
significant difference (LSD) procedure was used for the multiple
comparisons at 95% confidence level, and the independent samples
T-test was used for two-group comparison. Regression analysis and
correlation analysis were conducted using Stata software (version
15.1).Fig. 1. Soil sampling sites and soil distribution in Loess Plateau of China.

L. Sun, J.L. Zhou, Q. Cai et al. International Soil and Water Conservation Research 9 (2021) 520e531

522



2.4. Cropland slope gradient distribution

According to Zhang et al. (2012), The Slope tool in ArcMap 10.3
was used to calculate the slope gradient. The area and percentage of
cropland with different distribution of slope gradient as 0e10�,
10e15�, 15e20�, 20e25�, and�25� were listed in Table 2. As shown
in Table 2, gentle slopes (0-10�) occupied 32.63% of the area in
Suide county, 95.65% of the area in Ansai county, 47.74% of the area
in Changwu county and 63.53% of the area in Yangling county.

3. Results

3.1. Runoff and soil loss by splash erosion

The average sediment load by splash erosion ranged at
4.0e21.6 g m�2 min�1, decreasing with rainfall duration and
following the power function with the exponential factor ranging
between �0.704 and �0.201 (Table 3), with a decreasing trend as
sandy loam > sandy clay loam > clay loam > loamy clay.

Initially, in the first 5 min, the average sediment load by splash
erosion for soils of sandy loam and sandy clay loam was signifi-
cantly (P< 0.05) different from and lower than that in clay loam and
loamy clay. At this stage, raindrop prefers to move the loose par-
ticles on the surface. During 10e15 min, no significant differences
were demonstrated among the average sediment load by splash
erosion on the four soils. After 20min, the average sediment load by

splash erosion showed nearly a stable trend with higher values for
soils in sandy loam and sandy clay loam, and the differences among
soils became larger. Finally at 50-min, the average sediment load by
splash erosion showed no significant differences between clay loam
and loamy clay, declining as sandy loam > sandy clay loam > clay
loam z loamy clay. The 50-min soil loss changed from 525.0 gm�2

in sandy loam to 200.0 gm�2 in clay loam, with a reduction of
almost 60%.

3.2. Runoff and soil loss by sheet/interrill erosion

The experiments on sandy loam unfortunately failed for sheet/
interrill erosion, so runoff and soil loss data were analyzed for
sandy clay loam, clay loam and loamy clay(Fig. 3, Fig. 4 and Table 4).
The runoff rate in sheet/interrill erosion increased fast in the first
10 min and then became stable under different conditions, except
for sandy clay loam (15�) and clay loam (25�), with the mean value
at 1.07 mm min-1 (Fig. 3). Both sediment concentration (Fig. 3) and
sediment load (Fig. 4) decreased dramatically in the first 10min and
became stable gradually. The results are consistent with previous
findings in the loess slopes (Shen et al., 2016; Wu, Wang, et al.,
2018).

The runoff amount by sheet/interrill erosion ranged from
41.8 ± 0.3 mm to 63.7 ± 0.6 mm, accounting for 46%e71% of the
total rainfall amount in the three types of soil (Table 4). For the
same slope gradient, runoff amount showed significant differences

Table 1
Fundamental properties of experimental soils.

Soil Property Sandy loam from Suide Sandy clay loam from Ansai Clay loam from Changwu Loamy clay from Yangling

Organic carbon (gkg�1) 5.9 7.7 11.0 9.8
CaCO3 (gkg�1) 115.2 103.7 81.1 75.4
pH 8.7 8.4 8.3 8.3
Particles Clay (<0.002 mm/%) 12.1 15.6 21.2 26.3

Fine silt (0.002e0.02 mm/%) 19.4 26.8 38.0 38.1
Coarse silt (0.02e0.05 mm/%) 36.4 38.2 31.3 28.7
Sand (>0.05 mm/%) 32.1 19.4 9.5 6.9

MWD (mm) 0.04 0.11 0.28 0.36
Clay mineral (%) 19 17 21 28
Quartz (%) 41 47 43 36
Anorthose (%) 21 16 23 15
Calcite (%) 11 13 9 14

Note: MWD is the mean weight diameter of aggregates after wet sieving.

Fig. 2. Trays and movable steel boxes for simulation experiments. a. modified Morgan trays for splash erosion experiments; b. movable steel boxes (1 m � 0.5 m � 0.5 m) for sheet/
interrill erosion experiments; c. movable steel boxes (5 m � 1 m � 0.5 m) for rill and interrill erosion experiments.
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between clay loam soil and other soils, following the order of clay
loam > loamy clay > sandy clay loam(except 20�). The runoff in clay
loam soil is up to 1.41 and 1.17 times of that in sandy clay loam and
loamy clay, respectively.

In comparison with runoff, soil loss changed more significantly
under different conditions, ranging from 259.6 ± 0.9 kg to
2166.0 ± 46.0 kg. There were significant differences among soil loss
by sheet/interrill erosion from the experiment soils, following the
order of clay loam > loamy clay > sandy clay loam for all slopes. The
soil loss by sheet/interrill erosion in clay loam soil was 2.6e5.2
times of that in sandy clay loam and 1.3e2.7 times of that in loamy
clay, respectively, depending on the slope gradients.

The average runoff rate by sheet/interrill erosion was 0.94e1.45
mmmin-1 (Table 5). The differences of average runoff rate by sheet/
interrill erosion among three soils changed with slope gradients.
On 25� slope, significant differences were observed between sandy
clay loam and other soils (clay loam and loamy clay), decreased as
clay loam z loamy clay > sandy clay loam.

The average sediment load by sheet/interrill erosion showed
differences among three soils, changed from 6.94 ± 0.56 to
42.86 ± 6.46 g m�2 min�1. The average sediment load by sheet/
interrill erosion in clay loam showed significant differences with
other soils for all slope gradients, with the highest values among
the three soils, up to 18 times of that in other soils. On the 10oand
25� slopes, average sediment load by sheet/interrill erosion fol-
lowed the order of clay loam > loamy clay > sandy clay loam.

3.3. Runoff and soil loss by rill and interrill erosion

Both rill and interrill erosion contribute to the sediment load
and runoff on 5-m slopes (Fig. 2(c)). Fig. 5 showed the changing
runoff rate and sediment concentration after the occurrence of the
rill knickpoints. For sandy loam and sandy clay loam soils, the
runoff rate was first increased and then relatively stable. However,
the increase rate and the duration of stable runoff rate differed
among the slope gradients. For soil of clay loam, the runoff rate
nearly remained stable for all the slope gradients, except a gentle
increase trend on 10� slope. For soil of loamy clay, the runoff rate
also remained relatively stable on gentle slope(10�), and fluctuated
greatly with rainfall durations on the 25� slope. In most treatments
of this study, the eventual runoff rate became stable, however,
showing decrease trend for loamy clay on 20� slope.

The average runoff rate by rill and interrill erosion did not
change significantly, ranging from 1.22 ± 0.05 to
1.96 ± 0.01 mm min�1 (Table 5). The average runoff rate by rill and
interrill erosion in sandy loam showed significant differences with
other soils except sandy clay loam on the 10� slope. On the 20�

slope, the average runoff rate by rill and interrill erosion showed no
significant differences between loamy clay and clay loam, following
the order of sandy clay loam > loamy clay z clay loam > sandy
loam. Compared with the average runoff rate by rill and interrill
erosion, the average sediment load by rill and interrill erosion
differed greatly in four soils, ranging from 21.03 ± 0.87 to
432.16 ± 8.10 g m�2 min�1, with the maximum value nearly 20
times of theminimumvalue (Table 4).The average sediment load by
rill and interrill erosion showed significant differences in four soils,
deceasing as loamy clay > sandy loam > clay loam > sandy clay
loam on 15� and loamy clay > sandy loam > sandy clay loam > clay
loam on 20�. On gentle slope (10�), the average sediment load by rill
and interrill erosion showed no significant differences between
sandy clay loam and loamy clay, following the order of sandy
loam > sandy clay loam z loamy clay > clay loam.

4. Discussion

4.1. Soil property impacts on surface erosion processes

4.1.1. Soil property effects on splash erosion
Soil properties such as soil particle distribution, soil organic

matter and aggregate size, have significant effects on splash erosion
(Saedi et al., 2016). In this study, the power function between soil
load by splash erosion and rainfall duration demonstrates that
raindrop detachment of four soils is dominated by the aggregate
breakdown, which is consistent with previous investigations
(Legout et al., 2005; Kinnell, 2005; Saedi et al., 2016). For example,
Legout et al. (2005, pp. 279e292) indicated that splash process
could introduce particles up to 2000 mm into motion, largely due to
aggregate breakdown. The extent of soil aggregates breakdownwas
closely related to rainfall duration, and the relationship between
mechanical breakdown indices of soil aggregates and rainfall
durationwaswell fitted by a power function (Fu et al., 2017; Pierson
& Mulla, 1989; Wu, Peng, Qiao, & Ma, 2018).

Smaller particles were directly put into motion by raindrop in
less than 10 min after the rainfall started, because there were large

Table 2
Area and percentage of crop land in different ranges of slope gradient in four sampling counties.

Slope range
Suide (sandy loam) Ansai (sandy clay loam) Changwu (clay loam) Yangling (loamy clay)

Area (km2) Percentage (%) Area (km2) Percentage (%) Area (km2) Percentage (%) Area (km2) Percentage (%)

0e10� 279 32.63 110 95.65 697 47.74 209 63.53
10e15� 242 28.30 4 3.48 485 33.22 47 14.29
15e20� 196 22.92 1 0.87 227 15.55 37 11.25
20e25� 112 13.10 0 0.0 47 3.22 28 8.51
>25� 26 3.04 0 0.0 4 0.27 8 2.43

Table 3
Comparison of sediment load by splash erosion for experimental soils (Rainfall intensity ¼ 120 mm h�1).

Soil type Average sediment load by splash erosion(g m�2 min�1) Relationship

5 min 10 min 15 min 20 min 30 min 40 min 50 min

Sandy loam 15.0 ± 0.8a 12.7 ± 1.5a 12.3 ± 3.5a 9.6 ± 0.5ab 10.7 ± 0.05a 8.5 ± 0.7a 10.5 ± 0.3a y ¼ 20.19x�0.201 (R2 ¼ 0.734)
Sandy clay loam 16.0 ± 0.9a 12.9 ± 0.9a 11.7 ± 3.5a 10.3 ± 0.7a 8.6 ± 0.07b 8.2 ± 1.3a 7.1 ± 0.2b y ¼ 28.75x�0.348 (R2 ¼ 0.989)
Clay loam 21.6 ± 0.8b 12.5 ± 2.1a 9.0 ± 1.0a 8.1 ± 0.6ac 6.2 ± 0.2c 5.0 ± 0.3b 4.0 ± 0.01c y ¼ 64.43x�0.700 (R2 ¼ 0.995)
Loamy clay 21.0 ± 0.8b 11.5 ± 0.8a 7.8 ± 1.4a 6.6 ± 0.1c 5.2 ± 0.8c 4.1 ± 0.2b 4.5 ± 0.5c y ¼ 58.47x�0.704 (R2 ¼ 0.965)

Note: numbers with different lowercase letters of the different experimental soils at the same time are significantly different at P < 0.05 according to the LSD test; y is the
sediment load by splash erosion (g m�2 min�1) and x is rainfall duration (min).
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Fig. 3. Sediment concentration versus runoff rate by sheet/interrill erosion with rainfall duration.

Fig. 4. Variations of sediment load by sheet/interrill erosion with rainfall duration.
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amounts of loose soils on the surface of splash plate. Thus, the soils
with higher content of smaller particles in clay loam and loamy clay
demonstrated higher average sediment load by splash erosion than
that in sandy loam and sandy clay loam with coarser particles in
less than 10 min. During 10e15 min, the surface soil structure was
destroyed and aggregate breakdown was accelerated with the
increasing soil water content and rainfall duration. After 20 min,
the higher average sediment load by splash erosion in sandy loam
and sandy clay loam is due to the higher erodibility and smaller
aggregate size in these soils. Correlation analysis was further con-
ducted to quantify relationships between soil properties and splash
erosion. Sediment load by splash erosion after 20 min was defined
as SLs20 to represent splash erosion. As shown in Table 6, no linear
correlations were found between SLs20 and soil properties,
including the content of sand particles (San), silt particles (Sil), clay
particles (Cla), soil organic matter (SOM) and the mean weight
diameter of aggregates after wet sieving (MWD). The regression
analysis on SLs20 and soil properties was also conducted and the
resulted Eq. (2) showed a negative power relation between SLs20
and MWD. Li et al. (2015) also indicated that soil erodibility in the
Loess Plateau decreased with water stable aggregate through a
power function.

SLs20 ¼ 3:60MWD�0:32 R2 ¼ 0:646; n ¼ 56; P<0:05 (2)

where SLs20is the sediment load by splash erosion after 20 min (g
m�2 min�1).

4.1.2. Effects of soil property on sheet/interrill erosion
The sediment load by sheet/interrill erosion showed

fluctuations when it decreased with rainfall duration (Fig. 4), which
is closely related with surface sealing (Ramos et al., 2003; Fang
et al., 2014; Shen et al., 2016; Wu, Wang, et al., 2018). The aggre-
gate breakdown by raindrop detachment has impacts on soil
porosity through ‘washing in’ process (Vaezi et al., 2017) and results
in surface sealing, which was observed in previous experimental
studies and demonstrated to decrease the infiltration rate (Fang
et al., 2014; Fu et al., 2017; Levy et al., 1994; Lu et al., 2017; Shen
et al., 2016).Moreover, the rearrangement of particles by seal
leads to the decreasing trend of sediment load and results in the
simultaneous stable runoff and sediment load due to the equilib-
rium of erosive forces and erodibility when infiltration reaches
constant values (Fox & Le Bissonnais, 1998; Kuhn et al., 2003; Levy
et al., 1994; Salles et al., 2000).

Several studies indicated a positive relation between soil silt
content and sediment load by sheet/interrill erosion, because soil
particles in this size class are easier to bemobilized and transported
by overland flow (Shabani et al., 2014, pp. 229e234; Koiter et al.,
2017). Similar findings are observed in this study (Table 1), as the
order of silt content (clay loam > loamy clay > sandy clay
loam > sandy loam) is consistent with the order of the average
sediment load by sheet/interrill erosion (Table 5).Similar to splash
erosion, the correlation analysis was conducted between soil
properties and sheet/interrill erosion. Also, sediment load by sheet/
interrill erosion after 20 min is defined as SLsh20 to present stable
sediment load by sheet/interrill erosion. Still, no linear correlations
were found between SLsh20 and soil properties, including San, Sil, Cla,
SOM and MWD (Table 6).The regression analysis on SLsh20 and soil
properties was also conducted. As shown in Eq. (3), SLsh20 showed
the positive power relation with Sil. The silt content (both fine silt

Table 4
Comparison of total runoff and soil loss by sheet/interrill erosion for experimental soils (Rainfall intensity ¼ 120 mm h�1).

Soil type Runoff (mm) at different slope Soil loss (g m�2) at different slope

10� 15� 20� 25� 10� 15� 20� 25�

sandy clay loam 51.0 ± 0.1Aa 53.9 ± 0.2Ab 58.0 ± 0.4Ac 41.8 ± 0.2Ad 259.6 ± 0.9Aa 416.3 ± 2.3Ab 604.2 ± 4.2Ac 461.8 ± 3.5Ad

Clay loam 63.7 ± 0.6Ba 57.1 ± 0.8Bb 54.1 ± 0.8Bb 58.8 ± 0.9Bc 1130.8 ± 18.8Ba 2166.0 ± 46.0Bb 1541.5 ± 39.9Bc 1704.1 ± 43.6Bd

Loamy clay 55.6 ± 0.5Ca 54.6 ± 0.4Aa 51.9 ± 0.5Bb 50.4 ± 0.6Cb 886.8 ± 11.2Ca 803.0 ± 10.5Cb 946.7 ± 14.2Ca 1235.8 ± 25.4Cc

Note: numbers with different capital letters indicating differences with soil type at P < 0.05, and numbers with different lowercase letters indicating differences with slope
gradient for the same soil type at P < 0.05 according to the LSD test.

Table 5
Comparison of average runoff rate and sediment load on different slopes (Rainfall intensity ¼ 120 mm h�1).

Slope gradient Soil type Time to knickpoint(min) Average runoff rate (mm min�1) Average sediment load (g m�2 min�1)

ARRSH ARRRI ASLSH ASLRI

10� Sandy loam 11.5 ± 0.5Aac e 1.74 ± 0.04Aa e 136.39 ± 15.06Aa

Sandy clay loam 15.6 ± 0.5Ab 1.16 ± 0.03Aa 1.81 ± 0.04Aa 6.94 ± 0.56Aa 235.31 ± 15.14Ab

Clay loam 10.6 ± 0.2Ac 1.45 ± 0.03Ab 1.91 ± 0.01Ab 34.59 ± 5.50Ab 21.03 ± 0.87Ac

Loamy clay 13.0 ± 0.1Ad 1.26 ± 0.03Ac 1.96 ± 0.004Ab 23.75 ± 3.15ABc 156.00 ± 3.51Aa

15� Sandy loam 11.0 ± 0.4Aac e 1.66 ± 0.02Aa e 236.77 ± 7.01Ba

Sandy clay loam 18.1 ± 0.2Bb 1.16 ± 0.05Aa 1.96 ± 0.01Bb 12.78 ± 1.15Ba 37.96 ± 1.10Bb

Clay loam 17.3 ± 0.2Bc 1.23 ± 0.03Ba 1.91 ± 0.01Ac 42.73 ± 7.52Ab 90.99 ± 10.33Bc

Loamy clay 5.9 ± 0.2Bd 1.23 ± 0.03ABa 1.96 ± 0.01Ab 21.38 ± 3.05Ba 317.25 ± 6.04Bd

20� Sandy loam 15.1 ± 0.8Ba e 1.66 ± 0.01Aa e 290.07 ± 5.60Ca

Sandy clay loam 10.1 ± 0.2Cbc 1.29 ± 0.02Ba 1.95 ± 0.01Bb 17.75 ± 1.68Ca 221.06 ± 10.51Ab

Clay loam 19.0 ± 0.3Cb 1.24 ± 0.02Bab 1.87 ± 0.01Bc 42.86 ± 6.46Ab 25.92 ± 4.30Ac

Loamy clay 5.1 ± 0.3Cc 1.17 ± 0.04Bb 1.84 ± 0.02Bc 24.39 ± 2.91Aa 432.16 ± 8.10Cd

25� Sandy loam 25.5 ± 0.3Ba e 1.22 ± 0.05Ba e 355.86 ± 23.88Da

Sandy clay loam e 0.94 ± 0.02Ba e 12.27 ± 1.13Ba e

Clay loam 19.1 ± 0.5Cb 1.15 ± 0.08Bb 1.78 ± 0.01Cb 42.60 ± 3.87Ab 75.71 ± 5.89Bb

Loamy clay e 1.15 ± 0.03Bb e 32.42 ± 4.26Ac e

Note: ARRSH is the average runoff rate by sheet/interrill erosion; ASLSH is the average sediment load by sheet/interrill erosion; ARRRI is the average runoff rate by rill and
interrill erosion; ASLRI is the average sediment load by rill and interrill erosion; numbers with different lowercase letters indicating differences with soil type at P < 0.05 and
numbers with different capital letters indicating differences with slope gradient for the same soil type at P < 0.05 according to the LSD test and the Independent-Samples T
Test.
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and coarse silt) is the determining factor for sheet/interrill erosion
in four soils.

SLsh20 ¼423:33S12:88il S0:65;R2 ¼ 0:758; n ¼ 252; P<0:05 (3)

where SLsh20 is the sediment load by sheet/interril erosion after
20 min on 1- m slope (g m�2 min�1), Sil is the content of silt par-
ticles (0.002e0.05 mm), S is the slope gradient (o).

4.1.3. Soil property effects on rill and interrill erosion
The runoff and sediment load by rill and interrill erosion

demonstrated more complex dynamics characteristics with rainfall
duration than sheet/interrill erosion (Figs. 4 and 5). The rills destroy
soil sealing and increase surface roughness to facilitate soil infil-
tration and decrease runoff rate (Brunton& Bryan, 2000; Fang et al.,
2014). Rills also lead to plentiful depressions on the slope, which
may inhibit runoff (Stefanovic & Bryan, 2009). The balance of the
complex functions of sealing and rills resulted in the eventual un-
certainty of increased, decreased or stable runoff rate in this study
(Fig. 5).

Generally, sediment concentration increased with rainfall
duration for rills, with different kinetics depending on soil type and

slope gradient. It is reported that the sediment concentration
increased dramatically after the occurrence of rill due to the
morphology changing of rills, including the rill length, width and
depth (Auerswald et al., 2009; Berger et al., 2010; He et al., 2016).

Fig. 5. Sediment concentration versus runoff rate by rill and interrill erosionafter the occurrence ofrill knickpoints with rainfall duration.

Table 6
Correlation matrix for sediment load and soil property.

SLs20 SLsh20 SLrir Cla Sil San MWD SOM

SLs20 1
SLsh20 �0.447** 1
SLrir �0.118 �0.034 1
Cla �0.822 0.849 0.069 1
Sil �0.365 0.748 �0.473 0.781 1
San 0.636 �0.848 0.206 �0.947 �0.940 1
MWD �0.750 0.789 0.088 0.992** 0.806 �0.956* 1
SOM �0.390 0.627 �0.161 0.844 0.939 �0.943 0.895 1

Note: *P < 0.05; **P < 0.001; SLs20is the sediment load by splash erosion after
20 min; SLsh20 is the sediment load by sheet/interrill erosion after 20 min; SLriris the
sediment load by rill and interrill erosion after the occurrence of rill; Cla is the
content of clay particles (<0.002 mm); Sil is the content of silt particles
(0.002e0.05 mm); San is the content of sand particles (>0.05 mm); MWD is the
mean weight diameter of aggregates after wet sieving; SOM is the content of sedi-
ment organic matter.
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However, the decrease of runoff rate, and the increase of roughness
in the rill bedmay decrease the transportation energy by increasing
friction factor (Stefanovic & Bryan, 2009; Wang et al., 2014), which
lead to the decrease of the sediment concentration as shown in
loamy clay soil on 20� slope with highly developed rill networks
(Fig. 5(n)). In this study, it is noticeable that no rills developed in
sandy clay loam soil (15�) and clay loam soil (10�, 20�), in which
situations only rill knickpoints occurred. In these treatments,
sediment concentration did not change much and its average value
was much lower than that with rills (Fig. 5(f), (h),(j)).

The rill erodibility (kr) and critical shear strength (tc), two
important parameters for process-based models like the Water
Erosion Prediction Project (WEPP), are also dependent on soil
properties (Li et al., 2015). The highest kr was found in silt loam by
Knapen et al. (2007), while lower kr was suggested in clay and silt
loam, compared with loamy sand by Geng et al. (2017). It is also
found that kr decreased with clay and organic carbon content (Li
et al., 2015). Both positive relationship and no correlation be-
tween tc and clay content were reported (Geng et al., 2017), while
tc showed a negative relationship with sand content (Auzet et al.,
1993). Fang et al. (2014) found that the rill density increased with
the rising of clay content to increase the soil loss by rills. In this
study, the average sediment load by rill and interrill erosion sup-
posed to have highest value in loamy clay due to its highest clay
content, and followed by sandy loam due to its highest sand con-
tent and lowest content of soil organic matter. .

The correlation analysis was conducted between soil properties
and rill erosion. Sediment load by rill and interrill erosion after the
occurrence of rill (SLrir) was defined to present rill and interrill
erosion. As shown in Table 6, no linear correlations were observed
between SLrir and soil properties, including San, Sil, Cla, SOM and
MWD (Table 6).Regression analysis on SLrir and soil properties was
conducted and the result shown in Eq. (4).,

SLrir ¼ e27:18C5:35
la SOM�7:41S0:92; R2 ¼ 0:467; n ¼ 747; P<0:05

(4)

Where SLrir is the sediment load by rill and interrill erosion after the
occurrence of rill on 5-m slope (g m�2 min�1), Clais the content of
clay particles (<0.002 mm), S is the slope gradient (o). SLrir showed
the positive power relation with Cla and negative power relation
with SOM. According to Fang et al. (2014), the positive power
relation of SLrir and Cla indicated the important contribution of rill
density and rill network to rill erosion, due to the higher rill density
and rill network in soils with higher clay content.

4.2. Slope gradient effects on surface erosion processes

In this study, the average runoff rate by sheet/interrill erosion,
the average sediment load by sheet/interrill erosion, the average
runoff rate by rill and interrill erosion and the average sediment
load by rill and interrill erosion changed with slope gradients
(Fig. 6).The average runoff rate by sheet/interrill erosion showed
decreasing trend in steeper slopes (Fig. 6(a)). As shown in
Table 5,the significant (P < 0.05) decrease of the average runoff rate
by sheet/interrill erosion started at 20� on sandy clay loam and
loamy clay slopes and 15oon clay loam slope.The average runoff rate
by rill and interrill erosion also showed decreasing trend in steeper
slopes except sandy clay loam (Fig. 6(c)), and the significant
(P < 0.05) decrease of the average runoff rate by rill and interrill
erosion started at 20ocon clay loam and loamy clay slopes. The

average runoff rate by rill and interrill erosion showed increasing
trend on steeper slopes in sandy clay loam, onwhich the significant
(P < 0.05) increase started at 15� (Table 5).The average runoff rate
by rill and interrill erosion showed no significant differences among
sandy loam slopes. In essence, the increase of slope gradient de-
creases the runoff by decreasing the area that bears the rainfall.
However, contradictory results such as negative effects of slope
gradient on infiltration rates have been reported due to the
complexity of the erosion processes, which alters the decreasing
trend of runoff with the increasing slope gradient (Fang et al., 2014;
Fox & Bryan, 2000).

Both the average sediment load by sheet/interrill erosion and
the average sediment load by rill and interrill erosion demonstrated
different changes with the increase of slope gradient in different
soils (Fig. 6(b) and (d)). Specifically, as shown in Fig. 6(b), the
average sediment load by sheet/interrill erosion fluctuated with the
increase of slopes in sandy clay loam, increasing firstly from 10� to
20� and then decreasing on 25� slope, but higher than that on 10�

slope. The average sediment load by sheet/interrill erosion showed
a slight increasing trend with increase of slope gradient in clay
loam and loamy clay slopes, with no significant differences. Slope
gradient significantly impacts soil erosion by altering infiltration
rate, runoff hydraulic conditions, surface roughness etc (Berger
et al., 2010; Fang et al., 2014; Govers, 1991). Several studies have
indicated the increasing trends of soil loss by interrill erosion with
slope gradient, due to the increasing energy of runoff flow (Wu,
Peng, et al., 2018; Zhang & Wang, 2017). As shown in Eq. (3),
SLsh20 increasedwith Sil and Swith a power function. The coefficient
in Sil is much higher than that in S, suggesting the higher effect of
soil property on stable sediment load by sheet/interrill erosion than
that of slope gradient.

As shown in Fig. 6(d), the average sediment load by rill and
interrill erosion increased with the increase of slope gradient in
sandy loam and loamy clay, fluctuated with the increase of slope
gradient in clay loam and sandy clay loam, showing the lowest
value on 15� slope in sandy clay loam, and on 10� and 20� slopes in
clay loam. The changes of the average sediment load by rill and
interrill erosion are contributed by both rill and interrill erosion,
and thus showed more complicated situations. As shown in Eq. (4),
SLrir increased with Cla, S and decreased with SOM. Tian et al. (2020)
also indicated the power functions of rill erosion rate and slope
gradient by field investigation. The absolute value of the coefficient
of independent variables followed the order of SOM > Cla > S in Eq.
(4), suggesting the higher effects of soil property on sediment load
by rill and interrill erosion than that of slope gradient after the
occurrence of rill.

4.3. Implications for erosion control

According to Eq (2),~(4), the critical factors were obviously
different for different sub-processes of surface erosion. Slpash
erosion process was dominated by the aggregate size of the soil
(represented byMWD), sheet/interril erosionwas dominated by the
content of silt particles and slope gradient, and rill erosion was
dominated by the content of soil organic matter, clay particles and
slope gradient. Specific erosion control practices were discussed
according to the variations of the critical factors of three sub-
processes in four types of soil with different distribution of slope
gradient.

The average sediment load by splash erosion in sandy loam of
Suide County is the highest among the four soils and could reach
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10.7 g m2 min�1, which means splash erosion is important in sandy
loam soil in the north part of the Loess Plateau. According to Eq. (2),
the effective measures for splash erosion control were to increase
the aggregate size of the sandy loam soil. The average sediment
load by rill and interrill erosion increased with slope gradient in
sandy loam and slopes (�15�) occupied about 39% of the area in
Suide County (Table 1). Thus, rill erosion should also be controlled
on steeper slopes (�15�) in sandy loam soil of Suide County. Ac-
cording to Eq. (4), the effective measures for rill erosion control
should be increasing the content of soil organic matter and
decreasing the local slope gradient in this area.

It is noticeable that rills on gentle slope (10�) in sandy clay loam
should not be neglected, as the average sediment load by rill and
interrill erosion in sandy clay loam is the highest among four soils
on gentle slope and shows no significant differences with that on
20� slope. Therefore, rill erosion is the main concern in sandy clay
loam on 10� and 20� slopes in Ansai County (Table 1). Based on Eq.
(4), the effective measures for rill erosion control can be increasing
the content of soil organicmatter and decreasing the content of clay
particles in this area.

The average sediment load by sheet/interrill erosion in clay loam
soil of Changwu County is the highest among four soils, being
1.6e5.5 times of that in other soils. Moreover, the sheet/interrill
erosion on all slopes should be considered, because the average
sediment load by sheet/interrill erosion showed no significant
differences among slopes with different gradient in clay loam soil.
In comparison, rills in clay loam soil did not lead serious sediment
load as those in other soils. Thus, interrill erosion should be spe-
cifically controlled in this area. According to Eq. (3), the most
effectivemeasures for sheet/interrill erosion control were to greatly
reduce the content of silt particles in clay loam soil of the area.

In loamy clay soil, rill erosion prevails, as the average sediment

load by rill and interrill erosion could be 1.3e5.6 times of that in
other soils, which increased with the increase of slope gradient.
Particularly, rills on gentle slopes (�10�) should be well controlled,
as most cropland (64%) occurred on slopes�10� in Yangling County
(Table 1). Based on Eq. (4), in order to effectively control rill erosion
in this area, there should be a significant reduction in the content of
clay particles, as the content of soil organicmatter is high enough in
loamy clay soil.

5. Conclusions

The rainfall simulation experiments were carried out using four
types of contrasting soils (sandy loam, sandy clay loam, clay loam,
loamy clay) from the north to south of the Loess Plateau, to
investigate the responses of erosion processes to soil properties in
three scales, whichwere dominated by splash, sheet/interril and rill
erosion, respectively. The results showed that soil property had
significant impacts on the erosion processes in three scales, as the
average sediment load showed significant differences as sandy
loam > sandy clay loam > clay loamz loamy clay by splash erosion,
clay loam > loamy clay > sandy clay loam on 10� and 25� slopes by
sheet/interrill erosion, and loamy clay > sandy loam > sandy clay
loam > clay loam on 20� slope by rill and interrill erosion. The
critical factors were different for three sub-processes of surface
erosion in the experiments. The critical factors were the aggregate
size of the soil for splash erosion, silt content of soil and slope
gradient for sheet/interril erosion, and soil organic matter content,
clay particles content and slope gradient for rill erosion. Based on
these findings, the effective erosion control practice should be
considered for rill erosion on steeper slopes (�15�) and splash
erosion in sandy loam soil of Suide County, for rill erosion on 10�

and 20� slopes in sandy clay loam of Ansai County, for sheet/

Fig. 6. Changes of (a)the average runoff rate by sheet/interrill erosion (ARRSH), (b)the average sediment load by sheet/interrill erosion (ASLSH), (c) the average runoff rate by rill and
interrill erosion (ARRRI), (d) theaverage sediment load by rill and interrill erosion (ASLRI).
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interrill erosion in clay loam of Changwu County, and for rill erosion
on the gentle slope (10�) in loamy clay soil of Yangling Countuy.
Further research is necessary to investigate the potential zonal
characteristics of erosion processes with varying rainfall intensity
for improving erosion control practice.
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Notation of Abbreviations

Analysis method
ANOVA analysis of variance
LSD least significant difference
DEM digital elevation model

Soil erosion prediction model and parameters
WEPP Water Erosion Prediction Project
SLs20 sediment load by splash erosion after 20 min
SLsh20 sediment load by sheet/interrill erosion after 20 min
SLrir sediment load by rill and interrillerosion after the

occurrence of rill
kr rill erodibility
tc critical shear strength
ku uniformity of rainfall intensity
Cla the content of clay particles (<0.002 mm)
Sil the content of silt particles (0.002e0.05 mm)
San the content of sand particles (>0.05 mm)
SOM the content of soil organic matter
MWD mean weight diameter of aggregates after wet sieving
S slope gradient
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a b s t r a c t

Climate and human activities change spatial and temporal distribution of water and land use. The Tarim
River, the largest inland river in China, faced a long-term exploitation of land and water over a rapid
economic development. We analyzed land and water use from 1997 to 2019 in Tarim River Basin by
Landsat images, and data on hydrology, climate, population, economy and PM2.5 (air particulate matter
�2.5 mm). Agricultural land expanded the fastest (4e11%), followed by natural vegetation (15e16%) and
water area (4e5%) with population and economic increase. Air quality (PM2.5 mg m�3) improved in upper
(62e27) and middle (48e17) reaches. The water area in lower increase 5% because of ecological water
delivery since 2000. Land use in the lower reach was dominated by agriculture, where the downstream
runoff consumption increased by 6.8 times. The average annual air temperature and precipitation
gradually increased by 0.5 �C and 51 mm in source and 0.9 �C and 30 mm in main reaches. The average
annual water consumption in upper and middle reaches was 4 � 109 m3, accounting for 87% of input
runoff in the main reach. Water consumption in middle reach increased by 33 times in 2009e2017. The
industry structure was changing from primary to secondary and tertiary industry. To sum up, imple-
mentation of water saving strategies and ecological water delivery restored local ecology. Sustainable
strategies should be applied facing industrialization. Furthermore, changing the industry structure and
restoring the degraded farmlands to grasslands or forests would keep sustainability of Tarim River Basin.
© 2021 International Research and Training Center on Erosion and Sedimentation, China Water & Power

Press. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Climate change and human activities are twomain drivers of the
spatial and temporal distribution of water use (Gao et al., 2016; Ye
et al., 2013). Temperature increases with increasing global warm-
ing, causing changes in precipitation pattern and intensity which in
turn significantly affects regional hydrological cycle (Wang et al.,
2012e). Climate change directly modifies the number of rivers
and the water quality (Labat, 2004; Xu, 2000) due to for example
changes in temperature and precipitation
(bib_Chen_et_al_2008bChen, Chen, et al., 2008; Deng & Chen,

2017; Fu et al., 2020). Climate change eventually increases runoff
by increasing ice and snow melting (Fu et al., 2010). Furthermore,
any hydrological change caused by long-term climate change im-
pacts management of water resources (Cohen et al., 2000).

Since the China reform and opening policy in 1978, China's
economy has experienced a rapid growth for the past 30 years. By
Western China Development Policy in 2001 (Liu et al., 2009; Peng&
Chen, 2016; Wang et al., 2012d), the economic growth rate of the
central andwestern regions has much rapidly increased, which was
obviously higher than that of the coastal areas (Qi et al., 2013). This
fast development of the local economic caused however, a lot of
land and water problems such as decreasing water bodies and loss
of natural vegetation. In the Northwest-located Tarim River, the
largest inland river in China, human activities such as deforestation
alongside climate changes played a very important role in land and* Corresponding author.
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water use in the past decades, especially in fragile regional
ecosystems.

Human activities, in particular extensive agriculture, expanded
the water use which has decreased, the number of supply streams
of the Tarim River (Wang et al., 2003). The imbalance of water
consumption proportion in the upper (14e19� 108 m3 a�1), middle
(22e15 � 108 m3 a�1) and lower reaches (14e6 � 108 m3 a�1) of
Tarim River led to a rapid deterioration of the ecological environ-
ment especially in the lower reach from 1957 to 2006 (Duan et al.,
2009). Over exploitation of water resources changed the hydro-
logical cycle and caused a series of environmental problems, such
as water level decline, spring flow reduction, and consequently
vegetation degradation, soil salinization and desertification (Azim
& Gene, 2009; bib_Li_et_al_2018bLi, Cheng, et al., 2018; Meybeck
et al., 2013; Worku et al., 2014). It is recorded that the source wa-
ter of Tarim River in Xinjiang has been increased by 2 � 107 m3

every year, but the yearly increase in water consumption was
5 � 107 m3 from 1997 to 2017. Continuing this imbalance in source
and consumption water will break-up the Yingbaza River from the
Tarim River predictably in 2060 (Fig. 1) (Peng et al., 2014).

The main types of recharge in Tarim River Basin are glacier melt
water and atmospheric precipitation (Zhang & Zuo, 2015). There-
fore, the fragile mountain-oases-desert ecosystems in the region
rely on limited surface and groundwater resources for maintaining
the stability of soil and water resources (Chen, 2014). Surface
roughness, albedo and other properties that affect the exchange of
water and energy between the land surface and the atmosphere
were altered by land cover change (Luo et al., 2016). Land cover
change clearly reflects the degree of oasis extension on water re-
sources (Fu et al., 2010; Wang & Zhao, 2001). Therefore, remote
sensing technology is locally (Hu et al., 2020; Huang et al., 2017; Li
et al., 2015; Zhang et al., 2016) and globally (Orimoloye & Ololade,
2020; Peng et al., 2013; Ranjan et al., 2019) widely used to study
changes in land use and land cover with the characteristics of
macro and real-time.

Although there are studies of land and water use in inland river
basin, seldom the combination of human activities and climate
change on land andwater use, especially because of rapid economic

development were considered. In this study, remote sensing tech-
nology and time series analysis along meteorological, hydrological
and socio-economic datawere used to reveal the historical land and
water use in the Tarim River Basin. The objectives of our study were
1) to reveal patterns of changes in land and water use as well as
their interaction via human activities; and 2) regional hydrology
caused by long-term climate changes; 3) to evaluate the anthro-
pological effects on the regional ecosystem from 1997 to 2019 in
Tarim River Basin; and 4) to provide a guidance and a reference for
sustainable land and water managements in inland river basins.

2. Materials and methods

2.1. Study site

The Tarim River Basin located in the NorthWest of China (Fig. 1)
with a fragile ecological environment, poor local water resources,
and a limited oasis area (Wang et al., 2012a,
2012bbib_Wang_et_al_2012b). From 1997 to 2017, the average
annual precipitation was 68 mm, the annual average temperature
was 12.3 �C, the maximum temperature was 12.7 �C, and the
minimum temperature was 12.1 �C. It belongs to continental warm
temperate extreme arid climates, where rainfall is rare, evaporation
is strong, and water resources formation conditions are poor (Wang
et al., 2012a, 2012bbib_Wang_et_al_2012b). The main reach of
Tarim River is 1321 km, from Alar to Taitmar Lake, which can be
divided to the “upper reach” from Alar to Yingbaza (495 km), the
“middle reach” from Yingbaza to Qiala (398 km), and the “lower
reach” from Qiala to Taitmar Lake (428 km) (Fig. 1). Aksu River,
Yarkand River, Hotan River and Kaidu-Kongque River are the
sources of the main reach of Tarim River, forming a pattern of “four
sources and one trunk” (Chen, 2010; bib_Zhang_et_al_2020aZhang,
Xue, et al., 2020). In 2000, the “Tarim River Ecological Water
Transfer Project” (TREWTP) was implemented. So, till 2009 water
from Kaidu-Kongque River was discharging to the lower reach
through Daxihaizi reservoir; but then since 2010 the discharged
water to the lower reach through Daxihaizi reservoir was from the
Tarim River. Nevertheless, since implementing TREWTP the lower

Fig. 1. Research area of Tarim River Basin. Alar: hydro station for upper reach, Yingbaza: hydro station for middle reach, Qiala: hydro station for lower reach.
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reach and Taitmar Lake no longer dried up.
(bib_Chen_et_al_2004bChen, Zhang, et al., 2004; Hao & Li, 2014;
Meng et al., 2016; Yu et al., 2012), the lower reach and Taitmar Lake
no longer dried up (Fig. 1). To fulfill the objectives of this research,
eight hydrological stations, including 5 on source reaches and 3 on
main reaches; along with 13 meteorological stations (including 10
on source reaches and 3 on main reaches) (Fig. 1) were selected to
collect the data.

2.2. Data

The annual runoff data of hydrological stations in four source
streams and one main stream (Fig. 1) were taken from annual hy-
drological book of the people's Republic of China. The data for
mountain runoff were selected from available sediment analyses
for Aksu River (Shali station and Xiehela station), Yarkand River
(Kaqun station) and Hotan River (Uruwati station and Tongguziluo
station) (Liu et al., 2019; Zhang & Cui, 2019) (Fig. 3c). The water
consumptionwas calculated from the difference between thewater
stations of upper, middle and lower reaches (the evaporation po-
tential was assumed to be roughly similar along the basin) (Fig. 4).
The flow consumption in the upper reach is the difference between
Alar station and Yingbaza station, which in the middle reach is
between the runoff of Yingbaza station and Qiala station. The data
of 18 emergency ecological water transferred following TREWTP
(since 2000 till 2017) in the lower reach was obtained from the
official website of the Tarim River Basin Administration (http://
www.tahe.gov.cn) (bib_Li_et_al_2018aLi, Zhang, et al., 2018)

(Fig. 5). From the lower reach to Taitmar Lake, almost all the flow is
exhausted. Therefore, the flow consumption of the lower reach was
the sum of the average annual runoff measured at the Qiala hy-
drological station and the discharge of the ecological water which is
delivered from Kaidu-Kongque River.

The meteorological data from 13 sites (Figs. 1 and 4) were pro-
vided by the National Climate Center of China Meteorological
Administration (http://data.cma.cn/). PM2.5, i.e. the fine particulate
matter in the air which can reflect environmental quality was cited
fromMinistry of Environmental Protection, including the Aksu Area
and Korla City. The social and economic data were obtained from
the annual statistical book of Xinjiang Uygur Autonomous Region
and the statistical yearbook of Alar city. The Tarim River basin
boundary data and the 1:100000 land use data (2000 and 2004)
were modified from National Earth System Science Data Center,
National Science and Technology Infrastructure of China (http://
www.geodata.cn).

The 314 Landsat TM/OLI images were used which were taken
from the United States Geological Survey (USGS) website (https://
espa.cr.usgs.gov) and the Google Earth Engine (GEE) platform
(https://earthengine.google.com/). In the images for 1997, 1998,
1999 and 2000 respectively 26, 33, 13 and 22 Landsat-5 TM images
(94 scenes) were used. For 2013 and 2019, the landsat-8 OLI images
(75 and 145 scenes) were used. All images were from July to
September when vegetation grows vigorously, and better reflects
the information of oases.

The terrain data including Shuttle Radar Topography Mission
(SRTM) data and the slope data were calculated from digital

Fig. 2. Land use (%) change in Tarim River Basin from 1999 to 2019. The land use included agricultural land, natural vegetation, waters and unused land.
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elevation model (DEM) in the Google Earth Engine (GEE) platform
(https://earthengine.google.com/). In 2000 from February 11 to 22,
the shuttle Endeavour's Radar Topography Mission (SRTM) ac-
quired three-dimensional radar data of the earth's surface from 60�

N to 56� S which were covering more than 80% of the land surface
(Farr et al., 2007; Wang, 2000). The spatial resolution of
SRTMGL1_003 data was 30 m.

2.3. Data analysis

2.3.1. Remote sensing technology
In the GEE platform, the least pixel method (Xuhan et al., 2018)

is used to synthesize the Landsat series image data in July, August
and September. The calculated Normalized Difference Vegetation
Index (NDVI), Normalized Difference Water Index (NDWI),
Normalized Difference Build-up Index (NDBI) (Feng et al., 2018;
Pattanayak & Diwakar, 2018; Zeng et al., 2020) and the slope were
used as image bands to participate in classification. The 1:100000
land use data (2000 and 2004) of Tarim River Basinwere used as an
auxiliary to identify the land use change and select the training
samples. Using Cart classifier (Agarwal, 2017;
bib_Chen_et_al_2008aChen, Dai, & Li, 2008), the main land uses
were divided into six categories: agricultural land, natural vegeta-
tion, water area, urban greening, urban construction land and un-
used land.

2.3.2. Time series analysis method
Time series analysis (Sang et al., 2013) was used to analyze the

runoff changes of 5 source and 3 main stream hydrological stations
and 13 meteorological stations in the Tarim River Basin from 1997
to 2017. The precipitation and temperature of the main and source
reaches of Tarim River in recent 20 years were calculated, and the
trend of water resources change in Tarim River Basin were
analyzed.

3. Results

3.1. Land use and PM2.5 change in Tarim River basin from 1999 to
2019

3.1.1. Land use (%) change in the main reach of Tarim River basin
The land use area of the main reach of Tarim River from 1999 to

2019 has changed as follow (Fig. 2). The fastest expansion was for
agricultural land, with an area increasing from 4% to 11%, followed
by natural vegetation (15%e16%) and water area (4%e5%). The open
water expansionwas especially obvious in the lower reach of Tarim
River (Fig. 2). The area of the unused land has in contrary decreased
from 77% to 68%, indicating transformation to the other land types,
especially to the agricultural land.

3.1.2. Land use (%) and PM2.5 (mg m�3) changes in the upper, middle
and lower reaches of Tarim River basin

The agricultural land area increased from 10% to 24%, 1%e5%,
and 1%e3% in the upper, middle and lower reaches, respectively
from 1999 to 2019 (Fig. 2). The fastest increase in land use area was
for agricultural land, by 2.4 times in the upper reach, followed by
the natural vegetation area (21%e26%). The natural vegetation area
in the middle reach decreased from 18% in 1999 to 14% in 2009 but
then increased to 19% in 2019. The PM2.5 values of months July,
August and September for Aksu Area in the upper reach decreased
from 62 to 27 mg m�3 from 2015 to 2018, and for Korla City near the
middle reach decreased from 48 to 17 mg m�3 from 2014 to 2018.
The water area in the lower reach increased from 1% to 6% from
1999 to 2019, but over the same period decreased by 3% and 2%
respectively in the upper (8-5%) and middle reaches (4-2%). The

area of unused land decreased in the upper (61%e45%), middle
(78%e74%) and lower reaches (91%e85%) of the main reach of the
Tarim River from 1999 to 2019.

3.2. Climate change and water use in Tarim River basin from 1997
to 2017

3.2.1. The climate and hydrology condition of the reach
The annual average temperature and annual average precipita-

tion gradually increased from 1997 to 2017 in the source and main
reaches of Tarim River, with considerable fluctuation after 2008
(Fig. 3ab). The annual runoff of source reach (Hotan River, Yarkand
River) showed an upward trend from 1997 to 2017, but the annual
runoff of Aksu River decreased from 1997 to 2010 and then
increased (Fig. 3c).

The waterflow of Tarim River increased gradually, except for
2009 and 2014. Before 2009, the runoff of the middle and upper
reaches showed a downward trend (Fig. 3d). After 2009, the fluc-
tuation range of the runoff increased except for 2014. The peak of
the upper reach runoff in 2010 was 7 � 109 m3, and the peak of the
middle reach runoff in 2017 was 6 � 109 m3. The annual runoff in
the lower reach increased continuously after 2000, reaching the
peak value of 2 � 109 m3 in 2017. The annual runoff in the lower
reach mainly depended on the inflow of the middle reach and the
discharge of ecological water delivery. The correlations between
source runoff, temperature and rainfall, showed that runoff was
significantly (p ¼ 0.006 < 1%) correlated with precipitation only in
Hotan River.

3.2.2. Annual runoff consumption in Tarim River basin
In recent 20 years from 1997 to 2017, the average annual water

consumption in the upper reach was 2 � 109 m3, in the middle
reach was 2 � 109 m3, and in the lower reach was 7 � 108 m3

(Fig. 4). The average annual water consumption in the upper and
middle reaches was 4 � 109 m3, accounting for 87% of input runoff
in the main reach. The runoff consumption of upper reach
decreased from 2 � 109 m3 in 1997 to 8 � 108 m3 in 2017. The
middle reach, runoff consumption decreased from 2 � 109 m3

in1997 to 1 � 108 m3 in 2009 and then increased to the highest
point (4 � 109 m3) in 2017. The runoff consumption in the lower
reach increased from 2000 because of the ecological water delivery.
The upstream runoff consumption curve (Fig. 4) and the upstream
precipitation curve (Fig. 3b) had basically similar changing trends,
with peaks in 1998 (28 � 108 m3), 2005 (32 � 108 m3), and 2010
(25 � 108 m3) respectively. The runoff consumption curve of the
middle reach (Fig. 4) and runoff in the middle reach (Fig. 3d) had
consistent trends, with three lowest values in 2004 (6 � 108 m3),
2009 (1 � 108 m3) and 2014 (8 � 108 m3).

3.2.3. Ecological water delivery in Tarim River basin
Since the first water diversion of Tarim River onMay 2000 to the

end of 2017, 18 water transfers have been carried out (Xu et al.,
2007). Among them, 11 headwater basins reached Taitmar lake
(the distance between Daxihaizi reservoir and Taitmar lake was
360 m) (Fig. 5b). In the past 17 years, the total water delivery was
about 7 � 109 m3. In 2017, the discharge of Daxihaizi reservoir was
the largest, which was 1 � 109 m3 (Fig. 5a).

3.3. Human development in Tarim River basin from 1999 to 2018

From 1999 to 2018, the population in the main reach basin
increased from 7 � 105 to 1 � 106 with an average annual growth
rate of 2% (Fig. 6). The Gross Domestic Product (GDP) of the main
reach of Tarim River Basin increased greatly from3� 109 to 7� 1010

RMB. The population inhabited in the upper reach, had the highest
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economic development, i.e. GDP increasing from 2� 109 to 6� 1010

RMB. The GDP contribution of the primary industry (Agriculture)
decreased from 44% to 31%, while the GDP contribution of the
secondary industry (Industry) increased from 27% to 39%.

In the upper reach, the GDP increased by 5 � 1010 RMB from
1999 to 2018, of which the secondary industry grew the fastest,
accounting for 44% of the total growth. The GDP contribution of the
primary industry in the upper reach decreased from 42% to 29%,
and the secondary industry increased from 29% to 43%. In the
middle reach, the GDP grew slower than that of the upper reach,
5 � 109 RMB, of which the tertiary industry (Service industry) grew
the fastest, accounting 54% of the total growth. The GDP contri-
bution of the primary industry in the middle reach decreased from
55% to 26%, and the secondary industry increased from 14% in 1999
to 34% in 2013, and then decreased to 22% in 2018. In the lower
reach, the GDP increased 5 � 109 RMB, of which the fastest grow
was for primary industry, accounting for 55% of the total growth.

The GDP contribution of the primary industry in the lower reach
increased by 7%, and the secondary industry decreased by 10%. The
tertiary industry remained constant (Fig. 6).

4. Discussion

4.1. The land and water use changes with the anthropological
development

In order to solve the economic development gap between the
East and West, China began to implement the strategy of devel-
oping the western region in 2000 (Liu et al., 2009; Peng & Chen,
2016; Wang et al., 2012d). In recent years, population growth, in-
dustrial development, and urbanization have accelerated the
disparity between the supply and demand of land and water re-
sources in the Tarim River Basin (Wang et al., 2015) (Fig. 6). This
induced the implementation of the Tarim River Basin water saving
managements in 2000. Traditional oasis agricultural production
depends on the increase of cultivated land area and irrigationwater
resources, while the utilization efficiency of water and soil re-
sources was low (Wang et al., 2012c; Yang et al., 2012). The water-
saving irrigation saved 30%e40% of the water which was used via
flood irrigation (Chen et al., 2015; Sun, 2013). Because of the water-
saving agriculture along high-yield cultivation techniques, cotton
cultivationwas popularized with 1.5� 106 ha increase from 2005 to
2008 (Zhang et al., 2009; Zhao et al., 2015). Cultivation of industrial
crops e.g. cotton significantly improved local income
(bib_Zhang_et_al_2020bZhang, Razavi, et al., 2020) particularly in
the upper reach where GDP was about 4e10 times compared to
that of the middle and lower reaches (Fig. 6). The decreased pro-
portion of agriculture in the total economic, led to increase sec-
ondary and tertiary industry. Furthermore, under strategies of
water resources management (Huang et al., 2018), the saved water
were used for increasing local natural vegetation (601 km2), which
led to the improvement of air quality (62-27 mg m�3 in the upper
reach; 48-17 mg m�3 in the middle reach from 2014 to 2018).

The increased population in the middle reach was accompanied
by increasing the area of agricultural land (Fig. 2). This was because
of the water-saving irrigation management since 2001, including
popularizing advanced drip irrigation and film irrigation technol-
ogy of Tarim River (Cui, 2001) as well as the completion of water
delivery dike and ecological sluice weir project (Cui, 2001; Wang,
2019; Wang & Zhao, 2001). Moreover, the middle reach of Tarim
River is rich in mineral resources, and the development of petro-
leum industry, coal mining and dressing industry, as well as
chemical industry were based on large water consumption (Qiao &
Yang, 2011; Xu, 2005). The increasing share of industry in GDP
exceeded from that of agriculture in the middle reach in
1999e2018, and the most significant increase was in tertiary in-
dustry from 31% to 52% (Fig. 6). The industry in the middle reach of
Tarim River should implement water saving managements for
developing awater saving industry, and recycle the industrial water
to improve water use efficiency.

Because of the ecological water delivery policy since 2000, the
water area in the low reach increased. The composition, distribu-
tion and growth of natural vegetation in the lower reach of Tarim
River is recovering due to the uplift of groundwater level by
ecological water transfer (bib_Chen_et_al_2004aChen, Wang, et al.,
2004; Wu & Tang, 2010). So, in the past two decades, the GDP
proportion of agriculture increased from 47% to 54% in the lower
reach (Fig. 6). The development of the lower reach was basically
dominated by agriculture, and its industrial foundation remained
weak. Therefore, strengthening water saving irrigation manage-
ment (Liu, 2004; Pan et al., 2014; Yang & Ren, 2001; Zhao et al.,
2013), planting drought resistant vegetations, and returning

Fig. 3. (a) Annual average temperature (�C) and (b) precipitation (mm). (c) Annual
runoff ( � 108 m3) of head (Aksu River, Yarkand River and Hotan River) (cited from
Zhang and Cui (2019) and modified) and (d) main reaches (Alar for upper reach,
Yingbaza for middle reach and Qiala for lower reach) (cited from Liu (2019) and
modified) in Tarim River Basin from 1997 to 2017.
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farmlands to grasslands as well as enhancing water resources were
the main strategies for sustainable development in the lower reach.
Such strategies enabled sustainable development in the lower
reach which can be continued even without the ecological water
transfer in the future.

4.2. The effect of climate change on the land use and water change
with human development

Global warming caused great impact on the current ecology of
Tarim River Basin. The IPCC Assessment Report pointed out that the
global warming trend in the past 50 years was 0.13 �C per decade,
but 0.25 �C in China (Ren et al., 2005). The annual average tem-
perature increase in Xinjiang however, was even higher and about
0.3 �C per decade (Zhang et al., 2012). In arid and semi-arid areas of
Northwest China, evaporation increased with the increase of tem-
perature. Although, evaporation and anthropogenic effects both
have been included in the runoff consumption, the evaporation
(3.89 � 108 m3) was far less than the main stream runoff con-
sumption (47.17 � 108 m3) in 2013 (Jian et al., 2016). So, the main
factor affecting runoff consumption was human factor. Our data
showed considerable fluctuations in mean annual precipitation and
temperature and the frequent extreme climate events since 2008
(Fig. 3ab). According to the special geographical location of the
source reach (Fig. 1), the annual runoff of each river responded
differently to climate change. The temperature and precipitation
increased in the Tarim River Basin from 1997 to 2017 (Fig. 3ab). The
runoff of Hotan River in the south of Kunlun Mountain responded
quickly to precipitation change, and the runoff of Aksu River and
Yarkand River responded slowly to both temperature and precipi-
tation changes (Fig. 3c). Since 2008, serious drought events were
continuously occurred, and the temperature and precipitation
curve significantly fluctuated. The runoff consumption of the upper
reach decreasedmainly due to the water-saving agriculture and the
implementation of efficient water-saving irrigation methods such
as drip irrigation. The runoff consumption of the middle reach first
decreased (1997e2009) and then increased (since 2009), mostly

because of agricultural water-saving, but also with the economic
development, where industrial water consumption was serious.
The runoff consumption showed an overall increasing trend in the
lower reach, with three low values in 2008, 2009 and 2014 (Fig. 4).
The frequently occurred severe droughts were far beyond agricul-
ture tolerance. It was not only threatened the grain and cotton
production in the Tarim River Basin, but also had a direct impact on
the ecological environment of the basin (MWRC, 2012; Zhang,
1998). Therefore, facing climate change and water shortage prob-
lem urgently necessitate 1) promoting the water saving strategies
in both agriculture and industry 2) changing of industry structure
to secondary and tertiary industry and 3) returning farmlands to
grasslands and forests (Fig. 7).

4.3. Water and land use of typical inland rivers in the world under
climate change and human activities

The impacts of climate change and human activities on water
and soil resources are global concerns. So, land and water use in
Tarim river can be compared with other major inland river basins
such as Volga and Ural rivers in Europe, the Okavango and Chari
rivers in Africa, and the Syr Darya, Amu Darya, Tarim and Heihe
rivers in Asia (Table 1). In Europe, the upper and middle reaches of
the Volga River has a temperate maritime climate with abundant
precipitation; and the lower reach is in a semi-desert steppe zone,
with a dry climate and scarce precipitation (Zhu, 1986). The linear
increasing (0.29 �C per decade) trend of temperature in the Ural
River Basin is also significant (Yao, 2014). The Volga and Ural River
basins became densely populated with the highest water use for
agricultural and industrial purposes. This led to increasing runoff
consumption (Sivokhip et al., 2017; Sun, 1983) as for example 85%
water use for industrial water supply in the Russian part of the Ural
basin (Sivokhip et al., 2017).

In Africa, the Okavango River Basin is an inland wetland
ecosystem of 1.2� 104 km2 which has changed to a drier ecosystem
following climate change. (Wolski et al., 2012). There are about
6 � 105 people inhabitant whose economic activities are mainly

Fig. 4. Annual runoff consumption ( � 108 m3) in the main reach of Tarim River Basin from 1997 to 2017.
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mineral mining, agriculture, animal husbandry and tourism (Kgathi
et al., 2006). The Chali River Basin in contrast is dominated by
irrigated agriculture. In the past ten years from 2003 to 2013, the
role of human activities became particularly obvious. On an annual
average scale, the total water loss caused by climate change and
human activities was 16.76 km3 from that, human activities were
responsible for 73.2% against the 26.8% contribution of the climate
change (Zhu et al., 2019).

The Syr Darya and Amu Darya Rivers are located in inland Asia,
with sparse precipitation all year round, and the water source
mainly depends on snow melting on high mountains (Xu, 2014). In
recent years, as the temperature continues to rise, the rate of gla-
ciers melting has been accelerated, which led to an increase in the
runoff of the upper reach of the rivers (Sorg et al., 2014; Zou et al.,
2019). The Syr Darya and Amu Darya river basins are densely
populated with an annual population growth rate of 2.5% and 3.4%
(Jalilov et al., 2016; Sorg et al., 2014; Sun et al., 2019). 60% of the
rural population in the two regions are engaged in agriculture.
From 1992 to 2015, agricultural land expanded 1534 km2 in the
middle reach of the Syr Darya, and agricultural land expansion was
5000 km2 in the upper reach of the Amu Darya in 1990e2003
(Bocchiola et al., 2017; White et al., 2014; Zou et al., 2019). Thus,
irrigation water consumed 90% of total water resources, which led

to a significant reduction in the runoff of middle and lower reaches
of both rivers (Sorg et al., 2014; Sun et al., 2019; Zou et al., 2019).

The Tarim and Heihe Rivers are located in the middle of Asia,
with dry climate and sparse rainfall. Runoff is mainly recharged by
melting glaciers and sparse precipitation (Wang & Meng, 2008).
The population density in the Heihe River Basin is relatively low,
but extremely uneven, with a backward economic development
(Gao & Zhao, 2010). The population and economy are mainly
concentrated in the middle reach of the oasis agricultural area. The
population size and GDP of the middle reach accounts for 88.47%
and 87.93% of the whole basin respectively (Zhou et al., 2005).
Although, the upstream runoff has increased because of climate
change in the past decades, but the rapid increase of oasis popu-
lation, agriculture, and industry in the upper and middle reaches
led to a rapid increase in the use of water resources which in
consequence results in shrinking of oasis area. Therefore, from 1969
to 2009, the area of Ejina Oasis in the lower reach of the Heihe River
dropped sharply from 6940 km2 to 3328 km2 (Gao & Zhao, 2009).

In the Tarim river basin, since implementation of the higher
water saving strategy in agriculture as well as the ecological water
delivery policy, the natural vegetation area increased by 601 km2

despite a fast population increase. Moreover, the downstream
water area was also increased by 596 km2. At the same time from

Fig. 5. (a) Ecological water delivery discharge volume ( � 108 m3) and (b) head reach distance (km) from Daxihaizi reservoir (cited from Li, Zhang, et al. (2018) and modified).
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1999 to 2019, the active implementation of agricultural water-
saving measures reduced the runoff consumption (1 � 109 m3)
and the oasis expanded by 2858 km2. In contrast to the other inland
river basins worldwide, the economic changes from first to second

and third industry led to return of the agricultural fields to forest
and grasslands. However, there are still problems with fast eco-
nomic development on natural environment. For example, the
middle reach still has higher water consumption because of high-
water-consuming industry. Therefore, further water recycling and
water saving techniques should be widely implemented.

The connotation of global sustainable development required the
rational allocation of resources in space and time (Zhou et al.,
2005). Glaciers in inland river basins around the world are
melting faster under global warming (Ren et al., 2005; Rumbaur
et al., 2015; Sorg et al., 2014) and with a rapid increase in the
population, human activities accelerate the consumption of water
resources and the transformation of land resources. Such human
activities are for example, the expansion of agricultural land in the
Syr Darya and Amu Darya Rivers, the degradation of the oasis in the
lower reach of the Heihe River, industrial water consumption in
Ural and Volga Rivers. These phenomena are not only detrimental
to the sustainable development of that region, but also create a
vicious circle, leading to increasing poverty and environmental
degradation. Therefore, the successful water management strate-
gies in of the Tarim River Basin that drew on the research results,
propose a sustainable global solution to avoid the environmental
problems which may occur by population increase and
industrialization.

Fig. 6. The GDP ( � 104 RMB) and population ( � 104) in Tarim River Basin and composition of different industries from 1999 to 2018.

Fig. 7. Reasonable water consumption and land use with the development of hy-
drology, climate and population under present (solid line) and improved (dotted line)
water saving strategies.
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4.4. Future strategies for sustainable land and water use

The sustainable development of land and water resources has
become a global issue. Water scarcity in river basins has caused
significant changes in the local hydrological environment over the
past decades; including environmental degradation, salinization
and desertification (Cheng et al., 2014). As climate changes such as
global warming cannot be reversed in a short period of time and
human impacts may even dominate the effects of climate change,
thus, focusing on human activities and its consequences are the
main regulator of sustainable development of water and soil re-
sources. The impacts of human activities on the water resources of
the Tarim River Basin can be divided into direct and indirect im-
pacts. The activities with direct effects were the implementation of
water-saving measures such as the Tarim River Ecological Water
Transfer Project (TREWTP) and drip irrigation under the film since
2000, which have increased the runoff of the river basin and alle-
viated the problem of water shortage in the river basin. These ac-
tivities directly changed the surface and underground runoff and
had a huge and profound impact on the water cycle.

Land use activities indirectly and slowly affected the water cycle
process by changing the earth surface conditions. The continuous
expansion of agricultural land and the rapid development of in-
dustry continuously increased water demand, which resulted in a
sharp drop in downstream water inflow. Such conditions will be
continued in future and will be intensified due to global warming;
and it is against the coordinated development of the basin.
Although, the global warming increases snow and glacial melting
but the limitation of such water sources in the region makes their
contribution in future water management strategies negligible.
Therefore, in future, as the main directions of water conservancy
development, we should improve the utilization efficiency of water
resources, continue to establish a scientific and reasonable irriga-
tion and drainage system, and consolidate and develop high-
efficiency water-saving irrigation area. At the same time, more
attention should be paid to the expansion of natural oasis area and
reducing intensive use of land resources to ensure the stability of
oasis development in Tarim River Basin. Furthermore, the existing
and future water problems, in accordance to the development

trends and upcoming challenges of Tarim River Basin should be
studied and predicted based on analysis of regional geography,
climate, oasis economic characteristics, water resources and cur-
rent situation of development and utilization. For future develop-
ment, using GIS and RS technology, the exploitation and utilization
of water and soil resources should be monitored, the land use and
hydrological models should be strengthened, and high technolo-
gies of green energy and industry water use should be
implemented.

5. Conclusions

Climate and human activities change spatial and temporal dis-
tribution of water and land use. The Tarim River is the largest inland
river in China with a long-term land and water exploitation. We
analyzed land andwater use from 1997 to 2019 in Tarim River Basin
by using data from Landsat, hydrology, meteorology, social and
economic as well as air quality. The results showed that agricultural
land faced fastest expansion (4%e11%), followed by natural vege-
tation (15%e16%) and water area (4%e5%) due to increase in pop-
ulation, and economic and improved air quality. The fast increase in
water area of the lower reach (1%e6%) was because of ecological
water delivery from 2000. The annual average temperature and
precipitation gradually increased over the past 20 years, with
serious fluctuations since 2008. The runoff consumption of the
upper reach decreased mainly due to the water-saving agriculture
in the upper reaches and the implementation of efficient water-
saving irrigation methods such as drip irrigation. The runoff con-
sumption of the middle reach first decreased (1997e2009) and
then increased (since 2009), mostly because of agricultural water-
saving, but also with the economic development, where indus-
trial water consumption was serious. The secondary industry
increased with the decrease of the primary industry in the upper
and middle reaches. The middle reaches are rich in natural re-
sources and also the tourism industry is relatively well developed.
As a result, the tertiary industry increased in the middle reach.
Despite all these environmental pressures, the implementation of
water saving strategies, changing industry structure from primary
to secondary and tertiary industry, as well as retuning farmland to

Table 1
Water and soil use of typical inland rivers in the world under climate change and human activities.

Inland river basin Region Climate change Land use Runoff Population Economy

Temperature Precipitation

Volga River Europe ** ** ** e

1960e2016
Dense Heavy industry

Ural River Europe þ(0.29 �C/10a)
1880e2011

** ** 85％ for Industry Dense **

Okavango River Africa þ
2000e2007

e

2000e2007
** þ

1996e2004
** Mineral

Chari River Africa ** �(19.3 mm/10a)
1950e2013

** �(0.39 km3/yr)
1950e2013

** **

Syr Darya River Asia þ(0.5 �C/10a)
1930e2015

þ-1930-2015 þ(1534 km2, agriculture)
1992e2015, midstream

þ(upstream)
-(midstream)
-(downstream)
1930e2006

þ(2.5e3.4%/yr) 30% of GDP
In agriculture

Amu Darya River Asia -(0.11 �C/10a)
1880e2011

** þ(5000 km2, agriculture)
1990e2003, upstream

** þ(2.5*107)
Central Asia

**

Heihe River Asia þ(0.37 �C/10a)
1960e2004

þ(1.02 mm/10a)
1960e2004

-(3612 km2, oasis)
1969e2009, downstream

þ(0.64 km3/yr)
2006e2015, upstream
-(0.84 km3/yr)
1954e2000, midstream

Sparse Backward

Our research Asia þ(0.3 �C/10a)
1997e2017

þ(23 mm/10a)
1997e2017

þ(2858 km2, oasis)
1999e2019

-(0.15 km3/yr)
1997e2017

þ(4*105)
1999e2018

þ(6*1010 RMB)
Changing from first to second
and third industry
1999e2018

1 þ: increase -: decrease **: No data found.
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grassland and forest kept so far the sustainability in Tarim River
Basin. Hence, the most critical parameter which endanger regional
sustainability is water shortagewhich can be alleviatedwith proper
water saving managements. Therefore, although the global inland
river basins are prone to high unsustainability under climate
change and human activities, but under the reasonable manage-
ments, especially water saving strategies, the soil and water re-
sources can be restored which guarantee the long-term regional
sustainability.
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a b s t r a c t

Identifying land management practices (LMPs) that enhance on-site sediment management and crop
productivity is crucial for the prevention, reduction, and restoration of land degradation and contributing
to achieving land degradation neutrality (LDN). We reviewed studies in Ethiopia to assess the effects of
LMPs on soil loss (84 studies) and crop productivity (34 studies) relative to control practice. Yield
variability on conserved lands was assessed using 12,796 fixed plot data. Effects of LMP on soil loss were
0.5e55 t ha�1y�1 compared to control practices yielding 50 to 140 t ha�1y�1. More than 55% of soil loss
records revealed soil loss less than the tolerable rate (10 t ha�1). Area closure, perennial vegetation cover,
agronomic practices, mechanical erosion control practices, annual cropland cover, and drainage groups of
practices led to 74.0 ± 18.3%, 69.0 ± 24.6%, 66.2 ± 30.5%, 66.1 ± 18.0%, 63.5 ± 20.0%, and 40 ± 11,1% soil
loss reduction, respectively. A yield increase of 25.2 ± 15.0%, 37.5 ± 28.0%, and 75.4 ± 85.0% was found
from drainage, agronomy, and mechanical erosion control practices, respectively. The average yield loss
by erosion on fields without appropriate land management practice and on conserved fields was
26.5 ± 26.0% and 25 ± 3.7%, respectively. The findings suggest that practices that entail a continuous
presence of soil cover during the rainy season, perennial vegetation, retention of moisture, and barriers
for sediment transport were most effective at decreasing soil loss and increasing productivity. This re-
view provides evidence to identify the best LMP practices for wider adoption and inform decision-
making on LMP investments towards achieving sustainable solutions to reverse land degradation.
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1. Introduction

The interest in the nexus between land degradation, ecosystem
services, and food insecurity has increased over years. The negative
impacts of land degradation, specifically accelerated soil erosion pro-
cesses caused by deforestation, overgrazing, conventional tillage, and
unsustainable agricultural practices are well known (Borrelli et al.,
2021; Nearing, 2013). The impacts are severe not only through land
degradation but through fertility loss and off-site impacts (Boardman
& Poesen, 2006). This increasingpressureon landcalls formulti-useof
landand the restorationofdegraded lands (Keesstra et al., 2018;Visser
et al., 2019). It is thus realized that rehabilitated environments play a
central role in the provision of ecosystem services and achieving the
UN's Sustainable Development Goals (Yirdaw et al., 2017). One of the
SDGs is achieving a Land Degradation Neutrality (LDN) world (target
15.3). Theconceptof LDNaims to respond to theneed forurgent action
to reverse land degradation (Borrelli et al., 2017; L�opez-Vicente et al.,
2020). Achieving LDN would decrease the environmental footprint
of agriculture and supporting food security (Yoshimura et al., 2015). To
reverse thepressure on landdegradation, actions should be taken that
bring sustainable land management (SLM) solutions encompassing
soil, water, and vegetationmanagement practices. These practices are
essential to enhance ecosystem functions and services, improve food
security as well as stabilize the current state of land degradation, and
contribute to achieving LDN (Abera et al., 2020; Liniger et al., 2019;
Yirdaw et al., 2017). However, in a country like Ethiopia with a very
low land-to-man ratio, large livestock population, and unsustainable
crop management causing land degradation, achieving an LDN is
challenging. The annual cost of land degradation is about $4.3 Billion;
where the use of land degrading practices in maize and wheat farms
alone account for a loss of $162 million (Gebreselassie et al., 2015).
Despite these negative economic impacts, evidence on best bet land
management practices for making an informed decision and its
contribution to sustainable development targets is not systematically
documented. Knowledge and information about the benefits of land
management practices to support achieving LDN targets and
ecosystem benefits gained from protected and conserved landscapes
through land management practices are essential to facilitate target-
ing and scaling. To gauge the level of achievement of LDN targets and
mitigate the risks of land degradation, there is a need to identify best-
bet practices with enhanced ecosystem benefits. There is thus a need
to systematically synthesis empirical data and identify the best bet in
termsof increasingproductivityand reducing soil loss across ranges of
environmental and farming systems. Therefore, a review of land
managementand landcoverpractices andquantify theireffectsonsoil
erosion and productivity is the research areawe need to act to reduce
non-sustainable land resource management and create enabling
conditions to transition toward sustainable land management.

In Ethiopia, for the last four decades, community-based land
restoration efforts have enabled the implementation of various SLM
measures. A recent study in the Ethiopian highlands reported 7.7
million ha (23% of the area requiring restoration) of land has

already been covered with land management interventions
(Bantider et al., 2019). On the other hand, there are growing impact
studies of land management practices on soil loss and crop pro-
ductivity (Amare et al., 2014; Araya & Stroosnijder, 2010; Ebabu
et al., 2019; Erkossa et al., 2006; Herweg & Ludi, 1999; Mekuria
et al., 2007; Melaku et al., 2018; Subhatu et al., 2017; Taye et al.,
2015; Temesgen et al., 2012). It is thus necessary to note that
there is widespread site-specific research conducted to assess the
effects of LMP and land cover types on soil loss, runoff, and crop
yield. However, regardless of the large extent of interventions, the
number of studies conducted to assess the impact of landscape
restoration interventions and synthesis of a range of LMP is small.
Few review studies in soil and water conservation practices have
been conducted in Ethiopia (Abera et al., 2020; Adimassu et al.,
2017) and East Africa (Wolka et al., 2018). A recent review study
collated peer-reviewed publications until August 2018 and char-
acterized the impacts of national land restoration initiatives on
ecosystem services (Abera et al., 2020). Their review work com-
bined measured and model-based case studies and provided a
broader picture of the impact of land restoration in Ethiopia.
However, despite a growing number of field-based experiments
over the years, the effectiveness of the different specific practices
has not been systemically analyzed and reported, which un-
dermines informed decision-making related to land restoration
investments. It is thus essential to assess the comparative magni-
tude of soil loss reduction and yield increment induced by different
categories of LMP and land cover types at plot level.

This study aimed to provide evidence on best bet SLM practices
that enhance ecosystem services and estimate yield loss due to on-
site soil erosion. The objective of this study is to review and syn-
thesize published plot-level experiments investigating impacts of
different forms of LMPs and land cover types, and specifically to (a)
assess impacts of LMP practices on soil loss rates and crop yield
relative to the control practice; (b) evaluate the associated on-site
yield loss by soil erosion; (c) analyze the differences in ecosystem
benefits gained by SLM practices in terms of soil loss reduction and
yield increment. The results of the analysis will (i) provide alterna-
tive LMPs for targeting SLM and serving as a benchmark for plan-
ning; (ii) enable experts and planners engaged in land restoration to
compare and identify best land management practices on their
relative effectiveness on soil loss reduction andyield gain andwould
have a significant contribution to the scaling up efforts of SLM in the
country; (iii) lead to guide decisions on land restoration investment
at the national scale and contribute to achieving LDN targets.

2. Materials and methods

2.1. Literature search

We conducted a literature search and document sourcing using
an online search of “keywords” in major websites that provide
access to scientific research, e.g., ResearchGate, Google Scholar, and
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ScienceDirect. In the online search, we used keywords such as ‘soil
loss', ‘soil erosion’, ‘sediment yield’, ‘sediment deposition’, ‘SLM
practices', ‘soil conservation practices', ‘conservation agriculture’,
‘land cover management techniques’, ‘crop yield’, and ‘Ethiopia’.
After the initial search result, further screening was made based on
certain criteria: 1) considering plot-level experiments that reported
soil loss rates due to LMP practice; 2) plot-level studies that report
changes in soil loss and crop yield due to LMP practices relative to
control practices; 3) excluding model-based estimations and
watershed level experiments; 4) when a single experiment re-
ported soil loss rates and/or change in soil loss separately for land
conservation practices and land cover management, the two cate-
gories of practices were recorded separately. Articles published
between 1983 and 2019 were included. This period was selected
because several improved soil and water conservation and land
management practices were introduced in the early 1980s through
the then Soil Conservation Research Programme (SCRP) in seven
watersheds across the country. Many impact studies on land
management practices then began from this period onwards.

2.2. Analysis of soil loss and crop yield data

Soil loss rates and crop yield in response to LMP practices
relative to control practice were the variables subjected to analysis.
The analysis was done on soil loss rates and crop yield based on a
review of studies that consider the effects of LMP practices under
different environmental settings. It is recognized that some LMP
has specific environmental requirements and others have wider
adaptation conditions. In this review analysis, we assumed that the
synthesis of soil loss and crop yield from studies conducted across a
wide range of conditions can provide average values and represent
the mean effect of an LMP. Based on this assumption, first, the re-
view studies were used to synthesize the effects of LMP on the
magnitude of soil loss rates across studies. This analysis helps to
assess the relative efficiency of practices and identify those prac-
tices that reduce soil loss below the tolerable limit (average value of
10 t ha�1 and a range of 2e18 t ha�1) which was determined by
Hurni (1985) for Ethiopian conditions. Second, the effects of land
management practices were assessed in terms of the rate of
changes in soil loss and crop yield relative to control practices. For
simplicity, we also compared different groups of LMP and land
cover types (Table 1) in terms of their benefits in reducing soil loss
rates and increasing crop yield.

2.3. Estimation of yield loss due to soil erosion

The LMP is considered an investment for which significant
benefits are expected later and for years to come. On the contrary,

costs are incurred when there is inaction to implement and adopt
appropriate landmanagement practices. The yield losses due to soil
erosion were assessed and quantified under with and without LMP
practices. First, yield loss due to the inaction of land management
practice was assessed using the review studies dataset on crop
yield. The yield loss was estimated on control or conventional
practice relative to the yield obtained by applying alternative land
management practices. Finally, we pooled yield loss due to the
inaction of different LMP practices and calculated themean percent
yield loss for different crop types.

Second, we estimated yield variability or gap induced by erosion
gradient between erosion and deposition zones on conserved
fields. Because of conservation or erosion control principles, con-
servation measures aim towards bench formation and control on-
site transport of sediments. It is thus assumed that yield vari-
ability induced by on-site erosion or transport of sediment over
bund areas is considered as on-site yield gaps on conserved fields.
For this purpose, a separate dataset on relative crop yield within
areas between two soil conservation bunds was analyzed and the
effects of erosion gradient on yield variability/gap were examined.
We used long-term yield data collected from ex-Soil Conservation
Research Program (SCRP) dataset (CAHA database) in five experi-
mental watersheds (Anjeni, Andittid, Maybar, Gununo, and Hun-
delafto). The five ex-SCRP watersheds are among the seven
watersheds representing different agro-ecologies that are estab-
lished since the early 1980s to monitor the impact of watershed
interventions The database included 3e18 years (duration between
1985 and 2007) of yield data for nine cereal and pulse crops. The
data consisted of annual yield data on three positions: below bund
(“c”), middle of two bunds (“b”), and above bund where there is
sediment accumulation (“a”). For each bund position, annual yield
observations were used to evaluate yield gap/variability along three
erosion zones between bunds. Sediment accumulation zone (“a”) is
considered as relatively potential in soil status and soil moisture
conditions and the middle zone (“b”) an optimal condition
regarding erosion-related yield variability between bunds. Thus,
we compared the yield between “a” and “c” to determine the po-
tential yield gap/variability. Also, we compared “b” and “c” to
examine the optimum yield gap/variability induced by soil erosion
processes within successive bunds. To determine on-site yield gaps
on conserved lands, the mean percent yield gap between bund
positions (i.e., “a” and “c” as well as “a” and “b” positions) was
estimated for different crop types.

2.4. Statistical data analysis

We conducted a review analysis of plot-level studies on the
effects of LMP and land cover types on soil loss and crop yield

Table 1
Description of groups of LMP and land cover types and counter control practices.

Treatment practice Description Control practice

Drainage practices: broad bed and furrow (BBF), ridge and furrow (RF), camber bed,
permanent raised bed, and traditional farm ditches constructed at 2e3m interval.

Practices to drain excess runoff and excess soil
moisture

Flatbed

Mechanical erosion control practices: Bench terrace, level soil bund, level fanya juu,
graded soil bund, graded fanya juu, stone bund, stone bund þ trench, graded fanya
juu þ trench, check dam, grass strip, bunds combined with hedgerows, tie-ridge, and so
on.

Cross slope physical barriers to retard runoff
velocity and break slope length

Without SWC; Bare land
or fallow

Agronomic practices: Zero tillage, minimum tillage, conservation tillage, mulching,
farmyard manure, non-trampling; intercropping, buffer strip cropping, contour strip
cropping.

Combination of cropping system, tillage, and
moisture conservation techniques

Monocropping;
Conventional tillage;
bare cover

Annual cropland cover (sole crop): Vetch cover, taro, maize, teff, any annual crop cover, Annual crop covers and crop management practices fallow; bare cover
Area closure: Area closure management Degraded areas being protected and closed from

any interference and reduce the intensity of use
Degraded or Bare cover

Perennial vegetation cover: Eucalyptus plantation, grassland, grazing land, shrubland,
rangeland

Perennial vegetation on non-arable lands Degraded bare land
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compared to control practices. The database was organized using
the predefined template in Microsoft Excel. The effects of LMP on
soil loss and crop yield sets of data from field plot experiments were
analyzed for both the specific land management practices and for
aggregated categories of LMP (annual cropland cover, drainage
practice, agronomy, perennial vegetation cover, area closure, and
mechanical erosion control practices) as there were differences in
the characteristics and functions of practices. Using data analysis
tools in Excel relative mean differences (i.e., in terms of percent
changes in soil loss and crop yield) were estimated to evaluate the
mean effect of categories of LMP and land cover types against
control practices.

3. Results

3.1. Database description

Our review results in 236 entries (36 experiments) of data on
effects of LMP and land cover types on soil loss relative to control
practices; 169 entries of data on soil loss rates of individual land

Table 2
The number of field experiments and observations reviewed for soil loss rates and crop yield by categories of SLM practices.

Database variable Categories of LMP and land cover types Number of experiments Number of observations % of observations

Change in soil loss Annual cropland cover 10 57 24.2
Area closure 3 16 6.8
Agronomy 9 29 12.3
Drainage 4 18 7.6
Mechanical erosion control 15 95 40.2
Perennial vegetation cover 5 21 8.9
Total 36 236 100.0

Rates of soil loss Annual Cropland cover 11 13 7.7
Area closure 2 3 1.8
Agronomy 9 27 16.0
Drainage 5 21 12.4
Mechanical erosion control 16 61 36.1
Perennial vegetation cover 5 20 11.8
Control practices 24 14.2
Total 48 169 100.0

Crop yield Annual cropland cover 3 3 2.7
Agronomy 15 63 56.8
Drainage 5 12 10.8
Mechanical erosion control 11 33 29.7
Total 34 111 100.0

Fig. 1. Map of study locations included in the review.

Table 3
The number of crop yield observations measured in the area between bunds from five ex-SCRP watersheds.

Watershed Crop N # years Watershed Crop N # years

Anjeni Barley 765 17 Hunde-lafto Barley 236 8
Wheat 369 18 Wheat 109 7
Linseed 173 12 Horse bean 203 8
Horse bean 177 11 Field pea 131 7
Teff 629 18 Lentil 60 7

Andittid Barley 1554 19 Maize 317 7
Wheat 194 19 Sorghum 637 8
Lentil 60 12 Linseed 11 2
Horse bean 45 11 Maybar Barley 1714 18
Field pea 22 3 Emmer Wheat 251 16
Linseed 304 18 Wheat 558 17

Gununo Barley 256 7 Lentil 195 14
Wheat 21 4 Field pea 470 16
Field pea 143 5 Horse bean 1007 16
Horse bean 62 5 Teff 497 18
Teff 264 7 Maize 1131 17
Maize 201 5
Sorghum 30 3 Total observations 12,796
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management practices without comparison with control practices
(48 experiments); and 111 entries (34 experiments) on effects of
LMP and land cover types on crop yield. All entries of the data were
categorized into six groups of LMP and land cover management
(Table 2). The overall dataset from review studies represented
moist (50.6%), sub-moist (35.8%), and sub-humid (11.1%) agro-
ecologies (Fig. 1). Also, from five ex-SCRP stations, a total of

12,796 location-crop-year yield data from each of the three erosion
zones between bunds were organized (Table 3). Considering all
review studies, the largest number of studies and observations
were obtained on the implementation of mechanical erosion con-
trol practices constituting 40% (95 out of 236) and 36% (61 out of
169) of the total records of change in soil loss and soil loss rates,
respectively. Studies on annual cropland cover (24% and 7.7%) and
agronomic techniques (12% and 16%) constitute the next largest
number of observations of change in soil loss and soil loss rates
(Table 2). Drainage, area closure, and perennial vegetation cover
practices constitute a small number of studies and observations. A
large number of observations on crop yield represented conserva-
tion agriculture practices (57%) followed by mechanical erosion
control practices (30%).

3.2. Effects of LMP and land cover on soil erosion rates

3.2.1. Soil loss rates
Soil loss results of plot-level studies have been analyzed to un-

derstand their comparative erosion control efficiencies. As dis-
played in Fig. 2, a range of average soil loss of 0.5e55 t ha�1y�1 has
been measured on fields treated with various conservation prac-
tices. Whereas we found an average soil loss rate of
50e140 t ha�1y�1 (maximum up to 220 t ha�1y�1) on control or
conventional practices such as badland, bare land, fallow, and
conventional tillage practices. Of the total reviewed studies of the
effects of LMP on soil loss (excluding control practices), soil loss
rates <10, 10e20, 20e30, 30e40, 40e50 and > 50 t ha�1y�1

represent 54.4%, 18%, 6.7%, 10%, 4% and 6.7% of the total observa-
tions, respectively (Fig. 2). Out of the results of review studies 55%
and 80% of observations of effects of LMP gave soil loss rates below
10 t ha�1 and 30 t ha�1, respectively while average soil loss from
control practices was 91 t ha�1 (Table 4).

Within each category of the LMP and land cover types, indi-
vidual practices showed variable performances. Soil loss rates
within the tolerable limit (2e18 t ha�1y-1) defined by Hurni (1985)
were observed in fields treated with the majority of the studied
practices. Below 10 t ha�1y�1 soil loss rates have been measured
from annual cropland covers (except tef crop cover), agronomic
practices, moisture conserving mechanical structures like a trench,
level Fanya juu and tie-ridge, and grassland among perennial
vegetation cover practices (Fig. 2). Erosion rates of 10e20 t ha�1y�1

were obtained from the drainage practices on Vertisols, area
closure management practices, and non-cropland vegetation cover
types (Fig. 2). Among mechanical erosion control practices, level
bunds and stone bunds combined with trenches reduced soil loss
below tolerable rate (<10 t ha�1y�1) while grass strip, stone bunds
alone, graded soil bund, and Fanya juu integrated with vegetative
hedgerows (see Fig. 6) recorded moderate (15e30 t ha�1 y�1) soil
loss rates. Significant soil losses (above 40 t ha�1y�1) were obtained
from graded bunds without vegetative reinforcement (Fig. 2). On
the contrary, relative to the treated fields, nearly 65% of the control
practices (bare land, fallow, conventional tillage, without any
erosion control measures) caused soil loss rates above 50 t ha�1y�1.
Consequently, it is realized that soil loss rates beyond the tolerable
limit have been recorded frequently on lands with no vegetative
and agronomic practices.

Among the categories of LMP and land cover types, the order of
magnitude of erosion control efficiency decreased from agronomic,
annual cropland cover, perennial vegetationmanagement, drainage
practices, and mechanical erosion control practices. Average
erosion rates of LMP were 4.3 (agronomy), 8.0 (perennial vegeta-
tion cover), 8.4 (annual cropland cover), 14.0 (drainage), 14.8 (area
closure), 22.6 (mechanical erosion control), and 91.4 t ha�1y�1

(without LMP practices) (Table 4). The ranges of soil erosion rate of

Fig. 2. Average soil loss rates measured under the management of: a) mechanical
erosion control practices, b) agronomic practices, c) annual cropland cover types, d)
perennial vegetation cover types, e) drainage methods, and f) control practices.
SB¼Soil bund, LFJ ¼ Level Fanya juu, RL ¼ Rangeland, SWC¼ Soil and water conser-
vation, LSB ¼ Level soil bund, GSB ¼ Graded soil bund, GFJ ¼ Graded Fanya juu,
ZT ¼ Zero tillage, ITC¼Intercropping, BSC¼Buffer strip cropping, CSC¼Contour strip
cropping, MT ¼ Minimum tillage, FYM¼Farm yard manure, DBL ¼ Degraded bushland,
GZL ¼ Grazing land, GL ¼ Grassland, EUC ¼ Eucalyptus, AC ¼ Area closure,
DRL ¼ Degraded rangeland, BBF¼Broad bed and furrow, RF ¼ Ridge and furrow,
CT¼Conventional tillage, LMP ¼ Land management practices.
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control practices were between 50 and 140 t ha�1y�1 (Fig. 2).

3.2.2. Change in soil loss
The rate of on-site soil loss reduction by LMP and land cover

types have been assessed by reviewing 236 pairs of observations
against the respective control practice. Table 4 and Fig. 3 present
the mean soil loss changes from six groups of LMP and land cover
types. Depending upon their nature, structural design and layout
specifications, the different categories of practices have shown
different soil erosion control efficiency. A mean effect of 60e75%
soil loss reduction was recorded from land management practices
and land cover types including area closure, perennial vegetation
cover, annual cropland cover, agronomic and mechanical erosion

control interventions. Practices with less intensity of crop covers
such as teff, wheat, and faba bean-managed under contour tillage
reduced soil loss by 35e65% compared to maize cover (more than
80% reduction). There was a contrasting effect of soil loss reduction
between tillage management practices and cropping systems.
Minimum tillagemanagement practices reduced 25e50% of the soil
loss relative to conventional tillage. On the other hand, cropping
systems such as intercropping, buffer strip cropping, contour
cropping, and mulching reduced soil loss by a range of 75e90%
compared to mono-cropping, fallow, and bare cover practices.
Perennial vegetation cover types and area closure management
showed 75e90% soil loss reduction. The effectiveness of mechani-
cal erosion practices ranges from 40 to 90% soil loss reduction.
Among other mechanical conservation structures, tie-ridges,
trenches, level bunds, and graded bunds integrated with trenches
and vegetative hedgerows have resulted in 70e90% soil loss
reduction, and graded soil and stone bunds reduced 60e70% of soil
loss when compared with respective control practices (Fig. 3).
Drainage methods reduced soil loss on average by 40e45%.

Overall, we found that soil loss reduction due to LMP and cover
types was associated with practices that entail a continuous pres-
ence of soil cover during the rainy season, perennial vegetation
system, and runoff water retaining structures as barriers for sedi-
ment transport. These changes in soil loss also point tomodification
of slope length and slope factor (Rieke-Zapp & Nearing, 2005) and
changes in soil hydrologic properties (infiltration and porosity) as
annual cover crops, perennial vegetation, and agroforestry prac-
tices have a role to improve infiltration (Basche & DeLonge, 2019).
We conclude that these positive changes in soil loss imply the need
to integrate and combine the different practices to achieving a
significant reduction of on-site soil erosion to a tolerable level and
leading to a sustainable best bet practice.

3.3. Impact of LMP and land cover on crop yield

3.3.1. Effects of LMP on crop yield improvement
The review studies revealed a positive yield response

(47.5 ± 54.3%) of applying LMP and land cover interventions.
However, the rate of increase varied on the nature and type of LMP
and land cover types (Fig. 4). Mechanical erosion control, agro-
nomic, and drainage practices increased crop yield by 75.4 ± 54.3%,
37.5 ± 27.9%, and 25.2 ± 14.9% over the control, respectively.
Overall, there were 1.3e1.6 times more crop yield increase by
applying LMP and land cover interventions over the control prac-
tice. Among all the practices, tie-ridge could increase crop yield by
more than 200% andmulching with red ash in the dry environment
could also increase yield by 120% (Fig. 4). Applying trapezoidal
bunds, fanya juu combined with grass hedgerow, tie-ridge, contour
ridges, deep tillage, mulching, green manure, and alley cropping
increased crop yield by more than 40% (40e120%). Stone bund, soil
bund, conservation tillage techniques (green manure, zero/mini-
mum tillage, open ridge), and intercropping showed a small range
of yield increase (25e30%). However, grass strips showed no pos-
itive effect on crop yield change which is like results reported by
Herweg and Ludi (1999). Despite there was a general trend in crop
yield increment across all crop types, the effects of LMP on the rate
of crop yield improvement varied from crop to crop. The average
positive crop yield response was high for sorghum (75%), chickpea
(54%), and lentil (40%). About an 18e30% yield increase was
recorded for other crops (faba bean, sesame, wheat, teff, and
maize). In some field experiments where minimum tillage and zero
tillage were applied in low rainfall areas, there was a negative yield
response of maize and wheat yield.

Table 4
Average soil loss rate and change in soil loss for the different categories of LMP and
land cover types.

Soil loss rate (t ha�1) Change in soil loss (%)

LMP and land cover type N Mean SE N Mean SE
Perennial vegetation cover 20 8.0 1.40 21 69.0 5.56
Annual cropland cover 13 8.4 1.24 57 63.5 2.48
Agronomy 27 4.3 2.88 29 66.2 6.09
Drainage 21 14.0 1.84 18 39.8 2.62
Area closure 3 14.8 12.76 16 74.3 4.58
Mechanical erosion control 61 22.6 4.29 95 66.2 1.91
Control 24 91.4 13.07 e e e

Mean/Total 169 19.2 5.4 236 64.3 3.88

Fig. 3. Box plot of soil loss rates of land management practices relative to soil loss of
control practices (a) and relation of soil loss at land management plot and soil loss at
control plot (b) for the groups of land management and land cover types.
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3.3.2. Yield loss due to soil erosion
Fig. 5 presents the average yield loss for different crops with and

without LMP practices. The average yield loss on fields without LMP
was 26.5 ± 26.0% (Fig. 5, top) compared to conserved fields with
appropriate practices. Maximum yield loss was estimated for the
two dryland crops, sorghum (49.4 ± 23.4%) and chickpea
(34.1 ± 8.9%) which likely attributed to both soil erosion and
moisture stress constraints. The average yield loss for crops
growing in moist and sub-humid areas was 24.3 ± 20.9%,
17.7 ± 10.2%, 16.8 ± 28.9%, 16.1 ± 18.1%, 16.0 ± 18.0%, and
11.0 ± 23.1% for lentil, faba bean, maize, wheat, teff, and barley,
respectively (Fig. 5, top). However, it must be noted that the
number of review studies (<5) for chickpea, lentil, and faba bean is
small and may not enough to generalize the results on yield loss
without land management practice. Previous national scale studies

reported a very low estimate of a decline of crop yields by soil
erosion, by 1.5% (Ellis-Jones & Tengberg, 2000) and 1e2% per year
(Hurni, 1993). A modeling approach was applied to evaluate the
impact of water erosion in Ethiopia and reported a range of po-
tential reduction of 10e30% crop yield by 2030 (Sonneveld and
Keyzer, 2003). Due to the occurrence of high soil erosion and
nutrient depletion, the yield loss in this study is more than the
anticipated 16.5% yield reduction in Sub Saharan Africa by 2020 and
13% estimate globally (Lal, 1995). A recent study on global market
impacts of soil erosion assumed a mean crop productivity loss of 8%
in arable lands threatened by severe erosion (>11 t ha�1 y�1)
(Sartori et al., 2019). Based on the measured field evidence collated
in this study, the previous research reports underestimated the
productivity loss by water erosion in the tropical and sub-tropical
conditions. This leads to undermining the negative impacts of
land degradation on the economy of smallholder agriculture in
Ethiopia and leads to misguided decisions on the responses of
sustainable land management investments.

It is also understood that maximum yield cannot be achieved
even on conserved fields due to the inevitable yield loss because of
a continued soil erosion gradient. We found that crop yield vari-
ability/gap in conserved fields is apparent. As presented in Fig. 5
(bottom), the crop yield difference between the different levels of
erosion zones, i.e., between the lower side of bund (“c”) and sedi-
ment accumulation zone immediately above the bund (“a”) was

Fig. 4. Percent crop yield increases of groups of LMP: a) mechanical erosion control
practices, b) agronomic practices, c) drainage practices, and d) relation of yield at LMP
plot and yield at control plots by crop types. FJ¼ Fanya juu, TRB ¼ Trapezoidal bund,
ZT ¼ Zero tillage, CT¼Contour tillage, ITC¼Intercropping, MT ¼ Minimum tillage,
GM ¼ Green manure, DT ¼ Deep tillage, ALC ¼ Alley cropping, CR¼Contour ridge,
BT¼Berken tillage, RAM ¼ Red ash mulch, FYM¼Farm yard manure, BBF¼Broad bed
and furrow, RF ¼ Ridge and furrow, PRB¼Permanent raised bed.

Fig. 5. Percent yield loss by crop types: a) induced under without land management
practice, and b) induced by erosion gradient on conserved areas between bunds. a-c
represents yield loss between above bund (accumulation zone) and below bund
(erosion zone); b-c represents yield loss between middle of bund (intermediate zone)
and below bund (erosion zone).
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very high. On average, 25 ± 3.7% (range of 19e29%) yield reduction
was measured at the erosion zone compared to the sediment
accumulation zone. There was a yield decline by 13.5 ± 6.1%
(6e25%) between the erosion zone (“c”) and the middle zone (“b”).
The yield loss induced by soil erosion gradient on conserved bunds
has shown a distinct difference between early planting and late
planting crops. Those crops with less density of cover during the
early rainfall period and very fine and smooth surface roughness
conditions showed high yield loss compared to crops with good
crop cover. For example, yield loss was high for lentil, wheat, barley,
teff, field pea, and linseed. Whereas, low yield loss was measured
onmaize, faba bean, and sorghum fields where there is a significant
density of surface cover during the early rainfall period. In general,
yield loss ranges 20e30% between erosion zone and accumulation
zone, and 5e25% between erosion zone and middle zone (Fig. 5,
bottom). Other studies also described the differences and non-
uniform yield at the upper and lower side of bunds (Alemayehu

et al., 2006; Vancampenhout et al., 2006). This yield variability or
gap was likely created due to the process of soil erosion and
deposition and moisture storage in the area between bunds. For
example, a study in Anjeni revealed that higher yield on the
accumulation zone is attributed due to 55e75% sediment deposi-
tion on the upper side of bunds (Subhatu et al., 2017).

4. Discussion

The results of this review in many ways corroborates with
previous review studies in Ethiopia. A review study in Sub-Saharan
Africa (Wolka et al., 2018) found a more or less similar positive
effect of tie-ridge, soil bund, and stone bund on soil loss change,
where a range of 40e80% soil loss change was achieved when
compared to control practices. Others reported a 50e70% reduction
in soil loss by soil bund, stone bund, fanya juu, and integrated
measures (Abera et al., 2020; Adimassu et al., 2017; Amare et al.,

Fig. 6. Pictures of commonly applied land management practices: a) graded soil bund (ditches on upper side to discharge runoff), b) graded soil bund with vegetative hedgerows, c)
graded Fanya juu (ditches on lower side), d) stone faced soil bund, e) stone terrace, and f) bench terrace.

G. Desta, L. Tamene, W. Abera et al. International Soil and Water Conservation Research 9 (2021) 544e554

551



2014). It is reported that agronomic practices could also reduce up
to 45% of soil loss (Wolka et al., 2018). It was reported that agro-
nomic and vegetative practices contributed to the prevention and
reduction of land degradation and their combination can restore
degraded lands (Abera et al., 2020; Kassawmar et al., 2018). Simi-
larly, in the semi-arid condition in Italy, vineyard farming under
conventional tillage is known to be responsible for high soil erosion
rates. However, cover crop soil management practices significantly
reduced the erosion rates by 80% (from 35.5 to 7.2 t ha�1 y�1) of the
vineyard farmwith similar characteristics (Novara et al., 2021). The
combined use of cover crop soil management and minimum tillage
operations further reduced the soil erosion rate to 4.7 t ha�1 y�1

(Novara et al., 2019). A study on the synthesis of plot soil loss data in
Europe (Maetens et al., 2012) reported that bare soil, cropland,
fallow, and semi-natural vegetation cover resulted in 10e20, 6.5,
5.8, and <1 t ha�1 y�1, respectively. The results of the study using
land-use combinations in the hillslopes of the Loess Plateau of
China show that soil erosion rates are decreasing in the order of
cropland, orchard, grassland, and forestland (Fu et al., 2009). The
implication to this is the need to give priority to agronomic, con-
servation agriculture, cropland covers, and perennial vegetative
measures as well as a combination of mechanical conservation
measures with vegetative measures wherever necessary to break
the slope and retard runoff velocity.

About yield response to LMP, the previous review works in
Ethiopia reported mixed effects of soil conservation techniques on
crop yield. (Wolka et al., 2018) reported that about 80% of the re-
view studies in Sub-Saharan Africa indicate a positive effect on crop
yield. Adimassu et al. (2017) reported that only 10e30% of the ob-
servations of level soil bund, level fanya juu, graded fanya juu, and
graded soil bund resulted in a positive effect on crop yield. They
claimed waterlogging and land lost by the structures as factors for
yield reduction. According to meta-analysis results of soil loss by
Abera et al. (2020), physical structures like fanya juu and soil bunds
alone did not show a significant positive effect on productivity.
Herweg and Ludi (1999) found that fanya juu, soil bund, stone bund,
and grass strips did not increase crop yield and biomass production
in the highlands of Ethiopia. In-depth analysis of the review studies
that reported a decline in crop yield indicates that the decline was
associated with experimental conditions with very shallow soil
depth and poor soil fertility, and fields characterized with Regosols
and prolonged waterlogging problems (Adimassu et al., 2017;
Hengsdijk et al., 2005). Moreover, some of the inconsistent effects
of physical conservation practices on crop yield may be likely
related to a small number of observations included in the analysis.

On the other hand, previous studies reported a positive effect of
conservation agriculture and agronomic practices on crop yield
(Adimassu et al., 2017; Wolka et al., 2018). Most agronomic prac-
tices resulted in a crop yield increase by 20e25% (Abera et al., 2020;
Adimassu et al., 2017). Tie-ridge, which is practiced under low
rainfall areas and among the most frequently reported practice
significantly increased crop yield (Abera et al., 2020; Wolka et al.,
2018). This high rate of yield increase is likely due to the mois-
ture conservation effect where such practices most prevail under
arid conditions (Araya & Stroosnijder, 2010; Erkossa et al., 2018).
However, in soils with low infiltration rates and high rainfall areas,
moisture conserving practices like tie-ridging depending on the soil
types harming yield (Belay et al., 1998). A combination of tech-
niques such as bunds with vegetative hedgerows, improved tillage
with mulching, bunds with moisture conservation techniques, and
crop rotations further enhance crop yield (Abera et al., 2020;
Lanckriet et al., 2012) due to their complementarity benefits. This is
also demonstrated in our results, as shown in Fig. 4.

A further look at the results of this review suggests that
compared to previous review studies, these findings draw

markedly different conclusions on the benefits of LMP. The entire
review studies revealed a positive yield response and on average
47.5% yield gain can be achieved by implementing different types of
land management practices. Overall, on average 25e75% of crop
yield benefits can be boosted by investing in different types of land
management practices. This means that specific agronomic, mois-
ture conservation, and runoff erosion control practices that
involving more sediment storage capacity, on-site moisture con-
servation capacity, and improved tillage characteristics and crop
cover intensity was most effective in increasing crop productivity.
There is a piece of growing evidence that increases in nutrient
accumulation and moisture retention through increased use of
agronomic and conservation agriculture systems and combination
of mechanical structures with vegetative techniques are associated
with increased yield stability (Abera et al., 2020; Basche&DeLonge,
2019; Erkossa et al., 2018). The productivity gain was much pro-
nounced relatively on dryland conditions (e.g., sorghum (75%) and
chickpea (54%)) indicating the likely role of management practices
for moisture conservation along with soil loss reduction to enhance
ecosystem services.

This synthesis discovered that land management practices
greatly contribute to improving ecosystem services ereduced soil
loss and increased productivity. High soil loss reduction was ach-
ieved by using practices with better vegetative cover as they play
the role of preventing rainfall and water erosion impact. Better
yield increases however mainly related to practices characterized
by high moisture and sediment retention capacity, including me-
chanical erosion control and conservation agriculture practices. A
comparison of categories of land management practices, particu-
larly on croplands, indicated both provisioning and regulating
ecosystem functions can be achieved by applying mechanical
erosion control and conservation agriculture practices. Regulating
ecosystem functions is further enhanced when different categories
of practices are applied in combination. These results confirm the
presence of best bet alternative land management practices that
enhance ecosystem services. The best bet practices are associated
mainly with those practices characterized by their retention ca-
pacity of both moisture and sediment, presence of continuous
cover, improvements in the soil hydrologic properties, and syner-
gistic effects of multiple management practices. The comparison of
land management practices suggests that appropriate selection of
an effective combination of practices under different environ-
mental conditions is found necessary to prevent and reduce the
impact of land degradation, maintain a long-term soil health sys-
tem, and adapt to rainfall variability and climate change. The con-
sequences of inaction and/or inappropriate selection and targeting
of practices to adapt to a specific condition leads to significant yield
loss for land users and leading them to low economic capacity to
respond to their food insecurity. Such costs of inaction incur not
only direct economic loss to farmers but also incremental negative
impact over years that lead to reducing the capacity for sustainable
land production and resilience to shocks under changing climate
and drought. This implies that a strong push in the dissemination
and adoption of cover management and in-situ moisture conser-
vation practices in combination with mechanical erosion control
practices is needed to prevent and reduce land degradation and
negative economic impact as well as to enhance multiple
ecosystem benefits, sediment management, and productivity.
Overall results revealed that the effects of LMP and land cover types
must be widely studied under different agro-climatic settings. This
review confirms that LMP and land cover types are alternative
options to reduce erosion rates and change degraded lands and
unsustainable agricultural management into long-term sustainable
management strategies. The role of LM and LC practices needs to be
considered for achieving sustainable solutions (multiple ecosystem
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services) and then contribute to the land degradation neutrality.

5. Conclusion

This synthesis forms a review of 118 plot-level soil loss and crop
yield studies (520 observations) and a long-term fixed plot dataset.
The review gain insight into the positive performance of land
management practices and land cover types in reducing soil loss
and increasing crop yield. The greatest benefits on the reduction of
soil loss were observed with the annual cropland covers, area clo-
sures, perennial vegetation cover, and mechanical erosion control
practices. The most significant positive impact of conservation
agriculture and mechanical erosion control practices on soil loss
changes was achieved when they are combined with other land
cover management and moisture management practices. Yet, it
must be noted that the implementation of commonly practiced
mechanical soil conservation structures did not reduce the absolute
soil loss rates below tolerable limits. The important finding, unlike
previous review studies, is that mechanical erosion control prac-
tices and conservation agriculture techniques have significantly
increased crop productivity. Although the studied practices show
the greatest promise to enhance ecosystem services, the extent of
implementation of agronomic and vegetative management prac-
tices has not been equally pushed by the extension system as
compared to mechanical erosion control practices. The negative
impact of the inaction of implementing landmanagement practices
and inefficient practices on conserved lands led to a 10e45% yield
loss and a 5e25% yield gap between the intra-bunds, respectively.
Thus, addressing land degradation risks particularly soil erosion is
not only a matter of implementing land management practices but
also, the concern is how to increase the efficiency and sustain these
practices on conserved areas. The review results anticipated to
provide evidence to experts and planners in land restoration to
compare, identify, and target best land management practices on
their relative effectiveness on soil loss reduction and yield gain.
This evidencewould lead to guide decisions on the implementation
of appropriate and effective and sustainable land management
practices at the local level and land restoration investment at the
national scale to achieve national LDN targets.

Future implementation of sustainable land management should
assess greater opportunities for adopting integrated land cover
management and conservation agriculture practices into the agri-
cultural land-use systems. To enable wider scale analysis, long-
term replicated studies that consist of both plot and watershed
level data would be needed to generate evidence on the broader
impact onmultiple ecosystem services. Analyzing the interaction of
land management practices with other environmental and farming
conditions was beyond the scope of this paper and open for future
study. Thus, additional research is needed to update the database
and build broader scale evidence, and then better understand what
conditions the land management practices are more adaptable and
effective to facilitate targeting.
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a b s t r a c t

Near-surface features have a great influence on runoff and detachment processes by overland flow, but
the contributions are still unclear on steep slopes with yellow soil in subtropical humid regions. Field
scouring experiments were conducted to investigate how near-surface features affect hydraulic pa-
rameters and detachment rate by overland flow. Five treatments and a baseline (disturbed rootless bare
cropland) were designed to identify the contributions from stem-leaves, litter, biological soil crusts
(BSCs), root systems and non-disturbance, respectively. The results showed that (1) the values of velocity,
Reynolds number and Froude number for vegetated slopes were significantly lower than that of baseline,
and stem-leaves made a greater contribution (average of 47.30%) to reducing kinetic energy than the
other features; (2) the total contribution rate of grassland was 99.38%, and of this total, 1.19, 1.44, 2.49,
49.79 and 44.47% reductions were attributed to the stem-leaves, litter, BSCs, root systems and non-
disturbance, respectively. Root system and non-disturbance dominated the detachment rate reduction;
(3) with increasing flow rate or slope gradient, the total contribution rate remained between 98% and
100%; and (4) for each treatment, the relationship between detachment rate and hydraulic parameters
remained constant, and the stream power was the best predictor to detachment rate. The study results
are helpful in evaluating the effects of near-surface features on erosion control and providing reference
for government decision-makers to choose appropriate soil conservation and management practices.
© 2021 International Research and Training Center on Erosion and Sedimentation, China Water & Power

Press. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The karst region is one of the most vulnerable areas to natural
and/or man-induced hazards in theworld (Hai, 2015). Overall, karst
area covers about 22million km2 (7%e12%) of the earth surface, and
is home to 1 billion people around the world (Hartmann,
Goldscheider, Wagener, Lange, & Weiler, 2015). The karst area in
China is approximately 3.44 � 106 km2, and more than 1/7 of the
total global karst area and it is locatedmainly in Southwest China in
the sub-tropical zone, where the climate is humid and hot (Jiang,
Lian, & Qin, 2014; Wang, Liu, & Zhang, 2010). In this region, soil
erosion rate is much higher than soil formation rate as carbonate
rocks are highly soluble and provide little weathered material for

soil formation (Peng&Wang, 2012). What's worse, the land in karst
region of China is cultivated extensively for supporting local
farmers, significantly increasing the risk of soil erosion (Jiang et al.,
2014).

Soil detachment by overland flow, the initial and vital soil
erosion process, is greatly affected by the force of overland flowand
near surface features, such as land use, vegetation system and
tillage practices (Zhang, Liu, Liu, He, & Nearing, 2003; Zhang, Tang,
& Zhang, 2009). Vegetation is one of the key factors affecting soil
erosion, and it affects runoff and erosion processes mainly through
the combined effects of above-ground and below-ground features
(Gyssels& Poesen, 2010; Li& Pan, 2018;Wang, Zhang, Shi,& Zhang,
2014; Zhang, Zhou, Xie, et al., 2020). The above-ground features of
vegetation, including stems, leaves, litter, and biological soil crusts
(BSCs), reduce soil erosion by intercepting, reducing the flow ve-
locity and increasing infiltration (Clark & Zipper, 2016), as well as
increasing soil erosion resistance by improving soil physical and
chemical properties (Wang, Zhang, Shi, & Zhang, 2014; Zhang,
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Zhou, Xie, et al., 2020). While the underground parts, involving root
systems, by stabilizing loose soil, improving soil structure, and
control soil properties including aggregate stability, soil penetra-
bility, organic and chemical content, and shear strength to weaken
soil erosion risk (De Baets, Poesen, Gyssels, & Knapen, 2006;
Gyssels, Poesen, Bochet, & Li, 2005; Jiang, He, Huang, Zhang, &
Huang, 2020; Khanal & Fox, 2017; Vannoppen, Vanmaercke, De
Baets, & Poesen, 2015). To accurately model soil loss from slopes
under different near surface conditions and prompt further vege-
tation management, it is significant to separate and quantify the
relative contributions of above-ground and underground vegeta-
tion features to reduce runoff and soil loss.

Over the last few decades, it has been argued the above-ground
and the underground vegetation part, which has the greater
contribution to inhibiting soil erosion (Zhang, Zhou, Xie, et al.,
2020; Parhizkar, Shabanpour, Khaledian, & Manuel, 2020). Many
studies have revealed that the above-ground parts of vegetation
had important effects on overland flow and soil erosion (Gyssels &
Poesen, 2010; Víctor & Carmen, 2008). Wang, Wang, Shen, and
Chen (2016) pointed out that having a high surface vegetation
cover and well-developed BSCs were the most potent factors in
controlling soil erosion on the Loess Plateau, China. The BSCs can
increase roughness, reduce flow velocity and enhance surface
protection strength. Knapen, Poesen, Galindo-Morales, Baets, &
Pals (2007) revealed that BSCs reduced the soil detachment rate
significantly even on cropland, and the reduction rate was
approximately up to 80% under the protection of a well-developed
moss crust. On the other hand, more attention has also been paid to
the soil resistance offered by plant root systems. The results from
simulated rainfall experiments showed that roots played a pre-
dominant role in reducing soil erosion, with mean contribution of
82% in semi-arid region and 84% in sub-humid region (Li & Pan,
2018; Zhao, Gao, Huang, Wang, & Zhen, 2017). As mentioned
above, these discrepancies might result from different zones with
distinct climate and vegetation characteristics, and consequently
exert variable effects on soil erosion. Thus, it remains necessary and
practically significant to evaluate the different contributions of near
soil surface features for different soils in diverse environmental
conditions.

Moreover, intense disturbance from farming activities was the
dominant reason for serious soil loss from farmland (Govers, Quine,

Desmet, & Walling, 1996; King, Flanagan, Norton, & Laflen, 1995;
Zhang et al., 2009). The results from laboratory flume experiments
indicated that the detachment rates of disturbed soil were 1e23
times greater than that of natural undisturbed soil (Zhang et al.,
2003). Lobb, Kachanoski, and Miller (1995) concluded that tillage
erosion accounted even up for 70% of the total soil loss in upland
regions of southwestern Ontario. However, little work has been
conducted to quantify and compare the contributions of tillage
disturbance and vegetation on runoff and sediment yield.

To control soil erosion and rehabilitate the ecological environ-
ment, the Chinese government implemented a “Grain for Green”
project in the late 1990s (Wang, Jiao, Scott, et al., 2016), and this
project was implemented in the year of 2000 in karst regions of
Southwestern China (Yang et al., 2017). To complete this project,
low-yielding sloping farmland (>25.9%) prone to soil degradation
by erosion was recommended abandon to allow recovery of the
natural vegetation, and local farmers were compensated by the
government with grain for the food loss caused by the decrease in
cropland (Li et al., 2018). As a result, large areas of sloping farmland
have been converted to forestland or grassland. This program has
obviously improved ecological environment and brought associ-
ated ecological benefits across China, but relative researches were
mainly in the Loess Plateau, rarely in the subtropical karst regions
(Yang et al., 2017). As a subtropical monsoon climate area, there are
ample rains and high temperature in Southwest karst region. The
near surface features, characterized by well-developed BSCs and
dense root system, are different from that temperate arid or semi-
arid Loess Plateau regions. Accordingly, the mechanisms and
contribution rate of vegetation affecting soil erosion may be
different, and the applicability of the results from other climate
zones needs to be verified. Further field or laboratory experiments
are still needed to quantify the effects of vegetation in subtropical
humid regions in Southwest China and in the world.

Thus, the objectives of this study were to: (1) investigate the
hydraulic characteristics and detachment rate under different near-
surface conditions; (2) quantify the total contribution of grassland
and relative contribution of each near surface feature (i.e. stem-
leaves, litter, biological soil crusts, root systems and non-
disturbance) in controlling soil erosion. As far as we know, this is
the first study to quantitatively isolate each part of the vegetation
and no-tillage on soil detachment in subtropical humid climate
zones in the field. The results would be especially helpful for
developing suitable vegetation-led soil protection measures for
reducing soil erosion in this region.

2. Materials and methods

2.1. Study area

This study was conducted in the Huyangshui catchment, located
in the northern part of Guizhou Province (27�370 N, 106�370 E) of
Southwest China (Fig. 1). The catchment area is approximately
20.9 km2 and belongs to the Karst Plateau region, with an average
elevation of 1012.7 m above sea level. As a subtropical monsoon
climate area, the annual precipitation is 1024 mm and more than
50% of the rainfall is concentrated from May to July, and the mean
annual temperature is 14.6 �C. The dominate soil is yellow soil with
relative high silt and clay content as shown in Table 1. The yellow
soil was classified as Haplic Acrisol according to the Food and
Agriculture Organization (FAO) Taxonomy (Dai, Peng, Wang, Li, &
Shao, 2018). Because of ample rains and the removal of agricul-
tural disturbance, root system and BSCs, including Erythrodontium
julaceum, Barbula unguiculata, Bryum argenteum, Eurohypnum lep-
tothollum and Racomitriun japonicum, are well developed as pro-
tective layers covering the soil surface (Fig. 2). The litter mass

Nomenclature table

Dr soil detachment rate (kg m�2 s�1)
Q flow rates (m3 s�1)
v mean flow velocity (m s�1)
vs mean velocity of the surface flow (m s�1)
h flow depth (m)
b width of the testing area (m)
g gravitational acceleration (9.8 m s�2)
Re Reynolds number
Fr Froude number
f DarcyeWeisbach friction coefficient
t shear stress (Pa)
u stream power (kg s-3)
P unit stream power (m s-1)
T water temperature (�C)
y kinematic viscosity of the clear water (m2 s�1)
W the dry weight of the total soil loss (kg)
A testing area (m2)
t scouring duration (s)

Q. Ma, K. Zhang, Z. Cao et al. International Soil and Water Conservation Research 9 (2021) 555e565

556



density and BSCs coverage in this areawere more than twice that of
the Loess Plateau (Wang, Zhang, Shi, & Zhang, 2014) (Table 1). The
predominant plants in the study area are cogongrass (Imperata
cylindrica L.), alfalfa (Medicago Sativa L.) and nutgrass (Cyperus
rotundus L.).

2.2. Experimental design and treatments

Six experimental treatments, T0, T1, T2, T3, T4 and T5, were
designed to simulate the six kinds of surface conditions (Table 2
and Fig. 3). The bare and disturbed yellow soil without plant
roots was arranged as a baseline (T0) to calculate the effects of other
treatments on the soil detachment rate. T0 was prepared using the
following procedures: first, the above-ground parts of the vegeta-
tion (stems, leaves of grass and bush, as well as litter and BSCs)
were carefully removed using scissors. Second, the 20 cm depth
surface soil was disturbed with hoe. Finally, the plant roots were
picked up and mixing soil were smoothed to simulate the tilled
conditions of the farmlands. For the preparation of T1, the surface
soil to a depth of 20 cm was disturbed and the plant roots were
remained to simulate the physical and chemical bonding effects of
the root system. To determine the effect of disturbance by
comparing T1 and T2, T2 was treated by cutting the above-ground

parts of the plants but not tilling. T3 was a condition in which the
soil was undisturbed and covered randomly with BSCs to calculate
the total effect of the plant roots, BSCs, and non-disturbance and to
isolate the effect of BSCs by comparing T3 with T2. T4 was the
condition in which only the steam-leaves were cut using scissors,
but the BSCs and litter were maintained to determine the effect of
litter by comparing T4 with T3. Finally, T5 was a condition in which
all the plant elements (stem-leaves, litter, BSCs and plant roots)
remained and the soil surface was not tilled to evaluate the total
effects of a well-restored grassland on the processes of runoff and
soil detachment. As the experiments were conducted on themiddle
section of the same hillslope, soil properties for each test were
considered identical.

2.3. Experimental facilities and procedures

The experiments were conducted in the field using a water
scouring setup, which consisted of four parts: (1) water supply
system, (2) flow-controlling gauge, (3) scouring tested areas, and
(4) runoff and sediment collection system (Fig. 4). A plastic barrel
(0.8m in diameter and 1.2m highwith an overflow port at 1m)was
used as the water supply system, and the flow rate was controlled
by a gauge installed near the bottom of the barrel. First, clear water

Fig. 1. The study area and experiment site.

Table 1
Soil properties, vegetation coverage and biomass density of experiment site (Mean ± Std. Error).

Indicators Values Indicators Values

Sand (%) 13.70 Stem-leaves mass density (kg m�2) 0.23 ± 0.08
Silt (%) 54.22 Stem-leaves coverage (%) 86.56 ± 7.84
Clay (%) 32.09 Litter mass density (kg m�2) 0.07 ± 0.02
Texture Silty clay loam Litter coverage (%) 64.88 ± 11.94
Bulk density (g cm�3) 1.17 ± 0.04 BSCs mass density (kg m�2) 0.04 ± 0.04
Water stable aggregate (0e1) 0.65 ± 0.02 BSCs coverage (%) 16.81 ± 9.03
Total porosity (%) 45.26 ± 7.26 BSCs thickness (mm) 2.73 ± 1.92
Saturated hydraulic conductivity (Ks, cm s�1) 0.0016 ± 0.0003 Root mass density (kg m�3) 0.85 ± 0.51
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was poured into a buffering pit (0.4 m long, 0.2 m wide and 0.4 m
high) to maintain a smooth and uniformwater flow into the testing
area, which was surrounded by two erected parallel stainless plates
(2.8 m in length and 0.2 m in width) along the slope. Second, a
sampling gutter was fixed tightly with screws as the outlet of the
testing area. Finally, the collection system, including the sampling
bottle and plastic bucket, was set at the end of the testing area to
collect the runoff and sediment samples.

The experiments were conducted on selected field sites with a
range of slope gradients (8.8, 21.2, 30.6 and 42.4%) in August 2018.
To minimize the influence of other random factors, the field site
conditions were maintained with similar vegetation types,
coverage and above-ground and underground biomass densities.
Before each test, the flow rates (Q, m3 s�1) were calibrated to
desired values (0.0002, 0.0003, 0.0004 and 0.0005 m3 s�1) by
regulating the valve installed near the bottom of the barrel with a
graduated container for a given time. The flow rates were designed
and calibrated according to the range of measured flow rates during
erosive storms in the watershed (Ma, Zhang, Cao, Wei, & Yang,
2020). Additionally, the testing area was nearly saturated by a
sprinkler prior to each test to maintain the same initial soil water
content. Then, the test began, and clean water was directed to the
testing area uniformly from the upper edge of the flume at the
designed flow rate, and the flow rate remained constant during the
experiment (Cao, Zhang, Dai, & Guo, 2011). In addition, the water
temperature (T, �C) was also measured three times to calculate the
flow viscosity. To remove any possible sediment that had

inadvertently fallen on the testing area,1 minwas allowed to elapse
after the first water reached the sample gutter and then sampling
began (Nearing, Simanton, Norton, Bulygin, & Stone, 1999). The
surface flow velocity was measured 12 times by the fluorescent dye
method (potassium permanganate solution) when the flow became
stable, and the mean flow velocity (v, m s�1) was calculated by
multiplying a reduction factor (0.7 for transitional flow and 0.8 for
turbulent flow) (Luk & Merz, 1992). Moreover, to standardize the
effect of soil surface conditions, the scouring duration (t, s) of each
test was recorded and controlled within 11e13 min. During each
experiment, water flowed smoothly and uniformly on the surface of
the testing area, and no seepage occurred.When the test ended, the
samples from sampling pit remained for 24 h, and then the su-
pernatant was discarded carefully and then the sediment was oven-
dried for 24 h at 105 �C and weighed to calculate the detachment
rate (Dr, kg m�2s�1). In total, 96 tests (6 treatments � 4 flow
rates � 4 slope gradients) were conducted. On a field site, the six
treatments were orderly arranged. To ensure that the results are as
accurate as possible, T5 was applied first, and T0 was applied last.
During the tests, no obvious rills formed for T2, T3, T4 and T5, while
rills probably formed on the condition of T1. In this case, the broken
parts were filled with identical soil with original surface, smoothed,
and stood still for 12 h to keep the next test successful.

2.4. Measurements of parameters

Two dimensionless index Reynolds numbers and Froude

Fig. 2. The photos for vegetation features and the baseline.

Table 2
The near soil surface features for each treatment.

Treatment Near surface features

T0 (baseline) None
T1 Root
T2 Root þ non-disturbance
T3 BSCs þ root þ non-disturbance
T4 Litter þ BSCs þ root þ non-disturbance
T5 (intact grassland) Stem-leaves þ litter þ BSCs þ root þ non-disturbance (all factors)

Note: BSCs represents biological soil crusts.
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numbers are used to determine different flow regimes, and the
DarcyeWeisbach friction coefficient (f) expresses hydraulic resis-
tance (Nearing et al., 1997). In this study, the Reynolds number (Re),
Froude number (Fr), mean velocity (v, m s�1), DarcyeWeisbach

friction coefficient (f), shear stress (t), stream power (u), unit
stream power (P) and soil detachment rate (Dr, kg m�2s�1) were
determined using Eqs. [1] to [9], respectively.

Fig. 3. Schematic diagram of each treatment for field experiment.

Fig. 4. Sketch of the set-up for field scouring experiments.
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Re ¼ Q
by

[1]

y¼ 0:01775
1þ 0:0337T þ 0:000221T2

[2]

where Q is the flow rate (m3 s�1); b is the width of the testing area
(b ¼ 0.2 m in this study); y is the kinematic viscosity of the clear
water (m2 s�1); and T is the water temperature (�C). Laminar flow
occurs when Re < 500; transition flow occurs when 500� Re< 2000
and turbulent flow occurs when Re � 2000.

v¼f0:7vs 500 � Re <2000
0:8vs Re � 2000 [3]

where vs is the mean velocity of the surface flow (m s�1).

Fr ¼ v
ffiffiffiffiffiffi
gh

p [4]

f ¼8ghS
v2

[5]

where g is the gravitational acceleration (9.8 m s�2); h is the flow
depth (m), which is calculated as h¼ Q/b/v; S is the tangent value of
the slope gradient. The critical value for separating subcritical and
supercritical flow is Fr ¼ 1.

t¼ rghS [6]

u ¼ tv ¼ rghSv [7]

P ¼ Sv [8]

where t (Pa) is the shear stress;u (kg s�3) is the stream power; P (m
s�1) is the unit stream power; r is the water mass density
(1000 kg m�3).

Dr ¼W
At

[9]

where W (kg) is the dry weight of the total soil loss; A (m2) is the
testing area; and t (s) is the scouring duration.

2.5. Calculations of the effects of near surface features

Based on our experimental design, the effect of the above-
mentioned features on reducing the soil detachment rate was
calculated using Eqs. [10] to [15]:

Etotal ¼
Dr�T0 � Dr�T5

Dr�T0
� 100% [10]

Estem�leaves ¼ðDr�T0 � Dr�T5
Dr�T0

�Dr�T0 � Dr�T4
Dr�T0

Þ � 100% [11]

Elitter ¼ðDr�T0 � Dr�T4
Dr�T0

�Dr�T0 � Dr�T3
Dr�T0

Þ � 100% [12]

EBSCs ¼ðDr�T0 � Dr�T3
Dr�T0

�Dr�T0 � Dr�T2
Dr�T0

Þ � 100% [13]

Eno�tillage ¼ðDr�T0 � Dr�T2
Dr�T0

�Dr�T0 � Dr�T1
Dr�T0

Þ � 100% [14]

Eroots ¼Dr�T0 � Dr�T1
Dr�T0

� 100% [15]

whereDr-i is the detachment rate for each treatment (kgm�2s�1); Ei
is the contribution rates of each grass feature and non-disturbance
of the soil surface in reducing the detachment rate (%). The method
for calculating the contributions to hydraulic parameters was
similar to that for detachment rate. Additionally, the f of the
vegetated slopes was greater than that of the bare slopes, so the
results were expressed in absolute values.

2.6. Data analysis methods

One-way ANOVA and least significant difference tests were used
to identify statistically significant differences in the mean values of
the hydraulic parameters and detachment rate among the treat-
ments. All statistical tests were reported as significant at a level of
p < 0.05. Pearson's correlation analysis was adopted to evaluate the
relationship between detachment rate and hydraulic parameters.
In addition, multiple linear regression analysis and nonlinear
regression analysis were performed to determine the relationship
among detachment rate and hydraulic parameters. The coefficient
of determination (R2) was adopted to evaluate the performances of
the derived equations. All these analyses were performed using
SPSS Statistics 19.0 software.

3. Results

3.1. Hydraulic characteristics of overland flow

The hydraulic characteristics of overland flow were greatly
influenced by near surface soil conditions. All overland flows on
experimental conditions were turbulent, with Reynolds number
ranging from 2009 to 2045. The overland flows on soil surface with
stem-leaves, litter and BSCs (T5, T4 and T3) were subcritical flow,
with Froude number (Fr) ranging from 0.94 to 0.39. The result was
in agreement with that the flow in open vegetated channel was
subcritical in most cases (Kothyari, Hayashi,&Hashimoto, 2010). As
shown in Table 3, under the experimental conditions, for well-
vegetated slopes (T5), the Froude number (Fr), velocity (v), shear
stress (t), and unit stream power (P) were markedly lower and the
DarcyeWeisbach friction coefficient (f) was significantly higher
than those of T0 (ANOVA, p < 0.05). The Fr, v, t, and P for the bare
slope (T0) were 3.2, 2.1, 2.2 and 2 times, while the fwas only 8.7% of
that for well-vegetated slopes (T5). The increase in the f and the
decrease in Fr, v, t, and P for the treatments from T0 to T5 meant a
great reduction in flow kinetic energy owing to the vegetation
system. The mean values of the Re and u exhibited no significant
difference between the six treatments, which contrasted with the
results of laboratory flume experiments performed by Zhao, Gao,
Huang, Wang, and Zhang (2015) under greater flow conditions
(from 0.0005 to 0.0015 m3 s�1).

The total contribution rate of grassland and the respective
contribution rate of each feature to the mentioned hydraulic pa-
rameters were calculated and listed in Table 4. In total, when all the
vegetation features were removed and soil surface was disturbed
(treatments from T5 to T0), the Fr, v, t, and P were increased by
68.87%, 54.33%, 121.85% and 54.05%, respectively, and the f was
reduced by 1049.02%. The contribution rate to the f caused by all
features was two orders of magnitude greater than that to the other
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parameters. For the vegetated slopes without any disturbance, the
gross hydraulic resistance (f) consists of vegetation resistance (fv)
and grain resistance (fg) (Kothyari, Hayashi, & Hashimoto, 2010).
The fv was several times larger than fg and became the dominating
roughness along with grass development, while there was no fv for
T0. Compared with other factors, stem-leaves contributed the most
in weakening the kinetic energy of overland flowing water, fol-
lowed by litter. The contribution of stem-leaves accounted for
33.1%e71.0%, with an average of 47.3% of the total contribution rates
of near soil surface features on hydraulic parameters.

With the increase in flow rates, the effect of near-surface fea-
tures on thementioned hydraulics weakened, as shown in Fig. 5 (a),
and the trend became more noticeable when the flow rate was
larger than 0.0004 m3 s�1. This is because the erosion force tended
to be stronger and the protection of the plant tended to be weak
with the flow rate increasing. On the other hand, with the slope
become steeper, the contribution rate to the Fr, v and P remained
constant, but the contribution rate to the f increased. The reason
was still unclear, might related to that stem readily tilted with the

flow on steep slope, andmore of the plant parts submerged into the
water, resulting in increase of contribution rate to the f (Fig. 5 (b)).
As the slope gradient or flow rate changed, the contribution rate to
DarcyeWeisbach friction coefficient (f) and shear stress (t) fluctu-
ated the most.

3.2. Soil detachment rates of different treatments

The soil detachment rate increased as rainfall intensity and
slope gradient increased. As shown in Fig. 6, significant differences
(p < 0.01) were found in the soil detachment rate under the six
treatments according to the results of one-way ANOVA. All of the
tests showed little soil loss rates when the vegetation features were
not removed and soil surface was not disturbed. The mean soil
detachment rate for intact grassland (T5) was 2.73 � 10�5, while it
increased to 4.86� 10�3 kgm�2 s�1 for the baseline (T0), which was
178 times greater than that for intact grassland (T5). This was
because near-surface soil features greatly enhanced the resistance
of the soil to flowing water scouring and inhibited the soil
detachment process on natural grassed slopes. Without the pro-
tection of vegetation elements and disturbed by farming opera-
tions, the surface soil therefore was easier to be detached.
Additionally, the results was consistent with this conclusion that
tillage practice greatly increased soil erosion (Govers et al., 1996;
King et al., 1995). Therefore, implement of the “Grain for Green”
Project and promoting vegetation restoration are vital strategy for
soil and water conservation on steep hills.

Overall, the soil detachment rate was reduced 99.38% when the
cropland was converted to grassland in the study. Of the total, 1.19,
1.44, 2.49, 49.79 and 44.47% reductions were attributed to the

Table 3
Hydraulic parameters for each treatment.

Treatment Re Fr v (m s�1) f t (Pa) u(kg s�3) P (m s�1)

T0 2043.26 ± 662.05 1.25 ± 0.36a 0.32 ± 0.06a 1.32 ± 0.49c 23.09 ± 10.31a 3.38 ± 2.21 0.08 ± 0.05a
T1 2009.53 ± 679.88 1.07 ± 0.31 ab 0.29 ± 0.07a 1.83 ± 0.74c 15.94 ± 6.80b 3.38 ± 2.21 0.08 ± 0.05a
T2 2042.74 ± 687.41 1.02 ± 0.29b 0.28 ± 0.07a 1.96 ± 0.76c 12.67 ± 5.65bc 3.38 ± 2.21 0.07 ± 0.05a
T3 2044.52 ± 735.27 0.94 ± 0.26b 0.27 ± 0.06a 2.39 ± 1.26c 11.96 ± 5.29bc 3.38 ± 2.21 0.07 ± 0.04 ab
T4 2045.20 ± 716.59 0.67 ± 0.24c 0.21 ± 0.07b 5.33 ± 3.63b 11.34 ± 4.68bc 3.36 ± 2.22 0.05 ± 0.04 ab
T5 2011.42 ± 670.08 0.39 ± 0.14d 0.15 ± 0.05c 15.18 ± 8.27a 10.41 ± 4.91c 3.31 ± 2.31 0.04 ± 0.02b

Note: Values with different lowercases differed significantly from each other at p < 0.05 among different treatments.

Table 4
The contribution rates of near soil surface features on hydraulic parameters (unit: %).

Factors Fr v f t P

Total 68.87 54.33 1049.02 121.85 54.05
Stem-leaves 22.81 20.46 745.35 68.71 20.70
Litter 21.51 16.63 222.69 31.47 16.58
BSCs 6.42 5.00 32.62 6.82 4.97
Roots 14.56 9.37 38.13 8.89 6.79
Non-disturbance 3.59 2.87 10.22 5.96 5.02

Fig. 5. Contribution rate of grassland to hydraulic parameters. (a) different flow rates and (b) different slope gradients.
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stem-leaves, litter, BSCs, plant root systems and non-disturbance,
respectively (Fig. 7). The root system displayed the best perfor-
mance in reducing detachment rate, followed by non-disturbance.
Obviously, the reduction determined by roots and non-disturbance
of the soil surface were much greater than that by above-ground
vegetation features (stem-leaves, litter, BSCs). The contribution
rate from roots and non-disturbance was up to 94.26%, while the
total reduction rate of the stem-leaves, litter, BSCs was only 5.12%.

As shown in Fig. 8, under the experiment conditions, the total
reduction rate for Dr remained stable (between 98% and 100%) as
the flow rate and slope gradient increased. This finding told us that
biological practices are sufficient to control soil loss effectively even
on slopes steeper than 30.6% in subtropic karst region. Meanwhile,
the reduction rates caused by BSCs were greater under larger flow
rates (Fig. 8 a) and reduction rates caused by the stem-leaves, litter
and BSCs weremore obvious at greater slope gradient (Fig. 8 b). The

total trapping efficiency of the above-ground features (stem-leaves,
litter and BSCs) decreased under great water erosion force. The
contribution rates of root and non-disturbance varied irregularly
with the increase of slope and flow. This phenomenon could be
explained by the overland flow ran unsteadily and tortuously and
the hydrological processes were obviously different when the soil
surface was disturbed.

4. Discussions

4.1. Effects of surface features on hydraulic parameters

Overland flow is one of the main drives of soil detachment. Flow
hydraulics parameters, such as velocity, shear stress, stream power
and unit stream power are usually adopted to establish erosion
models and to express erosion mechanisms on slopes (Govers,
1992; Nearing et al., 1997; Xiao et al., 2017). Owing to the hin-
drance and interception from stems, leaves, litter and BSCs, the
water flows wobbly and slowly for intact grassland, and the po-
tential energy of the overland flow was mostly dissipated by
overcoming surface roughness caused by vegetation elements and
microtopography of the flume beds (Wainwright, Parsons, &
Abrahams, 2010). The presence of vegetation changed the soil
detachment process and reduced the kinetic energy of erosion for
yellow soil in Southwest of China. As expected, the conclusion was
also right for the red soil region of China (Cao et al., 2015) and the
waterewind crisscrossed erosion region of the Loess Plateau, China
(Zhao et al., 2017).

By contrast, stem-leaves played a more dominant role in
reducing flow kinetic energy (with an average of 47.3%). This was
because the experiments were conducted in summer, during which
vegetation coverage in the testing plots was up to 86.56 ± 7.84% and
the flow was greatly disturbed by stems and leaves. The combina-
tion of stem, near surface leaves and litter, which acted as a series of
barriers during the detachment process, markedly enhanced the
effects on reducing flow velocity and accordingly weakened the
kinetic energy and dragging force of running water (Wang, Zhang,
Shi, & Zhang, 2014). BSCs were the weakest contributing factor
compared with other above-ground vegetation features, owing to
the relatively low mean height of the BSC layer (2.73 ± 1.92 mm),
which was less than the flow depth (6.02 ± 0.23 mm) and much
smaller than that of stem-leaves. When the soil surface was plowed
and roots were removed from soil mass, runoff and infiltration
processes changed greatly, consequently hydraulic parameters

Fig. 6. Variations of soil detachment rate of each treatment. The curved lines in the
right side of each box were the distribution curve. The different letters above the boxes
meant that detachment rates were significantly different at p < 0.01.

Fig. 7. The total contribution rate of grassland and the respective contribution of each feature to reducing soil detachment rate.
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were different from the undisturbed soil surface.

4.2. Effects of surface features on soil detachment rates

It is a consensus that vegetation and no-tillage play an impor-
tant role in protecting soil from being eroded. Many studies have
shown that vegetation system and farming practices significantly
affect soil detachment. The total reduction rate in the subtropical
region in our study (99.38%) was similar to the result (95%) from
rainfall simulation experiments conducted by Zhou and Shangguan
(2007) and the result (98.9%) from laboratory flume experiments
performed by Wang, Zhang, Shi, and Zhang (2014) in the Loess
Plateau of China. This result again demonstrated that planting grass
could effectively reduce soil loss under a wide variety of climatic
conditions.

The root system displayed the best performance in reducing
detachment rate (49.79%). And, the similar finding was reported by
Li and Pan (2018) that the under-ground grass elements had a
major impact on reducing soil erosion in other geographic regions.
The effects of root systems could be divided into exudates-bonding
effect and physically binding effect (Wang, Zhang, Zhang, & Li,
2014). The high density of fine roots improved the soil structure,
prompting it to show high resistance to flow running (Gyssels et al.,
2005). In the study area, the rootmass density is 0.85± 0.51 kgm�2,
and the fine roots are entangled with each other and play a strong
role in fixing the soil. While, our results differ from those of Zhang
et al. (2020), who reported that under rainfall simulation experi-
ments, canopies exerted the strongest effects and contribution
rates for reducing the soil sediment yield rate on steep colluvial
deposits in Guangdong Province, China with red soil (Zhang, Zhou,
Xie, et al., 2020). The difference was determined by the experi-
mental methods. The non-disturbance was the second important
factor in controlling soil detachment rate, indicating that distur-
bance from farming activities, such as sowing, plowing, weeding,
reaping, and so forth, were the main cause of soil erosion. Related
research also showed that the slope farmland was the major source
of eroded sediment on the Loess Plateau (Zhang et al., 2009). The
results suggest that cultivation on steep slopes should be strictly
prohibited in karst regions to control soil loss from sloping farm-
land. Continuing to promote the “Grain for Green” Project is very
necessary for the mountains of Southwest, China.

In contrast with the under-ground parts, the above-ground
parts of vegetation, stem-leaves, litter and BSCs, exerted relatively
small influence on soil detachment rate. The role of BSCs in
inhibiting soil erosion has received more and more attention
(Knapen et al., 2007; Zhao, Qin, Weber,& Xu, 2014). The subtropical
climate conditions are very conducive to the growth and develop-
ment of BSCs. The exposed height of BSCs was 2.73± 1.92mm in the
study area, much shorter than the height of stem-leaves and the
thickness of litter, but the contribution of BSCs was greater than
that of stem-leaves and litter. This was closely linked to the char-
acteristics of BSCs, and they greatly stabilized soil surfaces and
reduced water erosion by polysaccharide exudates and physical
enmeshment of soil particles (Zhao et al., 2014).

4.3. Relationship between soil detachment rates and hydraulic
parameters

In previous studies, shear stress, stream power and unit stream
power were commonly used to simulate detachment rate (Nearing
et al., 1999; Wang, Wang, Shen, & Chen, 2016; Zhang et al., 2003).
Compared with linear functions, the power functions between Dr

and the three parameters had a higher R2 (Table 5). When the
grassland was converted to cropland (from T5 to T0), the relation-
ships between Dr and the three parameters remained consistent,
which indicated that land uses and near surface conditions didn't
changed the relationship between soil detachment rate and the
mentioned three parameters in the study. In general, the co-
efficients and exponentials of the power functions decreased when
grassland was converted to cropland, demonstrating that detach-
ment rate for grassland was less sensitive to hydro-erosive dy-
namics and grassland was not easily eroded. In contrast, the stream
power performed better in predicting Dr than shear stress (Fig. 9),
indicating that stream power was best related to soil detachment
by shallow flow under the experiment condition. Similar findings
were also reported by many previous studies conducted in other
regions (Cao, Zhang, & Zhang, 2009; Wang, Wang, et al., 2016;
Wang et al., 2018; Zhang et al., 2003).

5. Conclusions

A restored grassland could significantly effect the process of soil

Fig. 8. Contribution rate to reducing soil detachment rate with increasing flow rate and slope gradient. (a) different flow rates and (b) different slope gradients.
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detachment by overland flow on steep slopes in the subtropical
yellow soil region. In this study, the velocity, Froude number, shear
stress and unit stream power reduced by 54%e120% when baseline
(T0) was converted to grassland (T5), indicating water erosion force
was greatly dissipated by soil surface roughness caused by stem-
leaves, litter and BSCs for the grassland. Of the total, stem-leaves
played the dominant role (an average 47.30%) in reducing flow ki-
netic energy, and this fact was closely related to the high coverage
and biomass density of the stem-leaves. The detachment rate of the
well grassed slopes (T5) was reduced an average by 99.38%
compared with baseline (T0) under field conditions in a subtropical
humid area. In total, 1.19, 1.44, 2.49, 49.79 and 44.47% reductions
were attributed to the stem-leaves, litter, BSCs, root systems and
non-disturbance, respectively. There was no doubt regarding the
great importance of plant root systems and non-disturbance in
controlling soil detachment process, which accounted for about
95% of the total contributions of near soil surface features. There-
fore, reducing soil surface disturbance caused by farming practices
and protecting the plant root systems on sloping farmland are the
most effective measures to control soil erosion in this region and
other similar regions. This study revealed the actions of near-
surface soil features in reducing soil detachment rate, which are
useful toward the optimization of soil conservation and vegetation
management practices in subtropical karst regions of China and
provide a helpful reference for other similar regions in the world.
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a b s t r a c t

Soil and water conservation practices have been extensively used in effective watershed management.
The impact of each conservation practice is site specific and dependent on the implementation site in the
watershed. In order to select cost effective placement of conservation practices with high impact, a large
number of spatial combinations is needed to be compared. In this study, an optimization model
framework is presented to find cost effective solutions for sediment yield and runoff control in the
Fariman dam watershed in the Northeast of Iran. This was accomplished by integrating soil and water
assessment tool (SWAT) for simulation of watershed hydrology and multi objective genetic algorithm
(NSGA-II) for spatial optimization of soil and water conservation practices. The optimized solutions
provided a trade-off between the two objective functions. The final Pareto-optimal shows that the impact
of soil and water conservation practices on sediment yield is more than stream flow. The trade-offs
between the objective functions show that the implementation of the median cost can lead to a sig-
nificant decrease of 22.1% in the amount of sediment yield, and 10% in stream flow. Also, percent change
achieved through median cost is very close to percent reduction with the highest cost. Results of low cost
solution show that the vegetative practices are a suitable economic scenario for soil and water conser-
vation. The introduced framework can be adapted as a suitable tool for selecting cost effective conser-
vation practices in different regions.
© 2021 International Research and Training Center on Erosion and Sedimentation, China Water & Power

Press. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Accelerated soil erosion is one of the major forms of land
degradation in natural resources (Lal, 1990). Soil erosion causes
over 83% of land degradation worldwide and has been a threat for
food security (Oldeman et al., 1991). An estimated 10 million ha of
cropland are abandoned annually; the main reason behind this
abandonment is lack of productivity caused by soil erosion
(Pimentel, 2006). Soil erosion by water is recognized as a serious
problem in most parts of Iran. About 100 million ha of Iranian soil
are exposed to soil erosion or other forms of chemical and physical
destruction that cause approximately 300 (Mm3) of sediment de-
posit in dams, annually (Kheyrodin, 2016). On average, soil erosion
in Iran is three times higher than other Asian countries and 20

times the global average, this translates an economic loss of USD 56
to 112 billion every year (Sadeghi, 2017). Therefore, Soil and Water
Conservation practices (SWC) are the priorities of local and inter-
national organizations for soil erosion and sediment yield control.

These practices including management (non-structural), and
structural practices which can reduce the amount of sediment and
Non-point pollutants entering the water reservoirs. The imple-
mentation of SWC practices across large areas of watershed is not
usually possible due to limited financial resources and environ-
mental constraints (Yang & Best, 2015). Therefore, watershed
planers need to introduce effective methods for selecting suitable
sites to implement SWC practices. The impact of each practice
depends on its implementation site in a watershed, which requires
a large number of scenarios to be compared (Jha et al., 2008).
Traditional methods for allocating SWC practices are mainly based
on the critical source areas (CSAs) and sediment production rate per
unit area, while the extent of sediment reaching water bodies at a
watershed is also important. Suitable areas for implementing SWC
practices can usually be selected with consideration to financial
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constraints and maximum sediment and runoff reduction in the
form of an optimization problem (Chen et al., 2016). In order to
select and implement effective SWC practices, a combination of
tools are required, a distributed watershed model for simulation of
runoff and sediment, a GIS-based tool for identifying critical source
areas and an optimization algorithm for optimizing SWC practices
for cost effective solutions (Yang & Best, 2015). For this purpose,
distributed watershed models in an optimization framework make
it possible to achieve suitable solutions in the watershed scale
(Limbrunner et al., 2013).

In recent years, Genetic Algorithms (GA) have been used to
integrate economic and hydrological models to investigate place-
ment of several BMPs in agricultural watersheds based on different
target functions (Geng et al., 2019; Liu et al., 2019). Multi-objective
Genetic algorithm, Non-Dominated Sorting Genetic Algorithm
(NSGA), Niched Pareto Genetic Algorithm, Strength Pareto Evolu-
tionary Algorithm (SPEA-2) and Multi-Objective Ant Colony Opti-
mization Algorithm are some examples of multi-objective
algorithms that are used for optimization problems (Mora-Melia
et al., 2015). The NSGA-II algorithm is one of the most effective
and important methods for solving multi-objective optimization
problems. This algorithm has been used extensively for planning
and managing watersheds because there are many decision vari-
ables for implementation of conservation practices. NSGA-II
method is one of the most widely used multi-objective genetic
algorithm which has been used to select the appropriate BMP
location in the basin scale based on efficiency and economic con-
siderations (Chen et al., 2015, 2016 and Pyo et al., 2017).

In the last four decades, a plethora of hydrological/water quality
models has been developed to simulate stream flow, soil erosion
and nonpoint source (NPS) pollutant fate and transport at water-
shed scales (Srivastava et al., 2007). These models are used in
planning, design, and operation of projects toward soil and water
conservation, and to protect their quality (Singh & Woolhiser,
2002). The Soil and Water Assessment Tool (SWAT) model is a
watershed-scale, continuous-time, semi-distributed, ecohydro-
logical river basin model (Arnold et al., 1998). SWAT incorporates
over 30 years of model development at the US Department of
Agriculture and Texas A&M University (Arnold et al., 2012). The
SWAT model has been tested across a range of watershed scales,
climatic zones, environmental conditions worldwide, and there are
numerous SWAT applications in several countries (Krysanova &
White, 2015; Bieger et al., 2017; Bressiani et al., 2015). Some of
the main modules of SWAT include hydrology, climate, nutrient
cycling, soil temperature, sediment movement, crop growth, agri-
cultural management, and pesticide dynamics (Abbaspour et al.,
2009). SWAT development started from the Simulator for Water
Resources in Rural Basins (SWRRB) and Routing Outputs to Outlet
(ROTO)models in the early 1990s. SWAT simulates land use and soil
combinations by lumping areas into hydrologic response units
(HRUs) (Migliaccio et al., 2007). SWAT was developed to evaluate
the effects of watershed management scenarios and weather con-
ditions on water resources and diffuse pollution in a watershed;
hence, one of key strengths of SWAT is a flexible framework
allowing for the simulation of a wide variety of conservation
practices (Gassman et al., 2007). Due to this strength, many studies
have used SWAT for simulation of a wide variety of structural and
nonstructural Best Management Practices (BMPs) (Li et al., 2012;
Ahmadi et al., 2013; Abbaspour et al., 2015; Chen et al., 2015; Liu
et al., 2019 and Geng et al., 2019, Mosbahi & Benabdallah, 2020).
The term Best Management Practices (BMPs) is widely used to
address hydrology and water pollution and was originally designed
for the purpose of controlling soil erosion (Zhuang et al., 2016).

Several studies have been conducted to optimize types and
location of BMPs in a watershed using watershed simulation

models and evolutionary algorithms. Ahmadi et al. (2013) pre-
sented an optimization-simulation approach by integrating a
multi-objective genetic algorithm and SWAT to determine the
types and locations of optimum BMP for controlling nutrients and
pesticides in Eagle Creek, Indiana. Panagopoulos et al. (2013)
embedded the SWAT model into an optimization framework and
obtained optimal BMPs settings for performing acceptable river
water quality with three different sediment and nutrient targets,
using a multi-objective genetic algorithm. Chen et al. (2016) opti-
mized the BMPs with the lowest cost for water pollution control in
a watershed in China. For this purpose, a hydrological model was
used to estimate the amount of contaminants under BMP scenarios,
Markov algorithm was applied for measurement and water quality
reactions, and NSGA-II evolutionary algorithm was used for opti-
mizing BMPs. Using the combination of the genetic algorithm
optimization tool and SWAT model, optimal BMPs were investi-
gated in critical areas in the Illinois River by Chiang et al. (2014). Liu
et al. (2013) also aimed to optimize BMPs by developing an opti-
mization model, including a multi-objective genetic algorithm,
ε-NSGA-II in combination with the SWAT model in Pickhard Creek
county in Southern Ontario, Canada, Geng et al. (2019) used SWAT
and NSGA-II to find the optimal combination of BMPs, including
conservation tillage, careful timing of less fertilizer application,
contour planting, and use of a field buffer strip in a watershed in
Beijing, China.

Based on past literature, most studies mainly optimized urban
BMPs which focus on NPS pollutant control. This method could also
prove to be an effective tool in spatial optimization of SWC mea-
sures for sediment and flood control in reservoir upstream.

The purpose of this research is to 1) develop a framework that
incorporates the SWAT model and NSGA-II model for optimizing
SWC practices in the Fariman Dam watershed 2) Evaluate the
framework by simulating the impacts of two commonly used SWC
practices including vegetative and structural measures in reducing
sediment yield and stream flow. In this regard, the SWAT model
was used to simulate watershed hydrology and the impact of soil
and water conservation practices. Also, NSGA-II algorithm was
selected for spatial optimization due to its superiority in solving
problems with a large decision space.

2. Materials and methods

2.1. Description of the study area

The Fariman dam watershed with an area of 278.8 km2 lies
between the northern latitudes of 35� 330 0100 and 35� 410 1000 and
the eastern longitudes of 59� 340 5400 and 59� 440 1100 in Northeast
Iran (Fig. 1). The annual mean precipitation of the watershed using
the 30-year data of the nearest climatological stations is 263 mm.
The average annual temperature is 12 �C which varies from 1 �C in
February to 22.5 �C in July. The climate of the watershed, based on
De Martone's method, is a cold and semiarid region. The topog-
raphy of the study area is characterized by mountains, hills and
plateaus with an elevation ranging from 1630 to 2123m aboveMSL.
The average slope of the watershed is 16.92% and the maximum
slope of some mountain parts is up to 60%. The main stream has
23.53 km length. Rangeland (65%) and dryland (30%) are the main
land uses in the watershed under study. Major crops grown in the
watershed are wheat, barley, sugar beet and potato and only wheat
and barley are cultivated in dryland areas. Based on FAO soil clas-
sification, there are three main soil types in the Fariman dam
watershed including Leptosols, Calcaric Cambisols, and Regosols.
Most of the soil units fall in the hydrological group A (47.6%) and B
(45%) and the rest lies in the hydrological group C (6.5%). The
Fariman dam is one of the oldest dams in Iran located at the
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watershed outlet. Daily discharge and suspended sediment yield of
the watershed has been recorded since 1987 at the Bagh-Abbas
station in the main outlet. The average sediment yield of the
watershed is 21297 tons per year. Sensitivity of geological forma-
tions, the relatively high slope of the watershed, and dry farming
with low yield are the main reasons for soil erosion and sediment
yield in the watershed (Naseri et al., 2018).

2.2. SWAT model description

The SWATmodel is designed for prediction of landmanagement
impacts on the hydrology of watersheds with soil, land use and
different management conditions (Arnold et al., 1998). The main
components of the SWAT are hydrology, climate, sediment, nutri-
ents cycling, soil temperature, plant growth, pesticides dynamics,
agricultural management and flow routing (Arnold et al., 2012). The
HRU is the smallest unit in this model, which is based on a com-
bination of slope, soil and land use. Hydrological processes in the
SWAT model are divided into two phases: land and water. The land
phase is related to the surface processes of the basin and the entry
of water, sediment and nutrients into the main stream of each sub-
basin, and the second division, the water phase, which includes the
movement of water, sediment, nutrient from upstream to channel
network and then to the outlet of watershed (Gassman et al., 2007;
Neitsch et al., 2011). The simulation of the land phase of the hy-
drological cycle in the SWAT model is based on the water balance
Equation (1).

SWt ¼ SW0 þ
Xt

i¼1

�
Rday �Qsurf � Ea �Wseep �Qgw

�
(1)

In Equation (1), SWt is the final soil water content (mm), SW0
initial soil water content (mm), Rday the amount of rainfall on the
day i (mm), Qsurf amount of surface runoff on day i (mm), Ea
evapotranspiration amount on day i (mm), Wseep the amount of
water entering in day i from the soil profile to the vadose zone and
Qgw amount of return flow (mm) on the day i (Neitsch et al., 2011).

Soil erosion and sediment yield in the SWAT model are deter-
mined for each HRU using theModified version of the Universal Soil

Loss Equation (MUSLE) model (Williams, 1975; Williams & Brent,
1977) which is a modified version of the Universal Soil Loss Equa-
tion (USLE) (Wishmeier & Smith, 1978). In MUSLE, the rainfall
factor has been replaced with the runoff factor; therefore, for each
day with a specific rainfall and runoff, the sediment yield of each
HRU is determined through Equation (2).

Sed¼11:8�
�
Qsurf � qpeak � areahru

�0:56 � K � C� P� LS

� CFRG

(2)

In Equation (2), Sed is the amount of sediment yield on a given
day (tons), Qsurf is the surface runoff volume (mm/ha), qpeak is the
peak flow rate (cubic meters per second), areahru is the hydro-
logical response unit (hectare), K is the soil erosion factor, C is the
cover and management factor, P is the USLE support practice factor,
LS is the USLE topographic factor, and CFRG is the coarse fragment
factor (Neitsch et al., 2011). Surface runoff is calculated using either
the Runoff Curve Number (RCN) method or Green-Ampt method.
There are two methods for stream flow routing: variable storage
routing method, and the Muskingum River routing method. For
estimating the evapotranspiration, three methods of Priestley-
Taylor, Penman-Monteith and Hargreaves are presented in the
model (Neitsch et al., 2011).

2.3. SWAT model setup

In this research, a 30 m Digital Elevation Model (DEM) derived
fromNASA's Shuttle Radar TopographyMission (SRTM) dataset was
used for watershed delineation. Land usemap of thewatershedwas
prepared for year 2000 using Landsat 5 satellite imagery. The soil
map of the basin at a scale of 1: 20000 was obtained from the
Natural Resources Office of Khorasan Razavi province. The Soil map
provides comprehensive information on the physical and chemical
properties of the soil classes. Daily temperature and precipitation
data for the period of 1991e2000 and daily flow data for the hy-
drometric station near the outlet for the years 1991e2000 were
obtained from the RegionalWater Company of Khorasan Razavi and

Fig. 1. Location of Fariman dam watershed in Iran.
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were used in the simulation (Table 1).
The SWAT model was calibrated for the years 1991e1997 for

stream flow and 1991e1995 for sediment yield using sensitive
parameters and the years 1998e2000 were considered for valida-
tion of the model. These years were selected for simulation because
of the non-implementation of watershed management measures
and least amount of anthropological intervention. In this research,
the RCN, Hargreaves and Muskingum methods were used to
calculate surface runoff, evapotranspiration and flow routing,
respectively. Fig. 2 shows the land use and soil units of the studied
watershed.

2.4. SWAT model calibration and validation

In this research, for sensitivity and uncertainty analysis, cali-
bration and validation of the model, the Sequential Uncertainty
Fitting algorithm (SUFI-2) in the SWAT-CUP software (https://swat.
tamu.edu/software/swat-cup) was used (Yesuf et al., 2016; Yang
et al., 2009). SWAT-CUP uses the P-factor and R-factor for uncer-
tainty assessment; the P-factor represents the percentage of
observed data within the uncertainty band range (95PPU) and the
R-factor is the ratio of the 95PPU band's width to the standard
deviation of the measured data (Abbaspour, 2007). Based on pre-
vious studies, 30 parameters for stream flow and 14 parameters for
sediment yield were selected for sensitivity analysis (Arabi et al.,
2008; Abbaspour et al., 2015; Arnold et al., 2012). Afterwards, the
calibration and validation of the model were performed with
stream flow and monthly sediment yield data. The results of the
SWATmodel in simulation of stream flow and sediment yield of the
watershed were evaluated using the coefficient of determination
(Equation (3)) NasheSutcliffe Efficiency Coefficient (Equation (4)),
Percent Bias (Equation (5)), and Root Mean Square Error) RMSE) to
RMSE-Observations Standard Deviation Ratio (Equation (6))
(Moriasi et al., 2015; Nash & Sutcliffe, 1970):

R2 ¼

2

6
4

Pn
i¼1

�
Oi � O

��
Pi � P

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i¼1

�
Oi � O

�2Pn
i¼1

�
Pi � P

�2
r

3

7
5

2

(3)

NS¼1�
1
N
Pn

i¼1ðOi � PiÞ2
1
N
Pn

i¼1

�
Oi � O

�2 (4)

PBIAS¼
�Pn

i¼1ðOi � PiÞ:ð100ÞPn
i¼1ðOiÞ

�

(5)

RSR¼ RMSE
STDEVobs

¼

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i¼1ðOi � PiÞ2
q �

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i¼1

�
Oi � P

�2
r � (6)

In the above equations, n is the number of data, Oi is the

observed value, Pi is the predicted value of themodel, O is themean
of the observed values and P is the mean of the predicted values of
the model.

Hydrologists are usually faced with the challenge of selecting
specific efficiency criteria to clearly assess model performance
because efficiency criterion may place emphasis on different sys-
tematic and/or dynamic behavioral errors (Krause et al., 2005). The
Nash-Sutcliffe efficiency which is one of the most frequently used
efficiency criteria is good for use with continuous long-term sim-
ulations and can be used to determine how well the model simu-
lates trends; however, it is very sensitive to peak flows, at the
expense of better performance during low flow conditions.

Pearson's correlation coefficient (r) and coefficient of determi-
nation (R2) which describe the degree of collinearity between
simulated and measured data are oversensitive to high extreme
values and insensitive to additive and proportional differences
between model predictions and measured data. Therefore, R2 and r
should not be used solely for model quantification (Krause et al.,
2005; Legates & McCabe, 1999). In addition to the above two
criteria, the RMSE-observations standard deviation ratio (RSR) in-
corporates the benefits of error index statistics and includes a
scaling factor, so the resulting statistics and reported values can be
applied to various output responses (Moriasi et al., 2015). A good
calibration uses multiple performance evaluation criteria, each
covering a different aspect of the hydrograph. This is important
because using a single performance criterion can lead to undue
emphasis onmatching one aspect of the hydrograph at the expense
of other aspects (Moriasi et al., 2007). In order to achieve compa-
rable results and have model performance qualitative ratings, the
present study used R2, NSE, PBIAS and RSR performance measures
which have been recommended by Moriasi et al. (2015, 2007).
Based on the meta-analysis results by Moriasi et al. (2015), model
performance can be judged “satisfactory” for flow simulations daily,
monthly, or annual R2 > 0.60, NSE > 0.50, and PBIAS � ±15% for
watershed-scale models. Additionally, model performance can be
judged “satisfactory” if monthly R2 > 0.40 and NSE >0.45 and daily,
monthly, or annual PBIAS �±20% for sediment.

2.5. Modeling of conservation practices in SWAT

In this research, both vegetative and structural SWC were
explored. These scenarios were based on the history of past con-
servation practices implemented in the watershed.

Vegetative practices included improvement of perennial vege-
tation cover via range planting and seeding on highly erodible areas
which vegetation cover is poor and cannot provide adequate
erosion control. Range planting treatment is assumed to improve
vegetation cover and reduce runoff and soil erosion by wind and/or
water. In the study area Alfalfa (Medicago sative), sheep fescue
(Festuca ovina) and desert wheatgrass (Agropyron desertorum) are
three main types of vegetation which had been planted via seeding
and gap filling in poor rangelands of the watershed. Considering
Fig. 3a vegetative practices could be implemented in an area of
9391 ha in nearly all sub-basins that may not be operational due to

Table 1
Data and sources for SWAT simulation.

Data Duration/
year

Source

Daily rainfall, Daily maximum and minimum temperature, Daily stream flow
data

1991e2000 Regional Water Company of Khorasan Razavi province

Soil map, Land use map 2000 Natural Resources Office of Khorasan Razavi province
Digital Elevation Model (DEM) 2000 NASA's Shuttle Radar Topography Mission (SRTM) https://earthexplorer.

usgs.gov
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high cost. Therefore, half of the potential areas in each sub-basin
were considered. Based on the literature review, vegetation prac-
tice can be considered in SWAT model by changing CN2 (Moisture
condition II curve number), Manning's N for overland flow (OV_N)
and USLE_C factor parameters, but due to the high sensitivity of the
model to CN2 in this research we only changed this parameter.
Vegetative practices caused a change in the hydrological condition
of ranges from poor condition and higher CN Values to good con-
dition and lower CN values. In order to implement the vegetative
practice scenario in the SWAT model, the CN2 parameter was
changed in all HRUs with poor vegetation cover.

The structural practices focused on construction of check dams
in the streams. Structural practices included construction of porous
gully plugs in the first order streams and gabion check dams in the
second order streams (Fig. 4a). Through decreasing the channel

slope gradient and allowing water percolation, Porous gully plugs
reduce the velocity of concentrated flow and thereby reduce the
erosive power of flowing water and facilitating sediment settling.
Porous gully plugs are generally installed on the ephemeral gullies
and therefore gully plugs were simulated by modifying CH_N1
(Manning's n value for tributary channels) through changing CH_S1
(Average slope of tributary channels) parameters (Tuppad et al.,
2010; Arabi et al., 2008; Arnold et al., 2013). In order to imple-
ment the Porous gully plugs, all first order Strahler streams totaling
93.1 km were selected (Fig. 3b).

Gabion check dams are semi-permeable stone bounds from 1 to
a few meters high which are built in the gullies perpendicularly to
the main stream flow line (Fig. 4b). These check dams are weirs
characterized by the presence of metallic gabions used to avoid the
stone displacement caused by high flow rates. Gabion check dams

Fig. 2. Land use map (a) and soil units map (b) of Fariman dam watershed.

Fig. 3. Susceptible locations for Vegetative (a) and structural (b) practices.
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are built in gullies to create a sedimentation bench that decrease
the average upstream slope. The consequent slowing-down of the
flowing water reduces soil loss upstream and trapped sediment in
reservoirs, and promotes water infiltration into the soil (Grimaldi
et al., 2015). The Gabion check dams practices were simulated in
the SWAT through changing CH_S2 (Average channel slope along
channel length), CH_N2 (Manning's n value for main channels) and
CH_COV1 (Channel cover factor) parameters (Tuppad et al., 2010;
Arabi et al., 2008; Arnold et al., 2013). About 76.5 km of second
order streams in the watershed were selected for gabion check
dams (Fig. 3b).

The compensation slope of the streams was calculated for
adjustment of the CH_S1 and CH_S2 parameters. The value of the
CH_N1 parameter was 0.014 before the implementation of the
conservation practice, by default. This parameter increased after
conservation practices simulation up to 0.05. The value of the
parameter CH_COV1 changed from 0 to 1 in the conservation
practice. Table 2 shows the conservation practice parameters in the
SWAT model.

The conservation practice costs were calculated based on the
dominant type of check dams, proposed by the Natural Resources
Office of Khorasan Razavi province for the watershed under study.
The number of check dams that could be implemented in each
stream were calculated based on the stream's longitudinal slope
and distance between the check dams (Geyik, 1986). The cost of
vegetative practice was also determined according to the imple-
mentation area (Table 2).

2.6. Spatial optimization with NSGA-II algorithm

The objective function in this research is to minimize the stream
flow, sediment yield and total cost. The decision variables of the
problem are the type and location of conservation practices, and
the decision space is of a binary type. Given the number of sub-
basins (28) and the number of conservation practices (3), the

decision space is 228�3 ¼ 1:934281311� 1025. This space includes
decisions thatmay not be operational, which should be ignored and
further omitted. To make the optimal decision, the value of each of
the target functions must be calculated for each decision. Also, the
cost of implementing any decision is also calculated with Equation
(7).

Cost¼
Xn

i¼1

ðgi1aic1 þ gi2nic2 þ gi3mic3Þ (7)

In Equation (7), ai, ni andmi, are the sub-basin area, the number
of gabion check dam and the number of porous gully plugs in each
sub-basin. c1, c2 and c3, are the implementation cost of vegetative
practices per hectare ($.ha�1), and the unit cost of gabion check
dam and porous gully plugs per cubic meters, respectively. The gi1,
gi2 and gi3 parameters in Equation (7) are the components of a
decision for vegetative practice, gabion check dam and porous gully
plugs which defines implementation or non-implementation of
each practice in a given sub-basin.

SWAT-NSGA-II tool was created by integrating the SWAT model
and themulti-objective genetic algorithmNSGA-II. The NSGA-II has
an immense power in solving problems, especially with a very large
decision space. NSGA-II provides a compromise between conflict-
ing objective functions (Yang et al., 2015). In general, the NSGA-II
algorithm has five operators including initial population builders,
non-dominating sorting, cross over, mutation, and crowding dis-
tance. The NSGA-II algorithm has been transformed into a multi-
objective algorithm by adding the non-dominating sorting and
crowding distance operators. In multi-objective algorithm, instead
of finding one solution, a set of the best solutions is achieved
through a Pareto-optimal front. Non-Dominated Sorting is an
operator that assigns a superiority criterion, based on the ranking
and deflecting of the members of the population. A crowding dis-
tance is an operator that maintains the diversity of the solutions
and their dispersion among the equilibrium responses (Deb et al.,

Fig. 4. Examples of two structural practices in the Farmian dam watershed: (a) porous gully plug and (b) gabion check dam.

Table 2
Representation of conservation practices in SWAT.

Conservation
Practice

Parameter SWAT Description Unit Cost ($)

Vegetative Practices CN2.mgt Moisture condition II Curve number 2452.3
Structural Practice porous gully plug CH_S1. sub Average slope of tributary channels 4547.6

CH_N1.sub Manning's n value for tributary channels
Gabion check dam CH_S2. rte Average channel slope along channel length 2928.5

CH_N2. rte Manning's n value for main channels
CH_COV1.rte Channel cover factor
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2002). The NSGA procedure stops when it reaches a set of pre-
defined termination conditions. The commonly used stop criteria
are maximum number of function evaluations and the number of
successive generations without a significant improvement in the
objective function values (Ahmadi, 2013). Each decision variable in
optimization is considered a population member or chromosome
that consists of genes as shown in Fig. 5.

Every gene is composed of a specific combination of SWCs, or
what is referred to as an allele. According to this chromosomal
string, each gene can have either a zero or one state, one meaning
the implementation of a specific SWC combination in a specific
sub-basin, and zero meaning that the SWC combination is not
implemented in that sub-basin. In this study, the number of alleles
in each gene is 23 ¼ 8. The initial population is typically generated
randomly, like the above chromosome in Fig. 5. Also Fig. 6 shows
the flow chart of the SWAT-NSGA-II tool, and Table 3 shows the
values of the parameters of the NSGA-II multi-objective algorithm.

In this research, every generation was created by new popula-
tion members using the corresponding operators of the algorithms
then the SWAT model was run and the results of the watershed
stream flow and sediment yield were used to calculate of the
objective function. In order to stop the procedure, we need to have
pre-defined termination conditions. The commonly used termina-
tion criteria are the number of successive generations without a
significant improvement in the objective function values and
maximum number of function evaluations and (Ahamadi et al.,
2013). In this study, stop criterion is defined when the sum of
objective function values from Pareto-optimal solutions did not
change by more than 0.01% during 30 consecutive generations.

3. Results and discussion

3.1. SWAT model calibration and validation

The sensitivity analysis results of the SWAT revealed that 12
parameters for stream flow and 7 parameters for sediment yield
were the most sensitive (Table 4). For stream flow, CN2 (Moisture
condition II curve number), CH_K (Effective hydraulic conductiv-
ity), ALPHA_BNK (Bank flow recession constant), SOL_K (Saturated
hydraulic conductivity of first layer) and GWQMN (Threshold water
level in shallow aquifer for base flow) were the most sensitive;
whereas USLE_K (USLE soil erodibility factor), LAT_SED (Concen-
tration of sediment in lateral and groundwater flow), SPEXP
(Exponent in sediment transport equation), SPCON (Coefficient in
sediment transport equation) and PRF_BSN (Peak rate adjustment
factor) were the most sensitive for sediment yield. The high
sensitivity of CN2 for stream flow and USLE_K for sediment from
landscape was reported by Arnold et al. (2012) who summarized
the sensitivity analysis of 64 case studies using SWAT.

Graphical results during calibration and validation periods are
presented in Fig. 7. It can be seen from Fig. 7 that the dynamics of
the observed hydrograph for stream flow are predicted. Also it
seems that the peak time prediction is satisfactory for both stream

flow and sediment yield. Meanwhile, the model could not simulate
high and low values of stream flow very well. This may be due to
the fact that the model predictions for sediment of low flows are
accompanied with high error. Model simplifications in simulating
sediment yield, inadequate description of channel routing process,
errors in the observed sediment yield data (especially in low flow),

Fig. 5. The chromosomal string and its components.

Fig. 6. Flow chart of SWAT-NSGA-II processes.

Table 3
Parameters of the NSGA-II multi-objective algorithm.

Parameter Value

Number of primary population 100
Number of generations 100
Number of members per generation 30
Mutation probability 0.7
Crossover probability 0.4
Rate of mutation 0.06
Type of parent selection and cut selection Random Selection
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are some of the weaknesses of SWAT in simulating sediment yield
(Azari, 2016; Phan et al., 2011; Shrestha et al., 2013). However, in
arid regions such as the study area, most soil erosion and sediment
yield occurs during flash floods, and so base flow does not
contribute much to watershed sediment yield.

Table 5 shows the model's evaluation criteria for the calibration
and validation periods. Based on previous published recommen-
dations, a combination dimensionless and error index statistics

were used for model evaluation (Moriasi et al., 2007). Since R2 is
based on correlation only and should not be used for model
quantification alone, the slope and intercept values of least squares
regression line are also provided. The slope of the line is close to a
value of one and intercept close to a value of zero indicating good
model performance. As can be seen in Table 5, the R2 values range
from 0.75 to 0.86 and slope of regression line varies from 0.72 to
0.88 during both calibration and validation of stream flow and

Table 4
Sensitivity analysis and calibration and results for stream flow and sediment yield.

Variable SWAT parametera Description Minimum Maximum Optimal
value

significance of the
sensitivity (p-value)

Stream
flow

r__CN2.mgt SCS runoff curve number for moisture condition II �0.5 0.5 0.17 0.0000
v__SURLAG.bsn Surface runoff lag time (days) 0.05 24 14.96 0.0704
v__ALPHA_BF.gw Base flow alpha factor (days) 0.2 2 0.72 0.2265
v__GW_REVAP.gw Groundwater re-evaporation coefficient 0.02 0.2 0.05 0.1856
v__GWQMN.gw Threshold depth of water in a shallow aquifer for return flow (mm) 0 5000 3085.09 0.0016
v__GW_SPYLD.gw Specific yield of the shallow aquifer (m3/m3) 0 0.4 0.35 0.0901
v__ALPHA_BNK.rte Base flow alpha factor for bank storage 0 1 0.07 0.0000
v__CANMX.hru Maximum canopy storage 0 100 88.11 0.0948
r__SOL_K.sol Saturated hydraulic conductivity (mm h-1) �0.8 0.8 �0.79 0.0000
r__SOL_BD.sol Moist bulk density �0.5 0.5 �0.24 0.0038
v__CH_K2.rte Channel effective hydraulic conductivity (mm h-1) 0 150 107.35 0.0869
v__CH_K1.sub Effective hydraulic conductivity in tributary channel alluvium 5 150 85.4 0.0000

Sediment
Yield

v__ADJ_PKR.bsn Peak rate adjustment factor for sediment routing in the sub-basin (tributary
channels)

0.5 1 0.16 0.0000

r__USLE_K.sol USLE equation soil erodibility (K) factor 0.8 �0.8 �0.38 0.0000
v__LAT_SED.hru Sediment concentration in lateral flow and groundwater flow 0 5000 2280.34 0.0000
v__SPCON.bsn Linear parameter for calculating the maximum amount of sediment that can be

reentrained during channel sediment routing
0.001 0.01 0.0075 0.2769

v__SPEXP.bsn Exponent parameter for calculating sediment reentrained in channel sediment
routing

1 1.5 1.44 0.2098

v__PRF_BSN.bsn Peak rate adjustment factor for sediment routing in the main channel 0 2 1.71 0.0000
v__ RSDCO.bsn Residue decomposition coefficient 0.02 1 0.63 0.4677

a (v__) refers to the substitution of a parameter by a value from the given range, while (r__) refers to a relative change in the parameter where as the current values is
multiplied by 1 plus a factor in the given range. The extension (.bsn) refers to the SWAT file type where the parameter occurs.

Fig. 7. Observed and simulated monthly stream flow and sediment yield for the calibration and validation periods.

Table 5
Performance Evaluation Criteria for calibration and validation results.

Variable Period Years R2 NSE RSR PBIAS(%)

Stream Flow Calibration 1991e1997 0.75, (Slope: 0.72,
Intercept: 0.28)

0.75 0.50 �0.01

Validation 1998e2000 0.86 (Slope: 0.79, Intercept:0.15) 0.85 0.39 4.28
Sediment yield Calibration 1991e1995 0.75 (Slope: 0.81, Intercept:21.69) 0.73 0.51 18.49

Validation 1998e2000 0.81 (Slope: 0.88, Intercept: 194.3) 0.78 0.46 28.89
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sediment yield. Intercept results for stream flow for both periods
are close to zero and are satisfactory, but the sediment yield
intercept results are not very good.

NasheSutcliffe Efficiency Coefficients for monthly stream flow
were 0.75 and 0.85, respectively, and for monthly sediment yield
were 0.73 and 0.78, respectively. Based on the model evaluation
guidelines presented by Moriasi et al. (2015), the SWAT model
simulated the stream flow and sediment yield trends very well.

The RSR values for sediment yield and stream flow ranged from
0.39 to 0.51 during both calibration and validation. These values
indicate that the model performance for stream flow and sediment
yield residual variation ranged from “good” to “very good”. Simu-
lation of average magnitudes (PBIAS) in Table 3 shows that model
prediction is well for stream flow (PBIAS< ±5), but for sediment
yield the result values fell within “satisfactory” and “unsatisfactory”
during calibration and validation. Based on the selected model
evaluation statistical criteria, the capability of the SWAT model in
simulation of stream flow was “satisfactory” to “very good” and
simulation of sediment yield varies from “unsatisfactory” to “very
good” in terms of trends (NSE), residual variation (RSR), and
average magnitude (PBIAS) (Moriasi et al., 2015).

3.2. Spatial optimization

Multi-objective Genetic Algorithm was implemented in the in-
tegrated simulator-optimizer SWAT-NSGA-II model with 100 Gen-
erations and this is because little change occurred in the Pareto-
optimal with change number of generation about 100, another
reason for this selection was the good spread of optimal solutions.
Fig. 8, shows the Pareto-optimal front of the final generation which
provides a range of sediment yield and stream flow/cost options in
support of trade-offs between objectives.

Fig. 9 shows the percent reduction in stream flow and sediment
yield. The last Pareto-optimal front shows that the efficiency of
conservation practices on sediment yield and stream flow are not
the same. Pareto-optimal front of the final generation shows that
conservation practices impact sediment yield more than stream
flow. This can be due to the fact that most conservation practice
parameters which were changed in the present study were more
sensitive to sediment yield than stream flow. Fig. 9 also indicates
that selection of suitable solution for sediment yield control de-
pends on the cost level rather than stream flow. In other words,
with an increase in cost, change is not noticeable for stream flow,
but is meaningful for sediment yield.

The implementation of the offered conservation practices could
reduce stream flow by 9.8% (6.8% - 10.1%), and sediment yield by
20.4% (11.5% - 24%). The percent reduction of stream flow and
sediment yield with the lowest cost (13 � 103 $) is 6.8% and 11.5%,
respectively. With the highest cost (299 � 103 $), the maximum
decrease was observed by 10.08% for stream flow and 24.1% for
sediment yield. The median cost (109 � 103 $) can lead to a sig-
nificant decrease in the amount of sediment yield (22.09%), and
stream flow (10%). Therefore, the amount of flow and sediment
reduction for median cost and highest cost are very close.

Spatial distributions of the optimal conservation practices for
high cost (solution 3), low cost (solution 2) and median coast (so-
lution 30) are presented in Fig. 10. Based on Fig. 10, the imple-
mented area for vegetative practices in high cost solution is
17758 ha which was proposed for 18 sub-basins and structural
practices implemented in 137 km of the watershed streams. In low

cost solution, only vegetative practices were proposed for 10864 ha
in 10 sub-basins. Spatial distribution of the optimal conservation
practices (Fig. 10) shows that structural practices with respect to
high implementation cost do not appear in the lowest cost solution.
Meanwhile, in the median cost and the highest cost, volume of
structural conservation is notable. As a result, it seems that vege-
tative practices are a suitable economic scenario for soil and water
conservation, although vegetative practices have a high uncertainty
results. The low-cost scenario is not necessarily the best SWC sce-
nario because other factors such as human and social aspects could
affect the acceptance of SWCs (Geng et al., 2019; Liu et al., 2019).
Therefore, more investigation regarding all factors influencing the
acceptance of SWCs’ adoption as the final plan for implementation
is recommended in the Fariman damwatershed. If median cost was
intended, solution 30 (Fig. 10b) is the best choice for implementa-
tion. In this solution, vegetative and porous gully plug practices
were implemented in almost all sub-basins because of its lower
cost. If the highest reduction regardless of financial limitation is
desirable, the best solution is 3. In this solution, the structural
practices of the gabion check dams has been implemented in sub-
basins 1, 2, 4, 5, 10, 24, 26 and 27. Also, nearly the same proportion
of porous gully plugs practice was implemented in the sub-basins.
The low cost solution visualized in Fig. 10a is solution 2. Vegetative
practices have lower costs than structural practices, so the cropping
practices are the only practices proposed for the vulnerable sub-
basins. The study results show that selection and placement of
conservation practices using NSGA-II and the SWAT model can be
done economically; this was emphasized by Chiang et al. (2014),
Chen et al. (2016), Pyo et al. (2017). Also, sub-basins with high soil
erosion or runoff were not necessarily the optimal sites for placing
conservation practices, because those sub-basins may not
contribute high levels of sediment yield and stream flow to the
main outlet.

In this study, due to limited access to a high processing system,
we ran the algorithm by 10, 20 and 100 number of generations; 100
generations give the best results with good spread of optimal so-
lutions. The results of studies byMaringanti et al. (2009), Rodriguez
et al. (2011), Ahmadi et al., (2013), Chen et al. (2015) revealed
increasing generations of a Pareto front could achieve better re-
sponses. So, more generation and sensitivity of NSGA-II algorithm
parameters are recommended for further studies. Representation
of conservation practices in the SWAT model was defined by
adjusting a few parameters. The selected parameters that were
changed in order to represent conservation practice are another
source of uncertainty in effectiveness of conservation practice;
because these limited parameters could not display the total impact
of practices and local conditions very well. Using site specific data
could improve the results (Yang & Best, 2015). Overall, the opti-
mization framework presented in this research is a suitable tool for
selecting cost effective conservation practices for effective water-
shed management. The methodology can be extended to other
watersheds for sediment and flood control. However, incorporating
new tools for representing actual impacts of SWCs, new criteria and
more efficient optimization techniques are recommended for
future research.

4. Conclusions

In this study, spatial optimization of soil and water conservation
was performed using the multi-objective algorithm NSGA-II and
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soil and water assessment tool. The SWAT model was calibrated for
the years 1991e1997 for stream flow and 1991e1995 for sediment
yield and a validation period of 1998e2000 were considered using
sensitive parameters. Two categories of vegetative and structural

practices were explored. Because of the great power of NSGA-II in
solving multi objective problems, the SWAT-NSGA-II tool was
created through combining and integrating the SWAT model and
the multi-objective genetic algorithm NSGA-II. Pareto-optimal
front for stream flow, sediment yield and total cost showed a 6.8%
reduction in stream flow and an 11.5% reduction in sediment yield
is achievable by lowest cost. With the highest cost, the maximum
decrease is 10.1% for stream flow and 24.1% for sediment yield. Also
based on Pareto-optimal front, the amount of stream flow and
sediment yield reduction for median cost and highest cost are very
close. One of the advantages of the multi-objective genetic algo-
rithm method in this study is that there is more than one solution
for a decision maker that allows for a maximized effectiveness of
the conservation practices in proportion to the budget available.
The methodology also has some limitations. The methodology
developed in this study as compared to current methods like tar-
getingmethods, required longer computation time to obtain amore
spread of solutions because there is a dynamic link between the
algorithm and the SWAT model. In comparison with the prevalent
methods for placing conservation practices like targeting methods
and critical source area, NSGA optimization method requires high
computing system and more time for a larger population size to get

Fig. 8. Pareto-optimal fronts for sediment yield, stream flow and total cost.

Fig. 9. Percent reduction of stream flow and sediment yield at different cost levels.
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a wide range in solution space especially in case of large number
SWCs and HRUs.
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a b s t r a c t

River channel shifting in the deltaic regime is an unabated occurrence. Channel shifting has become one
of the concerns as it influences land use/land cover along the riverbank in various ways. For the man-
agement of the river, it is indispensable to study the pattern of river course change both in qualitative
and quantitative methods. This study is an attempt to understand the pattern of shifting and to quantify
erosion and deposition of the river Ganga at upstream and downstream of Farakka Barrage during 1794
e2017. The study has been carried out by using various historical maps, aerial photographs, satellite
imagery, and remote sensing and GIS technique to understand the dynamic of the river. Over 223 years
period shifting of the river accentuates the remarkable oscillation of the river. Perimeter of the river is
determined to understand the area covered by the river course in the study area. To evaluate the
meandering of the river sinuosity of the river has been computed in this study. The amount of erosion
and deposition was calculated in this study by using ArcGIS 10.6. The study found a higher amount of
erosion at the east bank where Manikchak, Kaliachak II and Kaliachak III blocks are situated between
1965 and 2017. At the west bank of the river, especially the Rajmahal block, the occurrence of deposition
was remarkable during the same period.
© 2021 International Research and Training Center on Erosion and Sedimentation, China Water & Power

Press. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Ganga river system is one of the largest river systems in the
world covering 1.09 million km2 catchment area which is fed by its
numerous tributaries throughout its course (Dewan et al., 2017). As
the river passes through different geomorphic characters in the
deltaic region, the river repeatedly adjusts itself which leads to
erosion and deposition (Mondal & Satpati, 2012). River Ganga has
been changing its course for the last three centuries causing inac-
tive channels to be left behind (Rudra, 2009). Das et al. (2017) have
observed that the erosion process is very fast in west Bengal since
the last few decades. The erosion takes place mainly in the
monsoon season which is between June and September and pre

and in the post-floods both at the up and downstream of Farakka
Barrage (Rudra, 2006). In the last five decades, bank failure has
become one of the most problematic natural events in the district
of Malda and Murshidabad along the river Ganga (Das et al., 2012).
Riverbank erosion is not only influenced by climate change, amount
of water discharge, type of soil, hydrological and physiological
variation, but also anthropological activities, such as different
construction along river, dam construction on river, land-use
change, etc. (Li et al., 2007; Roy & Sahu, 2016; Surian et al., 2011).
River Bank erosion has a great impact on livelihood in the form of
losses of agricultural land, infrastructural losses, population
displacement, etc (Hassan et al., 2017). While other disasters such
as floods and cyclone allows people to recover from the damage to
infrastructures, river erosion often causes total loss of households
which is often irrecoverable (Howlader & Rahman, 2016). There-
fore, the assessment of the river dynamics and the quantification of
erosion and deposition is indispensable for the management of a
river.

As the river carries different quantities of water and sediments
at different stages in response to its topographic and other
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geomorphological conditions, the shape of the river also varies
(Abidin et al., 2017; Laha, 2015). When the river is not capable of
carrying its sediments, it becomes sluggish and deposition of al-
luvium occurs on the inner bend. Direct flow against the bank in-
duces cutting of the bank and resulting sediment deposits on the
other sides as the river doesn’t have sufficient energy to carry its
sediments at that stage (Laha & Bandyapadhyay, 2013).

Farakka Barrage was constructed in 1975 for diverting 40,000
cusec (1132.67 m3/s) water, which led to changes in the sediment
dynamics causing accelerated bank erosion at both the upstream
and downstream of the Farakka Barrage (Debanshi & Mandal,
2014). After the construction of Farakka barrage, the size of sedi-
ment texture has been increasing since 1975 at the downstream of
the barrage due to the increasingwater content and its capacity and
competence (Roy & Sengupta, 2019). About 700 million tons sedi-
ments per annum are carried by the river Ganga and 300 tons of it is
being trapped by the pond near the Farakka Barrage-which en-
courages river to change its course by cutting its bank (Rudra,
2006). Siltation and sedimentation with discharge variation leads

to bank shifting at the upstream of Farakka Barrage (Mandal, 2017).
Depth of the river Ganga decreases when it traverses in West
Bengal due to depositions of millions of tons of sediments and in
the monsoonal season when the water discharge increases due to
pressure on the banks which induces bank erosion (Thakur et al.,
2012). According to Rudra (2009) due to the intervention of Far-
akka Barrage, approximately 87 million m3water per year is
entering the barrage, this flow of water is obstructed which leads to
increased pressure to the natural flow both in the upstream and
downstream of the barrage leading to increased erosions. Accord-
ing to Ghosh (2007), soil material at the east bank of the upstream
of Farakka Barrage and both sides of the bank at the downstream of
Farakka Barrage is not capable to prevent erosion like pave and
spur. Ghosh (2007) found in the downstream of Farakka depth of
the river at West Bengal is high as compared to the east bank.
Banerjee (1999) reported till 1990 river Ganga erosion affected 47
villages at Manikchak, 17 villages at Kaliachak II and 66 villages at
Kaliachak III of Malda district. Therefore, in light of the impacts of
the barrage which is situated in the study area, it is necessary to

Fig. 1. Location of the study area.
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study the morphological evolution of the Ganga river.
Remote Sensing and GIS techniques applied using multi-

temporal satellite images and aerial photography gives good re-
sults for the study of river course change (Kumar Pal et al., 2017;
Sarma et al., 2007). Aerial photography and satellite images offer a
better understanding of river morphology and its Spatio-temporal
changes (Gilvear and Bryant, 2016). For the monitoring of oscilla-
tion of river channel, remote sensing and GIS are is very efficient
and cost-efficient, unlike traditional geomorphological investiga-
tion because it provides integration of data and general view of
whole coverage (Langat et al., 2019). Remote sensing and GIS tools
extract information and obtain specific measurements about the
spatio-temporal changes in the river course (Aher et al., 2012) and
affords a comprehensive view of the whole area for riverbank line
shifting monitoring (Sarkar et al., 2012). Geo-spatial technique
provides an excellent framework for data synthesis, measurement,
and analysis which are very important for the assessment of river
dynamics (Yang et al., 1999). The quantification of the channel
sinuosity of a river is a vital part of the morphometric analysis as it
is an indicator of channel flow and morphology characteristics
(Karki & Nakagawa, 2019). Earlier different scholars like Ghosh
(2007); Laha and Bandyapadhyay (2013); Thakur et al. (2012)
attempted to quantify the sinuosity index of the river in the study
area, however, the method for determining centerline of the river is
not done using established GIS technique.

This study incorporates a novel GIS technique for the determi-
nation of the centerline of the river channel and subsequent
calculation of the sinuosity index of the Ganga River in the study
area. In the previous studies, various methods had been used to
show erosion and deposition but the computation of eroded and
deposited land was not clearly quantified according to the affected
administrative unit, therefore in order to address this research gap,
land erosion and deposition was calculated for the corresponding
administrative areas in a systematic manner in this study.

The paper aims at exploring the river course shifting dynamics
between 1794 and 2017 using historical maps and remote sensing.
The sinuosity is calculated as a measure of the extent of the
morphometric changes. The erosion and accretion dynamics are
explored between 1965 and 2017 and the river dynamics and
spatial distribution is depicted considering the local administrative
unit i.e. Blocks. The study shall, therefore, be vital for future spatial
planning considering historical river dynamism and erosion-
accretion dynamics.

1.1. Study area

The concerned area of the study extends between latitude from
24�370 N to 25�1303000 N and longitude from 87�440 E to 88�003200 E.
The lower River Ganga flood plain covers part of West Bengal and
Jharkhand states of India. The Indian administrative hierarchy
consists of 35 States/Union which are further divided into districts

and then sub-districts which are often called “Blocks” (Government
of India, 2011). The river stretches from the Rajmahal block to the
end of the Samsherganj block (Fig.1). The study area comprises part
of four blocks from the Sahibganj district of Jharkhand, two blocks
fromMurshidabad and three blocks from theMalda district of West
Bengal. Rajmahal along the river Ganga (Table 1).

At Rajmahal the east bank of the river is enclosed by the hilly
region and the west bank is dominated by alluvial flood plain
(Mitra, 2015; Sinha&Ghosh, 2012). At Farakka 2.62 km Barragewas
constructed in 1975 to boost the Bhagirathi river for improvement
of navigation status of Kolkata port (Rudra, 2006). Different layers
of alluvial are deposited in the study area in different time periods
which can be characterized by old and active flood plain sediment
characteristics (Laha, 2015). At the upstream of Farakka Barrage
three tributaries, Udhua Bahadubi, Kadalkati, and Gumani, are sit-
uated and at the downstream of Farakka barrage, Baghmari tribu-
tary joins the west side of river Ganga in the study area (Ghosh,
2007).

1.2. Database and methodology

The present study is was carried out with the help of carto-
graphic and geospatial techniques. Block and district level maps
were collected from different government organizations and online
galleries. Satellite images were acquired from Landsat 5 for 1996
and Landsat 8 OLI/TIRS for 2017 while Corona images were ob-
tained for the years 1965 and 1980 (Tables 2 and 3). The river course
change was examined in the present study for 223 years from 1794
to 2017.

1.2.1. Geo-processing and image processing of the data/
preprocessing of satellite imageries

Cartographic maps and aerial photography were georeferenced
by raster to raster rectification by selecting ground control points.
All the maps and aerial photography were referenced in UTM
projectionwithWGS84 datum (Akter et al., 2017). Block maps were
provided by land record office and satellite images were the base of
geo-referencing. RMS (root square mean) error is estimated after
georeferencing. In the map of Bengal, Bihar & c north in 1794, RMS
error is 7.8 m, for District Malda and District of Moorshedabad it is
6.6 m and for The Provinces of Bengal is 5.9 m. Eq. (1) is used for
estimating the RMS error:

RMSE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i¼1ðpi � OiÞ2
n

s

(1)

Where, pi is the predicted ground point, Oiis the observed ground
point and n represents the number of selected ground points.

ATCOR model was run for atmospheric correction using ERDAS
IMAGINE 14 (Nazeer et al., 2014; Pflug et al., 2014). All the satellite

Table 1
Brief administrative detail of the study area.

Sl. No. Name of the block District Total population Population Density (km2)

1 Farakka Murshidabad 274,111 132.72
2 Samsherganj Murshidabad 284,072 84.21
3 Kaliachak III Malda 359,071 259.99
4 Kaliachak II Malda 210,105 222.73
5 Manikchak Malda 269,813 321.78
6 Rajmahal Sahibganj 145,899 140.76
7 Udhwa Sahibganj 177,263 214.83
8 Taljhari Sahibganj 763,30 273.03
9 Barharwa Sahibganj 180,770 187.33

Source: Census of India, Sahibganj, (2011); DISTRICT CENSUS HANDBOOK MURSHIDABAD (2011): District Census Hand Book, Maldah, (2011).
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imagesmaps and aerial photographywere clipped to the study area
by subsetting using ERDAS IMAGINE 14 and ArcGIS 10.6. The spatial
resolution of the maps from different sources and resolutions were
resampled to 30 m resolution in coherence with the Landsat TM
spatial resolution.

1.2.2. Delineation of the river course
Analysis of the river course change was performed by

comparing historical maps and current aerial photography and
satellite images (Roccati et al., 2019). River course was defined by
visual interpretation by on-screen manual digitization in (Hassan
et al., 2017; Laliberte et al., 2001; Sarker et al., 2014) Single user
digitization was employed by maintaining a constant zoom level of
1:5000 for all the different maps and satellite images that were
used, this ensured consistency in terms of visual interpretation.

1.2.3. Morphometric analysis

1.2.3.1. Method for measuring sinuosity. River sinuosity determines
the degree of meandering of a river channel. The sinuosity of a river
is the ratio between the length of the river bed (which is channel
length) and the shortest distance of the river bed from beginning to
the end (which is valley length). Sinuosity increases with increasing
the meandering. (Brice, 1964).

SI¼ LC
LV

(2)

Where,

SI e Sinuosity index
LC -Length of the channel
LV- length of the valley

After defining the mid-channel line of river courses, the sinu-
osity of the river was calculated using the HWATH’s tool which is
also an ArcGIS extension using Eq. (2) (García, 2014).

In order to determine the centerline of the river channel in
different years, the ‘polygon to centerline tool’ was used in ArcGIS
10.6 (Karrasch et al., 2015) (Fig. 2). Due to the presence of several
sand bars and islands in the study area, river Ganga forms multiple

channels which creates difficulty to determine the centerline. Here
in this study centerline of the widest channel has been considered
for the calculation of the sinuosity index (Dabasis Ghosh, 2007).

1.2.3.2. Delineating river dynamics between 1794 and 2017.
Rudra (2006) discussed in his study how the distance between the
railway track and part of river Ganga is decreasing from last few
decades. In this paper, the river channels were defined and the
perpendicular distances of the railway stations from either the east
and west bank was measured for the different years. Here, we
consider the position of the railway stations to be constant for the
entire period of the study. Wemeasured the perpendicular distance
between each railway station and the adjacent riverbank line for
several years (1794, 1857, 1907, 1965 and 2017). Increasing or
decreasing distance between the railway station and river Ganga in
the study area gives us a general idea of river dynamicity.

Table 2
Data sources and characteristics.

Data Source Resolution/Scale Year

LANDSAT- 5 -TM USGS 30 1996
LANDSAT -8 - OLI/TIRS USGS 15 2017
Block Maps of Malda District Land Record Office, Malda 1:50,000 e

Block Maps Murshidabad District Land Record Office, Murshidabad 1:50,000 e

Block Map Sahibganj District District Census of India 1:20,000 2011
Bengal, Bahar & c north David Rumsey Historical Map Collection 1:750,000 1794
District Moorshedabad Online gallery of British Library 1 : 253440 1875
District Maldah Online gallery of British Library 1 : 253440 1875
The Province of Bengal Online gallery of British Library 1 : 1013760 1907

Table 3
Aerial photographs used in the study.

Entity ID Acquisition year Ground resolution

DS1021-2134DF035 1965 2.74 m (9 feet)
DS1021-2134DF036 1965 2.74 m (9 feet)
DS1025-2134DF102 1965 2.74 m (9 feet)
DS1021-2134DF033 1965 2.74 m (9 feet)
DS1021-2134DF032 1965 2.74 m (9 feet)
DZB1216-500514L004001 1980 6.096 m (20 feet)

Note: All the imageries are Corona data from USGS.

Fig. 2. Skeleton of river courses for extraction of centerline.
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1.2.3.3. Mapping of erosion and deposition. River course polygons of
1965, 1980, 1996 and 2017 were superimposed. After super-
imposing these polygons of river channel erosion and deposition of
the study area due to river course change was calculated for both
the east and west banks (Deb & Ferreira, 2015). As the river is
flowing from north to southward, instead of using left and right
banks in the study, east and west bank term have been used for
better convenience. The area of erosion and deposition of the river
was extracted by overlay tool in ArcGIS 10.6 between the years
1965e1980, 1980e1996, 1996e2017 and 1965e2017 (Mukherjee
et al., 2017). By clipping these eroded and deposited land poly-
gons, block-wise bank erosion and deposition was calculated in
ArcGIS 10.6 (Fig. 3).

2. Results

2.1. River course dynamics between 1794 and 2017

It has been observed that river Ganga is adjusting its course over
a period of time. Thus, in the present study, an attempt has been
made to detect the river course change in the study area from 1794
to 2017. Fig. 4 depicts the change of the river channel at different
particular times from nearest railway station.

Total of 14 nearest stations along the river Ganga from both the
east andwest banks were selected for the study of change detection
of the river (Fig. 4). In Table 4 historical analysis of river course
change over the period of 223 has been done which reveals a
drastic change of the river course between the years 1794e2017.
The distance of the station from the river Ganga for 223 years has
been changing drastically. Higher the variation of the distance from
the stations to river Ganga higher the shifting in the river course.
Table 4 reveals that Jamir Ghata, Gour Malda, Malda and Adina

stations on the east bank side and Dhulian Ganga, Sankopara sta-
tion distance varies more than 10 km from 1794 to 2017. Con-
cerning the increase or decrease of distance, changing distance
from the stations to the river is not gradual except Dhulian Ganga
and Sakhopara station. In the case of Malda station, distance from
Ganga to Station decreased from 30.62 to 14.72 during 1794e1857
but in 2017 again the distance has increased up to 19.99 km. On the
other hand, the distance from the present Dhulian Ganga station
has decreased from 14.64 km to 2.11 km from 1794 to 2017
respectively and it is gradual.

2.2. Morphometric changes in the River Ganga from 1965 to 2017

From 1965 to 2017 river Ganga in the study area is changing its
morphometry in different aspects. Here one aspect of morphom-
etry of the river was discussed as follows:

To the downstream of Farakka, the river bifurcated into two
branches. One of the braches used to flow from north to southeast
and another from north to south (Fig. 5). It can be identified from
the aerial photography of 1965 that the river flowing north to the
southeast was the main channel and the other was a sub-channel.
In 1980, the channel which was flowing from north to south
became themain channel and another became sub-channel (Fig. 5).
A lot of siltation can be identified to the sub-channel in 1980. It was
the post-Farakka Barrage scenario of downstream of Farakka Bar-
rage. In satellite images of 1996 and 2017, the channel which was
more active in 1965 is now moribund. The paleochannel is known
as ‘Mora Ganga’ (Dead Ganga) by the local people. However, in the
monsoonal season, waterlogging in some of the areas of paleo-
channel takes place; it is not connected with the present active
channel due to avulsion.

Sinuosity is categorized into four categories such as straight

Fig. 3. Flow chart of river course study.
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(<1.05), sinuous (1.05e1.3), moderate meandering (1.3e1.5) and
meandering (>5) (García, 2014). In the study area, river sinuosity
varies from 1.19 to 1.24 from 1965 to 2017 (Table 5). The calculated
value is indicating that river Ganga is sinuous in the study area.
Among the river of four-time periods such as 1965, 1980, 1996 and
2017 the river Ganga of 2017 is more sinuous (1.24) as compared to
the previous year’s river (Fig. 6).

2.3. Erosion and deposition mapping of River Ganga in the study
area

In the study area, both erosion and deposition took place during
1965e2017. In fact, both the west and east bank of the river have
experienced river bank erosion as well as accretion or deposition
(Fig. 7).

During this time period, the river Ganga continued to oscillate
its course. The east bank of upstream and downstream of the Bar-
rakka Barrage covers about 67.09 kms and 24.06 kms stretch
respectively. This part of the river experienced lateral erosion of

Fig. 4. Stations along the River Ganga of 1794, 1857, 1907, 1965 and 2017 in the study area.

Table 4
Approximate distance (kilometer) between River Ganga and nearest stations in
different periods.

S. No. Name of the station Year

1794 1857 1907 1965 2017

1 Samsi 17.73 18.51 12.99 28.18 23.59
2 Malda 30.62 14.72 13.32 22.15 19.99
3 Khaltipur 12.68 3.316 4.36 12.43 8.38
4 Sakopara 10.34 2.32 1.616 1.05 0.58
5 Dhulian Ganga 14.64 4.73 4.1 2.53 2.11
6 Barharwa 10.25 18.36 13.57 13.73 13.67
7 Tinpahar 9.22 12.18 12.55 11.93 11.93
8 Taljhari 2.341 4.26 4.77 3.38 3.29
9 Tildanga 5.348 6.94 6.94 6.44 6.29
10 Maharajapur 0.49 3.41 1.44 0.24 0.18
11 Adina 32.26 22.99 22.82 22.91 20.96
12 Gour Malda 25.97 11.02 8.06 18.37 14.78
13 Jamir Ghata 20.42 8.66 4.16 19.32 10.81
14 Kumarganj 28.21 24.19 22.25 30.75 30.09
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62.64 km2 whereas 26.7 km2 land deposited in these sections be-
tween 1965 and 1980 (Tables 6 and 7). In the same time span the
west bank which covers 66.72 km at the upstream and 25.51 kms
stretches at the downstream of Farakka Barrage eroded 30.13 km2

and 6.72 km2 respectively. In the time span, the amount of
deposited land at the west bank of upstream was 36.32 km2 while
the downstream of the west bank experienced no deposition of
land. It can be manifested that the river Ganga is not stable at the
east side of the upstream of Farakka Barrage. However, some of the
areas of east bank experienced deposition during 1965e1980 but

part of this deposited land was again engulfed by the river from
1980 to 1996 (Fig. 7(a) and (b)). Fig. 7(b) reveals that the bifurcated
channel started fading from 1965 to 1980 becamemoribund during
1980e1996. In the time period of 1996e2017, the east bank expe-
rienced lateral erosion of 61.99 km2 at the upstream of Farakka
Barrage and 11.66 km2 at the downstream. During the same period
west bank of upstream and downstream of the Barrage experienced
57.55 and 1.62 km2 deposition. Meanwhile, deposition occurs over
31.91 km2 land at the east bank and over 59.17 km2 land at the west
bank (Table 7). The overall erosion of the river during 1965e2017
was 99.54 km2 at the east bank upstreamwhile at the downstream
it is 13.39 km2 (Table 6). The overall erosion at the upstream and
downstream of the Barrage during this period was 18.98 km2 and
7.9 km2 respectively. In the same duration east bank of upstream
and downstream of the Barrage experienced 6.1 km2 and 45.45 km2

deposition while the amount of deposited land at the east bank of
the upstream and downstream was 75.48 and 1.62 km2 (Tables 6
and 7).

Fig. 5. Courses of river Ganga at a glance in 1965, 1980, 1996 and 2017 at the study area.

Table 5
Sinuosity index.

Year Sinuosity

1965 1.21
1980 1.19
1996 1.19
2017 1.24
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2.3.1. Block wise erosion and deposition mapping from 1965 to 2017
As discussed, the east bank of river Ganga experienced higher

bank erosion leading to Manikchak, Kaliachak I and Kaliachak II
blocks being severely affected by riverbank erosion. It can be
confirmed that the amount of erosion on the west bank is less than
the amount of deposition.

Manikchak block is situated in the Malda district, experienced
immense land loss due to bank erosion between 1965 and 2017.
Around 40 km length of river Ganga passes through this block
which covers the western side of the block. As reported in Table 8,
in the period between 1980-1996 and 1996e2017, this block
experienced erosion of 35.42 km2 and 30.68 km2 respectively.
Fig. 7(a), 7(b), 7(c), and 7(d) reveals that during 1980e1996 and
1996 to 2017, the amount of deposition in this block was also sig-
nificant (Table 9) but most of the deposited lands formed as islands
which are detached from the bank.

In the Kalichak II block of the Malda district, there is a high
variation in erosion and deposition during 1965e2017 (Fig. 8).
Table 8 highlights that between 1965 and 1980, the erosion was
found over 28.04 km2land but the deposition at this block was high
as well that of 5.93 and 12.68 km2. In the period 1996e2017
deposition (23.10 km2) was substantially higher compared to
erosion (11.93 km2).

In the Kaliachak III block, the river bifurcated into two wide
channels in 1965 which became moribund later resulting in a sig-
nificant amount of deposition to this block (Fig. 7(a) and (b),
Table 9).

The Samsherganj block is situated at the west bank of the river
in Murshidabad district. Dhulian town which is one of the most
important trade centers in Murshidabad is situated at the bank of
the river in this block. In the interval of 1965e80, erosion in Sam-
sherganj block was 52.9 km2 (Table 8). The overall erosion from
1965 to 2017 is 5.34 km2 where deposition is comparatively very
less.

River Ganga passes a stretch of 19 km west bank and about
10 km of its east bank through the Farakka which is one of the
blocks of the Murshidabad district in West Bengal. Areas adjacent
to the west bank of this river are densely populated and erosion
during 1965e80 and 1996e2017 was 724.49 and 14.85 km2

(Table 8). From 1965 to 1980 deposition was about 4.61 km2 which
occur to the east bank of the river which was not densely populated
at that period (Table 9). It can be found in Fig. 7(a), 7(b), 7(c), and
7(d) that throughout the period of 1965e2017, west bank line of
river Ganga in this block is comparatively less curved and it is also
noticeable that in the same period due to westward shifting of the
river, west bank line is becoming straight.

The Barharwa block is part of the Sahibganj district which is
situated at the west bank of the riverbank. Less than 1 km of the
Ganga passes through this block. Erosion and deposition are not as
significant as other blocks. During 1965e1980, the eroded land
from this block was 0.09 km2.

Udhwa block is also a part of the Sahibganj district which covers
about 8 km strip of the river. Table 8 and 9 reveals that from 1965 to
1980 erosion was significant (1.01 km2) but after that erosion was
reduced in this block. However, this block experiences a good
amount of deposition during 1996e2017 (20 km2). Part of the main
channel at the study area traversed at the southern part of Udhwa
block in 1965 but in the interval of 1965e1980, the river shifted
eastward due to meandering and since then only anabranches of
the river are found in this block.

In the Rajmahal block, part of the Sahibganj district, both
erosion and deposition are high. About 55 km stretch is covered by
river Ganga in this block. During 1965e1980 and 1996e2017
erosion from this block is 31.93 km2 and 33.61 km2 respectively
(Table 8). During 1965-80 some area of the southeast portion of the
block was eroded by the river and land was deposited in the same
area during 1980e96. Overall deposition is higher as compared to
erosion between 1965 and 2017 in this block (Table 8 and 9). In
Fig. 7(d), it can be seen that the river splayed in a number of
anabranches from 1965 to 2017 which leads to the higher
complexity of the morphological dynamic in this block. The
southern stretch of the block is very unstable while between 1965
and 1985, the deposition was prominent but from 1996 to 2017,
erosion was higher. Oscillation of narrow anabranches in this block
can be found (Fig. 7(c) and 7(d)) which also induces many river
islands, sandbars, and sandbanks.

About 7e8 km strip along the Ganga River is going through the
Taljhari block situated in Sahibganj District. During 1965e1980,
erosion was less (0.19 km2) however deposition was 0.74 km2 was
significantly higher.

3. Discussion

Stretching from the immediate upstream of Farakka Barrage to
Rajmahal hills, the Ganga erodesmore at the east bank as compared
to thewest bank due to the presence of hard rock of Rajmahal hill at
the west bank (Thakur et al., 2012). In this study, we noticed that
the river is relatively more stable in the blocks in the western bank
i.e. Barharwa, Tinpahar, Maharajapur, and Tildanga stations of
Sahiganj district between 1796 and 2017, which is reflected in the
relatively less variation of distance between the railway stations
and the west bank. Laha (2015) compared old channel and present

Fig. 6. The sinuosity of the river in the study area.
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Fig. 7. Erosion and deposition of river Ganga in the study area during (a) 1965e1980, (b) 1980e1996, (c) 1996e2017 and (d) 1965e2017.
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channel with the help of secondary maps and satellite image at the
west bank of the river in Malda district and calculated the distance
between Gour Malda and the river was about 20 km which is
corroborated by our study which finds that the distance from the
Gour Malda station and river Ganga in 1796 was about 25 km
(Table 4). Ghosh (2007); Rudra (2014) mentioned Dhulian town is
one of the largest settlement along river Ganga which is shifting
with the river course from more than last two centuries which can
also be established with this study where the distance from Dhu-
lian Ganga station to river Ganga decreased by 12.11 km from 1794
to 2017.

Several factors are responsible for the erosion and deposition in
the study area. Among the factors variation in discharge of water,
stratigraphy of the bank, geometry of the channel and nature of
sedimentation play key role in the erosion and deposition dynamics

in the study area. Year wise discharge and sedimentation data could
not be obtained becausedata is restricted by Government of India
due to some sensitive international issues related to Farakka Bar-
rage. However, in the District Human Development Report: Malda
(Government of West Bengal, 2007) mentioned in the lean season
(MarcheApril) the discharge of water in this area is about 55
thousand cusec (1557.42 m3/s) and in the monsoonseason
(AugusteSeptember) its 18e27 lakh cusec (50970.32 m3/s -
76455.48 m3/s). The huge variation in the seasonal flow of the river
erodes its concave bank first. As huge amount of sediments are
trapped in the Farakka Barrage retention pond at the upstream of
Farakka Barrage number of avulsion, anabranch and cut off are
formed. The problem of siltation increased after the construction of
Farakka Barrage at the downstream of Farkka Barrage. The depos-
ited sedimentation on the river bed decreases its channel depth
(Rudra, 2014). In the monsoonseason when the discharge of water
is high, shallow depth of river bed is less capable of carrying water
which creates pressure on the bank leading to erosion.

The east bank of upstream of Farrakka Barrage lies on the active
flood plain. The soil is mostly fine sand, silt and clay and is often
very deep and loamy in texture (Table 10). These physical character
makes this portion highly erodible. In case of west bank of the
upstream Farakka Barrage presence of Rajmahal hill makes this
area complex in terms of geological and geomorphological char-
acter. Southern part of the upstream of the Barrage is covered by
older flood plain and north and northern most part is covered by
pediment-Pedi plain and moderately dissected hills and valleys.
Erosion in this portion of bank occurred at the southern part which
is constituted with alternating layers of sand silt and clay. Northern
portion of upstream Farakka Barrage is occupied by very deep
poorly drained soil and basaltic lithology of Rajmahal Trap. The
amount of erosion is very low in this portion of the bank. Having
similar bank material and geomorphology like upstream Farakka
Barrage, the section downstream of Farakka Barrage also experi-
enced high erosion between 1965 and 2017. The west bank of
downstream of Farakka Barrage lies on older alluvium flood plain.
Due to fine silty soil character, this area experienced lesser but
gradual erosion (Table 10).

Some anthropogenic factors are also responsible for erosion in
the study area. Apart from construction of Farakka barrage, long
term land use change in the upper Gangetic palin influences the
magnitude of erosion. The river Ganga passes through large parts of
northern India. Excess use of river water for irrigation and other
human utilization of river causes the lean season discharge of water

Table 6
Erosion in upstream and downstream of both banks from 1965 to 2017 in km2.

Year East Bank Total West Bank Total

Upstream of Farakka Barrage Downstream of Farakka Barrage Upstream of Farakka Barrage Downstream of Farakka Barrage

1965e1980 62.64 8.54 71.18 30.13 6.72 36.85
1980e1996 64.86 3.67 68.53 17.49 1.32 18.81
1996e2017 61.99 11.66 73.65 34.46 0.39 34.85
1965e2017 99.54 13.29 112.83 18.98 7.90 26.88

Table 7
Deposition in upstream and downstream of both banks from 1965 to 2017 in km2.

Year East Bank Total West Bank Total

Upstream of Farakka Barrage Downstream of Farakka Barrage Upstream of Farakka Barrage Downstream of Farakka Barrage

1965e1980 26.7 45.86 72.56 36.26 e 36.26
1980e1996 8.27 9.41 17.68 69.78 e 69.78
1996e2017 31.6 0.31 31.91 57.55 1.62 59.18
1965e2017 6.1 45.45 51.55 75.48 1.62 77.11

Table 8
Blockwise erosion in different time periods (in km2).

Block Year

1965e1980 1980e1996 1996e1917 1965e1917

Taljhari 0.19 0.35 0.36 0.24
Rajmahal 31.93 18.72 33.61 28.79
Udhwa 1.01 0.10 0.002 0.48
Barharwa 0.09 0.01 0 0
Farakka 7.24 3.81 7.78 14.85
Samsherganj 5.29 0.70 0.85 5.34
Kaliachak2 28.0 16.37 11.93 19.34
Kailiachak3 7.96 7.28 7.087 10.42
Manikchak 21.39 35.42 30.68 49.55

Table 9
Block wise deposition in different time period (in km2).

Block Year

1965e1980 1980e1996 1996e1917 1965e1917

Taljhari 0.74 1.13 0.94 2.14
Rajmahal 36.96 36.16 31.12 48.76
Udhwa 0.80 0.48 1.35 2.00
Barharwa 0.003 0.01 0.22 0.13
Farakka 4.61 0.68 1.03 2.36.
Samsherganj 0.26 0.48 1.45 0.69
Kaliachak III 30.32 12.55 2.86 33.84
Kaliachak II 5.93 12.68 23.10 4.74
Manikchak 17.46 20.26 21.85 21.62
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to be decreased significantly. The variation of water discharge be-
tween lean season and peak monsoonseason becomes higher
playing a vital role in sedimentation and erosion.

Changing the sinuosity index value from 1965 to 2017 in this
study is indicating the meandering of the river is fluctuating during
this period. The study of Laha, 2015; Thakur et al. (2012) found the
river from Rajmhal to Farakka is varying the sinuosity index from
1.12 to 1.25 from 1977 to 2010 and Dabasis Ghosh (2007)found the
river sinuosity of the Ganga in West Bengal fluctuating from 1.16 to
1.26 from 1977 to 2003. In the current study, the fluctuation is
1.21e1.24 from Rajamhal to Samsherganj block from 1965 to 2017.
From Figs. 2 and 5 it can be analysed that with the increase of
sinuosity at the east bank of the upstream of Farakka Barrage,
concavity of the river also increased during 1965e2017. This change
in geometry of the river not only induced river bank erosion at the
east bank of upstream of Farakka Barrage but also formed many
islands, avulsions and cut offs. Deviation from the straight line of
the river at the upstream of Farakka is more as compared to
downstream of Farakka Barrage. This variation in meandering be-
tween upstream and downstream of Farakka barrage may be
attributed to the control of water discharge by the Barrage and to
the erodible soil character and geomorphology of both the banks at
downstream of the barrage.

The study finds that the Manikchak block faced high erosion
between 1965 and 2017 which corresponds with the findings from

Das et al. (2017); Debanshi and Mandal (2014); Sinha and Ghosh
(2012). As reported by Rudra (2006) many shops houses and agri-
cultural lands were engulfed by the river due to bank failure in
September 2005 in the study area. Being a densely populated area
along the riverbank, Farakka block experienced agricultural land
loss, human displacement and other commercial establishment
loss (Ghosh & Sahu, 2019). Fig. 4 and Table 4 show the river is
bending towards westward in Dhulian town for the last two cen-
turies which leads to many commercial establishments, settle-
ments, and other infrastructure being affected by erosion (Ghosh,
2007; Ghosh & Sahu, 2019; Rudra, 2009). Deposition is promi-
nent at the east bank as compared to the west bank which also
corresponds with the findings of Ghosh (2007) (Fig. 7).

Several sandbanks, sand bars, and islands were formed from
1965 to 2017 due to the deposition of the river in the study area.
Mature sandbank became suitable for the cultivation and settle-
ment. A small portion of landis used by the people who lost their
homes and land due to bank erosion. Mukherjee (2011) reported
that people living in the newly formed land known as ‘Char’ are
deprived of different government schemes. The unstable character
of these ‘Chars’ makes their life more difficult. There are issues
regarding the ownership of these land (Islam & Guchhait, 2017).
According to the Land Record Office of Murshidabad district, these
island and sandbanks are the government’s property. The govern-
ment gives these land to the people according to their needs.

Fig. 8. Blockwise erosion and deposition from 1965 to 2017.

Table 10
Geomorpholgy and soil character of the study area.

River Bank Geomorphology Description of Soil Lithology

1 Upstream of the Farakka Barrage, West
Bank

1. Older flood plain
2. Pediment-Pedi plain complex,
3. Moderately dissected hills and
valleys,

1. Very deep, moderately well drained and fine
silty soil.
2. Very deep, poorly drained, fine soils

1,Alternating layers of sand, silt and clay,
2. Sand, silt, clay and calcareous
concentration.
3. Basic lava (Northern most part of the
study area)

2 Upstream of the Farakka Barrage, East
Bank

Active flood plain Very deep, moderately well drained, coarse
loamy soils.

Fine sand, silt and clay

3 Downstream of the Farakka Barrage,
West Bank

Older flood plain Very deep, moderately well drained and fine
silty soil.

Alternating layers of sand, silt and clay

4 Downstream of the Farakka Barrage,
East Bank

Active flood plain Very deep, moderately well drained, coarse
loamy soils.

Fine sand silt and clay

Sources: i. District Malda hydrogeological map (Government of West Bengal).
ii. District Murshidabad hydrological map (Government of West Bengal).
iii. Assessment and Mapping of Some Important Soil Parameteres Including Soil Acidity for the State of Jharkhand (1:50,000 Scale) T owards Rational Land Use Plan: Sahibganj
District (Government of Jharkhand).
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However, during the field survey, we came to know these lands are
still disputed and these are not recognized by the government. By
the discussionwith local people, we came to know that most of the
deposited lands are used by the people who are financially well off
and have power. District Human Development Report: Malda also
mentioned that there are some kind of lawlessness regarding
occupying these lands. As per the information of Land Record Office
of Malda and Murshidabad District (West Bengal) the deposited
lands are two types, deluviated and eluviated. The deluviated lands
are cultivable in non-monsoon season but in the monsoonal season
these lands comes under the water. These eluviated lands is not
affected by the water flow in the monsoon season. The government
doesnt have proper socio-economic data of the people who lost
their property and livelihood due to river bank erosion. By pre-
paring database of affected people government can distribute the
eluviated land according to the loss. As these lands are occupied,
the government needs to intervene to ensure equal distribution
and proper management of the land. The deluviated land can be
given to the agricultural labours in seasonal basis contract with the
government. Another issue of these deposited land can be found in
the Bengal-Jharkhand border region, where the boundary of these
two states was demarcated along the river Ganga. Due to instability
of the river channel, new sandbanks and island at the boundary
areas have become disputed land (Rudra, 2006). Therefore, erosion
and deposition process created environmental refugees who are
deprived from the supply of basic rights as citizen which leads to
their dire socio-economic status. The simultaneous claim on these
deposited lands by the Government of Jharkhand and Government
of West Bengal has made this issue more complex. If this unsolved
matter can be solved by the government of India, people who are
living in these lands may have some basic facilities like ration,
school, health facilities etc.

4. Conclusion

The current study finds that river Ganga is highly dynamic in the
study area throughout the last two centuries. By quantifying the
amount of land erosion in the study area, the study affirms that the
dynamic river has been the cause of large quantities of damage in
the adjacent river banks. The greater dynamicity of the river is
associated with changes in erosion and deposition patterns.
Therefore, the spatial distribution and temporal changes in the
erosion and deposition have been quantified. There is a need for
further studies considering the proper management and utilization
of the land deposited by river Ganga and the findings from this
study may be used for such planning. A limitation of the study has
been the use of historical maps that had been produced in different
scales and projections and therefore their accuracies may be
questionable. It can be manifested by the result that the fluvial
process of river Ganga in the study area is very complex. Some of
the parameters like river braiding index, percentage of island
formed should also be studied for further understandings of the
river morphology. The study only deals with the morphometric
change of the river but factors behind the change were not studied
in detail. River management authorities may consider the findings
of the study before initiating development programs along the
river. The block-wise quantifications will facilitate regional plan-
ning efforts in the area. Therefore, the results might be helpful for
the concerned authorities for the incorporation of spatial di-
mensions for effective disaster management and disaster sensitive
planning in the future.
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a b s t r a c t

Water scarcity threatens global food security and agricultural systems are challenged to achieve high
yields while optimizing water usage. Water deficit can be accentuated by soil physical degradation,
which also triggers water losses through runoff and consequently soil erosion. Although soil health in
cropping systems within the Brazilian Cerrado biome have been surveyed throughout the years, infor-
mation about soil erosion impacts and its mitigation are still not well understood; especially concerning
the role of cropping system diversification and its effects on crop yield. Thus, the aim of this study was to
assess whether ecological intensification of cropping systems einclusion of a consorted perennial grass
and crop rotatione could promote soil coverage and consequently decrease water erosion and soil, water,
and nutrient losses. This work studied the effects of crop rotation and consorted Brachiaria, along with
different levels of investment in fertilization on soil physical quality and on soil, water, and nutrient
losses, and crop yields. Results proved that soybean monoculture (SS) is a system of low sustainability
even under no-till in the Brazilian Cerrado conditions. It exhibited high susceptibility to soil, water, and
nutrient losses, causing low crop yields. Our results showed that water losses in SS cropping systemwere
approximately 10% of the total annual rainfall, and total K losses would require an additional 35% of K
application. Conversely, ecological intensification of cropping systems resulted in enhanced soil envi-
ronmental and agronomic functions, increased grain yield, and promoted soil and water conservation:
high soil cover rate, and low soil, water and nutrient losses. Ecological intensification proved to be an
adequate practice to boost crop resilience to water deficit in the Brazilian Cerrado.
© 2021 International Research and Training Center on Erosion and Sedimentation, China Water & Power

Press. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Regions with characteristic dry periods require strict soil man-
agement practices to maintain crop production as climate changes
are expected to aggravate water scarcity and soil degradation, two
critical factors for crop production (IPCC, 2013). Future production
systems must impact positively the capacity of soils to sustain
biological productivity ewithin their microbiome and land use
scalese, to maintain environmental quality, and to promote plant
and animal health while achieving high crop yields (NASEM, 2019).

Abbreviations: AC, air capacity; Bd, bulk density; CR, cover rate; GMD, geometric
mean diameter; Ma, macroporosity; Mi, microporosity; MWD, mean weight
diameter; MY, maize yield; NT, no-till; OC, organic carbon; PAWC, plant available
water capacity; RFC, relative field capacity; SL, soil losses; SY, soybean yield; Tp,
total porosity; WL, water losses; WSA, water stable aggregates.
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No-Till systems (NT) have progressively been adopted by
farmers over conventional soil tillage. NT promotes soil and water
conservation as minimum soil disturbance occurs (Blevins et al.,
1971; Derpsch et al., 2010; Lal et al., 2007). It is estimated that
180 million hectares are under NT throughout the world (Kassam
et al., 2018) and 32 million hectares in Brazil (Peixoto et al.,
2019). NT is based on three defining conservation practices: a)
absence of eor minimume soil turnover; b) constant maintenance
of plant cover on the soil surface, and c) diversification of plant
species (Kassam et al., 2018). These practices play important roles
for increasing crop productivity, especially at rain-fed agriculture
sites (Asmamaw, 2017). Nevertheless, regional limitations may
threaten the success of NT systems. In Brazil, soil compaction
(Peixoto et al., 2019, 2020) and the lack of soil cover (Didon�e et al.,
2017; Merten et al., 2015) have been reported as the main limita-
tions for the sustainability of NT production systems, and there is
still a quest for alternatives to overcome those issues, especially in
the Cerrado (neotropical savanna) biome.

Oxisols (Latosols) constitute the main soil class in Brazil ea
country of continental proportionse corresponding to more than
60% of the country's surface (Schaefer et al., 2008), and approxi-
mately half of the Brazilian Cerrado biome (Eberhardt et al., 2008).
Oxisols present high degrees of leaching and weathering, resulting
in substantial contents of gibbsite in the clay fraction (Ferreira et al.,
1999; Ker, 1997). Moreover, Oxisols exhibit severe chemical re-
striction to plant development as these soils have low cation ex-
change capacity (CEC), high aluminum saturation, and low nutrient
availability (Goedert, 1983; Lopes, 1984; Lopes & Cox, 1977). How-
ever, when these soil fertility limitations are resolved by the
application of soil amendments and fertilizers, these soils present
high yield potential (Castro & Crusciol, 2013; Goedert, 1983); e.g.,
physical soil properties are optimal for plant growth.

Additionally, Oxisols exhibit granular structure, low bulk den-
sity, high macro- and microporosity, high aggregate stability, high
infiltration rate, lowmechanical resistance to root penetration, and
they are mostly found on relatively smooth topography, which
makes them suitable for large scale mechanized agriculture
(Ferreira et al., 1999; Goedert, 1983; Ker, 1997; Severiano et al.,
2011; Silva et al., 2015). Although these soils have high water
retention, they have low plant available water capacity (PAWC), due
to almost null presence of mesopores (Carducci et al., 2013; Silva
et al., 2014, 2015); i.e., abrupt transition in their pore size distri-
bution, from very large pores to very small pores.

In regions like central Minas Gerais, Brazil ea region within the
Cerrado biome with a prolonged dry season in winter and frequent
occurrence of dry spells (veranicos) in the warm rainy seasone the
soil PAWC becomes a physical restriction that challenges crop
production; e.g., crop yield is compromised due to water deficit at
critical phases of crop development. Not limited to Brazil, recent
projections indicate that water scarcity is a major issue in the up-
coming decades (IPCC, 2013; Mancosu et al., 2015). Furthermore, as
water stress is the main limiting factor for agricultural crops (Silva
et al., 2019; Srayeddin & Doussan, 2009), global food security is at
risk.

Among conservation practices, soil cover is crucial to avoid
water losses through runoff and evaporation (Zuazo& Pleguezuelo,
2008; Cardoso et al., 2012; Sharma et al., 2018; Peixoto et al., 2020;
Santos et al., 2021). It has been reported that soil cover is a key
factor for increasing crop yields in locations with rainfed agricul-
ture (Asmamaw, 2017; Borghi & Crusciol, 2007; Calonego et al.,
2011; Chioderoli et al., 2012; Crusciol et al., 2012, 2014; Moura
et al., 2021). Crop rotation combined with cover crops can pro-
vide beneficial ecosystem services (TerAvest et al., 2019), increase
soil organic carbon content and reduce soil compaction (Cherubin
et al., 2016; Dexter, 2004). Regarding locales susceptible to water

deficit, diversification of NT cropping systems provides water stress
resistance improvements (Degani et al., 2019) resulting in more
stable and resilient cropping system productivity (Madembo et al.,
2020), as well as improved soil health and high yields (Huynh et al.,
2019; Nunes et al., 2018). For instance, in Mediterranean ecosys-
tems the use of cover crops proved to increase infiltration rates
(Cerd�a & Rodrigo-Comino, 2021), and reduce runoff and sediment
yield (Rodrigo-Comino et al., 2020). Furthermore, consorted and
off-season cover crops improve soil-water dynamics and promote
deep root systems growth (Novara et al., 2021). This allows plants
access deeper available water andmeet crop water requirements to
achieve full production potential (Carducci et al., 2013; Silva et al.,
2015, 2019). Nonetheless, large agricultural areas in Brazil exhibit
low productivity and environmental degradation, which made the
sustainable intensification of cropping systems an ongoing chal-
lenge to be addressed (Reis et al., 2021). Thus, environmental and
agricultural soil functions, as well as their effects on crop produc-
tion of intensified cropping systems are key factors yet to be
investigated in the Brazilian Cerrado, a region of agricultural
expansion (Soterroni et al., 2019).

Concerning soil functions regulated by soil physical quality,
water infiltration rate and water percolation influence directly on
the soil erosion processes. Soil and water losses caused by surface
runoff remove agricultural inputsefertilizers, herbicides, and other
agricultural chemicalse along with detached soil particles (Norton
et al., 1999). The effects of erosion lead to direct losses for farmers,
e.g., soil degradation, nutrient losses, and compromised crop yield
(Panagos et al., 2018; Pimentel et al., 1995). In addition to direct
damage, there is indirect damage, such as silting and eutrophica-
tion of water bodies due to sediment and agricultural inputs
transportation (Blanco-Canqui & Lal, 2008). Such losses are ulti-
mately paid by society in general (Panagos et al., 2018). Therefore
soil erosion not only poses a threat to agriculture sustainability and
to environmental conservation, but also has socioeconomic impli-
cations (Borrelli et al., 2017).

Although soil health in cropping systems within the Brazilian
Cerrado biome have been surveyed throughout the years, infor-
mation about soil erosion impacts and its mitigation are still not
well understood (Falc~ao et al., 2020); especially concerning the role
of cropping system diversification and its effects on crop yield.
Thus, the aim of this study was to assess whether ecological
intensification of cropping systems einclusion of a consorted
perennial grass (Brachiaria), and crop rotatione could promote
greater soil coverage and consequently decrease water erosion and
soil, water and nutrient losses. This work studied the effects of crop
rotation including off-season consorted Brachiaria, along with
different levels of investment in fertilization on soil physical qual-
ity, on soil, water, and nutrient losses, and crop yields. Our hy-
pothesis was that ecological intensification of cropping systems
would promote physical benefits such as improved soil structure by
substantial production of grass biomass and vigorous root systems,
resulting in positive impacts on grain yield, and decreasing soil,
water and nutrient losses. Our hypothesis was based on previous
studies that have proved suitability and benefits of including Bra-
chiaria in crop rotation systems (Borghi & Crusciol, 2007; Calonego
et al., 2011; Chioderoli et al., 2012; Crusciol et al, 2012, 2014; Moura
et al., 2021).

2. Materials and methods

2.1. Study area

The study was conducted on the experimental farm of the
Brazilian Agricultural Research Corporation (Embrapa Maize and
Sorghum) in themunicipality of Sete Lagoas, Minas Gerais, Brazil, at
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19�2803000 S, 44�1500800 W (Fig. 1). Predominant climate in the re-
gion according to the K€oppen climate classification is humid sub-
tropical (Cwa), with mean annual temperature of 22.1 �C, andmean
annual rainfall of 1382.7 mm (Alvares et al., 2013; Borges Junior
et al., 2017), mainly concentrated from October to April (Fig. 2).
This region has a characteristic dry season with frequent occur-
rence of dry spells during the rainy season. The soil was classified as
Typic Haplustox (Soil Survey Staff, 2014), which corresponds to a
Latossolo Vermelho distr�ofico típico (Santos et al., 2013) with gibb-
sitic mineralogy (Galv~ao and Schulze, 1996). Regarding particle size
distribution the soil has 690 g kg�1 of clay (∅<0.002 mm),
120 g kg�1 of silt (0.002e0.05 mm), and 190 g kg�1 of sand
(0.05e2 mm), corresponding to a soil with very clayey texture.

The experiment was set up in July 2014 under rainfed condi-
tions. The experimental site has a total area of 4.4 ha and prior to
experimental set-up, the area had been used for maize and soybean
production under conventional soil tillage for more than two de-
cades. Experimental set-up began by chisel plowing the soil to a
depth of 25 cm to break compacted layers. Dolomitic limestone was
applied at a rate of 4 t ha�1, apportioned in two operations: the first
incorporated with a moldboard plow, and the second using a disk
plow. Agricultural gypsumwas also applied at a rate of 3 t ha�1. The
experimental area was divided in stripes with terraces between
each other. A large experimental block was implemented using
each stripe for a different treatment as explained in section 2.2.

Fig. 3 shows ground-level photography (Fig. 3a and b) of the
experimental site (Fig. 1c), and provides graphic information

portraying in-situ sampling (Fig. 3c, d, e, j) and laboratorial analyses
(Fig. 3f, g, h, i) throughout the experiment.

2.2. Treatments

Six NT treatments were evaluated (Fig. 1c). They differed from
each other by utilized management practices: a) different crop
rotation systems, b) intercropped Brachiaria, and b) level of in-
vestments of fertilizer application (Table 1). Continuous soybean
(SS) and maize (MM) monocultures were compared to cropping
systems including crop rotation: maize-soybean succession (MS),

Fig. 1. Cerrado biome and the state of Minas Gerais in Brazil (a), municipality of Sete Lagoas in the central region of Minas Gerais (b), and aerial photography of the experimental site
(c). SS ¼ soybean monoculture, MM ¼ maize monoculture, MS ¼ maize/soybean rotation, MBSB ¼ maize/brachiaria/soybean/brachiaria rotation, BS ¼ bare soil, and HI ¼ high input
of fertilizers.

Fig. 2. Temperature and monthly precipitation data during the monitoring period
(August 2018 to July 2019). The normal precipitation corresponds to the period from
1927 to 2013 (Borges Junior et al., 2017).
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and maize-Brachiaria-soybean-Brachiaria rotation (MBSB). In
addition, two different levels of investment of fertilizer application
were evaluated. The medium level of investment was adopted as
our baseline, as it contemplates a tipical maintenance fertilization
used by producers in the region, while the high level of investment
(HI) considers an extra input of fertilizers aiming at higher yields.

For the 2018/2019 crop season, soybean (cultivar RK 5813 RR)
and maize (cultivar AG 8088 Pro2) were sown at the density of
320,000 and 61,000 seeds per hectare, respectively. Maize was
sown at a spacing of 70 cm between crop rows and soybean at a
spacing of 50 cm between rows. For the Brazilian Cerrado, these
different spacing between rows provide adequate plant conditions
for crop development. Fertilization consisted of totally supplying
(high level of investment), or partially supplying (medium level of
investment) the nutrient demands for high potential yield of the
crops.

The levels of investment in fertilizers were adapted from the
recommendations of Sousa and Lobato (2004, p. 416) for maize and
soybean in the Brazilian Cerrado region and have been applied
since the experimental set-up in 2014/2015. In the 2018/2019 crop
season, 134, 250, 250, 250, 390, and 390 kg ha�1 of the NPK

formulation 08-28-16 þ 0.3% boron, and 2.1% sulfur were supplied
for the SS, MM, MS, MBSB, MBSB-HI, and MS-HI treatments,
respectively. The results of soil chemical analysis before sowing in
2018/2019 are described in Table 2.

For treatments MBSB and MBSB-HI, the seeds of Brachiaria
speciesUrochloa ruziziensiswere sown at a rate of 4 kg ha�1, varying
the time of planting according to the consorted crop. Brachiaria
seeds were mixed with fertilizers and sown into the soil using a
precision seeder/fertilizer spreader at the maize line. Meanwhile a
mechanical broadcast seeder was used for Brachiaria seeds when
soybean plants reached the R5 growth stage as described by
Andrade et al. (2017).

2.3. Soil physical properties: sampling and processing

Undisturbed soil samples were collected in three georeferenced
points, being three replicates for each treatment, in August 2018,
with metallic cylinders at two soil depths (0e0.05 and
0.15e0.20 m). We used an Uhland type sampler for evaluation of
soil bulk density (Bd), total porosity (Tp), macroporosity (Ma),
microporosity (Mi), plant available water capacity (PAWC), aeration

Fig. 3. Ground-level photography of maize/soybean succession (left e in fallow) and maize/brachiaria/soybean/brachiaria rotation (right e brachiaria) in the winter (a); Ground-
level photography of maize monoculture (left) and soybean monoculture (right) in the summer (b); Runoff plots in soybean monoculture (c) and in maize/brachiaria/soybean/
brachiaria rotation (d); Undisturbed soil sampling (e); Runoff water and sediments sampling (f); Laboratory procedures for soil and nutrients losses quantification (g); Laboratory
procedures for soil physical properties assessment (h and i); Maize and soybean yield evaluation (j).

Table 1
Crop systems in each crop year in a Typic Haplustox in the central region of the State of Minas Gerais, Brazil.

Soil management system Level of investment in fertilization Year
2014/2015
Summer

Year 2015/2016
Summer

…

a Year 2018/2019
Summer

Pre-harvest season
Autumn-Spring

SS Medium Soybean Soybean Soybean Fallow
MM Medium Maize Maize Maize Fallow
MS Medium Maize Soybean Maize Fallow
MBSB Medium Maize þ brachiaria Soybean þ brachiara Maize þ brachiaria Brachiaria
MBSB-HI High Soybean þ brachiaria Maize þ brachiaria Soybean þ brachiaria Brachiaria
MS-HI High Soybean Maize Soybean Fallow

SS ¼ soybean monoculture, MM ¼ maize monoculture, MS ¼ maize-soybean rotation, MBSB ¼ maize-brachiaria-soybean-brachiaria rotation, HI ¼ high input of fertilizers.
a 2016/2017 repeats 2014/2015, and 2017/2018 repeats 2015/2016.
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capacity (AC), and relative field capacity (RFC). Soil clod samples
also were collected with the aid of a mattock for water stable ag-
gregates (WSA), and deformed soil samples were collected with an
auger for organic carbon (OC) for both cases samples were collected
from the top 20 cm soil layer. Soil samples were collected outside
the erosion plots to avoid any possible disturbance which could
impact the erosion processes.

The saturated undisturbed samples were placed under the
matric potential of �6 kPa in Büchner funnels (Fig. 3h) (Grohmann,
1960; Oliveira, 1968), as well as �10 and �1500 kPa in a Richards
Chamber (Fig. 3i) (Klute, 1986, pp. 635e662). Total, macro-, and
microporosity, together with Bd and PAWC were determined and
calculated according to Teixeira et al. (2017). Aeration capacity (AC)
and relative field capacity (RFC) were used as indicators of soil
aeration and soil water storage and were calculated according to
Reynolds et al. (2008). Organic carbon (OC) was calculated by
conversion of the organic matter content determined in routine
chemical analysis (dry combustion) by the van Bemmelen factor.

For water-stable aggregate size distribution, soil aggregates
passed through an 8.0-mm sieve and retained at a 4.75-mm sieve
were used. For each replicate, aggregates corresponding to 25 g of
dry soil were utilized. The samples were pre-wetted by capillary
motion and then placed under vertical shaking in water in a sieve
set withmeshes of 2.0,1.0, 0.5, 0.25, and 0.105mm, according to the
apparatus proposed by Yoder (1936), for 15 min. Geometric Mean

Diameter (GMD), Mean Weight Diameter (MWD), and percentage
of Water Stable Aggregates (WSA) were calculated according to
Teixeira et al. (2017).

2.4. Soil erosion: sampling and processing

During this work (2018/2019), we installed erosion plots eafter
sowinge within each treatment to measure soil, water, and
nutrient losses. This corresponded to the assessment of treatment
effects during the fifth year (2018/2019) of experimental set-up.
Field campaigns for this work took place between August 2018
(winter) and March 2019 (summer). Before field campaigns we
georeferenced ten random points for data collection. Monitoring of
erosion plots occurred from December 2018 to March 2019; i.e. the
crops cycle.

The experimental unit for evaluation of soil and water losses
was composed of erosion plots, as suggested for the standard unit
plot or erosion plot by Wischmeier & Smith (1978). Set-up con-
sisted of three replicates within each treatment, as well as an
additional treatment of bare soil (BS), which was kept devoid of
crops and weeds. Weeds were controlled manually at BS plots. As
mentioned, terraces were built between treatments (Fig. 1c). This
practice restricted any possible runoff flowing from upside plots to
lower-level ones.

Erosion experiments focusing on the parameterization of a
given model, such as USLE/RUSLE, must have slope lengths greater
than one or 2 m (Kinnell, 2016). However, as this study did not
intend to model water erosion, the plots were 2-m long. The 1.0-m2

(0.5 � 2.0 m) erosion plots were delimited by galvanized steel
plates of 0.3-m width, which were inserted into the soil to a depth
of 0.10m. The 2-m length was alignedwith the land slope direction.
In the lower part of the plots, a PVC tube was adapted, directing the
water and sediments towards a 25-dm3 collection containers
(Fig. 3c), which were set up in open pits below the plots (Fig. 3d).

After rainfall events �individual or combined� runoff material
was sampled from the collection containers. Soil loss for each
treatment was obtained by quantification of the eroded sediments
in the experimental plot, which was expressed in total soil loss (Mg
ha�1), and surface runoff was expressed in total water loss (mm).
These results corresponded to the losses measured for the fifth year
of treatments, crop cycle 2018e2019. The slope of each plot was
measured separately ranging from 7 to 10%, and the soil erosion
results were adjusted for a standard 9% slope according to Eq. (1)
(Wischmeier & Smith, 1978):

S ¼ 4.56 sin q þ 65.41 (sin q)2 þ 0.065 (1)

where S is the slope factor and q is the slope angle (degrees).
The volume of water lost by surface runoff was determined by

subtracting the weight of sediments. Sediments were quantified
using 250-mL samples of the homogenized collected volume. Each
250-mL sample received 3 drops of 50% concentration HCl to allow
flocculation of suspended particles, the excess of water was then
decanted. Sediment weight was measured after 48 h in a laboratory
oven at 105 �C, and nutrients in sediments were determined based
on Teixeira et al. (2017). For dissolved nutrient losses in runoff
water, a filtered 20-mL aliquot was sampled for the determination
of P, K, Ca, Mg, Fe, Zn, Cu, and Mn contents via the optical emission
spectrometry in inductively coupled plasma (ICP) technique
(Teixeira et al., 2017).

2.5. Crop yield and soil cover sampling

The soil cover rate (CR) was determined through manual and
complete collection of plant residue within erosion plots before

Table 2
Chemical characterization for each treatment in each depth before sowing.

Depth (m)
0e0.10

Soil management system

SS MM MS MBSB MBSB-HI MS-HI

pH (H2O) 5.94 5.61 5.72 5.62 6.02 6.39
pH (CaCl2) 5.39 4.96 5.06 5.02 5.42 5.86
P (mg dm�3) 19.43 33.43 21.10 23.74 14.93 26.85
K (mg dm�3) 180.02 183.05 190.35 192.12 206.56 212.24
S (mg dm�3) 3.61 3.15 3.76 4.06 4.55 3.61
Ca (cmolc dm�3) 4.26 3.22 3.97 3.61 3.74 4.26
Mg (cmolc dm�3) 1.31 0.92 0.96 1.10 1.05 1.09
B (mg dm�3) 0.43 0.40 0.62 0.49 0.59 0.61
Cu (mg dm�3) 0.75 0.77 1.01 0.93 0.72 0.86
Fe (mg dm�3) 25.01 28.25 29.16 28.80 24.15 23.02
Mn (mg dm�3) 46.04 44.58 52.61 57.35 59.99 67.87
Zn (mg dm�3) 22.72 34.63 27.96 26.21 15.76 24.80
Al (cmolc dm�3) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
H þ Al (cmolc dm�3) 3.69 5.20 4.84 5.28 4.57 3.45
CEC (cmolc dm�3) 9.73 9.82 10.28 10.48 9.91 9.35
V (%) 61.60 51.57 52.80 49.60 53.67 61.64
m (%) 0.00 0.00 0.00 0.00 0.00 0.00

Depth (m)
0.10e0.20

pH (H2O) 5.68 5.57 5.47 5.44 5.57 5.89
pH (CaCl2) 5.11 4.98 4.83 4.82 4.95 5.33
P (mg dm�3) 11.32 12.45 13.09 12.59 8.70 10.79
K (mg dm�3) 120.10 106.78 155.69 170.10 138.30 153.52
S (mg dm�3) 5.68 6.05 6.41 6.21 6.59 5.75
Ca (cmolc dm�3) 3.97 4.06 4.32 3.99 3.74 5.08
Mg (cmolc dm�3) 1.08 0.95 0.93 0.87 0.86 1.26
B (mg dm�3) 0.38 0.44 0.50 0.69 0.71 0.64
Cu (mg dm�3) 0.77 0.80 0.90 0.83 0.68 0.69
Fe (mg dm�3) 30.01 33.01 37.09 30.81 25.39 21.92
Mn (mg dm�3) 37.59 44.11 53.00 59.74 52.46 62.60
Zn (mg dm�3) 8.81 18.98 10.18 11.78 8.14 11.62
Al (cmolc dm�3) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
H þ Al (cmolc dm�3) 4.89 5.12 5.40 5.50 4.84 4.23
CEC (cmolc dm�3) 10.25 10.39 11.04 10.82 9.79 10.97
V (%) 51.60 51.00 51.20 49.22 50.60 61.45
m (%) 0.00 0.00 0.00 0.00 0.00 0.00

SS ¼ soybean monoculture, MM ¼ maize monoculture, MS ¼ maize/soybean rota-
tion, MBSB ¼ maize/brachiaria/soybean/brachiaria rotation, HI ¼ high input of
fertilizers.
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crop harvesting. Crop yield (Mg ha�1) was quantified via the sam-
pling of 5 georeferenced points (replicates) within each treatment.
We manually collected three 3-m-length rows to compose a
replicate at each georeferenced point (Fig. 3j).

2.6. Statistical analysis

A completely randomized design was adopted considering
georeferenced locations echosen at randome as replicates within
each treatment. This statistical methodology for field experiments
with one experimental block and long-term experimental set-ups
(Ferreira et al., 2012) has been successfully used in prior studies
(Cecagno et al., 2016; Moura et al., 2021; Peixoto et al., 2019).

Soil physical properties were analyzed by analysis of variance
(ANOVA) using linear mixed-effects model (“lmer” function) in the
R environment (R Core Team, 2018) to consider the effect of 2-depth
sampling at a single point. Thus, sampling point effect was included
in the model as a random effect for soil properties measured at two
different depths. Soil physical properties were statistically
compared for the crop season 2018/2019 while 2015 datawere only
provided as a reference of initial conditions. ANOVAwas carried out
for soil physical properties, soil cover rate, soil losses, water losses,
nutrient losses, and crop yield. Themeanswere compared using the
Tukey's test at a 5% significance level.

After checking heteroscedasticity in distribution of water losses
(WL) through surface runoff, soil losses (SL), and nutrient losses
(see supplementary data), data were analyzed using generalized
least squares (GLS) to allow estimation of variance for each treat-
ment separately (Cleasby & Nakagawa, 2011; Silva Junior et al.,
2017). This approach was based on the suggestion that heteroge-
neity of variance represents important additional information
about data pattern (Cleasby & Nakagawa, 2011), and other studies
evaluating soil erosion have also reported heteroscedasticity
(Dunaway et al., 1994; Polyakov et al., 2020). In addition, principal
component analysis (PCA) was carried out along with clustering of
individuals based on the observed variables. For correlation matrix,
the Spearman rank correlation method was used. This methodol-
ogy allows linear relation analysis of data that lacks homogeneity.

3. Results

3.1. Soil physical quality

The results of soil physical properties are presented in Fig. 4 and
Table 3. Data from 2015 corresponds to initial conditions of the
experiment while statistical comparisons were only performed for
2018 data. Overall, management systems exhibited significant dif-
ferences in physical properties at the upper surface layer
(0e0.05 m). The MBSB treatment had greater macroporosity than
MS-HI (Fig. 4). Considering NT effects on macroporosity (Ma), all
treatments showed Ma values within the optimal limit defined by
Reynolds et al. (2008) at both depths, except for MS-HI, which had a
value below the lower limit, but differed only from MBSB.

Bd and PAWC values did not exhibit significant differences
among treatments at any depth (Table 3). In contrast, air capacity
(AC) and relative field capacity (RFC) showed statistical differences
among cropping systems at the top layer (0e0.05 m) (Table 3). The
MBSB treatment presented significant statistical differences in AC
(greater) and RFC (lower) when compared with the MS-HI treat-
ment. Thus, comparing MBSB and MS-HI, intercropped Brachiaria
seems to have promoted an increase of larger pores and conse-
quently increased soil aeration eyet without any negative impact
on water retention. Nevertheless, MBSB (and MBSB-HI) did not
differ from other treatments, including those of continuous
monoculture, thus not providing enough statistical evidence

regarding the Brachiaria effects on soil aeration under the assessed
conditions of this study.

The indices used to assess soil aggregate stability (i.e., GMD,
MWD, and WSA) did not present significant differences among
treatments. No significant differences among cropping systems
were computed for organic carbon contents (Table 3). Therefore,
after 4 years of NT-based cropping systems, there were no observed
statistical differences among treatments regarding aggregate sta-
bility parameters.

3.2. Soil cover and soil, water, and nutrient losses

The quantity of plant residues that remained on the soil before
crop harvesting was expressed by cover rate (CR), and graphically
depicted in Fig. 5. The SS and MS treatments resulted in the lowest
CR values among treatments. As expected, treatments with inter-
cropped Brachiaria presented high CR values, being CR value of
MBSB-HI the greatest numerically, nevertheless, no significant
difference (p < 0.05) was computed for MBSB-HI and MBSB
treatments.

Results for soil, water, and nutrient losses are shown in Fig. 6
and Table 4. Erosion plots at soybean monoculture (SS) and bare
soil (BS) presented the greatest soil, water, and nutrient losses; i.e.,
SS and BS plots were more vulnerable to soil erosion processes.
Cropping systems with consorted Brachiaria were consistently in
the same statistical class, grouping those treatments, in general,
with low values of soil, water, and nutrient losses. Considering soil
cover rate (CR), high values were promoted by intercropped Bra-
chiaria (MBSB and MBSB-HI), resulting in reduction of soil and
water losses. Thus, our results provide initial insights for future
research addressing these interactions.

Nutrient losses (Table 4) were the lowest in cropping systems
involving consorted Brachiaria (MBSB and MBSB-HI), followed by
maize/soybean rotation treatments (MS and MS-HI), and maize
monoculture (MM). Conversely, the greatest nutrient losses by
erosion, econsidering nutrients in water and sedimentse
expressed in kg ha�1, were observed at treatments SS and BS. Total
losses of nutrients (elements) were in the following decreasing
order: Ca, Fe, K, Mg, and P, these results are in accordance with
those reported by Silva et al. (2005) for an Oxisol using a standard
unit plot.

Summarizing, these results highlight the low sustainability of
soybean monoculture in our study region where concentrated
rainfall distribution, and occurrence of dry spells are inherent to the
area of study. Nevertheless, different rainfall patterns can be found
across the Brazilian Cerrado biome. Finally, the results are sup-
portive to the usage of intercropped Brachiaria in high yield crop-
ping systems, to contribute to high soil cover rate, and
consequently reduce surface runoff and increase water infiltration.

3.3. Crop yield

Maize (MY) and soybean (SY) grain yields for the 2018/2019 crop
season are shown in Fig. 7. For the maize yields, the MBSB cropping
system resulted in greater yield than maize monoculture (MM),
although it did not differed from MS. Treatments in which soybean
was sown did not show significant differences. Error bars in Fig. 7
represent standard deviation; thus, high sampling variability was
observed at treatments with soybean cultivation.

Principal component analysis (PCA) and clustering for variables
evaluated in the soil surface layer are shown in Fig. 8a, and the
matrix of Spearman correlation for the same variables is depicted in
Fig. 8b. These analyses were conducted for the top soil surface layer.
The PCA results identified a specific cluster for soybean mono-
culture, highlighting this treatment as specifically influent and
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significantly divergent from the other cropping systems. A strong
effect of SSwas observed on soil, water, and nutrient losses (Fig. 8a),
and such losses were negatively correlated with soybean crop yield
(Fig. 8b). Cropping systems with consorted Brachiaria (MBSB and
MBSB-HI) positively correlated to cover rate (CR), total porosity
(Tp), macroporosity (Ma), and air capacity (AC). Likewise, they also
negatively correlated to Bd and relative field capacity (RFC); i.e.
lower values of Bd and RFC (Fig. 8b). Thus, PCA shows that the
relation between attributes and yield differs according to the crop,
with soil properties associated to total porosity (aeration) having a
positive effect especially for maize. Meanwhile, properties related
to water availability have a positive effect on soybean yield: PAWC
had a positive effect, and water losses (WL) a negative effect.

The computed correlations showed the strong effect of soil
cover rate (CR) on water and soil losses due to erosion processes
(Fig. 8b). Negative correlations were observed between CR with
water, soil, and nutrient losses. Likewise, crop yield also negatively
correlated with water, soil, and nutrient losses; thus, increased
environmental degradation results in reduced agronomic effi-
ciency. Moreover, soil organic carbon (OC) content was positively
correlated with PAWC; i.e., increased OC content promotes water
availability for plant. Nevertheless, there were no significant dif-
ferences for OC and PAWC among cropping systems (Table 3).
Regarding aggregate stability, the indices used (GMD, MWD, and
WSA) did not show any effect eno significant correlation with any

attributee after 4 years of NT-based treatments.

4. Discussion

4.1. Soil physical quality

Regarding soil structural quality, the porosity attributes showed
differences among cropping systems mainly in the surface layer
(Fig. 4, Table 3). These results are likely explained by the initial
effects after adoption of NT-based systems, inwhich the differences
in each system performance is a function of plant residues accu-
mulation on the surface and the intensity of soil compaction in the
upper soil layer (0e10 cm) (Blanco-Canqui & Ruis, 2018). Never-
theless, the static porosity-derived indicators did not showed
values to be considered as restrictive to plant growth (Reynolds
et al., 2008).

Management systems with intercropped Brachiaria (MBSB)
evinced greater macroporosity (Ma) and air capacity (AC), along
with lower relative field capacity (RFC) as compared toMS-HI in the
surface layer. Such effects concur with other authors (Anghinoni
et al., 2019; Moreira et al., 2016), and it can be associated to the
vigorous root system of this grass. Radicular systems renewal eof
each crop and Brachiaria's own root systeme developed new pores
(biopores), which normally are classified as macropores, persisting
over time (Betioli Júnior et al., 2012; Calonego et al., 2017).

Fig. 4. Total porosity, microporosity, and macroporosity of soil at the 0e0.05 m (a) and 0.15e0.20 m (b) depth for each treatment in the first year of no-till (2015) and in 2018. Data
from 2015 represents the initial condition of the experiment and the error bar represents standard error. Means in 2018 followed by different letters differ by Tukey's test (p < 0.05),
ns ¼ not significant. SS ¼ soybean monoculture, MM ¼ maize monoculture, MS ¼ maize/soybean rotation, MBSB ¼ maize/brachiaria/soybean/brachiaria rotation, HI ¼ high input of
fertilizers, and NV ¼ native Cerrado vegetation. Threshold values represent optimal range for macroporosity (Reynolds et al., 2008).
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Nevertheless, we pointed out that only slight numerical differences
were computed regarding the Brachiaria effects on soil physical
quality. Moreover, all cropping systems in 2018 had values close to
or within the optimal range (0.16 < AC<0.22 and 0.6 < RFC<0.7) as
proposed by Reynolds et al. (2008), except for MS-HI which showed
low AC (0.11) and high RFC (0.80), differing statistically from MBSB
in the top soil layer (Table 3). These observed physical properties in
the MS-HI area (low AC and high RFC) are possibly warning us on
incipient soil compaction due to machinery traffic.

Despite significant differences not being computed regarding
aggregate stability nor soil organic carbon content (Table 3), our
results provided valuable insights about how cropping systems
with crop diversification can contribute to improving or main-
taining soil structural quality (Anghinoni et al., 2019; Kassam et al.,
2018). It is important to note that effects on aggregate stability on
Oxisols are less expected due to their natural high aggregate sta-
bility (immanent granular structure) (Ferreira et al., 1999).
Furthermore, it would be expected for soils under NT-based man-
agement systems to exhibit gradual improvements over time
(Moraes et al., 2016; Reichert et al., 2016); thus, the importance of
long-term NT systems that prioritize straw production and soil

Table 3
Bulk density (Bd), plant available water capacity (PAWC), air capacity (AC), and relative field capacity (RFC), Geometric mean diameter (GMD), mean weight diameter (MWD),
water stable aggregates (WSA), and organic carbon (OC) of each treatment at two soil depths. Data from 2015 represents the initial condition of the experiment and the error
bar represents standard error.

Soil Management System Year Depth (m)
0e0.05

Bd (Mg m�3) PAWC (m3 m�3) AC (m3 m�3) RFC

SS 2015 1.06 ± 0.04 0.13 ± 0.004 0.20 ± 0.03 0.66 ± 0.04
MM 1.01 ± 0.02 0.12 ± 0.004 0.25 ± 0.01 0.63 ± 0.01
MS 0.94 ± 0.02 0.14 ± 0.003 0.22 ± 0.01 0.64 ± 0.01
MBSB 1.02 ± 0.04 0.13 ± 0.004 0.18 ± 0.03 0.69 ± 0.04
MBSB-HI 0.96 ± 0.04 0.12 ± 0.006 0.24 ± 0.01 0.58 ± 0.02
MS-HI 0.94 ± 0.07 0.15 ± 0.012 0.22 ± 0.04 0.61 ± 0.05

SS 2018 1.06 ns 0.09 ns 0.18 AB 0.69 AB
MM 1.10 ns 0.11 ns 0.13 AB 0.76 AB
MS 1.10 ns 0.10 ns 0.15 AB 0.73 AB
MBSB 1.01 ns 0.11 ns 0.24 A 0.62 B
MBSB-HI 1.07 ns 0.10 ns 0.20 AB 0.67 AB
MS-HI 1.13 ns 0.13 ns 0.11 B 0.80 A

0.15e0.20
Bd (Mg m�3) PAWC (m3 m�3) AC (m3 m�3) RFC

SS 2015 1.11 ± 0.03 0.12 ± 0.004 0.16 ± 0.02 0.72 ± 0.03
MM 1.04 ± 0.01 0.11 ± 0.002 0.19 ± 0.01 0.67 ± 0.01
MS 1.05 ± 0.06 0.13 ± 0.007 0.16 ± 0.02 0.72 ± 0.03
MBSB 1.06 ± 0.02 0.13 ± 0.012 0.15 ± 0.03 0.74 ± 0.05
MBSB-HI 1.03 ± 0.01 0.13 ± 0.011 0.17 ± 0.03 0.70 ± 0.05
MS-HI 0.96 ± 0.03 0.14 ± 0.007 0.23 ± 0.01 0.62 ± 0.02

SS 2018 1.13 ns 0.11 ns 0.15 ns 0.73 ns

MM 1.04 ns 0.11 ns 0.18 ns 0.68 ns

MS 1.12 ns 0.13 ns 0.15 ns 0.73 ns

MBSB 1.12 ns 0.13 ns 0.13 ns 0.77 ns

MBSB-HI 1.06 ns 0.12 ns 0.17 ns 0.71 ns

MS-HI 1.11 ns 0.10 ns 0.16 ns 0.72 ns

0e0.20
GMD
(mm)

MWD (mm) WSA (%) OC (g kg�1)

SS 2018 4.55 ns 4.83 ns 95.50 ns 15.60 ns

MM 4.18 ns 4.62 ns 94.80 ns 16.80 ns

MS 4.65 ns 4.86 ns 96.90 ns 15.90 ns

MBSB 4.31 ns 4.70 ns 95.20 ns 14.70 ns

MBSB-HI 4.30 ns 4.72 ns 92.70 ns 16.30 ns

MS-HI 4.39 ns 4.73 ns 96.00 ns 16.10 ns

Means in 2018 followed by different letters differ by Tukey's test (p < 0.05)
ns ¼ not significant. SS ¼ soybean monoculture, MM ¼ maize monoculture, MS ¼ maize/soybean rotation, MBSB ¼ maize/brachiaria/soybean/brachiaria rotation, and
HI ¼ high input of fertilizers.

Fig. 5. Soil cover rate for each treatment at harvest in the 2018e2019 crop season.
Means followed by different letters differ by Tukey's test (p < 0.05). SS ¼ soybean
monoculture, MM ¼ maize monoculture, MS ¼ maize/soybean rotation,
MBSB ¼ maize/brachiaria/soybean/brachiaria rotation, and HI ¼ high input of
fertilizers.
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cover (e.g., crop rotation and consorted grasses) to promote in-
creases of soil OC contents (Gonzalez, 2018). Nevertheless, NT-
based systems are extremely dependent on the local physical and
climatic characteristics (Pittelkow et al., 2015), and our area of
study is located in a tropical region, where climate conditions favor
rapid degradation of organic matter, impeding its accumulation as
soil cover (Six et al., 2002). In this regard, monocultural systems
promoted minimum biological conditions for accumulation of OC
content or improvement of aggregate stability. Conversely, systems
with plant species diversification and high investment in fertiliza-
tion, MBSB, MBSB-HI or MS-HI, are likely to promote and increase
the accumulation of OC over time since the main controlling
mechanisms of OC content are soil fertility management and crop
rotation intensification (Ferreira et al., 2018).

Macroporosity and soil bulk density of the cropping systems
corresponded to good soil physical quality, since these results were
within the favorable limits established by Reynolds et al. (2008)
and Severiano et al. (2011). This may be due to the nature of the
Oxisols (granular structure), which intrinsically correspond to
almost null physical restrictions to plant development, except for
low available water capacity (Ferreira et al., 1999; Silva et al., 2015).
Thus, considering how resilient Oxisols are, four years under NT-
systems was not enough to show evidence of soil physical degra-
dation in any treatment (e.g., increased bulk density, and low
macroporosity). Oxisols ealthough very clayeye are excessively
drained due to its granular structure, a reflex of the gibbsitic
mineralogy, which implies physical resilience to soil degradation as
shown by Bonetti et al. (2017). Nevertheless, punctual improve-
ments were observed, such as an increase in soil aeration due to
crop rotation intensification. This corresponded to higher air ca-
pacity (AC) andmacroporosity (Ma) inMBSB as compared toMS-HI.
This is likely a positive impact of consorted Brachiaria in cropping
systems. Grasses like Brachiaria can lead to a series of physical
benefits such as formation of biopores due to the activity of their
vigorous root system (Betioli Júnior et al., 2012; Calonego et al.,

Fig. 6. Water losses by runoff (a) and soil losses by water erosion (b) for each treat-
ment in the 2018e2019 crop season, corrected to 9% slope. Generalized least squares
were used due to heteroscedasticity. Means followed by different letters differ by
Tukey's test (p < 0.05). SS ¼ soybean monoculture, MM ¼ maize monoculture,
MS ¼ maize/soybean rotation, MBSB ¼ maize/brachiaria/soybean/brachiaria rotation,
BS ¼ bare soil, and HI ¼ high input of fertilizers.

Table 4
Nutrient losses by sediment erosion, runoff, and total amount lost for each treatment in the 2018e2019 crop season. Generalized least squares were used due to
heteroscedasticity.

Soil Management System K P Ca Mg S Zn Fe Cu Mn

(kg ha�1)

Nutrients in runoff
SS 4.076 A 0.372 A 3.641 B 1.252 B 0.372 ABC 0.039 ns 9.852 A 0.004 AB 0.084 B
MM 0.123 C 0.022 BCD 0.171 D 0.060 DE 0.003 C 0.002 0.855 BC 0.001 B 0.004 CD
MS 0.147 C 0.026 C 0.167 D 0.065 D 0.017 C 0.003 0.856 B <0.001 B 0.003 CD
MBSB 0.171 C 0.013 CD 0.157 D 0.051 DE 0.028 C 0.002 0.240 BC <0.001 B 0.003 CD
MBSB-HI 0.096 C 0.012 D 0.109 D 0.031 E 0.024 C 0.001 0.070 C <0.001 B 0.001 D
MS-HI 0.997 B 0.064 B 0.634 C 0.235 C 0.148 B 0.002 0.480 B <0.001 B 0.008 C
BS 4.827 A 0.591 A 7.334 A 2.515 A 0.362 A 0.033 12.378 A 0.012 A 0.181 A

Nutrients in sediment
SS 3.081 A 0.306 B 19.934 A 3.374 A 0.122 A 1.231 A 0.985 A 0.009 ABC 0.784 A
MM 0.107 B 0.041 CD 0.906 B 0.146 B 0.005 B 0.076 B 0.049 B 0.001 B 0.054 B
MS 0.091 BC 0.034 C 0.706 B 0.140 B 0.005 B 0.125 B 0.029 BC 0.001 B 0.061 B
MBSB 0.027 CD 0.002 D 0.138 C 0.024 C 0.001 C 0.006 C 0.007 D <0.001 C 0.008 C
MBSB-HI 0.016 D 0.002 D 0.119 C 0.021 C 0.001 C 0.005 C 0.005 D <0.001 C 0.008 C
MS-HI 0.089 BC 0.003 D 0.243 C 0.034 C 0.004 BC 0.010 C 0.012 CD <0.001 C 0.011 C
BS 2.212 A 0.941 A 22.706 A 3.948 A 0.108 A 2.723 A 1.222 A 0.012 A 1.419 AB

Total nutrient loss
SS 7.158 A 0.839 A 23.574 A 4.625 A 0.494 AB 1.270 A 10.837 A 0.013 AB 0.868 A
MM 0.231 CD 0.063 BC 1.077 B 0.207 BC 0.008 C 0.078 B 0.904 BC 0.001 B 0.057 B
MS 0.238 C 0.059 B 0.873 B 0.205 BC 0.022 C 0.128 B 0.885 B <0.001 B 0.063 B
MBSB 0.198 CD 0.015 CD 0.295 C 0.075 CD 0.029 C 0.008 C 0.247 BC <0.001 B 0.010 C
MBSB-HI 0.112 D 0.014 D 0.228 C 0.052 D 0.025 C 0.006 C 0.076 C <0.001 B 0.009 C
MS-HI 1.085 B 0.067 B 0.877 B 0.269 B 0.152 B 0.012 C 0.492 B <0.001 B 0.019 C
BS 7.039 A 1.351 A 30.041 A 6.423 A 0.470 A 2.764 A 13.601 A 0.023 A 1.599 A

Means followed by different letters differ by Tukey's test (p < 0.05)
ns ¼ not significant. SS ¼ soybean monoculture, MM ¼ maize monoculture, MS ¼ maize/soybean rotation, MBSB ¼ maize/brachiaria/soybean/brachiaria rotation, BS ¼ bare
soil, and HI ¼ high input of fertilizers.
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2017; Crusciol et al., 2014; Nascente et al., 2013; Pariz et al., 2017).

4.2. Soil cover and soil, water, and nutrient losses

Ecological intensification of cropping systems by inclusion of
consorted Brachiaria and crop rotation reduced the negative im-
pacts of soil erosion processes. In general, high soil cover rates (CR)
(Fig. 5) corresponded to low soil and water losses (Fig. 6), especially
in cropping systems applying crop rotation and consorted Bra-
chiaria (MBSB and MBSB-HI). CR correlated well with the mitiga-
tion of soil erosion processes (Fig. 8b). These results are in
accordance to those reported in other studies (Dechen et al., 2015;
Deuschle et al., 2019; Merten et al., 2015; Zhang et al., 2015).
Intercropped Brachiaria produced high quantity of plant biomass
and remained throughout the crop season almost as perennial soil
cover (Crusciol et al., 2014; Nascente et al., 2013). Brachiaria grasses
have a high C/N ratio in their plant tissue, which reduces the
decomposition rate (Timossi et al., 2007), favoring continuity of soil
surface protection. Plant residues intercepts rainfall, impeding
direct impact of raindrops on the soil surface, reducing surface
sealing, as well as mitigating the runoff process and soil losses
(Blanco-Canqui & Ruis, 2018).

Cropping systems with Brachiaria segregated from others by
cluster analysis (Fig. 8a). The beneficial effects of intercropped
Brachiaria on soil cover rate (CR), macroporosity (Ma), total porosity

(Tp), and air capacity (AC) are possible due to its considerable
production of biomass and vigorous root system (Crusciol et al.,
2014). Soybean monoculture (SS) stood alone from other crop-
ping systems (Fig. 8a), evidencing the low ecological benefits (e.g.,
highest rates of soil, water, and nutrient losses) of this management
practice and its low sustainability in this region of Minas Gerais.
These results showed the vulnerability of continuous soybean
systems to erosion process, with soil, water and nutrient losses only
similar to those of bare soil (BS). Soybean residue has a low C/N
ratio, which favors accelerated decomposition, reducing the dura-
tion of residues on the soil surface. Soybeanmonoculture hadwater
losses close to 145 mm during the 2018/2019 season, which cor-
responds approximately to 10% of the total annual rainfall in the
region. These losses are extremely severe as they can be decisive for
farmers from a profitable point of view, especially considering that
Oxisols are excessively drained and the region presents frequent
dry spells during the rainy season. Thus, water losses can become a
key limiting factor for agriculture in this region of the Brazilian
Cerrado as climate changes are expected to aggravatewater scarcity
in regions with characteristic dry periods (IPCC, 2013). These
findings can also shed light about NT management practices in

Fig. 7. Maize yield (MY) and soybean yield (SY). Error bar represents standard devi-
ation. Means followed by different letters differ by Tukey's test (p < 0.05), ns ¼ not
significant. SS ¼ soybean monoculture, MM ¼ maize monoculture, MS ¼ maize/soy-
bean rotation, MBSB ¼ maize/brachiaria/soybean/brachiaria rotation, BS ¼ bare soil,
and HI ¼ high input of fertilizers.

Fig. 8. Principal Component Analysis (PCA) with individuals grouped by cluster
analysis (a) and matrix of Spearman correlations (b) for the soil surface layer
(0e0.05 m). Only significant correlations (p < 0.05) are shown. RFC ¼ relative field
capacity, Bd ¼ bulk density, Mi ¼ microporosity, WSA ¼ water stable aggregates,
GMD ¼ geometric mean diameter, MWD ¼ mean weight diameter, WL ¼ water losses,
SL ¼ soil losses, AC¼ air capacity, Ma ¼macroporosity, Tp ¼ total porosity, MY¼maize
yield, CR ¼ cover rate, SY ¼ soybean yield, PAWC ¼ plant available water capacity, and
OC ¼ organic carbon. SS ¼ soybean monoculture, MM ¼ maize monoculture,
MS ¼ maize/soybean rotation, MBSB ¼ maize/brachiaria/soybean/brachiaria rotation,
BS ¼ bare soil, and HI ¼ high input of fertilizers.
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other regions within the Cerrado biome to guide the soybean
cultivation as hydrological conditions, such as floods and droughts,
are expected to increase in duration, intensity, and frequency in
future climate conditions (Rodrigues et al., 2019).

Nutrient losses from crop fields can constitute a serious expense
for farmers. Regarding K, it is the nutrient with greatest losses in
the area of study. Meanwhile, Brazil imports most of potassium
fertilizers to meet the agricultural domestic demand (Mancuso
et al., 2014; Santos et al., 2015). Phosphorus losses should be
rigorously controlled since Brazilian Oxisols are naturally nutrient
depleted acid soils with high fixation capacity of P (Fageria &
Baligar, 2001), along with the environmental issues raised by
eutrophication of water bodies due to phosphates (Withers et al.,
2018). Considering the losses shown in Table 4, soybean mono-
culture would require replacement of ~53 kg ha�1 of fertilizer (NPK
08-28-16) to compensate the losses of potassium through erosion
and surface runoff, which corresponds to approximately 35% of the
applied fertilization during the 2018/2019 crop season.

4.3. Crop yield

Soybean crop yield was low compared to the mean yield for the
same year in the state of Minas Gerais (~3000 kg ha�1) (CONAB,
2019). Statistical analysis also indicated high sampling variability
(Fig. 7). This was due partly to the reproductive period coinciding
with the occurrence of an especially hot and short dry spell of 28
days between December 2018 and January 2019 erainfall of only
3 mm during the forementioned periode. Additionally, this region
of study is not a traditional soybean production area, precisely
because of the edaphic and climatic conditions that pose greater
risk to soybean production. Thus, results from the fifth crop season
were not sensitive enough to detect possible yield differences
among cropping systems. In addition to water supply deficit, the
short drought period may explain the lack of an effect from greater
level of investment in fertilization, possibly reducing the efficiency
of the nutrient transport and plant root uptake mechanisms.
Therefore, water scarcity appears to have been the primary factor in
limiting soybean yield.

Based on yield results, regardless of treatments, soybean was
more vulnerable than maize to the dry spell registered in the re-
gion. This greater susceptibility to water deficit is attributed to the
limited root depth of soybean (Gao et al., 2010), resulting in low
water uptake capacity. Regardless of the cropping system adopted,
the treatments in which maize was grown in 2018/2019 had yields
similar or above the mean for the same year registered in the state
of Minas Gerais (~6000 kg ha�1) (Conab, 2019). It is necessary to
consider that, unlike soybean, the mean yield for maize in the state
also includes data from low yielding areas (e.g., locales with
restricted suitability for maize production, or subsistence farming
areas with little use of technology). Grain yield significant differ-
ences among cropping systems that cultivated maize in the 2018/
2019 period (MM,MS, MBSB) corresponded to the intensification of
cropping systems; i.e., MBSB treatment proved to be beneficial at
mid-term (after four crop seasons under NT), as compared to maize
monoculture. Improvements in soil functions and abundant soil
cover caused reduction of soil, water, and nutrient losses, culmi-
nating in better grain yield of MBSB as compared toMM, which was
not observed concerning the comparison between monoculture
and a less diversified cropping system such as MS. Thus, ecological
intensification ealthough highly site- and weather- specifice can
improve the capacity of a soil to sustain crop production, and
reduce environmental degradation caused by soil erosion. These
results agreed well with those reported in the literature for maize
with intercropped Brachiaria (Borghi et al., 2012; Garcia et al.,
2008).

Correlations between water, soil, and nutrient losses with crop
yield showed the adverse effects of soil erosion process on crop
productivity (Blanco-Canqui & Lal, 2008). Overall, soil cover rate
was a key regulating factor of surface runoff, soil erosion, and
nutrient losses (Fig. 8). These results indicated the superior per-
formance of ecological intensification of cropping systems under
NT, in order to promote soil and water conservation, as well as to
promote nutrient stocks and increase yield potential. Species
diversification also appears to have a positive association with the
high investment in soil fertility, increasing soil cover and
decreasing soil, water, and nutrient losses. This association is an
insight that can be a starting point for future research in other re-
gions of the world.

The positive impacts arising from ecological intensification can
very well benefit farmers on the profitability of crop yields in
tropical soils. Furthermore, the results are relevant towards the
United Nations Sustainable Development Goals (SDGs) and the
Land Degradation Neutrality, which are expected to be achieved by
2030 (Keesstra et al., 2016, 2018). Thus, our work contributes to the
knowledge of soil management practices that can impact positively
on soil health and food security since the soil-water system is
preponderant to achieve the SDGs by 2030 (Visser et al., 2019).

5. Conclusions

In this work, we investigated whether ecological intensification
of No-Till cropping systems (i.e., inclusion of consorted Brachiaria,
and crop rotation) could promote soil and water conservation in a
locale within the Brazilian Cerrado (neotropical savanna), a region
highly vulnerable to pronounced droughts. For this purpose, we
evaluated soybean and maize monocultures, maize/soybean rota-
tion, maize/soybean rotationwith intercropped Brachiaria, and two
levels of investment in soil fertility (medium and high) were also
tested.

Results proved that soybean monoculture is a system of low
sustainability eeven under NTe in regions where dry spells are
frequent during the rainy season. It exhibited high susceptibility to
soil, water, and nutrient losses, causing low crop yields. Our results
showed that water losses in soybean monoculture (SS) reached
approximately 10% of the total annual rainfall. Furthermore, K
losses erunoff and sedimentse in SS treatment would require an
additional 35% replacement of applied fertilizers. These losses
accentuate the natural condition of water scarcity and seasonality
in the region, and threaten (ecologically and financially) the sus-
tainability of this cropping system. These findings can also shed
light about future NT management practices ein other regionse to
guide the soybean cultivation as hydrological conditions (e.g.,
droughts) are expected to increase in duration, intensity, and fre-
quency. Conversely, we found that ecological intensification ecrop
rotation and consorted Brachiariae resulted in positive effects for
soil andwater conservation: high soil cover rate, and low soil, water
and nutrient losses. Nevertheless, little effects were observed
regarding different fertilizer inputs.

Finally, we observed that a 4-year period under NT cropping
systems was not sufficient for full expression of significant differ-
ences on crop yields caused by ecological intensification, never-
theless significant differences between maize with crop rotation
and consorted Brachiaria and maize monoculture were observed in
a year in which an extreme dry spell occurred. Similarly, no sig-
nificant effects were observed on soil aggregate stability. This was
expected due to Oxisols' natural high aggregate stability ehigh
physical resilience to soil degradatione, as well as minimum soil
disturbance at NT management systems. Nevertheless, we found
slight differences suggesting positive impacts of consorted Bra-
chiaria on soil physical properties, such as formation of biopores
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and increased air capacity. These results are relevant for the
improvement of cropping systems in regions with characteristic
long dry season, and dry spells during the rainy season, to sustain
crop production and simultaneously mitigate environmental
impacts.
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a b s t r a c t

Headwater streams play a major role for provision of ecosystem services, e.g. drinking water. We
investigated a high-altitude headwater catchment of the Kharaa River (including 41 1st-order rivers) to
understand the impact of land cover (especially forest cover), environment and human usage on runoff,
chemical water quality and macroinvertebrate fauna in a river basin under discontinuous permafrost
conditions in an arid, sparsely populated region of Mongolia. To verify our hypotheses that different
landuses and environmental impacts in permafrost headwaters influence water quality, we investigated
105 sampling sites, 37 of them at intermittent stream sections without water flow. Discharge was
positively impacted by land cover types steppe, grassland and forest and negatively by shrubland, forest
burnt by wild fires (indicating a reduction of permafrost) and slope. Water quality was affected by
altitude, longitude and latitude, shrub growth and water temperature. Shannon diversity of macro-
invertebrates was driven by water temperature, iron content of the water, flow velocity, and subbasin
size (adjusted R2 ¼ 0.54). Sample plots clustered in three groups that differed in water chemistry,
macroinvertebrate diversity, species composition and bio-indicators. Our study confirms that steppes
and grasslands have a higher contribution to runoff than forests, forest cover has a positive impact on
water quality, and diversity of macroinvertebrates is higher in sites with less nutrients and pollutants.
The excellent ecological status of the upper reaches of the Kharaa is severely threatened by forest fires
and human-induced climate change and urgently needs to be conserved.
© 2021 International Research and Training Center on Erosion and Sedimentation, China Water & Power

Press. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Headwater streams represent a considerable and important

component within a river catchment. Nevertheless, research
regarding their aquatic organisms and the impacts of landscape
management on them has been sparse (Cole et al., 2003; Roy &
Sahu, 2016). Low-order streams are known to be one of the least
studied parts of the river ecology and are often not included in
water management planning (Wohl, 2017). However, due to their
high temporal and spatial variation and their overall importance for
water quality and availability downstream, further research on and
protection from negative human-induced impacts, such as certain
land use practices, is sorely needed if the biological integrity of
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dependent river networks is to be maintained (Meyer et al., 2007).
A large variety of studies from all over the world, including
Mongolia, has shown in the last decades that water quality and
stream-ecosystem health is intimately linked to land cover and
human land use (e.g., Allan, 2004; Batbayar et al., 2015; Batbayar
et al., 2019). In the case of headwaters, negative land use impacts
might even be more severe than in other parts of the river network,
as implications for downstream reaches are profound due to the
influence of headwaters on supply and transport of water and
solutes in watersheds, ultimately shaping downstream water
quality and quantity (Wohl, 2017) with implications for water
management (Welde & Gebremariam, 2017). Therefore, it is crucial
to understand processes that govern headwater regions and in-
fluence their stream water quantity and quality and the related
communities of flora and fauna. Several studies have shown that
forest cover in headwater catchments without anthropogenic im-
pacts such as mining activities or intensive agriculture maintains
good chemical water quality (Batbayar et al., 2019; Miserendino
et al., 2011). However, forest cover increases surface roughness,
infiltration of water into the ground and base flow as well as
evapotranspiration (Garg et al., 2019; Price, 2011; Salemi et al.,
2012). At the same time though, it reduces surface runoff, stream
flow and sediment load of a river (Lotz et al., 2018; Sun et al., 2020)
and is therefore able to decrease water discharge.

The Kharaa River is a tributary of the Selenga, the largest river
that feeds Lake Baikal. In the Kharaa River Basin, a Mongolian
model region reflecting the social and environmental conditions in
the arid, sparsely populated Central and East Asian watersheds
(Hofmann & Battogtokh, 2018), water quality (Hofmann et al.,
2015a, 2015b) and its anthropogenic threats (Pfeiffer et al., 2015)
as well as the influence of land use on it (Batbayar et al., 2019) and
many other factors have already been extensively studied in the
context of a long-term Integrated Water Resources Management
(IWRM) project. However, little is known about stream conditions
and human influence in the forested headwaters at the upper
reaches of the basin, and this holds generally for the headwaters in
the entire vast area of the arid forest-steppe zone on the southern
fringe of Siberia.

Therefore, we aimed to identify patterns and driving forces of
runoff and chemical and biological water quality in an upstream
section of the Kharaa, the Tunkhel River Basin, in order to assess the
functioning of the ecosystem and test universal hypotheses.

In detail, we formulated the following hypotheses: H1) stream
flow is less promoted by forests compared to other land cover types
and will be lower at sampling sites in subbasins with higher forest
cover, but H2) a larger proportion of forest area in a subbasin of a
sampling site will have positive effects on water quality, as sug-
gested by Brogna et al. (2018). H3) We proposed that there is a
distinct north-south gradient in the basin regarding nutrient con-
centrations due to a higher anthropogenic pressure in the southern
part of Tunkhel basin, mostly caused by intensified cattle and sheep
grazing in the midstream area. H4) We expected that higher
nutrient loads would result in macroinvertebrate assemblages with
a less abundant and less diverse fauna of indicator groups of good
water quality, such as the Ephemeroptera-Plecoptera-Trichoptera
(EPT) complex.

2. Material and methods

This study was conducted within the framework of the inte-
grated water resources management (IWRM) project model region
Mongolia (MoMo) (http://www.iwrm-momo.de, accessed May 13,
2020), funded by the German Federal Ministry of Education and
Research (BMBF), and supported by the Mongolian Government
that used the Kharaa River Basin (Fig. 1) as a model region for

central and eastern Asia since 2006 (Avlyush et al., 2018; Karthe
et al., 2015) and provided extensive monitoring results (Hofmann
et al., 2018).

2.1. Study area

Mongolia is a landlocked Central Asian country with an extreme
continental climate. In the mountainous regions of its central
North, typically long and dry winters bring varying air tempera-
tures between �15 �C and �40 �C. Summers, however, are short
and warm with air temperatures between 15 �C and 30 �C. The
mean annual temperature is �1 �C and the annual precipitation
ranges between 200 and 400 mm. About 70e85% of the precipi-
tation is received during the summer months (Pfeiffer et al., 2019).
Due to the continental climate, water availability inmany regions of
the country is limited (Pfeiffer et al., 2018). River runoff usually has
its peaks in May and again in July to September driven by ice and
snow melt and summer rains, respectively. High precipitation in
summer can lead to sudden changes of flow and water quality
conditions of rivers and streams. A dominant part of Tunkhel
subbasin is underlain by discontinuous permafrost, which occurs
mostly on the northern exposed slopes and in adjacent valley floors
(Hofmann & Battogtokh, 2018; Munkhjargal, Yadamsuren,
Yamkhin, et al., 2020). In recent decades, rising air temperatures
have led to rapid permafrost degradation (Munkhjargal,
Yadamsuren, Jambaljav, et al., 2020; Munkhjargal, Yadamsuren,
Yamkhin, et al., 2020) with subsequent reduction of the perma-
frost table.

Based on the hypotheses to be verified and the general frame-
work within the project, the study was conducted in Tunkhel River
Basin (Fig. 2), a sub-catchment in the upper part of the Kharaa River
Basin. This is located in the Khentii Mountains in central northern
Mongolia (Hofmann & Battogtokh, 2018) and is widely recognised
as characteristic for a multitude of the occurring environmental
changes in Central Asia (Karthe, Abdullaev, et al., 2017). The Kharaa
River itself has a length of 362 kmwith an average annual discharge
of 11.5 m3/s (1990e2012) at its confluence into Orkhon River
(Hofmann, 2013), the main tributary of Selenga River draining into
Lake Baikal. Precipitation and runoff in the catchment are highly
seasonal and have a high interannual variability. The mean annual
precipitation within the 10-year interval of 2009 to 2018 at the
meteorological station in Baruunkharaa (48�540N, 106�30E, 807 m)
was 164mm (S.D.¼ 37mm) with monthly measurements between
0.3 and 92 mm (yearly S.D. ranging between 12.1 and 25.6 mm;

Fig. 1. Location of the study area in Mongolia within the river basins of Kharaa and
Selenga. For better orientation the capital of Mongolia, Ulaanbaatar is also given.
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WorldWeatherOnline.com). Rainfall in our observation year 2017
was 237mm, with 58mmof rain in June and July, roughly about the
mean value (57.6 mm) for the years 2009 to 2018. Runoff and river
discharge in winter is barely existent and generally peaks in spring
due to the melting snow and in summer due to precipitation
(Batbayar et al., 2017).

Tunkhel River Basin as subbasin of the Kharaa River covers an
area of 524 km2 at a mean altitude of 1481 m a.s.l. (Priess et al.,
2015). Tunkhel River originates in the Khentii Mountains and
runs southwest towards the Kharaa River (Fig. 2A). Next to their
confluence the town of Tunkhel with its 3600 inhabitants
(48�38037.4300N, 106�45048.2300E) is situated at 1003 m a.s.l. and
only partially located within the boundaries of the basin. It is a
center of forestry with several forestry enterprises and sawmills.
Many locals also work in nearby mining operations and as self-
sufficient farmers or herders. Only a couple of families live in
huts or single yurts northeast of Tunkhel, at the middle course of
Tunkhel River. Livestock density in that area is about 1 sheep ha�1

(Hofmann& Battogtokh, 2018), with impact of livestock beingmore
pronounced at riversides. The upper reaches of Tunkhel River,
however, are situated in the nearly unpopulated northern part of
the catchment, where access in summer is prohibited by rangers
due to forest fire security reasons. The relief is characterized bymid
to high mountain ranges with steep valley slopes and rises while
the upper reaches is dominated by denudated and periglacially
transformed mountains. The Tunkhel Gol (Tunkhel River) is a
typical small siliceous highland river dominated by corraded sub-
strate embedded in a granitoid complex in Paleozoic sedimentary
rocks (Hofmann et al., 2015). From a hydrological point of view, the
retainment and storage of water in valley areas with swamps and
fens often covered by shrubland is an important part of the water
balance.

2.2. Data collection

A total of 103 sampling sites (Fig. 2A) along the streams within
the Tunkhel River Basin plus two additional reference sampling
sites in the Kharaa River near the town of Tunkhel were

investigated in summer 2017 (June and July). Although about one
third of the sample locations had no water, hydrological conditions
in the area were corresponding to the average values of previous
years for most of the investigation time. However, at the very last
sample date in September 2017, there were flood conditions and
steady rain. Unfortunately, field work had to be suspended in July
for safety reasons due to forest fires in the region, which occur
almost every year and were particularly intense in 2017. Sampling
sites were selected to represent all possible background conditions

Fig. 2. Maps of Tunkhel River Basin (TRB) situated between latitudes 48.59530� and 48.89868� N and longitudes 106.76480� and 107.15490� E. A. Elevation Map of TRB with
hillshade in the background. Sampling sites structured by water flow and number of samplings. B. Land cover map of TRB with seven land cover types.

Fig. 3. River network and sampling sites with water flow of this study in Tunkhel River
Basin, Mongolia. Sites B2, K1, K2 and T1 to T5 were sampled repeatedly.
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in Tunkhel River Basin and were thus widely distributed
throughout the catchment (Fig. 3).

Water temperature, electrical conductivity and pH were
measured on site with a portable pH-conductivity multimeter us-
ing a liquid electrolyte pH-probe and a conductivity probe (WTW
pH/Cond 340i with WTW SenTix 81/WTW Tetra-Con 325,
Wissenschaftlich-Technische Werkst€atten GmbH, Weilheim, Ger-
many). The surface flow velocity was determined in the mid of the
stream by timing a float (average of three trials) as it moved a set
length along a predetermined section of the stream. After deter-
mining the width of the streambed, the average stream depth was
acquired from measurements in consistent intervals on a transect
across the channel. Five different water samples were taken from
each sampling site and prepared differently according to their
future analysis: filtered (0.2 mm and 0.45 mm cellulose acetate fil-
ters, Sartorius Stedim Biotech GmbH, G€ottingen, Germany), partly
acidified (HNO3, Merck, suprapur®) or left original. The dissolved
concentrations from the filtered and acidified samples of Al, Ca, Fe,
K, Na, Mn and Zn were measured by inductively coupled plasma
optical emission spectrometry (ICPeOES, Optima 7300 DV, Perki-
nElmer) according to DIN EN ISO 11885. The samples for elements
Ag, As, B, Ba, Be, Bi, Co, Cr, Cu, Li, Mo, Na, Pb, Rb, Sb, Sn, Sr, Ti, Tl, U
and Vwere digestedwith aqua regia and determined by inductively
coupled plasma MS (ICP-MS/MS; Agilent 8800, Agilent Technolo-
gies, Germany) according to the norm EN ISO 17294e2:2017e01.
Chlorid and Sulfate were determined from the filtered but unpre-
served part of the sample by ion chromatography with a Thermo
Fisher ICS-6000 HPIC™-suppressor system according to the norm
EN ISO 10304e4:1999. DOC (Dissolved organic carbon) and TOC
(Total organic carbon) have been measured with the DIMATOC®
2000 from Dimatec Analysentechnik GmbH based on the norm DIN
EN 1484. Filtered samples were used to determine nitrate, nitrite,
ammonia and SRP with a Continuous-Flow Analysator (SFA) Sanþþ
from Skalar using the methods: DIN EN ISO 13395, DIN EN ISO
11732 and DIN EN ISO 15681e2. TNb and TPwere analyzed from the
original sample with a Hach Lange UV/VIS-Spektralphotometer DR
5000 after digestion applying the norms DIN EN 12260:2003e12
and DIN EN 12260:2003e12. The necessary analytical data quality
was ensured by regular method validations and the successful
participation in annnual round robin tests organized by r-concept,
Laupenheim.

Quantitative macroinvertebrate samples were collected with a
hand net (0.0625 m2, 500 mmmesh size) using a standardized kick-
sampling method (Narangarvuu et al., 2015) and were fixed in situ
with 70% ethanol. Cover and height of trees and shrubs at the
sampling location were measured in two 5 � 10 m plots at both
sides of the river.

At six Tunkhel sites and the two Kharaa sites up and down-
stream of the confluence water discharge was sampled repeatedly
during field work and additionally in September 2017, when wild
fires had ceased (Figs. 3 and 4H).

2.3. Data analysis

All collected macroinvertebrate specimens were identified to
morphospecies-level under the microscope in the laboratory of the
National University of Mongolia with the help of taxonomic liter-
ature, including also special works for Mongolia (Bouchard, 2012).
Macroinvertebrate communities and potential drivers were
analyzed with R-package vegan (Oksanen et al., 2018).

Through a combination of flow velocity, stream width and
average stream depth, discharge was calculated according to
Gordon et al. (2010). The river network of the Tunkhel River and its
tributaries was manually digitized in QGIS 3.4. Elevation of all
sampling sites were derived using a digital elevation model (DEM,

8 m � 8 m resolution) for which we calculated a mean accuracy in
height resolution of 2.7 m (S.D. ¼ 7.4, n ¼ 87) by comparison with
GPS data. Slope values (in degree) and aspect values were extracted
for all sampling sites using functions of ‘Spatial Analyst’ in ArcGIS
10.2 and for each sampling site subcatchments were created.
Overlaps of these polygons were subsequently deducted in order to
obtain statistically independent values for each site-catchment,
resulting in smaller site-catchments for downstream sampling
points. Using the package riverdist (Tyers, 2017) in RStudio (v. 3.4.3,
R Development Core Team 2017), the distance from all sampling
sites in Tunkhel River Basin to the confluence of Kharaa and
Tunkhel River in the very southwest of the catchment was calcu-
lated. A corresponding high-resolution satellite image (Spot 6
multispectral image with 1.5 m � 1.5 m resolution) taken in August
2016 was used to create a land cover map of the study area by
performing a supervised classification in RStudio making use of the
RStoolbox package and manually correcting for misclassifications
using ground truth data.

Subsequently, a meaningful subset of environmental variables
was selected for further statistical analysis by removing those
chemical parameters that were either below the lower limit of
quantification (LLOQ) (indicating an unpolluted situation according
to these parameters) throughout most of the study area (Ag, SRP,
Zn) or considered unnecessary (Be, Bi, Sn and Tl). To the resulting
subset of ex-situ chemical water key variables, in-situ collected
water related data (pH, electrical conductivity, discharge, velocity,
average streamwidth and average stream depth) and, additionally,
the non-water related variables mentioned above (distance to the
confluence of Kharaa and Tunkhel River, elevation and slope) were
added to form a set of 41 environmental variables used in the
subsequent analysis. Geographical coordinates from GPS were
transformed to Cartesian coordinates using the geoXY function of
R-package SoDA and included in the dataset. We also tested the use
of different sized buffer zones for later evaluation of landcover in
RDA and found that original size of the subbasin brought best re-
sults, so the corresponding area of the subbasins and area values of
the seven land cover types of the subbasins of the sampling sites
were added to the analyzed data. These analyses were restricted to
Tunkhel basin.

To assess impacts of environment and land cover on water
discharge and species richness and diversity of macroinvertebrates
we used non-parametric statistics as well as multiple regression
with subsequent residual analysis (Statistica 7.1). Data were loga-
rithmed as necessary to fulfil the boundary condition of the t-dis-
tribution. Land cover impact on discharge was analyzed using
logarithmed values of landcover types and by evaluation of eleva-
tion and the percentage proportion of forest cover.

To determine the most important parameters for chemical and
biological water quality two redundancy analyses (RDA) according
to Borcard et al. (2011) were performed in RStudio for 54 sampling
sites each, thus effectively combining all data at hand: the water
chemistry data, a subset of selected environmental variables, the
land cover values of the subbasins and in one case the macro-
invertebrate community data. To adjust the unimodal distribution
of species along an environmental gradient to the linear regression
method (RDA), we applied Hellinger transformation of species data
(Borcard et al., 2011). Moreover, environmental data were z score
standardized. We used forward selection to get the most significant
environmental variables, optimized R2 in parsimonious RDA and
checked results for strong correlation among explanatory variables
by computing variance inflation factor (VIF) and excluded all vari-
ables with VIF > 6. We grouped species according to their RDA
scores and checked groups and their niche pattern with One-way
analysis of variances (ANOVA) of (logarithmed) data. Indicator
species analysis according to Dufrêne and Legendre (1997) was
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performed with R-package labdsv.
As geographical coordinates were significant factors in both

RDAs, we applied Moran's eigenvector maps (MEM) analysis with
R-package adespatial and function quickMEM to investigate the
spatial structure of the data in detail. No significant spatial struc-
ture was detected by global dbMEM analysis in both cases (results
not shown).

3. Results

3.1. Land cover

The land cover classification demonstrated an intact forest area
of 223 km2, i.e. 42.5% of Tunkhel River Basin. Forests, predomi-
nantly light taiga forests, are mostly found in the northern and
eastern parts of the catchment (Figs. 2B and 4). An area of 50.7 km2

(9.7%) was classified as burnt forest. Forest cover of both types was
significantly lower in southern exposition compared to all other
directions (t-test: t ¼ 4.0, df ¼ 96, p < 0.001). Large areas (67.7 km2;
12.9%), especially in tributary valleys in the northern part of the
study area, are covered by shrubs, mostly from Betula fusca (birch)
and Salix spec. (willow). Lush grassland, mainly found in riparian
zones along the bigger rivers or in forest clearings, comprises
70.4 km2 (13.4%). Steppe covers 111 km2 (21.2%) in the catchment.
This land cover type predominantly occurs on the hills along the
Tunkhel River, the hills west of it and in general on south-facing
slopes. Settlements and water make up the rest of the area, but
only comprise 0.69 km2 (0.13%) and 0.84 km2 (0.16%), respectively.

3.2. Discharge

Out of the total of 105 sampled sites in this study, 37 sampling

Fig. 4. Land cover types used in the land cover classification. (A) Forest at T6RR2B, (B) Burnt forest near B2RA, (C) Shrubland at T6, (D) Grassland near T7LA, (E) Steppe on western
slopes near T5, (F) Settlement at the town of Tunkhel and (G) Water at T7. (H) Field work at site B2. (Photos A-G by Georg Küstner, photo H by Frederic Schmidt, GIZ.)
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sites, i.e. 35.2%, were without water flow during the study period
(Fig. 2A). Stream flow measured at the sites with repeated mea-
surements differed largely within time (Fig. 5). Sampling sites
without surfacewater flowwere found throughout thewhole study
area without a distinct spatial pattern (Fig. 2A) and run-off at the
sampling points varied greatly (Fig. 6). However, discharge in
general correlated significantly positively with size of the subbasin
(Spearman correlation: n ¼ 98, R ¼ 0.57, t ¼ 6.76, p < 0.001) and
considering only the most upstream sites (n ¼ 36), we found that
sites without discharge were located in significantly smaller sub-
basins compared to sites with running water (U test, U ¼ 80,
z ¼ �2.58, p < 0.01).

Discharge was positively impacted by land cover types steppe
(beta: 1.3), grassland (beta: 0.9) and forest (beta: 0.6), and nega-
tively by shrubland (beta: 1.4), burnt forest (beta: 0.6) and slope
(beta: 0.2) (Multiple regression F(6,87) ¼ 54.87, p < 0.0001, adjusted
R2 ¼ 0.78, Table 1). Thus, steppe and grassland had a much higher
positive impact on discharge than forest, although forest covered a
larger area. The percentage of forest cover in a subbasin even had a
negative impact on discharge (beta: 0.26, p < 0.001), although we
regressed it together with elevation (beta: 0.63, p < 0.001) to ac-
count for the higher coverage of trees in high altitude areas at the
origin of the streams (Multiple regression F(2,963) ¼ 73.48, adj.
R2 ¼ 0.61, p < 0.000).

3.3. Water quality

In general, all hydrochemical parameters showed low to very
low concentrations throughout Tunkhel River Basin. This was also
true for nutrients, e.g., measured as Total nitrogen bound (TNb)
(0.137e1.43 mg/L, Fig. 7). Breaking down TNb into its components,
values decreased even further - with NO3 having a larger share than
NH4 and NO2 being near to the quantification limit at all sampling
sites. The maximum of TNb at B1LB is due to a relatively large
measured NO3 value at that locality. Similarly, a low concentration

was measured for Total phosphorus (TP). Ranging from 6 to 65 mg/L
with a median of 9 mg/L, phosphorus concentration in the catch-
ment has to be considered insignificant (Fig. 7).

Having a look at trace elements with toxic risk potential,
measured values of aluminium and arsenic are the most conspic-
uous. Even though the concentration of arsenic (mean: 1.00 mg/L,
median: 0.70 mg/L) was well below Mongolian national thresholds
(10 mg/L according to the Mongolian Drinking Water Quality Stan-
dard (MNS 900:2005), the maximum value measured at T3RA
(15.4 mg/L) exceeded that threshold by far. This is even more the
case when considering aluminium (Figs. 7F and 8 A), as measure-
ments at 11 sampling sites (16.2%) were higher than the threshold
of 0.5 mg/L of the Mongolian General Water Directive (MNS
4586:1998) The median was 0.128 mg/L, the mean measured value
was 0.30 mg/L and the maximum value was 2.2 mg/L measured at
sampling site T6RL6B. The bubble map in Fig. 8A does not show a
distinct distribution pattern in Tunkhel River Basin though, as
elevated aluminium levels were measured in the Kharaa River and

Fig. 5. Seasonal variation of discharge (in m3/s, log2-scaling), measured at eight re-
petitive study sites in Buyant River (B2), Kharaa River (K1, K2) and Tunkhel River (T1-
T5). Sampling 3, 5 and 6 were measured at all locations within one day, the others
within a maximum of 3 days.

Fig. 6. Discharge (m3/s) at sampling sites with running water (log10 scale of bubbles).
Shown is also the border of the river basin and Tunkhel country town at the confluence
with the Kharaa River in the lower left. At repetitive sampling sites, the median of
measured values of all 7 samplings is depicted.

Table 1
Regression summary for a highly significant multiple regression of five land cover
parameters (area size) and slope on the logarithmed discharge of rivers and streams
in Tunkhel River Basin (F(6,87)¼ 54.87, p< 0.0000, adjusted R2¼ 0.777 after exclusion
of 5 outliners), sorted according to regression's (absolute) beta. Steppe, grassland
and forest had positive impact on discharge, while shrubland, burnt forest and rising
slope had negative impact.

beta B t(87) p-level Valid n

Intercept 4.955 17.674 0.000
Log Shrubland �1.401 �2.327 �7.131 0.000 128
Log Steppe 1.301 1.679 10.481 0.000 129
Log Grassland 0.925 1.099 7.729 0.000 128
Log Burnt forest �0.565 �0.692 �6.813 0.000 129
Log Forest 0.551 0.866 5.324 0.000 129
Slope �0.163 �0.052 �3.054 0.003 129
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in some of its tributaries, especially in higher situated areas in the
northeast and in the upstream part of the Buyant catchment in the
east. Interestingly, the concentrations of potentially toxic elements,
such as Al, As, Pb, U and V in the water samples correlated signif-
icantly with each other and also with phosphorus levels (TP),
possibly indicating localized mineral occurrences in the bedrock of
single watersheds (Appendix Table A1).

Apart from nutrient and phosphorus concentrations and trace
elements, the in-situ measured variables electrical conductivity

(EC) and pH are usually considered useful indicators of stream
water pollution. Electrical conductivity had its maximum at sam-
pling site T2LA with a relatively high measured value of 470 mS/cm.
However, the median of the EC was considerably lower at 86 mS/cm
(Fig. 7). Looking at the distribution in Tunkhel River Basin, we saw
that many of the higher EC-measurements were observed in the
central part of the basin near the confluence of Tunkhel and Buyant
Rivers (Fig. 8B), while upstream areas often had relatively low EC-
values. Considering pH, the measured range in Tunkhel River

Fig. 7. Variation of six selected hydrochemical variables across all sampling sites. A horizontal line marks the median, a box with whiskers indicates the interquartile range. Both are
surrounded by a rotated kernel density plot with the width depicting the distribution of the values of the corresponding variables. Outliers are named according to the sampling
site. A. Total phosphorous (TP). B. Total nitrogen bound (TNb) C. Ammonium (NH4þ). D. Nitrate (NO3þ) E. Electrical conductivity (EC). F. Aluminium (Al). The dashed red line marks
the threshold of 0.5 mg/L of the Mongolian general water directive (MNS 4586:1998).
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Basin was between 6.2 at sampling site T11LB and 8.3 at T1. The
mean pH-value was 7.15. Both, electrical conductivity and pH were
significantly negatively correlated to the distance of sampling
points to the confluence of Kharaa and Tunkhel Rivers (Spearman
Rank correlations, n ¼ 96, p < 0.001, RpH ¼ - 0.72, REC ¼ �0.71).

We used an RDA (F(6,47) ¼ 3.30, p < 0.001) to investigate the
impact of land use and environmental parameters on water quality
(Fig. 9). Elevation, longitude and latitude explained already 15.2% of
the variation, while shrub cover, water temperature and area of
grassland added to a total of 20.1% of explained variation. Thus,
geographical location of the sample point was the main impact on
water quality that had higher influence that any other of the
nineteen tested parameters e.g., distance to spring or land use. This
points towards a high impact of small-scale geological patterns as
they are also documented in the bubble maps (Fig. 8), which rather
demonstrate a highly diverse concentration pattern of hydro-
chemicals than concentrations increasing downstream. Shrub
cover of the river bank and water temperature were two other
factors that structured the water quality in opposing ways (see

below). Forest land cover was not selected by forward selection in
RDA.

Nevertheless, forest cover within a subbasin was significantly
negatively correlated (Spearman Rank correlations, n ¼ 96,
p < 0.001 for all) with concentrations of Al (R ¼ �0.38), Cu
(R¼�0.30), Fe (R¼�0.32) TNb (R¼�0.30) andwith TP (R¼�0.25,
p < 0.05), thus pointing towards a positive impact on water quality.
Higher percentage forest cover correlated with lower values for pH
(R ¼ �0.25, p < 0.05), EC (R ¼ �0.24, p < 0.05) and Uranium
(R ¼ �0.32, p < 0.01).

3.4. Macroinvertebrates

At seven sampling sites (10.3%, n ¼ 68 sites with water flow) no
macroinvertebrates could be detected. At the remaining 61 sam-
pling sites, we recorded in total 30 different families, 41 genera and
77 morphospecies. Genera richness was highest at sampling sites
T3LA and T5 (each 18 genera). Species richness was maximum at
sampling site T5, where 23 different morphospecies occurred,

Fig. 8. Spatial distribution and variation of four selected hydrochemicals in Tunkhel River Basin. A. Aluminium (Al). B. Electrical conductivity (EC). C. Total phosphorus (TP). D. Total
nitrogen bound (TNb).
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closely followed by T7 and T3LA, with 22 and 21 species, respec-
tively (Fig. 10 A, Table A2 in the Appendix). The average species
richness calculated for all 68 study sites was 7.98. Highest Shannon
Diversity was found upstream at T7 (Fig. 10B, Table A2).

Therewere 20 (29.4%) out of the 68macroinvertebrate sampling
sites that had 10 or more morphospecies. The morphospecies
Chironomini sp. 1 (most probably representing several natural
species) occurred at 57 sampling sites (83.8%) (Fig. 10 D), Baetis sp.1
was found at 48 sampling sites (70.6%), while Nemoura sp. 1 was
recorded at 33 localities (48.5%). Baetis (n ¼ 944) and Isoperla
(n ¼ 865) were the most abundant genera. Only 6 species occurred
at a minimum of 20 different sites. 61 of the total 77 species (79.2%)
were found at less than 10 different sampling sites and 51 of them
(66.2%) even at amaximumof only 5 different localities. Therewere
31 rare species (40.3%) of which only up to ten specimens were
found during the field work period. The 14 species (18.2%) with
more than 100 collected specimens account for 4193 (74.3%) of the
total of 5645 individuals sampled in this study.

In the group of EPT (Ephemeroptera-Plecoptera-Trichoptera), a
total of 25 species of mayflies, 16 stonefly species and 17 species of
caddisflies were observed. Average EPT species richness calculated
over all 68 sampling sites was 5.43. Mayflies were found at 49 lo-
calities (72.1%) with a maximum of ten Ephemeroptera-species.
Stoneflies were found at 53 sampling sites (77.9%; max. 9 spe-
cies). Caddisflies only occurred at 28 macroinvertebrate study sites
(41.2%; max. 7 species).

Looking for the drivers of the macroinvertebrate community
patterns we performed an RDA (F(10,43) ¼ 1.85, p � 0.001) to
investigate the impact of water quality and land use onwater fauna.
A set of 10 parameters explained almost 14% of the variation in the
communities: water temperature, elevation, concentration of
aluminium and Total organic carbon explained most of the vari-
ability, while other water chemistry parameters (PCA1), the local
coverage with shrubs at the river banks as well as the size of the

forest and settlements in the river subbasins and the northern
latitude of the sample points added to this explanation (see Fig. 11).

Macroinvertebrate communities grouped in three clusters that
differed significantly in their RDA scores (ANOVA RDA1:
F(2,51) ¼ 66.69, p < 0.001; RDA2: F(2,51) ¼ 87.65, p < 0.001). These
groups of plots differed significantly not only in their species
composition, but also in water chemistry (Table 4). Contrary to our
hypothesis, the highest values for nutrients (TNb, TP), EC, pH and
TOCwere all found in cluster 3, not further downstream in cluster 1
(Table 4). Cluster 3 comprised small brooks at medium height that
had the lowest means of water temperature and discharge. These
creeks were surrounded by vegetation with low trees (<4 m), low
tree cover (M ¼ 3.6%) and high shrub cover (M ¼ 44%). The slow
decomposition of fallen leaves in slow-flowing cold water may be
the reason for the higher load of organic matter and nutrients.
Interestingly, cluster 3 included also the highest values for Al and Fe
(Table 4). In contrast downstream cluster 1, had the highest
discharge and the lowest values for nutrients, metals and metal-
loids. Cluster 2 encompassed higher reaches forest sites with the
highest trees and the lowest shrub cover. For each of the clusters
there was a set of characteristic indicators species (Table 2), e.g.
Baetis sp. 1e3 for cluster 1, Isoperla sp. 1e3 for cluster two and
Chironomini sp. 1 and Isoperla sp. 5 for cluster 3.

Diversity measures at all of the sample points showed a highly
diverse pattern (Fig.10 A, C, Table A2 in the Appendix). As proven by
multiple regression Shannon diversity was significantly impacted
by water temperature, Fe content of the water, flow velocity, size of
the respective subbasin and the grassland cover within it
(F(5,48) ¼ 13.32, p < 0.00001, adjusted R2 ¼ 0.54, Table 3). As we had
hypothesized, the three groups of macroinvertebrate communities
in RDA (Fig. 11) differed also significantly in their diversity mea-
sures, with falling diversity from cluster 1 to 3 (Fig. 12).

4. Discussion

4.1. Discharge

Like many river networks, especially under arid conditions,
Tunkhel River includes intermittent segments that fall barren
within a certain time of the year (Datry et al., 2017, p. 622). They are
concentrated in the upper reaches of the river which are mainly fed
by snow melt (Munkhjargal et al., 2019). However, due to the
permeable soil structure of the area intermittent stream sections
were also found in middle reaches of Tunkhel tributaries. Our
analysis shows that intermittent springs occurredmainly in smaller
subbasins and generally discharge correlated significantly posi-
tively with subbasin size.

The runoff is expectedly closely correlated with precipitation,
which affects it directly or with some latency. In our study, the
nearest weather station was 57 km away in Baruunkharaa. Because
weather patterns in northernMongolia are increasingly small-scale
in structure and heavy rainfall in particular is often local (Goulden
et al., 2016), we decided against including these measurements as
parameters in our study. Even without these data, the geodata we
used already explain 78% of the variability of the runoff. The
remaining uncertainty is partly due to differences in precipitation
that we could not measure at the required spatial and temporal
resolution. When we regressed land cover areas on discharge, two
of them had negative effects: shrublands that comprise riparian
forest in flood plains, well known for decreasing water yield
(Salemi et al., 2012), and burnt forest where permafrost has melted
thus enabling water to run into lower ground levels and reducing
baseflow (Kopp et al., 2017). Steppe and grassland hadmuch higher
positive effects on discharge than forest, even though the latter
comprised larger areas. Other studies report even negative effects

Fig. 9. RDA of the water quality samples (n ¼ 54) in the Tunkhel River Basin constrained
by significant five environmental variables (red arrows) with variance inflation factors
all below 6 (Formula: spe. z ~ Elevation þ WT þ Grassland_km2 þ X þ Y þ Shrub cover)
and an adjusted R2 of 0.206. Blue crosses mark the “species scores” of the measured
elements and factors that have been standardized (z-scores) prior to calculation. Black
squares show water quality measures at single sites. For space reasons not all points are
labelled. Four measurement plots in the upper left corner fall outside the graph that has
been restricted for better view: T1LA, T2RA, T3RA, T6RL6B. Abbreviations besides normal
chemical elements: Elevation ¼ Altitude above sea level, pH ¼ pH value, TNb ¼ Total
Nitrogen bound, WT ¼ Water temperature, X� ¼ Eastern longitude, Y� ¼ Northern
latitude. Both RDA axes are significant (RDA 1: p < 0.001, RDA 2: p ¼ 0.023).
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of forest cover on an annual basis (but not in low flow conditions)
due to the higher permeability of forest soils along the tree roots as
well as higher evaporation of trees compared to other vegetation
(Bi et al., 2009; Brogna et al., 2017; Price, 2011). In our data, the
percentage of forest cover in a subbasin had a negative impact on
discharge in linear regression; this supports our hypothesis, how-
ever, due to a lack of independence of the data a multiple approach
including the partitions of all land cover types is not possible (King
et al., 2005). A recent review (Liu et al., 2020) confirms the positive
effect of grasslands on runoff, especially at higher slopes, as well as
the runoff reduction effect of shrubland. In a field study in Kharaa
River Basin, Minderlein and Menzel (2015) showed in contrast that
evapotranspiration in steppe was higher than precipitation, leaving
no runoff left, whilewillow and birch shrubland had positive effects
on discharge.

The negative effect of burnt forest on river discharge under
permafrost conditions has been documented by long term obser-
vations of large areas (Ponomarev et al., 2019), as well as by more
detailed research in single river basins (Kopp et al., 2017;

Munkhjargal, Yadamsuren, Jambaljav, et al., 2020). Kopp et al.
(2017) suggested that wildfires increase stormflow runoff, while
baseflow declines. This result, which has been elaborated in
neighboring Sugnugur River Basin, matches with our study because
forest areas that had been burnt in previous years had a negative
impact on overall discharge in Tunkhel basin 2017. Moreover, as a
single observation, when we measured discharge during a storm
event in September after the wildfires in 2017, discharge was at a
maximum (Fig. 5). We recorded an almost eightfold higher
discharge in September compared to June/July. This is in sharp
contrast to long term (2016e2021) discharge measurements in
Baruunkharaa station, Kharaa downstream, that show that
discharge in the area usually peaks in July or August (Sunjidmaa,
2018, p. 49), thus confirming that discharge in the whole Kharaa
River Basin is governed by summer rainfall in contrast to rivers in
higher mountain areas that are snowmelt-dominated rivers (Zorigt
et al., 2019). Zorigt and coworkers who analyzed data of 12 gauging
stations in northern Mongolia also demonstrated that runoff in the
area has sharply decreased in recent years, most probably due to

Fig. 10. Spatial distribution and variation of selected diversity measures of macroinvertebrate communities in Tunkhel River Basin. A. Species richness. B. Ephemeroptera-
Plecoptera-Trichoptera- (EPT) species richness. C. Shannon diversity index. D. Distribution of the most abundant species Chironomini sp 1.
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higher evaporation rates caused by a rise of the mean temperature
by 1 �C.

4.2. Water quality

The higher infiltration capability and groundwater recharge of

forest soils leads to filtration of a larger part of precipitation that
runs into the bedrock at high altitudes, but may reach the surface
again as baseflow in river sections where the water table is above
the surface water (Price, 2011). This filtered water increases the
water quality of the stream as demonstrated by a negative corre-
lation of forest cover with pH, EC, nutrients and metal ions in our
study, thus backing our hypothesis and in accordance with other
studies (K€andler et al., 2017; Proch�azka et al., 2019). Forest cover
was also a major impact on water quality in the study of Batbayar
et al. (2019), who sampled the whole Kharaa region, thus
exploring a much larger gradient of water quality. In our study,
however, a main effect on chemical water quality, as proven by
RDA, was the geographical location of the site, thus pointing to-
wards a geological gradient that impactedwater quality parameters
and lead to local peaks of environmental toxins in the water,
instead of downstream accumulation (Fig. 8). The lack of accumu-
lation of eco-toxic elements in the water samples further down-
stream also indicates that the minimal pollution we measured
originated from the respective water catchment area and was not
washed up from sediments of the river bed. As Sunjidmaa (2018, p.
49) was able to show in her thesis by analyzing the sediment load
and budget, most of the sediment removal in the erosion-
dominated upper reaches of the Kharaa occurs in July, which is
during our study period. Chalov et al. (2015) demonstrated that

Fig. 11. Parsimonious RDA of the macroinvertebrate communities (n ¼ 54) in Tunkhel
River Basin constrained by ten environmental variables (red arrows). Formula: spe.
h ~ WT þ Elevation þ TOC þ Al þ PCA 1 þ Area þ Settlement [km2] þ Y þ Shrub cover
[%] þ Forest [km2]; with p < 0.001 and variance inflation factors < 5.5. Black dots,
yellow rhombs or blue squares show three groups of macroinvertebrate communities
at the sites that differed significantly in their site scores and diversity (see text for
statistics). Green crosses mark the species scores. For space reasons not all points are
labelled. Abbreviations: Al ¼ Aluminum, Chirono 1 ¼ Chironomini Sp. 1 - the most
abundant species in this study, Elevation ¼ Altitude above sea level, North� ¼ Northern
latitude, PCA1 ¼ first axis of a PCA of water chemistry data (without Al), TOC ¼ Total
organic carbon, Settlement ¼ area covered by settlements, Forest ¼ Area covered by
forest, WT ¼ Water temperature, Area ¼ Area of the subbasins, Shrubcover ¼ Shrub
coverage in % at river bank. Names in green refer to macroinvertebrate genera of
groups, morphospecies are given with number. Plecoptera: Isoperla, Suwallia, Nemoura.
Ephemeroptera: Baetis. Species abundance data were Hellinger-transformed prior to
analysis to allow the use of a linear method on unimodal distributed organisms, while
environmental data have been standardized (z scores); both RDA axes are highly sig-
nificant (X: p < 0.002, Y: p < 0.022).

Table 2
Indicator species according to (Dufrêne & Legendre, 1997) for the three clusters in
RDA (Fig. 12). Given is morphospecies name, group membership, indval statistic, p-
value and frequency of occurrence.

Morphospecies Group Indval statistic p-value Frequency

Baetis sp. 2 1 0.543 0.001 17
Ephemerella sp. 1 1 0.535 0.001 12
Baetis sp. 1 1 0.531 0.005 42
Tipula sp. 1 1 0.409 0.012 18
Oreodytes sp. S 1 0.353 0.001 6
Drunella sp. 2 1 0.350 0.002 7
Limnephilus sp. 2 1 0.341 0.002 8
Gomphus sp. 1 1 0.338 0.001 7
Baetis sp. 3 1 0.312 0.006 10
Parameletus sp. 1 1 0.294 0.003 5
Drunella sp. 3 1 0.235 0.011 4
Ephemerella sp. 2 1 0.194 0.049 5
Brachycentrus sp. 4 1 0.176 0.05 3
Limnephilus sp. 3 1 0.176 0.026 3
Isoperla sp. 1 2 0.899 0.001 17
Isoperla sp. 2 2 0.625 0.001 10
Isoperla sp. 3 2 0.188 0.024 3
Chironomini sp. 1 3 0.506 0.011 50
Isoperla sp. 5 3 0.260 0.049 9

Table 3
Results of a highly significant multiple regression of 35 logarithmed environmental
parameters on Shannon Diversity of the macroinvertebrate communities in the
Tunkhel River Basin with forward selection of parameters (F(5,48) ¼ 13.32;
p < 0.00000; adjusted R2 ¼ 0.538). Selected parameters included total area of the
subbasin (area), iron content of the water (Fe), flow velocity at sample point (ve-
locity), size of the grassland within the respective subbasin (grassland) and water
temperature (WT).

beta Std. Err. of beta B Std. Err. of B t(48) p-level

Intercept 0.465 0.169 2.746 0.0085
Area �0.584 0.154 �0.313 0.083 �3.792 0.0004
Fe �0.337 0.098 �0.185 0.054 �3.430 0.0013
Velocity 0.285 0.095 0.279 0.093 3.001 0.0043
Grassland 0.436 0.154 0.122 0.043 2.840 0.0066
WT 0.533 0.109 0.654 0.134 4.881 0.0000

Table 4
Means (M) and standard deviation (SD) of environmental variables in clusters 1 to 3
that structured the RDA result (Fig. 12). Shown is also the significance of a statistical
test for differences of the parameters among groups. Depending on normal distri-
butionwe used a One-way ANOVA or a Kruskal-Wallis ANOVA for the tests. nwas 17;
16 and 21 for cluster 1, 2 and 3, respectively. Significant results in bold. Complete test
results are given in Appendix Table A3. Abbreviations others that chemical ele-
ments: DOC ¼ Dissolved organic carbon, TNb ¼ Total nitrogen bound, TOC ¼ Total
organic carbon, TP ¼ Total phosphorus, WT ¼ Water temperature.

Parameter Cluster 1 Cluster 2 Cluster 3 Significance

Elevation [m] 1220 ± 124 1410 ± 166 1280 ± 152 0.0023
Discharge [m3/s] 910 ± 1294 326 ± 498 253 ± 851 0.0195
WT [C�] 13.3 ± 5.3 7.6 ± 3.7 6.6 ± 3.1 0.0001
EC [mS/cm] 109 ± 65 86 ± 91 131 ± 113 0.2864
pH 7.3 ± 0.4 7.1 ± 0.3 7.2 ± 0.4 0.2000
Al [mg/L] 0.10 ± 0.06 0.26 ± 0.30 0.52 ± 0.06 0.0082
As [mg/L] 0.70 ± 0.34 0.81 ± 0.33 1.40 ± 3.22 0.5507
DOC [mg/L] 2.76 ± 1.08 4.8 ± 2.77 4.78 ± 3.42 0.0718
TP [mg/L] 0.01 ± 0.00 0.01 ± 0.01 0.02 ± 0.01 0.0354
TNb [mg/L] 0.32 ± 0.16 0.54 ± 0.29 0.53 ± 0.21 0.0048
TOC [mg/L] 2.44 ± 0.94 4.61 ± 2.44 4.77 ± 3.53 0.0227
Fe [mg/L] 0.11 ± 0.07 0.24 ± 0.27 0.48 ± 0.55 0.0148
U [mg/L] 0.42 ± 0.40 0.65 ± 0.77 0.91 ± 1.09 0.4432
Tree cover [%] 12.4 ± 21 9.0 ± 11.6 3.6 ± 7.4 0.0275
Shrub cover [%] 32.6 ± 26.4 19.1 ± 13.1 43.6 ± 31.3 0.0300
Tree height [m] 5.79 ± 4.97 8.02 ± 4.97 3.87 ± 5.03 0.0687
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more than 95% of the transport of heavy metals and arsenic in
Selenga river system takes place through suspended sediments that
flow downstream and settle in the Selenga River delta. Thus,
pollution by toxic elements is minimized in the upper reaches of
the river.

Higher nutrient concentrations in shrub areas could be the
result of cold, slow running water and decay of leaf litter from
willow and birch shrubs that surround creeks. This is contrary to
our original hypothesis, which aimed at nonpoint source pollution
from grazing animals and downstream accumulation of nutrients.
Instead, we find evidence for a nutrient limited ecosystem as well
as dilution effects for nutrients (and pollutants), which has also
been reported from middle reaches of the Kharaa (Hofmann et al.,
2010). Our results also indicate an excellent self-purification ca-
pacity of the Tunkhel River, which is in line with similar observa-
tions at the lower reaches of the Selenga River (Goncharov et al.,
2020). Due to the absence of mining and larger settlements, wa-
ter quality in the Tunkhel River Basin can be regarded in most parts
as pristine and can thus be used as natural reference state for river
basin management plans and monitoring activities. Nutrient input
occurs further downstream in settlement areas (Hofmann et al.,
2011; Karthe, Abdullaev, et al., 2017).

4.3. Macroinvertebrates

The patchy distribution of nutrients and chemical elements
within the Tunkhel River Basin is mirrored in the occurrence and
diversity patterns of macroinvertebrate species, species groups and
communities that also show this irregular appearance. As proven in
the species abundance plot and via diversity indices, species rich-
ness was high, with many rare species. The resulting community
pattern was explained by RDA with differences in water tempera-
ture, elevation, land use cover and chemical composition of the
water, mainly in total organic content and aluminium. Three major

groups of communities could be distinguished, each with repre-
sentative bioindicators, and all differing in their environmental
niches formed by the parameters mentioned above. Contrary to our
hypothesis, the highest nutrients concentrations, both for phos-
phorus and Total nitrogenwere found at the sites of cluster 3, which
included mainly upstream low-order streams, rather than down-
stream areas. However, as we have proposed, mean species di-
versity of the clustered macroinvertebrate groups differed
significantly and followed the distribution of nutrients inversely,
with lowest diversity in cluster 3 and highest diversity in the
downstream area of cluster 1.

Macroinvertebrates are regularly used for ecological assess-
ments of rivers and streams (Dalu et al., 2017; Goncharov et al.,
2020; Miltner & McLaughlin, 2019). In a baseline study
Narangarvuu et al. (2015) examined the Mongolian headwater
communities. Altitude and stream order were important factors
that structuredmacroinvertebrate communities in their study, with
higher diversity found in streams with higher order. This was
similar to our study, where elevation and water temperature were
important factors in RDA, while species diversity was positively
impacted by stream velocity, size of the grassland at the riverbank
and water temperature, all indicators that rise further downstream.
Baetis was the most abundant genus in both studies. However,
while we investigated the small streams and rivers of the upper
headwater areas, Narangarvuu and coworkers examined streams
with >15 mwidth of the lower headwaters. The genera they found
as indicators for good water quality upstream, e.g. Ephemerella,
Brachycentrus and Limnephilus, are indicator species for the good
water quality in downstream cluster 1 of our study. On the other
hand, Chironomidae, the indicators of cluster 3 with highest values
for TNb and TP have been identified as less pollution-sensitive in
other studies (Kratzer et al., 2006). Taken together, water quality in
whole Tunkhel River Basin was excellent and this result was re-
flected by the detected indicator species.

Fig. 12. Diversity measures of macroinvertebrates in cluster 1 to 3 (see Fig. 11). Given are Hill numbers, with species richness (N0), Shannon Diversity (N1) and Simpson Diversity
(N2) for complete communities (A) and only EPT species (B). All indices differed highly significantly within clusters (One-way ANOVAs, logarithmed values, A: F(2,51) > 9.45, all
p < 0.001; B: F(2,50) > 13.56, all p < 0.001). Mind the different ranges of y-axes of the graph.
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5. Conclusions

Headwaters are vital for our water supply and support important
ecosystem services (K�re�cek et al., 2017, p. 308). This is the first paper
with a far-reaching ecological view that investigates water quantity,
quality andmacroinvertebrate communities in the upstream reaches
of a forestedpermafrostheadwatercatchment inMongolia indetail in
order to assess the functioning of the ecosystem and to verify uni-
versally valid hypotheses.We provided evidence for three of our four
hypotheses: H1) steppes and grasslands had a higher contribution to
runoff than forests, H2) forest cover had a positive impact on water
quality, H4) diversity of macroinvertebrates was higher in sites with
less nutrients and pollutants. Only regarding H3 our assumptions
were incorrect. Contrary to our hypothesis, there was no gradient of
pollution downstream of the livestock farming area. Apparently,
cattle grazing in Tunkhel River valley is not so intensive and/or dilu-
tion effects and self-purification of the river are stronger. Our results
confirm the status of Tunkhel River as a part of the water body group
of the rhithral inlets from the Khentii Mountains with natural back-
ground conditions (Hofmann et al., 2013, 2015). Thus, Tunkhel River
with its characteristically low concentrations of chemical substances
and its excellent ecological status represent a reference state on a
scientifically sound basis for the assessment of the water quality
status in the downstream regions of Kharaa River Basin.

Our experience from field work with extensive forest fires in the
Tunkhel River Basin 2017 shows how endangered this pristine river
landscape and the resulting ecosystem services are. Mongolian
ecosystems, especially the forests, are under severe pressure
(Karthe et al., 2019). Frequent wildfires and rising temperatures,
both induced by climate change, degrade the permafrost, thus
altering the hydrological conditions of the region (Munkhjargal,
Yadamsuren, Jambaljav, et al., 2020; Ponomarev et al., 2019) with
potentially dramatic consequences. Given the large areas affected
by forest fires and the steadily increasing global and local tem-
peratures, these changes may be irreversible. Intensified research
into these relationships is needed to fully understand the chal-
lenges ahead, but without an effective reduction in greenhouse
gases, this fragile ecosystem will certainly change and eventually
lose its ability to provide ecosystem services.

Acknowledgements

Funding: This research was financially supported by the German
Federal Ministry for Economic Cooperation and Development
(grant number: BMZ 81212690) and a ‘Forschung vor Ort’ grant for
G. K. of the Max Weber-Program of the State of Bavaria. Special
thanks are due to the Deutsche Gesellschaft für Internationale
Zusammenarbeit (GIZ) GmbH, especially Klaus Schmidt-Corsitto, at
that time Programme Director for “Biodiversity and Adaptation of
Key Forest Ecosystems to Climate Change II Program” of GIZ and
many employees of GIZ Mongolia, especially, Badar-Uugan Khas-
baatar and Biligt Battuvshin. We also thank Ass. Prof. Dr. Nar-
angarvuu Dashdondog of the National University of Mongolia
(NUM) for support of the biodiversity analysis, our colleagues from
the MoMo Project, Dr. Saulyegul Avlyush and Chimegsaikhan
Altangerel for help with organizing the research, and in particular
to our field work assistants Tsamba Dashnyam, Tumenbayar Gan-
baatar and Tseremdejid Narantuya for their support regarding field
work, species identification and logistics. We are grateful to all staff
of the Central Laboratory for Water analytics & Chemometrics of
the Helmholtz Center for Environmental Research e UFZ e for
sample preparation and analysis, to Gunsmaa Batbayar and Nergui
Sunjidmaa (both UFZ at that time) for help with literature and data
and to Prof. Dr. Dietrich Borchardt UFZ, Department Aquatic
Ecosystem Analysis for various types of support.

Appendix

Table A1
Spearman rank order correlations of phosphorus and ecotoxic elements in water
samples from 61 sampling sites in our study. Al¼ aluminum, TP¼ Total phosphorus,
Pb ¼ lead, U ¼ uranium, V ¼ vanadium. The Spearman correlation coefficients R and
p-values are indicated.

As TP Pb U V

Al 0.27 0.742 0.296 0.290 0.772
p ¼ 0.036 p ¼ 0.000 p ¼ 0.021 p ¼ 0.000 p ¼ 0.000

As 0.343 0.051 0.403 0.451
p ¼ 0.007 p ¼ 0.699 p ¼ 0.001 p ¼ 0.000

TP 0.364 0.237 0.774
p ¼ 0.004 p ¼ 0.066 p ¼ 0.000

Pb 0.089 0.3294
p ¼ 0.495 p ¼ 0.009

U 0.315
p ¼ 0.013

Table A2
Diversity measures of macroinvertebrate communities at 54 plots in our study.
Given are species richness (N0), Shannon index (H), Shannon diversity (N1),
Simpson diversity (N2), Shannon evenness (E1), Simpson evenness and Pielou
evenness.

Site N0 H N1 N2 E1 E2 J

B1 10 2.138 8.485 7.667 0.848 0.767 0.929
B1LA 12 2.184 8.881 6.675 0.740 0.556 0.879
B1RA 8 1.860 6.426 5.444 0.803 0.681 0.895
B2 13 2.193 8.960 6.728 0.689 0.518 0.855
B2LB 5 1.515 4.551 4.168 0.910 0.834 0.942
B2RA 4 1.065 2.901 2.612 0.725 0.653 0.768
B3 17 2.674 14.503 12.910 0.853 0.759 0.944
B3LA 12 2.220 9.206 7.757 0.767 0.646 0.893
B3LB 9 1.526 4.602 3.058 0.511 0.340 0.695
B4 11 1.999 7.382 5.362 0.671 0.487 0.834
B4LA 6 1.490 4.439 3.613 0.740 0.602 0.832
B4LB 3 1.011 2.749 2.571 0.916 0.857 0.921
B5 10 2.119 8.322 7.151 0.832 0.715 0.920
T1 17 2.426 11.316 8.633 0.666 0.508 0.856
T11LA 8 1.738 5.685 4.797 0.711 0.600 0.836
T1LA 2 0.637 1.890 1.800 0.945 0.900 0.918
T2 12 2.202 9.040 7.425 0.753 0.619 0.886
T2LB 7 1.510 4.527 3.186 0.647 0.455 0.776
T2RA 8 1.400 4.055 2.804 0.507 0.350 0.673
T3 14 2.199 9.019 6.909 0.644 0.494 0.833
T3LA 21 2.479 11.928 8.871 0.568 0.422 0.814
T3RA 7 1.764 5.834 5.232 0.833 0.747 0.906
T4 6 0.946 2.575 1.769 0.429 0.295 0.528
T4LA 7 1.070 2.915 1.935 0.416 0.276 0.550
T4RA 2 0.474 1.607 1.424 0.803 0.712 0.684
T5 23 2.607 13.564 8.918 0.590 0.388 0.832
T5R1 5 1.380 3.976 3.583 0.795 0.717 0.858
T5RL1A 8 1.715 5.558 4.286 0.695 0.536 0.825
T5RL1B 9 1.725 5.611 4.315 0.623 0.479 0.785
T5RR1A 17 2.505 12.244 10.084 0.720 0.593 0.884
T5RR1B 10 1.742 5.708 4.235 0.571 0.423 0.756
T5RR2A 4 1.104 3.017 2.747 0.754 0.687 0.796
T5RR3A 4 0.786 2.194 1.699 0.549 0.425 0.567
T6 18 2.503 12.215 9.143 0.679 0.508 0.866
T6R2 8 1.515 4.550 3.181 0.569 0.398 0.729
T6R3 7 1.358 3.890 2.988 0.556 0.427 0.698
T6R4 8 1.399 4.051 3.324 0.506 0.415 0.673
T6RL6A 5 1.129 3.094 2.712 0.619 0.542 0.702
T6RL6B 5 1.129 3.094 2.712 0.619 0.542 0.702
T6RL7A 6 1.475 4.369 3.706 0.728 0.618 0.823
T6RR1A 4 0.999 2.715 2.128 0.679 0.532 0.721
T6RR2A 8 1.740 5.700 4.617 0.713 0.577 0.837
T6RR3A 8 1.356 3.882 2.915 0.485 0.364 0.652

(continued on next page)
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Dufrêne, M., & Legendre, P. (1997). Species assemblages and indicator species: The
need for a flexible asymmetrical approach. Ecological Monographs, 67, 345e366.

Garg, V., Nikam, B. R., Thakur, P. K., Aggarwal, S. P., Gupta, P. K., & Srivastav, S. K.
(2019). Human-induced land use land cover change and its impact on hydrol-
ogy. HydroResearch, 1, 48e56. https://doi.org/10.1016/j.hydres.2019.06.001

Goncharov, A. V., Baturina, N. S., Maryinsky, V. V., Kaus, A., & Chalov, S. (2020).
Ecological assessment of the Selenga River basin, the main tributary of Lake
Baikal, using aquatic macroinvertebrate communities as bioindicators. Journal
of Great Lakes Research, 46. https://doi.org/10.1016/j.jglr.2019.11.005

Gordon, N. D., McMahon, T. A., Finlayson, B. L., Gippel, C. J., & Nathan, R. J. (2010).
Stream hydrology: An introduction for ecologists (2nd ed.). Chichester: JohnWiley
& sons.

Goulden, C. E., Mead, J., Horwitz, R., Goulden, M., Nandintsetseg, B., McCormick, S.,
… Petraitis, P. S. (2016). Interviews of Mongolian herders and high resolution
precipitation data reveal an increase in short heavy rains and thunderstorm
activity in semi-arid Mongolia. Climatic Change, 136, 281e295. https://doi.org/
10.1007/s10584-016-1614-4

Hofmann, J. (2013). Recent developments in river water quality in a typical Mon-
golian river basin, the Kharaa case study. IAHS Red Book Series, 361, 123e131.

Hofmann, J., & Battogtokh, D. (2018). Kharaa yer€o€o river basin atlas. https://nimbus.
igb-berlin.de/index.php/s/mkXE0ZHEVUgrJZW.

Hofmann, J., Hürdler, J., Ibisch, R., Sch€affer, M., & Borchardt, D. (2011). Analysis of
recent nutrient emission pathways, resulting surface water quality and
ecological impacts under extreme continental climate: The Kharaa River basin
(Mongolia). International Review of Hydrobiology, 96, 484e519. https://doi.org/
10.1002/iroh.201111294

Hofmann, J., Ibisch, R., Karthe, D., Scharaw, B., Sch€affer, M., Hartwig, M., …

Borchardt, D. (2018). Metadata describing the Kharaa yer€o€o river basin water
quality database. Freshwater Metadata Journal, 36, 1e11. https://doi.org/
10.15504/fmj.2018.36

Hofmann, J., Karthe, D., Ibisch, R., Sch€affer, M., Avlyush, S., Heldt, S., & Kaus, A.
(2015). Initial characterization and water quality assessment of stream land-
scapes in northern Mongolia. Water, 2015, 3166e3205. https://doi.org/10.3390/
w7073166. open access under http://www.mdpi.com/2073-4441/7/7/3166.

Hofmann, J., Rode, M., & Theuring, P. (2013). Recent developments in river water
quality in a typical Mongolian river basin, the Kharaa case study. In B. Arheimer,
A. Collins, V. Krysanova, E. Lakshmanan, M. Meybeck, & M. Stone (Eds.), Un-
derstanding freshwater quality problems in a changing world: Proceedings of IAHS-
IAPSO-IASPEI assembly, Gothenburg, Sweden, July 2013 (pp. 123e131). Wall-
ingford: IAHS Publ. . Int Assoc Hydrological Sciences.

Hofmann, J., Venohr, M., Behrendt, H., & Opitz, D. (2010). Integrated water resources
management in central Asia: Nutrient and heavy metal emissions and their
relevance for the Kharaa River basin, Mongolia. Water Science and Technology,
62, 353e363. https://doi.org/10.2166/wst.2010.262

K€andler, M., Blechinger, K., Seidler, C., Pavl�u, V., �Sanda, M., Dost�al, T., … �Stich, M.
(2017). Impact of land use on water quality in the upper Nisa catchment in the
Czech Republic and in Germany. The Science of the Total Environment, 586,
1316e1325. https://doi.org/10.1016/j.scitotenv.2016.10.221

Karthe, D., Abdullaev, I., Boldgiv, B., Borchardt, D., Chalov, S., Jarsj€o, J., …

Nittrouer, J. A. (2017). Water in central Asia: An integrated assessment for
science-based management. Environmental Earth Sciences, 76, 690. https://
doi.org/10.1007/s12665-017-6994-x

Karthe, D., Chalov, S., Gradel, A., & Kusbach, A. (2019). Special issue «environment
change on the Mongolian plateau: Atmosphere, forests, soils and water». Ge-
ography, Environment, Sustainability, 12, 60e65. https://doi.org/10.24057/2071-

Table A3
Test results for the three clusters of plots in the RDA of Macroinvertebrates in Fig. 12.
Given are parameter, statistical test, degrees of freedom, H- or F- values and p-value.
Descriptive statistics are given in Table 4. These clusters of plots differed significantly
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Parameter Test df H-value F-value p-value

Elevation [m] ANOVA 2,54 6.845 0.0023
Discharge [m3/s] Kruskal -Wallis ANOVA 2,54 7.870 0.0195
WT [C�] ANOVA 2,54 14.582 0.0000
EC [mS/cm] Kruskal -Wallis ANOVA 2,54 2.501 0.2864
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Table A2 (continued )

Site N0 H N1 N2 E1 E2 J

T6RR3RA 6 1.642 5.164 4.481 0.861 0.747 0.916
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T9RB 7 1.427 4.166 3.291 0.595 0.470 0.733

*Calculation impossible.
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a b s t r a c t

The stock and stability of soil organic carbon (SOC) are critical to soil functions and global carbon cycle,
but little quantitative information is available on the precise location and chemical components of SOC
for soils across a wide range of climatic gradients. Here, a broad range of zonal soils were collected in
forest land at topsoil (0e15 cm) and subsoil (15e30 cm) from temperate to tropical climatic gradient in
central to south China. The stock and stability of SOC were determined in terms of aggregate and humic
fractionation. SOC in bulk soils with a less significant geographic variation was comparably higher at
Haplic Luvisoils in temperate regions (3637.61 g m�2) and Rhodi-Humic Ferrosols in tropical regions
(3446.12 g m�2) than in the other experimental soils, but a consistent decreasing trend was observed
along the soil profiles with the SOC stock was 1.11e1.97 times higher in the topsoil than in the subsoils. In
addition, insoluble humin residue (HMr) as the dominant components of SOC ranged from 643.95 to
2696.90 g m�2 and decreased from temperate to tropical regions, which was consistent with the zonal
variation of humic acids (HAs), but contrary to the zonal variation of fulvic acids (FAs) that fluctuated in a
range of 39.67e389.55 g m�2 across the experimental sites. According to the results of partial correlation
analysis, the variation of FAs stock was significantly attributed to soil pH, bulk density, iron and
aluminum oxides, clay, and clay mineral content (|r|>0.61, p < 0.05), while these soil physical properties
showed a contradictory effects on HAs, iron-linked humin (HMi), clay-combined humin (HMc), and HMr.
Moreover, the aggregate-associated carbon stock was mainly stored in macroaggregates (36.34e76.09%)
for both SOC and its chemical components, especially in topsoils, and its zonal variation was associated
with that of bulk soils. In general, the redundancy analysis (RDA) revealed that mean annual precipitation
(MAP) accounted for 81.8% and 13.8% of the variance in SOC chemical and physical fractionation,
respectively, while the corresponding contribution of mean annual temperature (MAT) was 1.5% and
34.7%. With the increase of MAT and MAP, the chemical stability of SOC decreased in the molecular
structure, and the physical protection of SOC by aggregate exhibited a unimodal trend. The obtained
results would facilitate the development of regional soil carbon prediction and land management against
global warming.
© 2021 International Research and Training Center on Erosion and Sedimentation, China Water & Power

Press. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 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 organic carbon (SOC), the largest C pool of terrestrial
biosphere, is of critical importance not only in improving soil
structure, soil fertility, and agronomic productivity, but also in
retaining long-term sustainability of agroecosystem and global C
cycle (O’Rourke et al., 2015). The dynamic of soil organic carbon

which influenced global C cycle is controlled by the balance of
organic matter input and loss through the stabilization and
decomposition process within soils (Sollins et al., 1996). Mean-
while, this process is influenced by vegetation type and climatic
condition on a global or continental scale (e.g., Adhikari et al., 2019;
Doetterl et al., 2015; Johnson et al., 2011; Saiz et al., 2012), and by
soil conditions, including soil biota, acidity, and humidity on a stand
or regional scale (Yu et al., 2019). A better understanding of SOC
stabilization mechanisms across different climatic and edaphic
conditions is of great significance to improving the prediction of* Corresponding author.
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SOC dynamic and global C cycle in the context of global warming
(Lal. 2004; Sollins et al., 2007).

The stabilization mechanisms of SOC have been generally
summarized into three key ways (Sollins et al., 1996): 1) occlusion
of organic carbonwithin soil aggregates (Horn et al., 1994; Six et al.
2000a, 2002); 2) interaction of SOC with the soil mineral particles
particularly clay and silt (Jones & Edwards, 1998; Mikutta et al.,
2007); 3) molecular structure of organic carbon influenced by
environmental factors, which in turn, affects the relative resistance
to decomposition (Berhe et al., 2007; Assunç~ao et al., 2019). The
interaction between soil aggregates and their associated SOC dy-
namics has received intensive attention (Oades &Waters, 1991; Six
et al., 2000 a, b). On the one hand, organic matter acts as the pre-
dominant binding agents in soils and accelerates the aggregation of
particles (Six, Paustian, et al., 2000); on the other hand, the
increased amount of soil aggregates facilitates the physical pro-
tection of SOC from microbial decomposition and mineralization
(Razafimbelo et al., 2008). As the basic unit of soil structure, ag-
gregates and associated pore networks contribute to SOC protec-
tion through controlling the diffusion of air, water, nutrients, and
the accessibility of substrate to decomposers (Wang et al., 2019). In
accordance with the hierarchical theory of soil aggregate distribu-
tion (Elliott, 1986), the stability of soil aggregates dominates the
variation of their physical protection of SOC (Oades&Waters, 1991;
Cambardella & Elliott, 1994). Previous studies have showed that
microaggregate is stronger than macroaggregate in the physical
protection of SOC, while is weaker than siltþ clay fractions (Angers
et al., 1997; Saha et al., 2010). Therefore, the heterogeneous struc-
ture generated from the assemblage of soil particles in a hierar-
chical manner shows various turnover times for aggregate-
associated SOC, and thus may influence the dynamics of SOC
(Von Lützow et al., 2007; Breulmann et al., 2016). Meanwhile, soil
aggregation and SOC storage are regulated by climatic conditions at
the regional scale (Doetterl et al., 2015; Wiesmeier et al., 2012). The
dominant binding agents for aggregate formation varied from
temperate to tropical regions, leading to the differentiation in
aggregate hierarchy and uncertainty in the relationship between
aggregate fraction and its associated SOC (Six, Paustian, et al.,
2000).

The chemical adsorption influenced by clay mineral and clay
content is another important factor responsible for SOC stability
(Mikutta et al., 2007; Schneider et al., 2010; Wagai &Mayer, 2007).
The stabilization of SOC increased with the increase of clay content
due to its higher surface area for C sorption (e.g., Arrouays et al.,
2006; Feller & Beare, 1997; Hassink, 1997; Xu et al., 2016; Yu
et al., 2019). Meanwhile, the reactive surface area and sites of clay
particles vary with the specific type of clay minerals (expandable
2:1, non-expandable 2:1, 1:1 phyllosilicates, and Fe/Al oxides) due
to their different SOC adsorbing capacities (Kahle et al., 2003). In
general, the expandable 2:1-layer-type clay minerals, such as
smectites, have higher capacity to stabilize SOC than 1:1-type clay
minerals, like kaolinites (Hassink, 1997; Six et al., 2002). Soil acidity
generally increases from temperate to tropical regions, which also
has strong effect on the binding strength organically coatedmineral
particles, especially for Fe- and Al- oxides (Regelink et al., 2015).
Gislason et al. (2009) and Doetterl et al. (2015) suggested that the
climate conditions (temperature and precipitation) influenced the
association of SOC with mineral through governing soil chemical
weathering. Furthermore, the inherent character, especially the
chemical structure of SOC, is another important factor involved in
the stabilization/decomposition of SOC (Assunç~ao et al., 2019;
Baldock & Skjemstad, 2000; Schmidt et al., 2011). SOC is a natural
mixed organic matter and has been chemically subdivided as fulvic

acids (FAs), humic acids (HAs), and humin according to the differ-
entiation of solubility, with the humification degree increased from
FAs to humin (Cambardella & Elliott, 1994). Recent studies have
shown that these chemical components with various turnover
times constituted a heterogeneous pool of soil carbon (Von Lützow
et al., 2007). Among these chemical extractions, humin as the most
stable and poorly soluble fraction has a large and complex molec-
ular structure, while FAs is relatively active and readily soluble due
to its lower molecular weight, and the activity and molecular
complexity of HAs are at the intermediate level (Shen et al., 2016).
Obviously, the higher the percentage of humin, the higher the
stability of SOC. In addition, the climate conditions may alter the
activity of soil microorganisms, thus influencing the humification
of SOC and changing its chemical structure (Hobley et al., 2016;
Assunç~ao et al., 2019). Therefore, climate conditions can influence
SOC stabilization through altering its chemical structure.

Against the aforementioned background, it is highly agreed that
climate condition is a critical factor that influences SOC stabiliza-
tion and change SOC stock (Jobb�agy and Jackson, 2000). Previous
studies about the impacts of climate on the storagemaintained that
SOC stock in bulk soils increased with precipitation, but decreased
with temperature (Loveland & Webb, 2003; von Lützow & K€ogel-
Knabner, 2009; Wang et al., 2010). Carvalhais et al. (2014) also
suggested that carbon stock in the whole ecosystem decreased in
the order of: tropical forests > boreal forest > temperate forest.
However, little attention has been given to the SOC stability under
different climate condition, which is important to elucidate the
dynamics of SOC.

To bridge the above gaps, typical zonal soils from temperate to
tropical regions at different genetic horizons along soil profile were
collected in central-south China to investigate the SOC stabilization
by aggregate and humic fractionation of SOC. To better clarify the
influences of climate condition, other experimental conditions
including parent material, topography, and land utilization were
kept as constant as possible.

2. Material and methods

2.1. Study sites and soil sampling

The typical heavy-textured soil samples used in this study were
collected from Cinnamon soil region, Yellow-cinnamon soil region,
Brown red earth region, Red earth region, Lateritic red earth region
and Humid-thermo ferralitic region in central-south China. The
study sites span three typical climate zones, including temperate,
subtropical and tropical. The distribution of these study sties is
shown in S Fig. 1. The mean annual temperature (MAT) and pre-
cipitation (MAP) of these study sites ranged from 13.7 �C to 24.2 �C
and from 650 mm to 1778 mm, respectively, in the past 30 years
(http://www.resdc.cn). Apart from climatic factors, other experi-
mental conditions were kept as consistent as possible in this study.
Detailed information about the experimental soils and study sites is
shown in Table 1.

The experimental soils were collected from topsoil (0e15 cm)
and subsoil (15e30 cm) during July and August in 2016. Specifically,
the undisturbed core samples (height, 5.05 cm; inner diameter,
5 cm) were collected for bulk density determination, and the
composite soil samples were randomly collected from six points
and combined for each layer, and fully air-dried at room tempera-
ture with a certain part of them being ground to pass through a set
of sieves for the determination of physical and chemical properties.
The remaining samples were collected for water-stable aggregate
analysis.

R. Zeng, Y. Wei, J. Huang et al. International Soil and Water Conservation Research 9 (2021) 620e630

621



2.2. Soil physicochemical properties

The physicochemical properties of the experimental soils were
determined by standard methods (S Table 1) and summarized in
Tables 1 and 2.

The stock of soil organic carbon (g m�2) in bulk soils was the
following equation:

SOC stock ¼ H � BD � OC � 10 (1)

where, H is soil depth (cm); BD, bulk density (g cm�3); OC, soil
organic carbon concentration in bulk soil (g kg�1).

2.3. Soil aggregation

Soil aggregation was determined by wet-sieving method as re-
ported by Kemper and Rosenau (1986). In this study, we used the
aggregate analyzer (Institute of Soil Science, Chinese Academy of
Sciences, Nanjing, China) with an amplitude of 4 cm at a frequency

of 30 Hz (cycles) min�1 for 30 min was used in this study. Macro-
aggregate (>0.25 mm), microaggregate (0.25e0.05 mm), and
<0.05 mm size fractions were obtained by oven-drying at 50 �C for
24 h. The results of aggregate fractionation are shown in Table 3.

The stock of SOC (g m�2) in each aggregate size fraction was
calculated as follows:

Stock of OCi ¼ H � BD � OCi � Wi � 10 (2)

where, H is soil depth (cm); BD, bulk density (g cm�3); OCi, the soil
organic carbon concentration of the ith aggregate size fraction (g
kg�1); Wi, the proportion of the ith aggregate fraction in the bulk
soil (%).

2.4. Humic fractionation

SOC in bulk soils and aggregates were fractionated into FAs, HAs,
and humin by chemical extraction using the procedure described
by Cambardella and Elliott (1994). Here, huminwas subdivided into

Fig. 1. The stock of SOC and its chemical components in topsoils and subsoils of the zonal soils. Lowercase letters indicate differences in SOC stock in the topsoils or subsoils among
these zonal soils at p < 0.05 significance level.

Table 1
Basic information of sampling sites and soils.

Site Longitude/Latitude MAP
(mm)

MAT
(�C)

Topography Climatic
zone

Soil region Parent material WRB soil group (2014) Main
mineralogy

LY 112�2102800E/
34�4801400N

650 13.7 Loess hill temperate Cinnamon soils region Loess deposit Haplic Luvisols Ill-Ver-Kao

XY 112�1602500E/
32�0705000N

878 16.0 Rolling hill temperate Yellow-cinnamon soils region Loess deposit Chromic-Leptic
Luvisols

Ill-Ver-Kao

XN 114�2201500E/
30�0105700N

1577 16.8 Hilly land subtropical Brown red earths region Quaternary red
clay

Haplic Alisols Ill-Kao-Ver

CS 112�5401300E/
28�2903300N

1422 17.1 Hilly land subtropical Red earths region Quaternary red
clay

Alumi-Plinthic Acrisols Ill-Kao-1.4 nm

SG 113�5804200E/
24�1900600N

1778 20.4 Platform subtropical Lateritic red earths region Quaternary red
clay

Alumic Plinthosols Kao-Ill-1.4 nm

HK 110�3305700E/
19�5202600N

1722 24.2 Platform tropical Humid-thermo ferralitic
region

Basalt Rhodi-Humic
Ferrosols

Kao-1.4 nm

Note: MAP, mean annual precipitation; MAT, mean annual temperature; WRB, world Reference base for soil resources 2014; Ill, illite; Kao, kaolinite; Ver, vermiculite; 1.4 nm,
1.4 nm intergrade mineral.
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iron-linked humin (HMi), clay-combined humin (HMc) and insol-
uble humin residue (HMr) according to the procedure described by
Bao (2010).

The stock of each SOC chemical components was calculated by
the following equation:

Stock of OCj ¼ H � BD � OCj � 10 (3)

where, H is soil depth (cm); BD, bulk density (g cm�3); OCj, the
concentration of the specific chemical components of SOC, namely,
FAs, HAs, HMi, HMc, and HMr in bulk soil or aggregate fraction (g
kg�1).

2.5. Data analysis

Data presented as mean value ± standard error (SE) from three
independent experiment. Shapiro-Wilk test was performed to
examine the normality of all variables, and the skewed variables
were normalized using natural logarithmic transformation. Multi-
variate analysis of variance (MANOVA) was conducted to evaluate
the significant effects of soil type, profile depth, aggregate size, and
their interaction on SOC stock. Significant differences were
considered at p < 0.05 level. These analyses were performed using
SPSS 20.0. The effects of climatic conditions (mean annual precip-
itation (MAP) and mean annul air temperature (MAT)), soil physi-
cochemical properties, and their interaction on the carbon stock
related variables were evaluated by redundancy analysis (RDA) in R
using vegan package (http://cran.r-project.org/web/packages/
vegan/). Partial correlation analysis was conducted to explore the
correlation between aggregate-associated carbon stock and the
corresponding soil properties at the significant levels of p < 0.001,
0.01, and 0.05.

3. Results

3.1. Physicochemical properties

The selected experimental soils showed a certain zonal variation
in physicochemical properties (Table 2). Specifically, soil pH, bulk
density, and silt content ranged from 7.55e4.21, 1.42e1.06 g cm�3,
and 68.44e19.06%, respectively, with a downward trend from
central to southern China, in contrast to an upward trend in the clay
content, free iron, and aluminum oxides from 29.90e73.00%,
8.99e90.24 g kg�1, and 1.46e37.13 g kg�1, respectively. In addition,
cation exchange capacity from 18.17e42.94 cmol kg�1 with a slight
significant difference between topsoil and subsoils. Meanwhile,
capillary porosity as the dominant composition of soil porosity
ranged from 40.77 to 55.68% across the experimental sites. Besides,
an upward trend was observed in the content of 1:1 phyllosilicate
clay mineral coupled with a decrease in the content of 2:1
expandable claymineral from central to south China (Table 1). With
regard to the SOC stock, it wasmore concentrated in Haplic Luvisols
(19.40 g kg�1) and Rhodi-Humic Ferrosols (21.76 g kg�1) than in
other four experimental soils. In general, SOC stock and soil
porosity (CP and NCP) were higher than in subsoil, which was
opposite to the trend of pH, clay content, and sesquioxides.

3.2. Aggregate fractionation

Soil aggregate fractionations were dominated by macroaggre-
gates (>0.25 mm) (39e76%). Specifically, the content of macroag-
gregates peaked in Haplic Alisols, followed by Alumi-Plinthic
Acrisols, and exhibited a unimodal trend across the experimental
sites. Meanwhile, the content of macroaggregate was higher in
topsoil than in subsoils. Microaggregates ranged from 20e54%, anTa
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opposite trend to macroaggregate along the soil profile, being the
predominant aggregation in some subsoils, e.g., the proportion of
microaggregate exceeds 50% for Rhodi-Humic Ferrosols and
Chromic-Leptic Luvisols. Additionally, the <0.05 mm size fraction
fluctuated in the range of 3e11% across the experimental sites and
along the profile depth, with an opposite trend to macroaggregates
(Table 3).

3.3. Stock of SOC in bulk soils

Soil type, soil depth, and its interaction made significant con-
tributions (p < 0.01) to the variation of SOC stock in bulk soils, with
soil depth as the most predominant factor among them
(F ¼ 1329.49, p < 0.01) (S Table 2). Across the experimental sites,
SOC stock was significantly higher in Haplic Luvisols and Rhodi-
Humic Ferrosols (3637.61 g m�2 and 3446.12 g m�2) than in the
other four experimental sites, especially in topsoils, while less

significant difference was observed in the stock of SOC among the
four central sites. The SOC stock showed similar spatial variation in
subsoils, which was approximately 1.11e1.97 times lower than that
in topsoils (Fig.1a). Additionally, the spatial fluctuation of SOC stock
in bulk soils was much higher (a coefficient variation 30.95%) in
topsoils than in subsoils (a coefficient variation 23.45%) (Fig. 2a).

3.4. Humic fractionation of SOC in bulk soil

To further investigate the chemical composition of SOC, the SOC
stock in bulk soils was subdivided into FAs, HAs, HMi, HMc and
HMr. The stock of these chemical components was in the order of
HMr (643.95e2696.90 g m�2) > FAs (144.85e943.71 g m�2) > HAs
(39.67e389.55 g m�2) > HMc (24.43e142.89 g m�2) > HMi
(20.80e59.57 g m�2) (Fig. 1). The stock of SOC in bulk soils was
positively correlated to the stock of each SOC chemical component,
and this correlation significance was determined by the relative
proportion of the corresponding SOC components. For instance,
HMr, the dominant component in SOC, showed the highest corre-
lation with the stock of SOC in bulk soils (slope ¼ 0.75; R2 ¼ 0.94)
(Fig. 3a). Additionally, the stock and proportion of humin and HAs
decreased from central to southern China apart from Rhodi-Humic
Ferrosols, in contrast to a consistent increase for the stock of FAs
and its proportion (Fig. 1 and Table 4). In terms of the spatial
variation of the stock for each SOC chemical component, FAs and
HAs with CVs of 50.59% and 68.01% demonstrated higher fluctua-
tion than HMi, HMc and HMr (Fig. 2). Furthermore, the stock of
these components and their variations generally showed a higher
concentration in topsoils. Similar to the SOC stock in bulk soils, the
stock of its chemical components was also obviously affected by soil
type, soil depth, and its interaction (p < 0.01), with greater con-
tributions from soil depth than soil type, especially in terms of
humin (S Table 2).

Fig. 2. The variation of SOC stock and its chemical components in bulk soil across the experimental sites. (a), (b), (c), (d), (e), and (f) represent the variation of the stock SOC, fulvic
acids, humic acids, iron-linked humin, clay-combined humin, and insoluble humin residues in bulk soil, respectively.

Table 3
The distribution of water-stable aggregate of different zonal soils.

Depth Site Macroaggregate (%) Microaggregate (%) <0.05 mm (%)

topsoil LY 48.36 ± 3.42 40.41 ± 4.03 11.22 ± 2.00
XY 50.01 ± 1.12 41.21 ± 1.80 8.78 ± 1.19
XN 74.23 ± 1.24 21.70 ± 1.24 4.07 ± 0.37
CS 69.47 ± 2.52 27.71 ± 2.39 2.82 ± 0.22
SG 54.96 ± 1.67 35.80 ± 1.51 9.24 ± 0.94
HK 62.70 ± 1.33 30.51 ± 1.24 6.79 ± 0.16

subsoil LY 54.6 ± 1.43 36.67 ± 1.37 8.73 ± 0.95
XY 39.98 ± 2.45 50.55 ± 2.59 9.47 ± 0.52
XN 65.76 ± 4.14 29.17 ± 3.87 5.07 ± 0.41
CS 58.96 ± 1.23 38.05 ± 1.14 2.99 ± 0.21
SG 50.53 ± 2.80 41.85 ± 2.61 7.62 ± 1.45
HK 39.83 ± 0.84 50.32 ± 1.08 9.85 ± 0.65
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3.5. Stock of SOC in aggregates

SOC was mainly stored in macroaggregates, which was more
than 1.69 times and 11.74 times higher than in microaggregate and
<0.05 mm size fraction on average (Fig. 4). The stock of SOC in
aggregates was positively correlated with that in bulk soils, which
could be reflected by the linear correlations in Fig. 3b. According to
the slopes and R2, the SOC stock in macroaggregate was more
dependent on that in bulk soils, and its variation in aggregates
accorded with that in bulk soils. Similarly, Haplic Luvisols and
Rhodi-Humic Ferrosols had higher aggregate-associated SOC stock

than the other four experimental soils. Despite the size of aggregate
fraction, the aggregate-associated SOC stock ranged from 49.25 to
2087.25 g m�2 in topsoils, which was higher than that in subsoils
(46.76e1071.23 g m�2) (Fig. 4). In general, aggregate-associated
SOC stock was influenced by soil type, soil depth, aggregate size,
and its interaction (p < 0.05), especially the aggregate size (S
Table 3). Meanwhile, the proportion of macroaggregate-
associated SOC stock increased first and then decreased, with its
peak value being observed in Haplic Alisols and Alumi-Plinthic
Acrisols from central to south China, and was generally higher in
topsoils than in subsoil. However, an opposite trend was observed

Fig. 3. The relationship between the stock of SOC and its components. (a) represent the relationship between stock of SOC and its chemical component; (b) represent the rela-
tionship between stock of SOC in bulk soil and that in aggregate. Note: FAs, HAs, HMi, HMc, and HMr represent the stock of fulvic acids, humic acids, iron-linked humin, clay-
combined humin, and insoluble humin residue in bulk soil, respectively; macroaggregate, microaggreagte and <0.05 mm represent the stock of macroaggregate-, micro-
aggreagte-, and <0.05 mm size fraction associated SOC, respectively.

Table 4
The proportion of each SOC chemical components in bulk soil.

site FA HA HMi HMc HMr

topsoil LY 8.30 ± 0.79d 10.86 ± 0.56a 1.66 ± 0.57b 3.98 ± 0.10b 75.20 ± 0.30a
XY 18.24 ± 2.92c 11.86 ± 0.91a 3.11 ± 1.40a 4.19 ± 0.85b 62.61 ± 2.22bc
XN 23.04 ± 0.45b 4.58 ± 0.29c 2.49 ± 0.12 ab 5.66 ± 0.57a 64.23 ± 0.95b
CS 24.96 ± 0.25 ab 6.62 ± 0.29b 1.94 ± 0.16 ab 3.55 ± 0.08b 62.93 ± 0.15bc
SG 27.49 ± 2.45a 6.98 ± 2.29b 1.87 ± 0.52 ab 2.22 ± 0.26c 61.44 ± 0.12c
HK 27.70 ± 1.29a 7.17 ± 0.54b 1.65 ± 0.15b 1.44 ± 0.23c 62.04 ± 0.80c

subsoil LY 9.77 ± 0.78c 8.96 ± 1.71b 2.44 ± 0.29b 3.64 ± 0.73c 75.18 ± 0.63a
XY 13.09 ± 2.61c 11.44 ± 1.98a 3.62 ± 0.81a 6.32 ± 0.66a 65.53 ± 0.82b
XN 28.06 ± 7.52 ab 3.61 ± 1.05d 2.46 ± 0.25b 5.72 ± 1.23b 60.15 ± 6.13d
CS 23.21 ± 0.95b 6.68 ± 0.16c 1.93 ± 0.05b 3.47 ± 0.82c 64.71 ± 1.10bc
SG 30.91 ± 0.79a 3.73 ± 0.80d 1.95 ± 0.87b 3.05 ± 0.84c 60.36 ± 2.22bcd
HK 30.48 ± 2.80a 3.65 ± 0.49d 2.01 ± 0.82b 1.47 ± 0.43d 62.39 ± 3.78cd

Note: Different lowercase letters indicated significant differences for the soil physicochemical properties between experiment soils (p < 0.05).

Fig. 4. The stock of aggregate-associated SOC. (a), (b) and (c) represent the stock of soil organic carbon in macroaggregate, microaggregate, and <0.05 mm size fraction, respectively.
Lowercase letters indicate differences of aggregate-associated SOC stock in the topsoil or subsoil among these zonal soils at a significance level of p < 0.05.
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in the proportion of SOC stock corresponding to themicroaggregate
and <0.05 mm size fraction (Fig. 5).

3.6. Humic fractionation of SOC in aggregates

SOC in each aggregate fraction was also chemically divided into
five components (HAs, FAs, HMi HMc and HMr) (S Fig. 2). Here, the

stock of these chemical components in each aggregate was in the
order of HMr > FAs > HAs > HMc > HMi, with a higher stock in
topsoils than in subsoils and stock of each SOC chemical component
was higher than in microaggregate or <0.05 mm size fraction.
Additionally, the stock and proportion of aggregate-associated FAs
showed an increase trend from central to south, in contrast to the
trend of aggregate-associated humin and HAs, except for Rhodi-
Humic Ferrosols (S Figs. 2 and 6). Meanwhile, the proportion of
humin, it was more concentrated in subsoils than in topsoils and
demonstrated a contrary trend to that of FAs and HAs. Furthermore,
the aggregate-associated FAs showed the highest and lowest pro-
portion in <0.05 mm size fraction and microaggregates, whereas
humin exhibited the highest proportion in microaggregates (Fig. 6),
indicating the highest and lowest humification degree for aggre-
gate associated SOC in microaggregate and <0.05 mm size fraction,
respectively, and an obvious impact of aggregate size on the pro-
portion of these chemical components (p < 0.05) (S Table 3).

4. Discussion

4.1. Impact of climatic gradients on SOC stock in bulk soils

Precipitation and temperature, the two major factors of climatic
conditions, are important drivers for SOC stock across scales
(O’Rourke et al., 2015; Wang et al., 2010), influencing both SOC
accumulation and decomposition through altering C input and
decomposition (�Alvaro-Fuentes & Paustian, 2011). The increase of
precipitation leads to the increase of plant productivity, thus
increasing the input of organic carbon to the soil (Burke et al., 1989).

Fig. 5. The proportion of aggregate-associated SOC stock. Note: macroaggregate,
microaggreagte and <0.05 mm represent the proportion of macroaggregate-, micro-
aggreagte-, and <0.05 mm size fraction associated SOC.

Fig. 6. The proportion of each SOC chemical component in macroaggregate, microaggregate and <0.05 mm size fraction, respectively. Note: FAs, HAs, HMi, HMc, and HMr represent
fulvic acids, humic acids, iron-linked humin, clay-combined humin, and insoluble humin residues, respectively.
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Previous studies have shown that SOC stock is positively correlated
with mean annual precipitation (Jobb�agy and Jackson, 2000;
Doetterl et al., 2015), but negatively correlated with mean annual
temperature (Jobb�agy and Jackson, 2000; Doetterl et al., 2015),
probably due to the reason that temperature mainly influences the
microbial decomposition of SOC (Davidson & Janssens, 2006; von
Lützow & K€ogel-Knabner, 2009), and a higher temperature may
induce a faster decomposition rate (Six et al., 2002; Bond-Lamberty
& Thomson, 2010). Here, the stock of SOC in bulk soils showed a
comparably higher value in Haplic Luvisols and Rhodi-Humic Fer-
rosols than in the four central sites (Fig. 1), despite a consistent
increase of precipitation and air temperature across the experi-
mental sites from central to south China. Obviously, the high stock
of SOC in Rhodi-Humic Ferrosols could be attributed to the more
input of organic carbon into soil by abundant plant net primary
productivity under the higher precipitation (Burke et al., 1989;
Jobb�agy and Jackson, 2000; Doetterl et al., 2015), while that in
Haplic Luvisols might be owing to the low decomposition rate of
SOC under the relatively low temperature (Jenny, 1930; McDaniel&
Munn, 1985; Burke et al., 1989). In addition, the low stock of SOC in
other four subtropical regions was possibly generated by the high
decomposition rate of SOC and low weathering degree of soils
(Doetterl et al., 2015). As for the chemical components of SOC in
bulk soils, the proportion of humic acids (HAs) and humin showed a
decreasing trend along the climatic gradients, which was opposite
to the proportion of fulvic acids (FAs) (Table 4). As reported previ-
ously, the most complex molecular structure of humin result in a
high temperature sensitivity to decomposition, generating the
increment of labile carbon and hence an increase in the proportion
of FAs (von Lützow & K€ogel-Knabner, 2009). Apparently, the hu-
mification degree of SOC decreased from temperate to tropical re-
gions for heavy-textured soils in forest land. Moreover, it was found
that FAs and HAs with CVs of 50.59% and 68.01% demonstrated a
higher fluctuation than HMi, HMc and HMr, indicating that FAs and
HAs were more sensitive to the environment change. This was
consistent with a previous report showing that the molecular
structure of humin was more stable than that of HAs and FAs (Shen
et al., 2016). Therefore, the stability of SOC chemical structure could
be concluded to degrade from temperate to tropical regions.

4.2. Impact of climate gradients on SOC stock in aggregates

Our results showed that SOC was mainly stored in macroag-
gregates (>40%), which was more than 20% higher than
microaggregate-associated SOC (Figs. 4 and 5). This observation
was in line with previous studies on aggregate-associated organic
matter distribution (Qiu et al., 2012; Wei et al., 2013a, Wei et al.,
2013b; Qiu et al., 2015; Wei et al., 2020). However, macroaggre-
gate showed weaker physical protection of SOC than micro-
aggregate and <0.05 size fraction (Angers et al., 1997; Saha et al.,
2010) and the proportion of microaggregate-associated SOC
increased significantly in subsoils versus topsoils (Fig. 5), indicating
that SOC in subsoils was vital for long-term carbon stabilization
(Tisdall&Oades,1982; Totsche et al., 2017; Yu et al., 2019). In Haplic
Alisols and Alumi-Plinthic Acrisols, the proportion of
macroaggregate-associated SOC showed the highest value, in
contrast to the lowest value for the proportion of microaggregate-
and <0.05 size fraction associated SOC, indicating the lowest sta-
bility of SOC in these regions according to the physical protection of
SOC by aggregate. Meanwhile, the relative proportion of each SOC
chemical component varied with aggregate size (Fig. 6). Micro-
aggregate and <0.05 mm size fraction associated SOC showed the
highest and lowest humification degree, respectively, probably

because SOC could be occluded or absorbed by the <0.05 mm size
fraction, thus restraining the accumulation and humification of SOC
components into high and complex molecular structures (Angers
et al., 1997; Saha et al., 2010). The results indicated that the SOC
chemical structure was more stable in microaggregate compared
with macroaggregate-associated SOC.

4.3. Summary of influential factors to zonal variation of SOC
stability

The stability of SOC chemical structure could be determined by
the humic fractionation of SOC (Hobley et al., 2016; Breulmann
et al., 2016). Based on the redundancy analysis (RDA), the propor-
tion of FAs was positively correlated with mean annual precipita-
tion (MAP) and mean annul air temperature (MAT), whereas the
proportion of HAs, HMi, HMc and HMr was negatively correlated
with MAP and MAT (Fig. 7a), indicating that the humification and
chemical structural stability of SOC decreased with the increase of
MAT and MAP. On the one hand, this could be attributed to more
fresh organic matter input as plant net primary productivity was
higher in the areas with high MAP (Bond-Lamberty & Thomson,
2010; Six et al., 2002); on the other one hand, the concentration
of sesquioxides and clay increased with the increase of MAP and
MAT, which could absorb the SOC to reduce the decomposition and
humification of SOC bymicroorganism (Boudot et al., 1989; Doetterl
et al., 2015; Gislason et al., 2009; Mikutta et al., 2007; Schneider
et al., 2010; Wagai & Mayer, 2007; Wagai and Mayer 2007, 2007).
This was well supported by the partial correlation analysis results
that the accumulation of FAs stock could be facilitated by sesqui-
oxides, sand content, 1.4 nm intergrade mineral, clay content, and
kaolinite, but prevented by soil pH, silt content, bulk density,
vermiculite, and illite (rrr>0.60, p < 0.05) (Fig. 8). Whereas, these
physicochemical indexes generally made opposite impacts on the
stock of HAs, HMi, HMc and HMr. Meanwhile, the result of partial
Monte Carlo permutation test showed that MAP explained 81.8% of
the variance in the proportion of each SOC chemical component,
while the effect of MAT and soil depth was not significant (Table 5).
These results demonstrated that precipitation was the predomi-
nant climate factor for the regional variation of SOC stock and its
chemical components.

Furthermore, the physical protection of SOC by aggregate could
be determined by aggregate-associated SOC. It was found that MAP
was positively and negatively correlated with the proportion of
macroaggregate- and microaggregate-associated SOC, but had no
correlation with proportion of <0.05 mm size fraction associated
SOC (Fig. 7 b). This might be owing to the reason that the propor-
tion of macroaggregate increased with increasing input of organic
carbon to soil, and the new organic carbon into soil was mainly
stored in large aggregates (Gentile et al., 2013; Qiu et al., 2015;
Smith et al., 2014). However, the MAT was positively correlated
with proportion of <0.05 mm size fraction associated SOC, but no
significant correlation with the proportion of macroaggregate- and
microaggregate-associated SOC. Soil depth was positively corre-
lated with microaggregate- and <0.05 mm size fraction associated
SOC, but negatively with macroaggregate-associated SOC. In addi-
tion, only MAT made a significant contribution to aggregate-
associated SOC (Table 5). Apparently, despite the aforementioned
zonal variation of SOC stock and humification, a general agreement
about the physical stabilization of SOC stock along the climatic
gradients could be hardly obtained. However, the variation of SOC
stability for the chemical structure and aggregate physical protec-
tion under different climate condition is of great significance to
optimize land management.
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4.4. Limitation

The influence of climatic conditions (mean annual precipitation,
MAP; mean annul air temperature, MAT) on the stability of SOC
through altering its composition has been confirmed in this study.

It has been found that the chemical structure and aggregate
physical protection of the SOC are highly dependent on the spe-
cifical rainfall and temperature conditions. However, the prediction
of SOC dynamics, with regard to the quantitative relation between
MAT, MAP and each SOC component, has not yet been established

Fig. 7. Ordination diagram for the results of the redundancy analysis for the composition of SOC in bulk soil. (a) represent the proportion of SOC chemical component; (b) represent
the proportion of aggregate-associated SOC. Note: FAs, HAs, HMi, HMc, and HMr represent the proportion of fulvic acids, humic acids, iron-linked humin, clay-combined humin, and
insoluble humin residues in bulk soil, respectively; MA, MI, and <0.05 mm represent the proportion of macroaggregate-, microaggreagte-, and <0.05 mm size fraction associated SOC; MAT,
mean annul air temperature; MAP, mean annual precipitation.

Fig. 8. Partial correlations between the stock of each SOC chemical component and physicochemical properties in bulk soil, when controlling for the effect of SOC stock. (*p < 0.05;
**p < 0.01). (a), (b), (c), (d), and (e) represent the relationship between the stock of FAs, HAs, HMi, HMc, and HMr and physicochemical properties in bulk soil, respectively. Note: FAs,
HAs, HMi, HMc, and HMr represent fulvic acids stock, humic acids stock, iron-linked humin stock, clay-combined humin stock, and insoluble humin residues stock, respectively; BD, bulk
density; CP, capillary porosity; NCP, non-capillary porosity; Sand, the content of 2-0.05 mm fraction; Silt, the content of 0.05-0.002 mm fraction; Clay, the content of<0.002 mm fraction;
CEC, cation exchange capacity; Fed and Ald, free iron and aluminum oxides; Feo and Alo, amorphous iron and aluminum oxides. Ill, the content of illite; Kao, the content of kaolinite; Ver, the
content of vermiculite; 1.4 nm, the content of 1.4 nm intergrade mineral.

Table 5
The forward selection results of redundancy analysis (RDA), including the explanatory rate, the contribution, and the significance test results for the influence factors.

the proportion of SOC chemical component the proportion of aggregate-associated SOC

Name Explains % Contribution % pseudo-F P Explains % Contribution % pseudo-F P
MAP 81.8 96.9 44.8 0.002 13.8 22.5 1.6 0.258
MAT 1.5 1.8 0.8 0.500 34.7 56.5 6.1 0.032
soil depth 1.1 1.3 0.5 0.628 13 21.1 2.7 0.138

Note: MAT, mean annul air temperature; MAP, mean annual precipitation.

R. Zeng, Y. Wei, J. Huang et al. International Soil and Water Conservation Research 9 (2021) 620e630

628



due to the limited data. To facilitate the implementation of this
study in practice, more zonal soils need to be collected across a
large scale for the establishment of the functional relationship
between climate and SOC composition. In addition, recent studies
reported that the storage and release of SOC were also determined
by soil microorganisms, in spite of the SOC stability (Gleixner, 2013;
Malik et al., 2018; Schimel& Schaeffer, 2012). Therefore, the linkage
between soil microbial ecophysiological traits and the SOC dy-
namics across different climatic conditions need worth more
investigation in our further study.

5. Conclusion

The stock of SOC in bulk soils with its peak values in Haplic
Luvisols and Rhodi-Humic Ferrosols exhibited a unimodal trend
and varied significantly with climatic conditions and profile depth
across central-southern China. Insoluble humin residue (HMr), the
dominant component of SOC, demonstrated a decreasing trend
from temperate to subtropical regions, while fluvic acids (FAs)
increased consistently from temperate to tropical regions, which
was consistent with the spatial variation of clay and oxides con-
centration. The humification and chemical structural stability of
SOC decreased from central to south China with the increase of
MAT and MAP. SOC and its components were mainly stored in
macroaggregates, especially in topsoil with a higher carbon stock
than subsoils. In terms of aggregate fraction, the highest proportion
of fulvic acids (FAs) and humin was in the <0.05 mm size fraction
and microaggregates, respectively. In general, MAP and MAT are
critical to the variation of chemical and physical components of
SOC, respectively, and the stabilization of SOC stock at a regional
scale is determined by the integrated effects of environment and
pedogenic process.

Acknowledgments

This research was supported by the National Natural Science
Foundation of China (41807065; 41630858), China Postdoctoral
Science Foundation (2018M640714).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.iswcr.2021.04.004.

References

Adhikari, K., Owens, P. R., Libohova, Z., Miller, D. M., Wills, S. A., & Nemecek, J.
(2019). Assessing soil organic carbon stock of Wisconsin, USA and its fate under
future land use and climate change. The Science of the Total Environment, 667,
833e845. https://doi.org/10.1016/j.scitotenv.2019.02.420

�Alvaro-Fuentes, J., & Paustian, K. (2011). Potential soil carbon sequestration in a
semiarid mediterranean agroecosystem under climate change: Quantifying
management and climate effects. Plant and Soil, 338(1e2), 261e272. https://
doi.org/10.1016/j.ecolind.2014.12.028

Angers, D., Recous, S., & Aita, C. (1997). Fate of carbon and nitrogen in water-stable
aggregates during decomposition of (CN)-C-13-N-15-labelled wheat straw in
situ. European Journal of Soil Science, 48(2), 295e300. https://doi.org/10.1111/
j.1365-2389.1997.tb00549.x

Arrouays, D., Saby, N., Walter, C., Lemercier, B., & Schvartz, C. (2006). Relationships
between particle-size distribution and organic carbon in French arable topsoils.
Soil Use & Management, 22(1), 48e51. https://doi.org/10.1111/j.1475-
2743.2006.00020.x

Assunç~ao, S. A., Pereira, M. G., Rosset, J. S., Berbara, R. L. L., & García, A. C. (2019).
Carbon input and the structural quality of soil organic matter as a function of
agricultural management in a tropical climate region of Brazil. The Science of the
Total Environment, 658, 901e911. https://doi.org/10.1016/j.scitotenv.2018.12.271

Baldock, J. A., & Skjemstad, J. O. (2000). Role of the soil matrix and minerals in
protecting natural organic materials against biological attack. Organic
Geochemistry, 31(7e8), 697e710. https://doi.org/10.1016/S0146-6380(00)
00049-8

Bao, S. D. (2010). Soil and agricultural chemistry analysis (3rd ed.). Beijing: China
Agriculture Press.

Berhe, A. A., Harte, J., Harden, J. W., & Torn, M. S. (2007). The significance of the
erosion-induced terrestrial carbon sink. BioScience, 57(4), 337e346. https://
doi.org/10.1641/B570408

Bond-Lamberty, B., & Thomson, A. (2010). A global database of soil respiration data.
Biogeosciences, 7(6), 1915e1926. https://doi.org/10.5194/bg-7-1915-2010

Boudot, J. P., Brahim, A. B. H., Steiman, R., & Seiglemurandi, F. (1989). Biodegradation
of synthetic organo-mineral complexes of iron and aluminum with selected
metal to carbon ratios. Soil Biology and Biochemistry, 21(7), 961e966. https://
doi.org/10.1016/0038-0717(89)90088-6

Breulmann, M., Boettger, T., Buscot, F., Gruendling, R., & Schulz, E. (2016). Carbon
storage potential in size-density fractions from semi-natural grassland eco-
systems with different productivities over varying soil depths. The Science of the
Total Environment, 545e546, 30e39. https://doi.org/10.1016/
j.scitotenv.2015.12.050

Burke, I. C., Yonker, C. M., Parton, W. J., Cole, C. V., Flach, K., & Schimel, D. S. (1989).
Texture, climate, and cultivation effects on soil organic matter content in U.S.
grassland soils. Soil Science Society of America Journal, 53, 800e805. https://
doi.org/10.2136/sssaj1989.03615995005300030029x

Cambardella, C. A., & Elliott, E. T. (1994). Carbon and nitrogen dynamics of soil
organic matter fractions from cultivated grassland soils. Soil Science Society of
America Journal, 58(1), 123e130. https://doi.org/10.2136/
sssaj1994.03615995005800010017x

Carvalhais, N., Forkel, M., Khomik, M., Bellarby, J., Jung, M., Migliavacca, M., …
Reichstein, M. (2014). Global covariation of carbon turnover times with climate
in terrestrial ecosystems. Nature, 514(7521), 213. https://doi.org/10.1038/
nature13731

Davidson, E. A., & Janssens, I. A. (2006). Temperature sensitivity of soil carbon
decomposition and feedbacks to climate change. Nature, 440, 65e173. https://
doi.org/10.1038/nature04514

Doetterl, S., Stevens, A., Six, J., Merckx, R., Oost, K. V., Pinto, M. C., … Boeckx, P.
(2015). Soil carbon storage controlled by interactions between geochemistry
and climate. Nature Geoscience, 8(10), 780e783. https://doi.org/10.1038/
ngeo2516

Elliott, E. T. (1986). Aggregate structure and carbon, nitrogen, and phosphorus in
native and cultivated soil. Soil Science Society of America Journal, 50(3), 627e633.
https://doi.org/10.2136/sssaj1986.03615995005000030017x

Feller, C., & Beare, M. (1997). Physical control of soil organic matter dynamics in the
tropics. Geoderma, 79(1e4), 69e116. https://doi.org/10.1016/S0016-7061(97)
00039-6

Gentile, R. M., Vanlauwe, B., & Six, J. (2013). Integrated Soil Fertility Management:
Aggregate carbon and nitrogen stabilization in differently textured tropical
soils. Soil Biology and Biochemistry, 67, 124e132. https://doi.org/10.1016/
j.soilbio.2013.08.016

Gislason, S. R., Oelkers, E. H., Eiriksdottir, E. S., Kardjilov, M. I., Gisladottir, G.,
Sigfusson, B., & Oskarsson, N. (2009). Direct evidence of the feedback between
climate and weathering. Earth and Planetary Science Letters, 277, 213e222.
https://doi.org/10.1016/j.epsl.2008.10.018

Gleixner, G. (2013). Soil organic matter dynamics: A biological perspective derived
from the use of compound-specific isotopes studies. Ecological Research, 28(5),
683e695. https://doi.org/10.1007/s11284-012-1022-9

Hassink, J. (1997). The capacity of soils to preserve organic C and N by their asso-
ciation with clay and silt particles. Plant and Soil, 191(1), 77e87. https://doi.org/
10.1023/A:1004213929699

Hobley, E. U., Baldock, J., & Wilson, B. (2016). Environmental and human influences
on organic carbon fractions down the soil profile. Agriculture, Ecosystems &
Environment, 223, 152e166. https://doi.org/10.1016/j.agee.2016.03.004

Horn, R., Taubner, H., Wuttke, M., & Baumgartl, T. (1994). Soil physical properties
related to soil structure. Soil Research, 30(2e4), 187e216. https://doi.org/
10.1016/0167-1987(94)90005-1

IUSS Working Group WRB. (2014). World Reference Base for soil Resources 2014.
International soil classification system for naming soils and creating legends for soil
maps. World soil Resources Reports No. 106. Rome: FAO.

Jenny, H. (1930). A study on the influence of climate upon the nitrogen an organic
matter content of the soil. Montana Agricultural Experiment Station Bulletin, 152.

Jobb�agy, E. G., & Jackson, R. B. (2000). The vertical distribution of soil organic carbon
and its relation to climate and vegetation. Ecological Applications, 10(2),
423e436. https://doi.org/10.1890/1051-0761. https://doi.org/10.1890/1051-
0761(2000)010[0423:TVDOSO]2.0.CO;2

Johnson, K. D., Harden, J., McGuire, A. D., Bliss, N. B., Bockheim, J. G., Clark, M.,
Nettleton-Hollingsworth, T., Jorgenson, M. T., Kane, E. S., Mack, M., O’Donnell, J.,
Ping, C. L., Schuur, E. A. G., Turetsky, M. R., & Valentine, D. W. (2011). Soil carbon
distribution in Alaska in relation to soil-forming factors. Geoderma, 167e168,
71e84. https://doi.org/10.1016/j.geoderma.2011.10.006

Jones, D. L., & Edwards, A. C. (1998). Influence of sorption on the biological utili-
zation of two simple carbon substrates. Soil Biology and Biochemistry, 30(14),
1895e1902. https://doi.org/10.1016/S0038-0717(98)00060-1

Kahle, M., Kleber, M., Torn, M., & Jahn, R. (2003). Carbon storage in coarse and fine
clay fractions of illitic soils. Soil Science Society of America Journal, 67(6),
1732e1739. https://doi.org/10.2136/sssaj2003.1732

Kemper, W. D., & Rosenau, R. (1986). Aggregate stability and size distribution. In
A. Klute (Ed.), Methods of soil analysis: Part 1. Agron. Monogr. 9 (pp. 425e442).
Madison, WI: ASA and SSA.

Lal, R. (2004). Soil carbon sequestration impacts on global climate change and food

R. Zeng, Y. Wei, J. Huang et al. International Soil and Water Conservation Research 9 (2021) 620e630

629



security. Science, 304(5677), 1623e1627. https://doi.org/10.1126/
science.1097396

Li, J., Ziegler, S., Lane, C. S., & Billings, S. A. (2012). Warming-enhanced preferential
microbial mineralization of humified boreal forest soil organic matter: Inter-
pretation of soil profiles along a climate transect using laboratory incubations.
J. Geophys. Res.-Biogeosci., 117(G2). https://doi.org/10.1029/2011JG001769

Loveland, P., & Webb, J. (2003). Is there a critical level of organic matter in the
agricultural soils of temperate regions: A review. Soil Research, 70, 1e18. https://
doi.org/10.1016/S0167-1987(02)00139-3

von Lützow, M., & K€ogel-Knabner, I. (2009). Temperature sensitivity of soil organic
matter decompositiondwhat do we know? Biology and Fertility of Soils, 46(1),
1e15. https://doi.org/10.1007/s00374-009-0413-8

von Lützow, M., K€ogel-Knabner, I., Ekschmitt, K., Flessa, H., Guggenberger, G.,
Matzner, E., & Marschner, B. (2007). SOM fractionation methods: Relevance to
functional pools and to stabilization mechanisms. Soil Biology and Biochemistry,
39(9), 2183e2207. https://doi.org/10.1016/j.soilbio.2007.03.007

Malik, A. A., Jeremy, P., Buckeridge, K. M., Tim, G., Nico, J., Somak, C., … Griffiths, R. I.
(2018). Land use driven change in soil ph affects microbial carbon cycling
processes. Nature Communications, 9(1), 3591. https://doi.org/10.1038/s41467-
018-05980-1

McDaniel, P. A., & Munn, L. C. (1985). Effect of temperature on organic carbon-
texture relationships in Mollisols and Aridisols. Soil Science Society of America
Journal, 49, 1486e1489. https://doi.org/10.2136/
sssaj1985.03615995004900060031x

Mikutta, R., Mikutta, C., Kalbitz, K., Scheel, T., Kaiser, K., & Jahn, R. (2007). Biodeg-
radation of forest floor organic matter bound to minerals via different binding
mechanisms. Geochimica et Cosmochimica Acta, 71(10), 2569e2590. https://
doi.org/10.1016/j.gca.2007.03.002

O’Rourke, S. M., Angers, D. A., Holden, N. M., & McBratney, A. B. (2015). Soil organic
carbon across scales. Global Change Biology, 21(10), 3561e3574. https://doi.org/
10.1111/gcb.12959

Oades, J. M., & Waters, A. G. (1991). Aggregate hierarchy in soils. Australian Journal of
Soil Research, 26(6), 815e828. https://doi.org/10.1071/SR9910815

Qiu, L., Wei, X., Gao, J., & Zhang, X. (2015). Dynamics of soil aggregate-associated
organic carbon along an afforestation chronosequence. Plant and Soil,
391(1e2), 237e251. https://doi.org/10.1007/s11104-015-2415-7

Qiu, L., Wei, X., Zhang, X., Cheng, J., Gale, W., Guo, C., & Long, T. (2012). Soil organic
carbon losses due to land use change in a semiarid grassland. Plant and Soil, 355,
299e309. https://doi.org/10.1007/s11104-011-1099-x

Razafimbelo, T. M., Albrecht, A., Oliver, R., Chevallier, T., Chapuis-Lardy, L., & Feller, C.
(2008). Aggregate associated-C and physical protection in a tropical clayey soil
under Malagasy conventional and no-tillage systems. Soil Research, 98(2),
140e149. https://doi.org/10.1016/j.still.2007.10.012

Regelink, I. C., Stoof, C. R., Rousseva, S., Weng, L., Lair, G. J., Kram, P., … Comans, R. N.
(2015). Linkages between aggregate formation, porosity and soil chemical
properties. Geoderma, 247, 24e37. https://doi.org/10.1016/
j.geoderma.2015.01.022

Saha, S. K., Ramachandran, Nair, P. K., Nair, V. D., & Mohan Kumar, B. (2010). Carbon
storage in relation to soil size-fractions under tropical tree-based land-use
systems. Plant and Soil, 328(1e2), 433e446. https://doi.org/10.1007/s11104-
009-0123-x

Saiz, G., Bird, M. I., Domingues, T., Schrodt, F., Schwarz, M., Feldpausch, T. E. D. R.,
Veenendaal, E., & Lloyd, J. O. N. (2012). Variation in soil carbon stocks and their
determinants across a precipitation gradient in west africa (pp. 1670e1683).

Schimel, J. P., & Schaeffer, S. M. (2012). Microbial control over carbon cycling in soil.
Frontiers in Microbiology, 3. https://doi.org/10.3389/fmicb.2012.0034, 348-348.

Schmidt, M. W., Torn, M. S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, I. A.,
… Trumbore, S. E. (2011). Persistence of soil organic matter as an ecosystem
property. Nature, 478(7367), 49e56. https://doi.org/10.1038/nature10386

Schneider, M. P. W., Scheel, T., Mikutta, R., van Hees, P., Kaiser, K., & Kalbitz, K.
(2010). Sorptive stabilization of organic matter by amorphous Al hydroxide.
Geochimica et Cosmochimica Acta, 74(5), 1606e1619. https://doi.org/10.1016/
j.gca.2009.12.017

Shen, J., Gagliardi, S., McCoustra, M. R., & Arrighi, V. (2016). Effect of humic sub-
stances aggregation on the determination of fluoride in water using an ion
selective electrode. Chemosphere, 159, 61e77. https://doi.org/10.1016/
j.chemosphere.2016.05.069

Six, J., Conant, R. T., Paul, E. A., & Paustian, K. (2002). Stabilization mechanisms of
soil organic matter: Implications for Csaturation of soils. Plant and Soil, 241(2),
155e176. https://doi.org/10.1023/A:1016125726789

Six, J., Elliott, E. T., & Paustian, K. (2000b). Soil macroaggregate turnover and
microaggregate formation a mechanism for C sequestration under no-tillage
agriculture. Soil Biology and Biochemistry, 32(14), 2099e2103. https://doi.org/
10.1016/S0038-0717(00)00179-6

Six, J., Paustian, K., Elliott, E., & Combrink, C. (2000). Soil structure and organic
matter I. Distribution of aggregate-size classes and aggregate-associated car-
bon. Soil Science Society of America Journal, 6(2), 681e689. https://doi.org/
10.2136/sssaj2000.642681x

Smith, A. P., Marin-Spiottn, E., De Graaff, M. A., & Balser, T. C. (2014). Microbial
community structure varies across soil organic matter aggregate pools during
tropical land cover change. Soil Biology and Biochemistry, 77, 292e303. https://
doi.org/10.1016/j.soilbio.2014.05.030

Sollins, P., Homann, P., & Caldwell, B. A. (1996). Stabilization and destabilization of
soil organic matter mechanisms and controls. Geoderma, 74(1e2), 65e105.
https://doi.org/10.1016/S0016-7061(96)00036-5

Sollins, P., Swanston, C., & Kramer, M. (2007). Stabilization and destabilization of
soil organic matterda new focus. Biogeochemistry, 85, 1e7. https://doi.org/
10.1007/s10533-007-9099-x

Tisdall, J. M., & Oades, J. M. (1982). Organic matter and water-stable aggregates in
soils. Journal of Soil Science, 33, 141e146. https://doi.org/10.1111/j.1365-
2389.1982.tb01755.x

Totsche, K. U., Amelung, W., Gerzabek, M. H., Guggenberger, G., Klumpp, E., Knief, C.,
… K€ogel-Knabner, I. (2017). Microaggregates in soils. Journal of Plant Nutrition
and Soil Science, 181(1), 104e136. https://doi.org/10.1002/jpln.201600451

Wagai, R., & Mayer, L. M. (2007). Sorptive stabilization of organic matter in soils by
hydrous iron oxides. Geochimica et Cosmochimica Acta, 71(1), 25e35. https://
doi.org/10.1016/j.gca.2006.08.047

Wang, X., Li, Y., Gong, X., Niu, Y., Chen, Y., Shi, X., & Li, W. (2019). Storage, pattern
and driving factors of soil organic carbon in an ecologically fragile zone of
northern China. Geoderma, 343, 155e165. https://doi.org/10.1016/
j.geoderma.2019.02.030

Wang, Y., Li, Y., Ye, X., Chu, Y., & Wang, X. (2010). Profile storage of organic/inorganic
carbon in soil: From forest to desert. The Science of the Total Environment, 408(8),
1925e1931.

Wei, X., Li, X., Jia, X., & Shao, M. (2013a). Accumulation of soil organic carbon in
aggregates after afforestation on abandoned farmland. Biology and Fertility of
Soils, 49(6), 637e646. https://doi.org/10.1007/s00374-012-0754-6

Wei, X., Shao, M., Gale, W., Zhang, X., & Li, L. (2013b). Dynamics of aggregate-
associated organic carbon following conversion of forest to cropland. Soil
Biology and Biochemistry, 57, 876e883. https://doi.org/10.1016/
j.soilbio.2012.10.020

Wei, Y., Wu, X., Zeng, R., Cai, C., & Guo, Z. (2020). Spatial variations of aggregate-
associated humic substance in heavy-textured soils along a climatic gradient.
Soil Research, 197, 104497.

Wiesmeier, M., Sp€orlein, P., Geuß, U., Hangen, E., Haug, S., Reischl, A., … K€ogel-
Knabner, I. (2012). Soil organic carbon stocks in southeast Germany (Bavaria) as
affected by land use, soil type and sampling depth. Global Change Biology, 18(7),
2233e2245. https://doi.org/10.1111/j.1365-2486.2012.02699.x

Xu, X., Shi, Z., Li, D., Rey, A., Ruan, H., Craine, J. M., … Luo, Y. (2016). Soil properties
control decomposition of soil organic carbon: Results from data-assimilation
analysis. Geoderma, 262, 235e242. https://doi.org/10.1016/
j.geoderma.2015.08.038

Yu, H., Zha, T., Zhang, X., & Ma, l. (2019). Vertical distribution and influencing factors
of soil organic carbon in the Loess Plateau, China. The Science of the Total
Environment, 693, 133632.

R. Zeng, Y. Wei, J. Huang et al. International Soil and Water Conservation Research 9 (2021) 620e630

630



Orginal Research Article

Invasion of Prosopis juliflora and its effects on soil physicochemical
properties in Afar region, Northeast Ethiopia

Wakshum Shiferaw a, *, Sebsebe Demissew b, Tamrat Bekele b, Ermias Aynekulu c,
Wolfgang Pitroff d

a Arba Minch University, College of Agricultural Sciences, Natural Resources Management, P. O. Box 21, Arba Minch, Ethiopia
b Addis Ababa University, College of Natural Sciences, Plant Biology and Biodiversity Management, P. O. Box 3434, Addis Ababa, Ethiopia
c The World Agroforestry Centre (ICRAF), UN Avenue, P. O. Box 30677, Nairobi, Kenya
d College of Agriculture, Food and Natural Resources, University of Missouri, Columbia, USA

a r t i c l e i n f o

Article history:
Received 30 December 2019
Received in revised form
11 March 2021
Accepted 9 April 2021
Available online 20 April 2021

Keywords:
Phrase (s): invasion
Open grazing lands
Prosopis
Rangelands reclamation
Soil properties

a b s t r a c t

Woody species within pastures and savannas are often associated with ‘resource islands’ characterized
by higher fertility under canopies trees. The aims of this study were to evaluate (1) the effects of Prosopis
juliflora on some soil physicochemical properties and (2) the impacts of Prosopis invasion on soil salinity.
For soil physicochemical analysis, a total of 104 soil samples from Teru and Yalo Districts were collected.
The soil samples were collected from soil depths of 0e15 cm and 15e30 cm in Prosopis invaded and non-
invaded open grazing lands. Invasion of Prosopis had significantly affected soil pH, exchangeable Naþ,
water soluble Ca2þ þ Mg2þ, water soluble Naþ, and exchangeable sodium percentage in Teru and Yalo
Districts (p < 0.05). The invasion of Prosopis significantly increased soil pH (1.5%), but decreased
exchangeable Naþ (24.2%), exchangeable sodium percentage (21.6%), and water soluble Ca2þ þ Mg2þ

(39.9%) than non-invaded lands. Clay content of Prosopis invaded lands was higher by 19% than non-
invaded lands. However, sand content of soil was higher under non-invaded lands by 5.6% than Proso-
pis invaded lands. Most results indicated that invasion of Prosopis had positive effects on physicochemical
properties and thus conducive for cereal crops and forages.
© 2021 International Research and Training Center on Erosion and Sedimentation, China Water & Power

Press. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Recently, global levels of biological invasionsare increasing (Thapa
et al., 2018). Invasive species are either indigenous or exotic plants,
animals, andmicroorganismswhich can heavily colonize a particular
habitat (Ng’weno et al., 2009). Invasive alien plants are of great
concern in Ethiopia, posing particular problems on biodiversity with
great economic and ecological consequences (Shiferaw et al., 2018).
Among invasive alien plants in Ethiopia, Parthenium weed (Parthe-
nium hysterophorus), Prosopis juliflora, water hyacinth (Eichhornia
crassipes), and lantana weed (Lantana camara) are the three severe
invasive alien plants threatening different ecosystems (EBI, 2014).

Prosopis juliflora belongs to the family Fabaceae (Leguminosae),
subfamily Mimosoideae. Prosopis is a shrub/tree native to Mexico,
Central and Northern America. Prosopis spread to Africa, Asia and

Australia from its native ranges (Pasiecznik et al., 2001). In Africa,
Prosopis was first introduced to Senegal in 1822 and continued to
establish in other countries in different times (Jama & Zeila, 2005).

In Ethiopia, Prosopis was said to have been introduced in the
1970s for reclamation of degraded areas in low lands (Abebe, 2012).
Prosopis covered about 5 million hectares forming dense thicket in
Africa. It was reported that 1.2 million hectares of Prosopis invaded
lands constituted 12.3% of the land surface in Afar region (Shiferaw
et al., 2019).

Woody species within pastures and savannas are often associ-
ated with ‘resource islands’ characterized by higher fertility and
organic matter levels under the tree canopies. In silvopastoral
systems, trees are included in cultivated fields or pastures in order
to maintain soil fertility, cycle nutrients, improve microclimate,
manage water table and improve overall system productivity
(Tiessen et al., 2003). Improved fertility under tree canopies can
result from litter fall or dung inputs from sheltering animals
(Tiedemann & Klemmedson, 1973).* Corresponding author.
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Prosopis invaded habitats in the Afar region are river banks,
irrigated croplands, wildlife conservation areas, roadsides, and
around settlements (Shiferaw et al., 2018). In addition, the
ameliorating effects of Prosopis also involve in reducing soil salinity,
neutralizing alkaline soils, sodic and improving soil nutritional
status and physical properties. These are primarily due to complex
interactions between the effects of floral and soil microbial pop-
ulations (Pasiecznik et al., 2001; Ahirwal et al., 2017). However, so
far no researches were reported from Teru and Yalo plains of Afar
region about the effects of Prosopis on soil physicochemical prop-
erties and soil salinity.

Therefore, this study aimed to analyze (1) the effects of Prosopis
on some soil physicochemical properties and (2) the impacts of
Prosopis invasion on soil salinity. In addition, the study attempted to
answer the following questions: (1) what are the status of some soil
physicochemical properties under the invaded and non-invaded
lands by Prosopis? and (2) do Prosopis invasion alter soil salinity
under the invaded and non-invaded lands in Teru and Yalo Dis-
tricts? Thus, the hypotheses of the study were (1) Invasion by
Prosopis did not alter soil physicochemical properties and (2) In-
vasion by Prosopis did not alter soil salinity in the study areas.

2. Materials and methods

2.1. Description of the study area

Teru District is located 12�38003.9500N to 13�0’.0000N and
39�55’.0000E to 40�18000.000E and at an altitude of 354 m.a.s.l.
Whereas Yalo District is located between 12� 400 000 N to12� 450

000 N, and 39�6500.0000 E to 40�25’.0000 and at altitude of 826 m.a.s.l.

(Fig. 1). Climate data were taken from the nearest Chifira Meteo-
rology Station in Afar region (EMA, 2018). The mean annual tem-
perature of the study site was 27.5 �C. The mean annual
temperature ranged from 16.8 �C to 39.9 �C. The annual precipita-
tion in the study site was 173 mm (Fig. 2).

The dominating feature of geology is intense slicing of the Afar
Neogene volcanic by early Pleistocene fault-belts ((Mohr, 1972).
According to FAO soil classification and ISRIC-world soil informa-
tion, the soil of the Afar Floristic region was Lithic, Eutric leptosols,
and Eutricfluvisols (Friis et al., 2010). Acacia-Commiphorawoodland
and bushland are among vegetation types in Ethiopia which is
characterizing the floristic region (Friis et al., 2010). Ninety percent
of Afar people were pastoralists, while another ten percent were
considered agro-pastoralist (Wakie et al., 2014).

2.2. Sampling design

Prosopis invasions sites were categorized during preliminary
reconnaissance survey. The study sites were stratified into
approximately homogeneous units based on the following pa-
rameters such as invasion levels of Prosopis, the age of the species,
land use and land cover, and physiography of the area. Soil samples
were collected in August 2018 after rainy season.

A total of 104 soil samples were collected i.e., 52 samples each in
Teru and Yalo Districts in the 0e15 and 15e30 cm soil depths under
Prosopis invaded and non-invaded areas adjacent each other (10 m
apart) were collected. The water scheme of test plots for Prosopis
invaded areas in Teru District were near Teru River. But, the test
plots for open grazing lands in Teru District were adjacent to Pro-
sopis invaded lands. On the other hand, the water schemes for both

Fig. 1. Map the study areas.
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test plots of Prosopis invaded and adjacent non-invaded lands in
Yalo District were distant from rivers but near villages. Then,
composite soil samples were made for each soil depths. Finally,
from the composite soil samples for each depth, 500g of the
representative samples were labeled and sealed with a plastic bag
and taken to a soil laboratory for physiochemical analysis. Near the
center of all plots, representative soil bulk density was also being
taken only for upper soil layer (0e15 cm) using core sampler.

Soil moisture content (SMC %) on a dry mass basis expressed as
percentages by mass to an accuracy of 0.1% (m/m) was calculated
using equation (1) which was analyzed from a soil sample taken for
bulk density.

SMC%¼M1�M2
M2�M0

� 100 (1)

Where M0 mass of the empty container with a lid (g), M1 mass of
the container with air-dried soil or field-moist soil (g), M2 mass of
the container plus oven-dried soil (g) at 105 �C for 24hrs (Wilke,
2005).

Typical particle densities for soils range from 2.60 to 2.75 g/cm3

for mineral particles (Globe, 2005). The amount of pore space or
porosity of the soil was calculated according to the following
equation (2):

Bulk Density ¼ mass of dry soil/total volume of soil and air (g/
cm3).

Particle Density ¼ mass of dry soil/volume of soil particles only
(air removed) (g/cm3)

porosty¼
�

1�Db
Pd

�100
�

(2)

Then,

%pore space¼100�
��

Db
Dp

�

�100
�

(3)

Where Db ¼ bulk density and Dp ¼ particle density.
The exchangeable sodium percentage is the equivalent fraction

of exchangeable Na þ to cation exchangeable capacity multiplied
by 100. It was computed using Cannon et al. (2007, p. 45).

ESP¼
�

Exchangeable Na
Cation excheange capacity

�

� 100 (4)

Sodium absorption ratio (SAR) was also computed using Cannon
et al. (2007, p. 45).

SAR¼ Naþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ca2þþMg2þ

2

q (5)

Cation Exchangeable Capacity (CEC) was also be analyzed in the
laboratory by adding basic cations. After Ca, Mg and K will be
analyzed in the laboratory, CEC could be computed following (Ross
& Ketterings, 2011):

CEC
�
meq
100

g or
cmol
kg

�

¼ðppmCaÞ
200

þðppmMgÞ
120

þ ðppmKÞ
390

(6)

2.3. Laboratory analysis

The sieved and stored samples were analyzed for soil pH using
saturated paste extract of 1:1 soil to water. Organic carbon was
determined by wet oxidation method (Wakley & Black, 1934).
Organic matter was estimated as organic carbon multiplied by
1.724. Soil organic carbon was calculated using Eq. (7):

SOC ¼ BD � d � % C (7)

Soil electrical conductivity (ECe) was analyzed in the laboratory
using saturated paste extract (ICARDA, 2013). Amount of Ca andMg
in the leachate were analyzed by 1 N NH4Ac extraction method
(ICARDA, 2013). K and Na were analyzed by flame emission spec-
troscopy using flame photometer. The exchangeable Naþ shown
here was already after the subtraction of the soluble fraction. The
textural analyses were analyzed using hydrometer method (g/cm)
using USDA textural triangle (Bouyoucos, 1962). Soil sample pa-
rameters were analyzed at Melka Werer Research Center Soil and
Plant Analysis Laboratory, Ethiopia Agricultural Research Institute.

2.4. Data analysis

All soil related data were statistically analyzed using the Anal-
ysis of Variance (ANOVA) procedures of the general linear model
(GLM) procedures of SAS 9.0. Means separations were carried out
using the Dennett’s t-tests at P < 0.05 significant level between sites
and different invasion levels.

Fig. 2. Climate diagram for the study sites (Red dots indicate deficit in rainfall, blue solid line excess rainfall, C ¼ degree Celsius, vertical left is rainfall (mm), vertical right is
temperature (0C)).
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3. Results

3.1. Prosopis and soil chemical properties

Invasion of Prosopis was significantly affected soil pH,
exchangeable Naþ, water soluble Ca2þ þ Mg2þ, water soluble Naþ,
and ESP in Teru and Yalo Districts. On the other hand, the effects of
Prosopis invasion on ECe, exchangeable Ca2þ þ Mg2þ, Ex Kþ, water
soluble Kþ, sodium absorption ratio, organic carbon, and total
organic carbon were not statistically significant in Teru and Yalo
Districts (P < 0.05). The mean values of pH under Prosopis invaded
areas were increased by 1.5% than in non-invaded open grazing
lands. But, the mean values of exchangeable Naþ were decreased
under Prosopis invaded lands by 24.2% than in non-invaded open
grazing lands (Table 1).

In addition, results showed that under Prosopis invaded sites,
the mean values of exchangeable Ca2þ þ Mg2þ decreased by 2.2%
than under non-invaded open grazing lands. The mean values of
water soluble Ca2þ þ Mg2þ were decreased by 39.9% in Prosopis
invaded lands than in non-invaded grazing lands. Meanwhile, the
mean values of ESPwere decreased by 21.6% under Prosopis invaded
areas. Moreover, the mean values of water soluble Naþ was
decreased by 21% than lands in non-invaded areas of open grazing
(Table 1).

3.2. Effects of Prosopis on soil physical properties

It was found that clay and sand showed significant variations in
the study areas. But, the silt content of the soils was not statistically
significant with land use systems (P < 0.05). The mean value of clay
content for Prosopis invaded lands was increased by 23.5% than in
non-invaded open grazing lands. But, the mean value of sand
content for Prosopis invaded areas was decreased by 16.3% than
lands in non-invaded adjacent lands (Table 1).

In Teru District, bulk density and moisture content for Prosopis
invaded lands were 1.1 g/cm3 and 81% respectively. But, the mean
values of bulk density and moisture content for non-invaded open
grazing lands were 1.2 g/cm3 and 97.7%. In Yalo District, bulk den-
sity andmoisture content for Prosopis invaded areas were 1.2 g/cm3

and 147.9% respectively. But, the mean values of bulk density and
soil moisture content for non-invaded open grazing lands were
1.5 g/cm3 and SMC of 87.5% (Table 2).

3.3. Spatial variations of soil chemical properties in Teru and Yalo
Districts

It was found that ECe, exchangeable Ca2þ þMg2þ, exchangeable
Naþ exchangeable Kþ, water soluble Ca2þ þMg2þ, water soluble Kþ,
SAR, OC, TOC, and ESP were significant variations between study
districts (P< 0.05). But, spatially pH and textural class did not reveal
significant variations between the study districts. In Teru District,
the mean value of ECe was increased by 54.6% than in Yalo District.
In addition, the mean values of exchangeable Ca2þ þ Mg2þ was
increased by 17.8% than in Yalo District (Table 3).

Furthermore, the mean values of exchangeable Naþ in Teru
district was increased by 34% than in Yalo District. But, the mean
values of exchangeable Kþ in Teru district was decreased by 20.8%
than in Yalo District. In addition, the mean value of water soluble
Ca2þ þMg2þ in Teru District was decreased by 36.2% than in soil of
Yalo District. Moreover, the mean values of water soluble Kþ in Teru
soil was decreased by 48.9% than in soil of Yalo District. In addition,
the mean value of total organic carbon for Teru District was
decreased by 20% than in Yalo District. The mean value of organic
carbon in Teru District was decreased by 19.8% than in Yalo soils.
But, the mean value of ESP in Teru District was increased by 11.4%
than in Yalo District (Table 3).

3.4. Spatial variations of physical properties in Teru and Yalo
Districts

In this study, sand and silt showed significant variations be-
tween districts. But, clay content of the soils was not statistically
significant between the study sites (P < 0.05). In Teru District, the
mean value of sand content was decreased by 29.3% than in the soil
of Yalo District. But, the mean value of silt content in Teru District
was increased by 20% than Yalo District (Table 3).

3.5. Vertical variations of soil physicochemical properties in Teru
and Yalo districts

In both soil layers, 0e15 cm and 15e30 cm down the soil profile,
except exchangeable Kþ the rest of soil physicochemical properties
considered did not significantly vary across the soil depths. The
trends of ECe dS/m, exchangeable Ca2þ þ Mg2þ meq/L, and water
soluble Ca2þ þ Mg2þ meq/L decreased down the soil depth. On the
other hand, results depicted that soil pH, exchangeable Naþ cmol
kg�1, exchangeable Kþ cmol kg�1, water soluble Naþ meq L�1, water

Table 1
Effects of Prosopis on soil physicochemical properties in Teru and Yalo Districts.

0e30 cm % change (100%(A-B)/B)

Types and units Soil properties Prosopis invaded (A) Non-invaded grazing land (B) P value of t-test

e pH 8.15 8.03 0.0002 1.49

dS m�1 ECe 1.17 1.35 0.36 �13.33
Exchangeable cations (Cmol kg�1) Ca2þ þ Mg 2þ 47.17 48.25 0.45 �2.24

Naþ 0.5 0.66 <0.0001 �24.24
Kþ 1.44 1.24 0.08 16.13

% wt/wt Clay 21.44 17.36 0.003 23.50
Sand 28.5 34.05 0.04 �16.30
Silt 50.06 48.59 0.73 3.03
Textural class Loam Silt loam 0.25 Silt loam

Water soluble cations (meq L�1) Ca2þ þ Mg2þ 4.32 7.19 0.004 �39.92
Naþ 1.83 2.32 0.002 �21.12
Kþ 0.32 0.35 0.65 �8.57

e SAR 1.35 1.4 0.38 �3.57

% OC 0.76 0.78 0.10 �2.56
TOC 1.02 1.04 0.1 �1.92
ESP 1.05 1.34 0.48 �21.64
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soluble Kþ meq L�1, SAR, % organic carbon (OC), % total organic
carbon (TOC), and % ESP increased down the soil depths. Both % clay
and % silt increased down the soil profile, but contents of % sand
decreased. The textural classes across the soil depths showed that
varied from silt loam to loam in 0e15 cm to loam in the lower
15e30 cm (Table 4).

3.6. Correlation coefficients among soil physicochemical properties

It was fund that soil silt showed significant and strong negative
correlation (r ¼ �0.85) with sand (P < 0.01). On the other hand, the
correlation between textual class were not significant and very
week negative correlations with soil reaction (pH) and exchange-
able Mg2þ þ Ca2þ (r ¼ �0.03). Moreover content of % silt and ECe
dS/m; and % OC and clay showed insignificantly very week corre-
lations (r ¼ 0.02). Nevertheless, % ESP had shown strong significant
correlation (r ¼ 0.75) with exchangeable Naþ (P < 0.01) (Table 5).

4. Discussion

4.1. Effects of Prosopis on soil chemical properties

The invasion of Prosopis was changed the physicochemical
properties of Teru and Yalo districts. The overall soil pH in Prosopis
invaded was higher than non-invaded grazing lands. The increase
of pH in Prosopis invaded lands reason could be due to the prox-
imity of river particularly in Teru district that declined organic
carbon stock due to runoff (Morrissey et al., 2014). Soil pH of the soil
was thus rated as moderate salinity in both Prosopis invaded and
adjacent non-invaded open grazing lands (Beernaert and Bitondo
1992 cited in Asongwe et al., 2016). Similar results were indicated
by Edrisi et al. (2020) that pH under non-invaded lands is lower
than under Prosopis invaded lands in North India.

Though the soil pH critical level varies, the trend of soil pH
under Prosopis invaded and open grazing lands were similar to
findings by Menezes and Salcedo (1999) in the semi-arid of

Table 2
Some soil physical properties of Teru and Yalo Districts.

District Habitat Bulk density (g/cm3) Soil moisture content (SMC %)

Teru Prosopis invaded lands 1.1 81.0
Non-open gazing lands 1.2 97.7

Yalo Prosopis invaded lands 1.2 147.9
Non-open gazing lands 1.5 87.5

Table 3
Spatial variations of soil physicochemical properties in Teru and Yalo Districts.

Type and unit Soil properties Teru (A) Yalo (B) P value of t-test % change 100%(A-B)/B)

e pH 8.11 8.06 0.25 0.62

dS m�1 ECe 1.53 0.99 0.02 54.55
Exchangeable cations (cmol kg�1) Ca2þ þ Mg2þ 51.56 43.77 0.0002 17.80

Naþ 0.67 0.5 <0.0001 34.00
Kþ 1.18 1.49 0.01 �20.81

% wt/wt Clay 20.15 18.21 0.27 10.65
Sand 26.24 37.13 <0.0001 �29.33
Silt 53.61 44.67 <0.0001 20.01
Textural class Silt loam Silt loam 0.61 Silt loam

Water soluble cations (meq L�1) Ca2þ þ Mg2þ 4.62 7.24 0.03 �36.19
Naþ 2.25 1.94 0.03 15.98
Kþ 0.23 0.45 <0.0001 �48.89

e SAR 1.6 1.14 <0.0001 40.35

% OC 0.69 0.86 0.002 �19.77
TOC 0.92 1.15 0.002 �20.00
ESP 1.27 1.14 0.04 11.40

Table 4
Effects of soil depth on soil physicochemical properties in Teru and Yalo Districts.

Type and unit
Soil properties 0e15 cm (A) 15e30 cm (B) P value of t-test % change (100%(A-B)/B)

e pH 8.12 8.06 0.07 0.74

dS m�1 ECe 1.09 1.36 0.32 �19.85
Exchangeable cations (cmol kg�1) Ca2þ þ Mg2þ 47.1 48.16 0.62 �2.20

Naþ 0.59 0.57 0.61 3.51
Kþ 1.48 1.22 0.04 21.31

% wt/wt Clay 20.39 18.53 0.15 10.04
Sand 30.27 32.63 0.29 �7.23
Silt 49.34 48.84 0.81 1.02
Textural class Loam Silt loam 0.69 Silt loam

Water soluble cations (meq L�1) Ca2þ þ Mg2þ 4.8 6.21 0.07 �22.71
Naþ 2.07 2.06 0.95 0.49
Kþ 0.36 0.31 0.09 16.13

e SAR 1.44 1.31 0.16 9.92

% OC 0.82 0.73 0.1 12.33
TOC 1.09 0.97 0.09 12.37
ESP 91.29 76.66 0.22 19.08
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Northeastern Brazil. The pH of the soil under Prosopiswas similar to
research made by Cibichakravarthy et al. (2011) near the Wetland
Experimental Station of Tamil Nadu Agricultural University of India,
andMesene and Kabtamu (2017) for the case of Dupti in Afar region
of Ethiopia. However, the average value of soil pH under Prosopis
invaded lands in comparison to non-invaded grazing lands con-
tradicts findings of Kahi et al. (2009) in Njemps Flats at the Baringo
district of Kenya but similar to findings of Vallejo et al. (2012) in
intensive silvopastoral systems of Colombia. Exchangeable Naþ (Ex
Naþ) is the sodium content in the resulting solution and ready for
uptake by plant roots in the soil. Excess Ex Naþ destroys soil
structure by causing the individual soil particles to repel each other
(Harron et al., 1983). Moreover, Elbashier et al. (2016) pointed out
that soluble salts affect the productivity of soils in changing the
osmotic potential of soil solution and increasing the content of Ex
Naþ. Na improves the growth of Na-liking plants such as sugar
beets, spinach, cabbage and barley and the Ex Naþ concentrations
only in the leaves of such plants should be 0.01e0.03 cmolkg�1

(FAO, 2006) which is higher than total Naþ in the soil of study sites.
The higher Ex Naþ under Prosopis invaded lands in comparison

to non-invaded grazing lands might be due to the amelioration
effects of Prosopis that lessen Ex Naþ (Maghembe et al., 1983; Nisar
et al., 2013). In this study, the critical values of Ex Naþ in the soil for
both land use systems were rated as medium (Munjeb et al., 2018).
Ex Naþ under Prosopis juliflora invaded lands and non-invaded
lands were less than the same land uses in semiarid northeast of
Brazil (Menezes & Salcedo, 1999). On the other hand, it was found
that the mean value of Ex Naþ was similar to 7 years old of Prosopis
invaded lands of India, but less than 5 years age of Prosopis
(Bhojvaid, 1998).

The increase in the mean values of water soluble Ca2þ þ Mg2þ

under non-invaded open grazing lands in comparison to Prosopis
invaded lands might also be due to the reducing effects of Prosopis
(Basavaraja et al., 2007). According to Munjeb et al. (2018), the
critical value was rated as low for Ca2þ and medium for Mg2þ in
both the land uses. However, soluble Naþ was declined under
Prosopis invaded lands was possibly due to the uptake of water
soluble Naþ by Prosopis (Basavaraja et al., 2007). In addition, the
mean value of ESP under Prosopis was lower than the soils under
open grazing lands. The reason was due to the reclaiming capacity
of salt concentrations namely Naþ relative to Ca2þ and Mg2þ by
Prosopis (Maghembe et al., 1983; Nisar et al., 2013; Tiedemann &
Klemmedson, 1973). The soil of both Prosopis invaded and non-
invaded open grazing lands were non-saline (Qadir & Schubert,
2002; Gonzalez et al., 2004). It was found that salinity status of
the study areas was also varied from that of Mishra et al. (2003) at
Uttar Pradesh, in Dehra Dun of India. For both study sites, the trends

of SOC were increased under Prosopis invaded lands than non-
invaded lands though insignificantly varied. In soils of the current
study, although total nitrogenwas not analyzed, the increase of SOC
which directly correlated with total nitrogen and the species is the
Fabaceae family (nitrogen-fixer); total nitrogen could be predicted
and increase under Prosopis invaded lands (Ahirwal et al., 2017;
Edrisi et al., 2020).

4.2. Effects of Prosopis on soil physical properties

In the study landscapes, the clay content of Prosopis invaded
lands was higher by 19.03% than non-invaded open grazing lands.
But, sand content of soil was higher under non-invaded grazing
lands by 5.6% than Prosopis invaded lands. The reason might be due
to the invasion effects of Prosopis which in the long run modified
soil texture (Mesene & Kabtamu, 2017) and low Ex Naþ under
Prosopis invaded lands could also reduce the dispersion of clay
materials. However, it was found that a finding of the effects Pro-
sopis on clay content contradicts research report by Andersson
(2005) in the Lake Baringo area of Kenya. Moreover, due to the
invasion of Prosopis in the periphery of rivers and in the lower
slopes clay sized materials might be transported by soil erosion as
well as gravitational forces deposited in these areas (Fan & Wu,
2001; Lawal et al., 2014; Nguyen & Pham, 2018).

The mean value of clay content under Prosopis canopy was
higher by 20% than under non-invade open grazing lands. The
reason probably due to soil long run soil forming factors such as
increase in SOC due to soil biota (Ahirwal et al., 2017; Plante et al.,
2006), inherited parent materials (Anderson 1988), and soil erosion
which could cause for the raise of clay content (Lyles & Tatarko,
1986). Thus, the clay content of Prosopis invaded areas was
higher, but similar to non-invaded areas for 5 and 7 years old in-
vasion of Prosopis in sodic soils of Haryana of India (Bhojvaid, 1998).
Moreover, the mean value of clay content in the soil for both Pro-
sopis invaded and non-invaded lands were less than finding by
Vallejo et al. (2012) in all the chrono-sequences that were consid-
ered in Colombia.

In Yalo district, the mean values of soil moisture and soil
compactionwere declined, but soil water content was affinity to be
raised under open grazing lands than Prosopis invaded lands. These
could be due to inputs of animalmanures around homestead where
the soil samples were collected (Morrissey et al., 2014; Su et al.,
2016). This could probably the cause for the decline of soil bulk
density and soil moisture content in Yalo District. In the study sites,
the mechanisms behind the changes of soil properties under Pro-
sopis invaded lands than non-invaded areas could be due to the N-
fixation of the species and its litter biomass that increased SOC thus

Table 5
Pearson correlations among soil physicochemical properties in Teru and Yalo Districts.

Variables pH ECe Ca2þ þMg2þ Naþ Kþ Clay Sand Silt TC SAR SOC TOC ESP

ECe �0.3**
Ca2þ þMg2þ �0.10 0.04
Naþ �0.22* 0.20 0.36**
Kþ 0.32** �0.04 �0.26* �0.34**
Clay 0.20 0.14 0.10 �0.30** 0.35**
Sand �0.26* �0.10 �0.24* �0.11 �0.08 �0.49**
Silt 0.18 0.02 0.21 0.30** �0.12 �0.1 �0.85**
TC �0.03 0.25* �0.03 �0.08 0.05 0.33** 0.05 �0.26*
SAR 0.37** �0.16 0.17 0.31** �0.26* �0.1 �0.2* 0.35** �0.3**
SOC 0.31** �0.11 �0.11 �0.14 0.38** 0.02 0.18 �0.22* 0.03 �0.11
TOC 0.31** �0.11 �0.11 �0.14 0.38** 0.02 0.18 �0.22* 0.03 �0.11 1.0**
ESP �0.18 0.19 �0.31** 0.75** �0.25* �0.4** 0.1** 0.13 �0.07 �0.13 �0.13 �0.13

** Correlation is significant at the 0.01 level. TC is textural class.
* Correlation is significant at the 0.05 level.
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improve soil physicochemical and biological properties (Ahirwal
et al., 2017).

5. Conclusion

The overall pH statuses were moderate salinity ranges for
conducing agriculture practices. The decline in Exchangeable Naþ

under Prosopis invaded lands imply that invasion of lands by Pro-
sopis had contributed for reduction of salinity problems. In this
study, soils under invaded and non-invaded lands were rated as
non-saline for food, feed and fiber productions. The rise of ECe in
Teru District showed that high moisture content of the soil. This
had implications for better crop and forage productions. Higher
amounts of exchangeable Naþ in Yalo than Teru District revealed
symptoms for salinity problems. High Naþ concentration is thus the
cause for soil structure deteriorations. This will in turn hamper
plant growth problems for susceptible forage, cereal, and fiber crop
varieties. Higher soil organic carbon in Teru than Yalo District
implied that soil in the district was suitable for cereal and forage
establishment during rainy seasons or supplemental irrigation.

In Teru District, the overall salinity status under both Prosopis
and grazing lands were none of salinity for conducing agricultural
activities. In this particular study, soil of Teru District could be
better suited for agriculture than Yalo District. Clay contents under
Prosopis invaded sites were higher than non-invaded sites. But, the
bulk density of soils under Prosopis invaded lands was lower than
under non-invaded lands. Soils under Prosopis invaded lands were
thus conducive for crop and forage production if the lands will be
changed to crop lands. In most of our findings, the invasion of
Prosopis had positive effects on physicochemical properties. How-
ever, in the future, studies of soil qualities in relation to different
ages of Prosopis against native species are paramount importance
for study.
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a b s t r a c t

The fertile forages in the Tibetan Plateau provide natural conditions for animal husbandry, whereas it is
still unclear that whether animal excretion can result in the alteration of soil microbial community.
Therefore, this study was performed to investigate the impact of animal excretion contamination and
land altitude on the soil microbial community in different grazing areas of Tibetan Plateau. A total of
1160,190 high-quality valid sequences and 25,478 operational taxonomic units were achieved from 18
samples at three different altitude sites (Linzhi, Rikaze and Shannan). Here, we found excremental
contamination did not alter the richness and diversity of soil microbial community, but it resulted in a
significant alteration in the proportion of some bacteria. Specifically, the proportion of Proteobacteria in
the LZa was obviously increased, whereas Gemmatimonadeteswas significantly decreased as compared to
LZe. Moreover, significant difference can also be observed in Verrucomicrobia between RKZe and RKZa.
Remarkably, we also found that excremental contamination significantly decreased the abundance of
some bacterial genera, such as Sphingopyxis, Polycyclovorans, Singulisphaera Cohnella, Polycyclovorans,
Defluviicoccus, and Arthrobacter, which were closely related to soil health, pollutant degradation, and
nutrient metabolism. Importantly, excremental contamination increased the proportion of harmful and
beneficial bacteria in soil, such as the percentage of Acidibacter, Gemmatimonadaceae and Pajar-
oellobacter increased, while the ratio of Pontibacter, Flavisolibacter, Parasegetibacter, and Niastella
decreased. Remarkably, soil samples collected from different altitude sites also displayed different soil
microbial community structures. Our results demonstrated that excremental contamination could alter
the soil microbial community structure and affect the normal function of the soil by affecting the pro-
portion of harmful bacteria to beneficial bacteria. Moreover, this study can also provide a theoretical
basis for the establishment of a supervision system for soil quality in Tibet.
© 2021 International Research and Training Center on Erosion and Sedimentation, China Water & Power

Press. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 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 microbial community is a complex and dynamic ecosystem

that comprises of a variety of microorganisms including bacteria,
parasites, and fungi, which interact with each other for a number of
functions (Geisen et al., 2015; Xiong et al., 2018). These functions
may include organic-matter degradation, azotification, nitrifica-
tion, and ammoniation (Ruiz et al., 2020; Wu, Bai, et al., 2020).
Additionally, the catabolism of soil microbial community is
conducive to the flow of trace elements and energy among plants,
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soil and animals, which in turn enhances the interaction at various
levels thus maintaining the overall diversity and stability of the
ecosystem (Compant et al., 2005; Ranjard et al., 2000).

Recently, the effects of excremental contamination on soil have
been widely concerned. Generally, the excremental contamination
could lead to a decline in the microbial community diversity and
the accumulation of tolerant species, which may affect the function
of the entire ecosystem (Schutzius et al., 2019; Zhang, Ma, et al.,
2020). Previous research has revealed that animal excretion may
carry many intestinal pathogens and parasites (Harwood et al.,
2014). The livestock excretion on the grass could be introduced to
surface waters after storms and sewer exfiltration, resulting in a
great negative consequence on the water quality and human health
(Guo et al., 2019). Moreover, plants may act as the critical pollutant
carriers viamaterial exchangewith soil, which in turn affects public
health and food safety through the food chain (Guan et al., 2020;
Zhang, Pan, et al., 2020). Remarkably, the excremental contamina-
tion also caused a significant alteration in the soil microbial com-
munity (Lin et al., 2020; Stokdyk et al., 2020).

Tibetan Plateau located in the southwest of China is the highest
plateau in the world (Wang et al., 2018; Zhang et al., 2017a). The
average elevation of the Tibetan plateau is above 4000 m, and the
environment is characterized by hypoxia, cold, and strong ultravi-
olet rays (Li et al., 2019). Previous studies revealed that high alti-
tude and hypoxia could exert noteworthy pressure on the
evolutionary selection of microbial community, but effects of the
altitude on soil microbial community structure were unknown to
the area (Li & Zhao, 2015; Wu & Kayser, 2006). Natural vegetation
in Tibetan Plateau provides subsistence for animal raising, thus
attracting local nomadic pastors which alternatively leave animal
excreta behind. Although growing evidence suggested that the
untimely disposal of excretion may result in the soil contamination,
it has not attracted enough attention in the Tibetan herders (Jeon
et al., 2019; Unno et al., 2018). Therefore, the objective of this
study was to differentiate soil microbial community structure at
altered elevations and investigate the effects of animals’ excretion
on the soil microbial community.

2. Materials and methods

2.1. Study area and sample collection

The sample collection was performed at Linzhi (LZ, ca. 26�520-
30�400 N, 92�090-98�470 E, 3100 m), Rikaze (RKZ, ca. 27�130-31�490

N, 82�10-90�200 E, 4300 m) and Shannan (SN, ca. 27�080-29�470 N,
90�140-94�220 E, 3700m) at the Qinghai-Tibet Plateau duringMarch
2020. The LZe, RKZe, and SNe indicated soil samples collected from
grasslands of Linzhi, Rikaze, and Shannan, respectively and the LZa,
RKZa, and SNa represented soil samples collected from pastures of
Linzhi, Rikaze, and Shannan, respectively, which was inhabited by
animals. The sites selected for sample collectionwere characterized
by abundant grassland resources, which provided natural rearing
conditions for Tibetan livestock. The vegetation and livestock spe-
cies in these locations were the same. Additionally, livestock in
those areas were reared on free-range, and their excrements would
not undergo any treatment.

The litter in the study sites was scraped away with a hand spade
before the soil collection. These sampling sites were selected non-
randomly, primarily based on-site accessibility. All the sites were
isolated from each other. Sampling for sequencing analysis involved
collection of five separate soil cores (depth 0e10 cm and diameter
2.5 cm) at each site. After returning to the laboratory, these five soil
cores were mixed thoroughly into a single composite sample. The
visible impurities such as litter and roots were abandoned prior to
homogenizing the obtained soil samples. Afterward, the collected

soil samples were stored in sterilized tubes and stored at �80 �C
until further study.

2.2. DNA extraction

The genomic DNA (gDNA) from each soil sample was extracted
using FastDNA Spin Kit for Soil (Oiagen, USA) following the in-
struction procedure. For simplicity, the soil samples (approximately
0.2 g) were transferred to the bead tubes with a lysis buffer. Af-
terward, the PCR inhibitors were removed by Universal DNA Puri-
fication Kit (Beijing Zoman Biotechnology Co., Ltd, China) to ensure
the purity of DNA. Moreover, 1.0% (w/v) agarose gel electrophoresis
and Nanodrop™ Spectrophotometer (Thermo Fisher Scientific,
Massachusetts, USA) were used to evaluate the quality and quantity
of gDNA, respectively.

2.3. 16S rRNA gene amplification and sequencing

Specific primers based on conserved regions (V3eV4) were
synthezised for amplification (338F: ACTCCTACGGGAGGCAGCA
and 806R: GGACTACHVGGGTWTCTAAT) Zhang, Riaz, et al., 2020.
The 2% agarose gel electrophoresis was used to assess the PCR
amplification product. Additionally, the targeted fragments were
recovered using the gel recovery kit (Axygen, CA, USA). The PCR-
recycled products were quantified, and the sequencing library
was prepared. The End Repair Mix2 (Illumina, Inc., San Diego,
California, USA) was used for repairing the sequence ends of the
amplified products. In addition, the magnetic bead screening was
used to remove the self-connecting fragments of the linker fol-
lowed by sequencing library-linker purification. The library was
enriched by PCR amplification of the DNA fragments, followed by
repurification of the PCR product by the AMPure XP Beads (Beck-
man Coulter Inc., Brea, California, USA).

Prior to the sequencing, the quality of libraries was evaluated by
using Agilent High Sensitivity DNA Kit (Agilent Technologies, Santa
Clara, California, USA) and the qualified libraries with only one peak
and no linker were selected. In addition, the libraries were quan-
tified on the QuantiFluor® RNA System (Promega Corporation,
Madison, WI,USA). The concentrations of the qualified libraries
were kept above 2 nM. The qualified libraries were gradient diluted
and mixed in proportion based on the quantity of sequencing
required. The 2 � 300 bp paired-end sequencing was conducted
using MiSeq Reagent Kit V3 (600 cycles) on the MiSeq sequencing
system (Illumina, Inc., San Diego, California, USA) after the qualified
libraries were denatured into single strands via sodium hydroxide.
The original sequence data was submitted to the Sequence Read
Archive (SRA) (NCBI, USA) with the accession no. PRJNA655979.

2.4. Bioinformatics and data analysis

Following 16S rRNA amplification and sequencing, the quality
screening was done by the QIIME software (QIIME 1.9.1). The se-
quences passing the initial quality screening were identified and
assigned to the corresponding samples on the basis of the primers
and barcode information. The interrogative and short sequences
(<200 bp) were discarded using QIIME software. The achieved se-
quences were clustered, and operational taxonomic unit (OTU)
partitioned at �97% sequence similarity through using the clus-
tering program VSEARCH (1.9.6.). In addition, the Ribosomal
Database Program (RDP) classifier was used to classify the repre-
sentative sequences of each OTU at a confidence threshold of 0.8.
The abundance distribution of OTU was set as the microbial di-
versity definition criterion in different samples, and the rarefaction
curves for assessing the sequencing depth. The multiple alpha di-
versity indices, including Chao1, ACE, Simpson, Shannon, and
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Good's coverage were calculated to evaluate the alpha diversity
(Chao, 1984; Shannon, 1948; Simpson, 1949). GraphPad Prism
(version 6.0c) and R (v3.0.3) software were used to conduct the
statistical analysis of data. The results were evaluated by one-way
ANOVA and Student's t-test by using SPSS (Version 17.0. Chicago,
IL, USA). The p-values less than 0.05 were considered statistically
significant and the values were expressed as the means ± SD.

3. Results

3.1. Sequences analyses

In this study, a total of 279,517, 284,313, 281,185, 265,482,
267,569, and 271,238 raw sequences were obtained from LZa, LZe,
RKZa, RKZe, SNa and SNe, respectively (Table 1). A large abundant of
questionable or erroneous sequences may be generated during the
amplicon sequencing. Therefore, the raw sequences should be
further evaluated and filtered to obtain effective sequences. The
length of effective sequences should be more than 150 bp and
ambiguous base N was also not allowed. Additionally, the se-
quences with >1 mismatched bases at 5’ end or contained >8 same
bases in succession were abandoned. After optimizing the pre-
liminary data, a total of 1160,190 high-quality valid sequences were
obtained from all the samples, ranging from 60,4305 to 69,708
sequences per sample. Moreover, 25,478 OTUs were recognized
from all samples and 1586 cores were observed, accounting for
approximately 9.65% of the total OTUs. Specifically, 4740 and 4529
OTUs were observed in the LZa and LZe, respectively, and 3479
OTUs were in common (Fig. 1a). There were 4464 and 4212 OTUs in
the RKZa and RKZe, respectively, and 2923 OTUs were in common
(Fig.1b). Moreover, a total of 3933 and 3600 OTUswere found in the
SNa and SNe, respectively, and 2643 OTUs were in common
(Fig.1c). Remarkably, we also observed 2344 OTUswere in common
in LZe, RKZe, and SNe (Fig.1d). The rarefaction curves such as Chao1
and Shannon curves in each sample were relatively flat and dis-
played a tendency to saturate, indicating that the sequencing depth
and quantity meet the requirement for sequencing and analysis
(Fig. S1b, c). Additionally, the rank abundance curve of each sample
was wide and falling gently, showing the excellent richness and
evenness (Fig. S1d).

3.2. Animal excretion contamination and altitude affect soil
microbial diversity

To evaluate the differences in soil microbial diversity among
different groups, sequences were aligned to estimate alpha di-
versity. The Good's coverage estimates were approximately 99% in
all samples, displaying the excellent coverage. The average of
Chao1, ACE, Shannon and Simpson indices were 3392.74, 3430.80,
9.25, and 0.994 in LZa, whereas 3322.32, 3362.78, 9.20 and 0.993 in
LZe, with no significant difference between the LZa and LZe (Fig. 2a,
b, c, d). Results indicated that the difference in the abundance and
diversity of soil microbial community between LZa and LZe was
non-significant. The average of Chao1, ACE, Shannon and Simpson
indices were 3148.35, 3181.68, 9.069, and 0.993 in RKZa, while
3014.30, 3042.89, 9.210 and 0.992 in RKZe, with no distinct dif-
ference between the RKZa and RKZe (Fig. 2a, b, c, d). The results of
alpha diversity indices revealed that the difference in the soil mi-
crobial abundance and diversity between the RKZa and RKZe was
non-significant. Similarly, there was no significant difference in the
soil microbial abundance and diversity between the SNa and SNe.
We also observed that there was no significant difference in the
diversity indices of different altitudes.

3.3. Animal excretion contamination affect soil microbial
community structure

The soil microbial community composition and structure were
analyzed at different taxonomical levels. The phyla Proteobacteria
and Bacteroidetes were the most dominant bacteria in the LZa
(54.14%, 16.40%) and LZe (48.38%, 17.17%), accounting for more than
65% of the identified taxonomic groups (Fig. 3a). Additionally, the
Proteobacteriawas the most abundant phylum in the RKZa (53.11%)
and RKZe (35.78%), followed by the phylum Acidobacteria (13.52%,
19.37%). The phylum Proteobacteria (42.78%, 38.11%) was the most
abundant bacteria, whereas Acidobacteria (25.5%) and Actino-
bacteria (20.95%) were secondary in the SNa and SNe, respectively.
At the class level, Alphaproteobacteria and Gammaproteobacteria
were the most preponderant bacteria in the LZa (22.67%, 27.14%),
LZe (27.35%, 17.78%), SNa (28.03%, 12.09%), SNe (19.09%, 17.42%) and
RKZa (28.05%, 21.32%). The class Alphaproteobacteria (22.55%) was
themost abundant bacteria in the RKZe, followed by the Bacteroidia
(17.54%). At the genus level, the top 10 dominant genera in all
samples were shown in Fig. 3c. At the genus level, the most
abundant genera were Sphingomonas (5.01%), Massilia (2.62%) and
Bradyrhizobium (1.93%) in the LZa, while Sphingomonas (9.91%),
Lysobacter (2.35%) and Massilia (2.13%) were observed as the pre-
dominant in the LZe. Sphingomonas was the prevalent bacteria in
the RKZa (10.85%) and RKZe (7.65%). Moreover,Massilia (2.80%) and
Bradyrhizobium (2.38%) were also abundantly present in the RKZa,
whereas the occurrence of unidentified_Acidobacteria (4.22%) and
Adhaeribacter (1.92%) was higher in the RKZe. Sphingomonas
(18.65%), unidentified_Acidobacteria (4.62%), and Stenotrophobacter
(2.99%) were the predominant bacteria genera in the SNa, while
Sphingomonas (9.20%), Lysobacter (4.31%) and Nocardioides (3.83%)
were the predominant bacteria genera in the SNe. Moreover, the
distribution of bacterial genera in each sample can also be observed
in the heatmap (Fig. S2).

3.4. Animal excretion contamination induces soil microbial
alternations

Results revealed that at the phylum level the abundances of
Proteobacteria and Melainabacteria in the LZa were significantly

Table 1
The sequence information of each sample.

Sample Raw_reads Clean_Reads Efective (%)

LZa1
LZa2
LZa3
LZe1
LZe2
LZe3
RKZa1
RKZa2
RKZa3
RKZe1
RKZe2
RKZe3
SNa1
SNa2
SNa3
SNe1
SNe2
SNe3

83,998
98,103
97,416
94,804
98,430
91,079
96,824
85,068
99,293
94,965
84,238
86,279
89,687
88,789
89,093
85,827
94,909
90,502

61,762
61,599
60,769
68,970
68,070
68,137
67,456
62,380
64,364
62,942
63,069
62,101
69,708
62,725
66,907
60,305
62,589
66,337

73.53
62.79
62.38
72.75
69.16
74.81
69.67
73.33
64.82
66.28
74.87
71.98
77.72
70.65
75.10
70.26
65.95
73.30
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Fig. 1. Venn diagrams analysis. (aed) The overlap of venn diagrams represents the common OTUs in the different groups.

Fig. 2. The diversity indices of soil microbial community in different groups. Chao1 (a), ACE (b), Shannon (c), and Simpson (d) were used to evaluate the alpha diversity of soil
microbiota.
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higher than the LZe (P < 0.05 and P < 0.01). In contrast, the Gem-
matimonadetes content was lower (P < 0.05) (Table 2). In addition,
the relative abundance of Verrucomicrobia was significantly domi-
nant in the RKZe than RKZa (P < 0.01) (Table 3). Planctomycetes and
Rokubacteria in the SNe were significantly lower than the SNa
(P < 0.01 and P < 0.0001) (Table 4). At the level of class, the
abundance of Gammaproteobacteria in the LZa was found relatively
higher as compared to LZe (P < 0.05). Gammaproteobacteria and

Deltaproteobacteria in the RKZa were significantly dominant than
RKZe (P < 0.05). Moreover, Alphaproteobacteria was significantly
overrepresented in the jejunum of SNa compared with SNe
(P < 0.05). As for the genus level, Sphingopyxis, Truepera, Poly-
cyclovorans, and Singulisphaera in the LZe were significantly higher
(P < 0.05) than the LZa, while the Methylobacter level was lower
(P < 0.05). The relative abundances of Pajaroellobacter and
unidentified_Gemmatimonadaceae were higher (P < 0.05 and

Fig. 3. The relative abundance and heatmap of soil microbial taxa at the levels of phylum, class and genus. a, b and c represent the taxa assignments at phylum, class and genus
levels, respectively.
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P < 0.01) in RKZa than in RKZe. In contrast, the abundances of
Pontibacter, Flavisolibacter, Parasegetibacter, Niastella, Cohnella, Pol-
ycyclovorans and Woeseia in the RKZa were lower (P < 0.05 and
P < 0.001) compared with the RKZe. Moreover, a comparison of the
SNa and SNe showed a significant increase in the abundance of
Acidibacter (P < 0.05) as well as a significant decrease in the
abundances of Streptomyces, Defluviicoccus, Gaiella, Arthrobacter,
Ilumatobacter, Aliihoeflea and Aquabacterium (P< 0.05 and P < 0.01).
In addition, the Lefse analysis was also performed to determine
further the variation in the bacterial taxa composition (Fig. S3).

3.5. Altitude affects soil microbial structure

At the phylum level, Proteobacteria was the predominant bac-
teria in the 18 samples, whereas the secondary bacteria in the LZe,
RKZe, and SNewere Bacteroidetes, Acidobacteria, and Actinobacteria,
respectively (Fig. 3). At the genus level, Sphingomonaswas the most
dominant bacteria in the LZe, RKZe, and SNe, whereas the sec-
ondary bacteria were different. Additionally, we also observed
significant differences in some bacteria at the phylum and genus
levels in various altitude sites. The abundances of Verrucomicrobia
(P < 0.05) and Nitrospirae (P < 0.01) in the RKZe was obviously
higher than the LZe (Table 5). Furthermore, Thermotogae (P < 0.05)
in the LZe was significantly higher than the SNe (Table 6).
Compared with SNe, Terrimonas, and Niastella in RKZe were
significantly increased, whereas Defluviicoccus, Aliihoeflea and
Aquabacteriumwere significantly decreased (P < 0.05 and P < 0.01)
(Table 7). Bradyrhizobium, Mucilaginibacter, Aridibacter, Hyphomi-
crobium, Kineosporia, and Singulisphaera in the LZe were substan-
tially higher than the SNe, whereas Adhaeribacter, Steroidobacter,
and Glycomyces levels were lower (P < 0.05). Additionally, a com-
parison of the LZe and RKZe displayed a significant increase in the
abundances of Bradyrhizobium, Mucilaginibacter, Brevibacterium,
Kineosporia, Angustibacter, Tepidisphaera and Singulisphaera as well

as a significant decrease in the abundances of Adhaeribacter, Pon-
tibacter, Steroidobacter, Parasegetibacter, Niastella and Woeseia
(P < 0.05 and P < 0.01).

4. Discussion

There are only a small amount of Han Chinese and Tibetan
inhabited Tibet due to its unique geographical location and envi-
ronmental conditions. However, the fertile forage resources of Tibet
provide natural conditions for livestock breeding. Previous research
mainly characterized the effects of moisture, acidity, industrial
waste and fertilizers on soil microbial community (Jia et al., 2020;
Wu, Guo, Wu, & Chen, 2020; Zeng et al., 2018). However, few

Table 2
Differences in soil microbial abundance between LZa and LZe at the levels of phylum
and genus. The results were assessed via one-way ANOVA. All of the data indicate
means ± SD.

Taxa LZa LZe P

Proteobacteria
Gemmatimonadetes
Melainabacteria
Gammaproteobacteria
Sphingopyxis
Truepera
Methylobacter
Polycyclovorans
Singulisphaera

0.54 ± 0.02
0.02 ± 0.01
0.00027 ± 0.000051
0.27 ± 0.01
0.00024 ± 0.000022
0.000051 ± 0.000022
0.00026 ± 0.000067
0.000013 ± 0.000011
0.0000064 ± 0.000011

0.48 ± 0.02
0.03 ± 0.01
0.000070 ± 0.000029
0.18 ± 0.04
0.00039 ± 0.000058
0.00014 ± 0.000040
0.000019 ± 0.000033
0.000077 ± 0.000019
0.000070 ± 0.000022

0.03
0.03
0.0083
0.049
0.036
0.040
0.013
0.013
0.02

Table 3
Differences in soil microbial abundance between RKZa and RKZe at the levels of phylum and genus. The results were assessed via one-way ANOVA. All of the data indicate
means ± SD.

Taxa RKZa RKZe P

Verrucomicrobia
Deltaproteobacteria
Gammaproteobacteria
Pontibacter
Flavisolibacter
Parasegetibacter
Pajaroellobacter
Niastella
Cohnella
unidentified_Gemmatimonadaceae
Polycyclovorans
Woeseia

0.0072 ± 0.0023
0.037 ± 0.000020
0.21 ± 0.035
0.00029 ± 0.00022
0.0036 ± 0.0022
0.00023 ± 0.000088
0.00087 ± 0.000062
0.00023 ± 0.00015
0.000013 ± 0.000022
0.00042 ± 0.000088
0.0000063 ± 0.000011
0.0000064 ± 0.000011

0.038 ± 0.0068
0.026 ± 0.0026
0.11 ± 0.0085
0.011 ± 0.0030
0.011 ± 0.0026
0.0021 ± 0.00050
0.00045 ± 0.00015
0.00096 ± 0.00013
0.000089 ± 0.000011
0.000025 ± 0.000029
0.00045 ± 0.00018
0.00015 ± 0.000040

0.0098
0.019
0.021
0.024
0.023
0.021
0.028
0.0034
0.013
0.0099
0.049
0.020

Table 4
Differences in soil microbial abundance between SNa and SNe at the levels of
phylum and genus. The results were assessed via one-way ANOVA. All of the data
indicate means ± SD.

Taxa SNa SNe P

Planctomycetes
Rokubacteria
Alphaproteobacteria
Streptomyces
Acidibacter
Defluviicoccus
Gaiella
Arthrobacter
Ilumatobacter
Aliihoeflea
Aquabacterium

0.0056 ± 0.00074
0.0013 ± 0.000029
0.28 ± 0.023
0.0035 ± 0.00018
0.0078 ± 0.00044
0.00033 ± 0.00010
0.0034 ± 0.00053
0.0010 ± 0.00015
0.0010 ± 0.00025
0.00055 ± 0.00017
0.00 ± 0.00

0.0017 ± 0.00037
0.00080 ± 0.000033
0.19 ± 0.036
0.0052 ± 0.00061
0.0029 ± 0.0015
0.0026 ± 0.00053
0.0055 ± 0.00070
0.0024 ± 0.00033
0.0023 ± 0.00017
0.0012 ± 0.00024
0.00011 ± 0.000033

0.0040
0.000038
0.029
0.028
0.022
0.015
0.016
0.0088
0.0031
0.022
0.027

Table 5
Differences in soil microbial abundance between LZe and RKZe at the levels of
phylum and genus. The results were assessed via one-way ANOVA. All of the data
indicate means ± SD.

Taxa LZe RKZe P

Verrucomicrobia
Nitrospirae
Bradyrhizobium
Mucilaginibacter
Adhaeribacter
Pontibacter
Parasegetibacter
Brevibacterium
Niastella
Kineosporia
Woeseia
Angustibacter
Tepidisphaera
Singulisphaera

0.015 ± 0.0087
0.0015 ± 0.00047
0.018 ± 0.0040
0.0028 ± 0.00063
0.0025 ± 0.00043
0.00055 ± 0.00021
0.00054 ± 0.00051
0.000032 ± 0.000011
0.00015 ± 0.00011
0.0010 ± 0.00029
0.0000064 ± 0.000011
0.00036 ± 0.000050
0.000032 ± 0.000011
0.000070 ± 0.000022

0.038 ± 0.0068
0.0039 ± 0.00054
0.0039 ± 0.00077
0.00061 ± 0.00035
0.019 ± 0.0049
0.011 ± 0.0030
0.0021 ± 0.00050
0.00 ± 0.00
0.00096 ± 0.00013
0.00020 ± 0.00012
0.00015 ± 0.000040
0.000083 ± 0.000022
0.00 ± 0.00
0.000013 ± 0.000022

0.027
0.0047
0.021
0.012
0.027
0.026
0.020
0.038
0.0013
0.027
0.020
0.0044
0.038
0.033
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studies have been performed to investigate the effects of animal
excretion and elevation on the soil microbial community in Tibet. In
this study, we evaluated the influence of animal excretion on soil
microbial community and investigated the difference in soil mi-
crobial community at different elevations.

The factors that resulted in alterations of soil microbial com-
munity were varied. In contrast, the specimen collection in this
study effectively avoided the influence of other human activities,
ensuring that animal excretionwas the primary factor affecting soil
microbial community. We further investigated the microbial com-
munity of soil with animal excretion. Our results revealed that
Proteobacteria was the predominant phylum in all the samples,
which was consistent with previous findings in soil of other areas
(Cruz-Martinez et al., 2012; Yao et al., 2017). However, it is notable
that the relative abundance of Proteobacteria in the LZa was
significantly increased as compared to the LZe. Proteobacteria is the
largest phylum and divided into five classes based on rRNA
sequence, including Alphaproteobacteria, Betaproteobacteria, Gam-
maproteobacteria, Deltaproteobacteria and Epsilonproteobacteria. At
the class level, the abundance of Gammaproteobacteria in the LZa
and RKZa was significantly higher than that in the LZe and RKZe,
respectively. The Gammaproteobacteria contains many pathogenic
bacteria such as Salmonella, Yersinia, Vibrio and Escherichia (Huang
& Kraus, 2016; Yang et al., 2018). These bacteria cause diarrhea in
various animal species (Wang et al., 2019; Zhang et al., 2017b). Yaks
and Tibetan sheep can easily result in diarrhea, especially young
yaks and lambs during feeding, due to unhygienic forage, stress
response, weather mutation (Han et al., 2017). It is well-known that
Linzhi, China is one of the yak breeding bases. Statistical analysis
found that diarrhea in yaks reaches its peak between March and
April in each year (Li et al., 2018). The pathogenic bacteria in live-
stock and poultry can be excreted with the excretion, causing
excretion to become an important carrier of pathogenic bacteria
(Jeon et al., 2019; Pell, 1997). Moreover, the pathogenic bacteria in
the excretion could survive in the environment and soil for a long
time, posing a threat to the quality of soil, crop and water (Gagliardi
& Karns, 2000). Therefore, we speculated that it might be one of the
critical reasons for the higher levels of Gammaproteobacteria in the

LZa. Gemmatimonadetes was one of the common phyla of soil
bacteria, which played important roles in soil respiration, microbial
nitrogen metabolism and phosphate dissolution (Cui et al., 2018;
Huang et al., 2019; Takaichi et al., 2010). Previous research has
demonstrated that the inert phosphorus can be converted into
bioavailable phosphorus for plant growth under the action of
Gemmatimonas (Zhang, Zhou, et al., 2019). Moreover, members of
the phylum Gemmatimonadetes possess a significant effect on soil
respiration and microbial N metabolism, which can be used as the
bioindicators of microbial nutrition limitations (Cui et al., 2018;
Huang et al., 2019). Lu et al. (2020) revealed that the relative
abundance of Gemmatimonadetes was significantly decreased in
degraded soil caused by acidification and heavy metal contamina-
tion, which was in line with our results. Additionally, we also
observed a significant difference in Verrucomicrobia between RKZe
and RKZa. Verrucomicrobia is usually reported in the soil (Bergmann
et al., 2011). Yashiro et al. (2016) found that the relative abundance
of Verrucomicrobia was negatively correlated with soil mineral and
carbon content. Moreover, Verrucomicrobiamay prefer uncultivated
soil with low nutrients (Carbonetto et al., 2014). Therefore, the
lower abundance of Verrucomicrobia in the RKZa may imply the
destruction and eutrophication of the soil. Remarkably, the relative
abundances of Rokubacteria and Planctomycetes in the SNa were
higher than that in the SNe. Rokubacteria can catalyze the degra-
dation rate of litter and decompose cellulose and chitin (Wang
et al., 2020). Moreover, some members of Planctomycetes were
closely related to methanogenesis (Ludmila et al., 2004).

Moreover, we also observed that the proportion of some soil
microbiota had changed significantly at the genus level. Compared
with LZe, the ratio of Sphingopyxis, Polycyclovorans, Truepera, and
Singulisphaera in the LZa decreased, whereas the percentage of
Methylobacter increased. Sphingopyxis is well-known for its high-
efficiency biodegradability and oligotrophic metabolism (Shon
et al., 2020; Yang et al., 2020). Shon et al. (2020) indicated that
Sphingopyxis has a good ability to degrade polycyclic aromatic hy-
drocarbons and contributed to the effective bioremediation of
contaminated sites. Furthermore, Sphingopyxis can also degrade the
herbicide such as dichlorprop herbicide in the soil, displaying great
potential in the bioremediation of the herbicide-contaminated sites
(Zhang, Song, et al., 2020). Polycyclic aromatic hydrocarbons (PAHs)
in the soil may possess a great threat to food safety and public
health by the food-chain accumulation (Suciu et al., 2015; Zhou
et al., 2018). However, Polycyclovorans and Truepera can degrade
polycyclic aromatic hydrocarbons in the soil (Gutierrez et al., 2020;
Lu et al., 2019). Additionally, Truepera demonstrated a metabolic
ability for phenanthrene-degrading, which played a crucial role in
improving the quality of petrochemical-contaminated soil (Wang
et al., 2016; Zhang, Qu, et al., 2019). Singulisphaera can degrade
di-(2-Ethylhexyl) phthalate in agricultural soils (Song et al., 2019).
The application of animal excretion could improve soil carbon
availability and simultaneously enhance methane emissions
(Zhang et al., 2018). Methylobacter can utilize methane as their
source of energy and carbon, which plays an important role in
limiting methane emissions from the environment (Khatri et al.,
2020). Therefore, a great amount of methane could provide suffi-
cient substrates to Methylobacter and increase its abundance (Bao
et al., 2016). In this study, the LZa possessed a higher abundance
of Methylobacter, which maybe because of the higher content of
substrates caused by excreta accumulation. Our results conveyed a
vital message that animal excretion altered the composition and
structure of soil microbial community and weakened the soil's
ability to regulate the ecological environment.

Remarkably, the percentage of Pontibacter, Flavisolibacter, Nias-
tella, Parasegetibacter, Cohnella, Polycyclovorans, and Woeseia in
RKZa was dramatically decreased, while the proportion of

Table 6
Differences in soil microbial abundance between LZe and SNe at the levels of phylum
and genus. The results were assessed via one-way ANOVA. All of the data indicate
means ± SD.

Taxa LZe SNe P

Thermotogae
Bradyrhizobium
Mucilaginibacter
Adhaeribacter
Steroidobacter
Aridibacter
Hyphomicrobium
Kineosporia
Singulisphaera

0.0018 ± 0.00054
0.018 ± 0.0040
0.0028 ± 0.00063
0.0025 ± 0.00043
0.0011 ± 0.00014
0.0012 ± 0.00047
0.00082 ± 0.00028
0.0010 ± 0.00029
0.000070 ± 0.000022

0.00053 ± 0.00047
0.0026 ± 0.0012
0.00039 ± 0.00032
0.017 ± 0.0044
0.0034 ± 0.00074
0.00024 ± 0.00021
0.00020 ± 0.000090
0.00024 ± 0.00011
0.00 ± 0.00

0.038
0.014
0.010
0.029
0.030
0.049
0.049
0.031
0.032

Table 7
Differences in soil microbial abundance between RKZe and SNe at the levels of
phylum and genus. The results were assessed via one-way ANOVA. All of the data
indicate means ± SD.

Taxa RKZe SNe P

Defluviicoccus
Terrimonas
Aliihoeflea
Niastella
Aquabacterium

0.00070 ± 0.00033
0.0042 ± 0.00043
0.00057 ± 0.00011
0.00096 ± 0.00013
0.000026 ± 0.000029

0.0026 ± 0.00053
0.0014 ± 0.00044
0.0012 ± 0.00024
0.00022 ± 0.000080
0.00011 ± 0.000033

0.0097
0.0015
0.030
0.0024
0.0255
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Pajaroellobacter and unidentified_Gemmatimonadaceae was signif-
icantly increased compared with RKZe. It has been reported that
Pajaroellobacter was closely related to epizootic bovine abortion
(Brooks et al., 2016). Cao et al. (2020) indicated that the relatively
abundant of Gemmatimonadaceae was positively correlated with a
metal concentration in soil. Previous research showed that Ponti-
bacter could degrade Haloxyfop-R-methyl a type of herbicide in the
soil (Liang et al., 2020). In addition, Pontibacter may contribute to
the hormetic responses of soil alkaline phosphatase (Fan et al.,
2018). Soil enzymes are the critical components of soil, which can
catalyze the majority of biochemical reactions in soils (Marx et al.,
2001). Flavisolibacter was considered as a beneficial bacterium,
which played a key role in improving the plant disease resistance
and promoting plant growth and carbon dioxide fixation (Yu et al.,
2016). Currently, the antibiotic resistance genes of bacteria in the
soil pose a great threat to global health. It is worth noting that
Parasegetibacter possesses a capacity to degrade extracellular DNA,
which can cause a decrease in extracellular antibiotic resistance
genes in the soil (Kim et al., 2015). Niastella can be used as potential
biocontrol agents to against stripe rust (Dai et al., 2020). Cohnella
has been identified as nitrogen-fixing bacteria, which can catalyze
the conversion of nitrogen to ammonia (Suarez et al., 2014; Wang
et al., 2012). Polycyclovorans and Woeseia have also been shown
to play an essential role in the degradation of aromatic hydrocar-
bons (Bacosa et al., 2018).

Our data showed excremental contamination caused a decrease
in the abundances of Streptomyces, Defluviicoccus, Gaiella, Arthro-
bacter, Ilumatobacter, Aliihoeflea, and Aquabacterium in the SNa as
well as an increase in the abundance of Acidibacter. Streptomyces
can promote the growth of plants (Horstmann et al., 2020). In
addition, its metabolite has the ability of antimicrobial activity
(Zhang, Zhang, et al., 2020). Defluviicoccus mainly participates in
the nitrogen cycle and simultaneously contributes in decreasing the
antibiotic resistance genes in the soil (Li, Gao, et al., 2020). Previous
research indicated that the removal of polycyclic aromatic hydro-
carbons and polybrominated diphenyl ethers in soil was closely
related to genus Gaiella and Ilumatobacter (Li, Ding, et al., 2020).
Additionally, Gaiella in the soil also displayed the potential ability to
inhibit pathogens and degrade pollutants (Zhang, Herger, et al.,
2020). Arthrobacter has long been considered as the potential
beneficial bacterium due to its positive effects on plant growth and
health (Ramirez-Ordorica et al., 2020). In addition, it has the ability
of nitrification and denitrification, aerobic phosphorus removal,
nitrite, and nitrate removal (Zhang, Hang, et al., 2020). Arsenite can
be oxidized by the Aliihoeflea, which was considered as the po-
tential beneficial bacterium to remove arsenic contamination
(Corsini et al., 2014). Aquabacterium was involved in nitrate-
reducing (Zhang et al., 2016). Ettamimi et al. (2019) indicated that
the relative abundance of Acidibacter was increased in the water
contaminated by the acid mine drainage, which was consistent
with our results. Remarkably, these bacterial genera share common
characteristics that they play a positive regulatory effect in
degrading pollutants, maintaining soil health and promoting plant
growth. Meanwhile, it also implies that excremental contamination
not only significantly alters the soil microbial community structure
but also destroy the normal function of the soil. It has been
demonstrated that soil bacterial community directly or indirectly
responded to alternations in the soil environment caused by
external activity (Hermans et al., 2020). Moreover, similarly strong
correlations between specific microbial taxa and soil variables have
been reported in the soil ecosystems, indicating that microbial
community data could be used for indicating alternations in soil
physicochemical properties, evaluating soil quality and serve as an
indicator of ecological restoration (Hermans et al., 2017; Liddicoat
et al., 2019). In this study, animal excretion changed the structure

of the soil microbial community accompanied by the proportion of
some functional bacteria altered significantly, implying changes in
soil quality. However, more in-depth research needs to be per-
formed to investigate the influence of animal excretion on soil
quality in Tibet.

In this work, we also investigated the characteristics of soil
microbial communities at different altitudes. Our results indicated
that there was no significant difference in microbial diversity be-
tween sites with different altitudes, whereas the proportion of
some bacteria changed significantly. These bacteria such as Terri-
monas, Niastella, Defluviicoccus, Aliihoeflea, Aquabacterium, Bra-
dyrhizobium, Mucilaginibacter, Aridibacter, Hyphomicrobium, and
Glycomyces were generally related to the nutrient metabolism,
contaminant degradation and soil health (Corsini et al., 2014; Dai
et al., 2020; Zhang et al., 2016). We speculated that the plateau
environment, such as ultraviolet rays and environmental temper-
ature caused significant changes in the content of some bacteria
and driven different regions to form diverse soil microbial com-
munity structures. Although the content and types of functional
bacteria can be different at different locations, they can possess
overall similar functions. Our results demonstrated that although
altitude can affect the soil microbial community structure, it may
not be able to alter the normal function of the soil.

5. Conclusion

In conclusion, our study investigated the influence of excre-
mental contamination on soil microbial diversity in Tibet. The re-
sults revealed that the soil microbiota diversity was not affected by
excremental contamination, whereas the proportion of some soil
microbiota altered. These altered bacterial communities were
closely related to pollutant degradation, soil health, and nutrient
metabolism. Moreover, the proportion of harmful and beneficial
bacteria increases in the contaminated-soil, suggesting that
excremental contamination not only altered the composition and
structure of soil microbial community but also affected the function
of soil. Remarkably, we also found altitude as an important factor
affecting soil microbial communities. However, the soil microbial
community may be influenced by other external and internal fac-
tors, such as humidity, temperature, and pondus hydrogenii (pH).
Considering the restriction of a small number of samples and
experiment conditions, we cannot rule out the influence of the
above mentioned factors. However, our research first revealed that
excremental contamination can alter the soil microbial community
by affecting the proportion of harmful bacteria to beneficial bac-
teria. Moreover, our study may provide a theoretical basis for
further research on the pathogenic mechanism and prevention and
treatment of excremental contamination.

CRediT authorship contribution statement

Aoyun Li: Conceptualization, Visualization, Methodology,
Writing - original draft. Yaping Wang, Hailong Dong, Yajing
Wang, Lijun Shi, Khalid Mehmood, Zhenyu Chang and Ying Li:
Investigation. Yung-Fu Chang, Qingxia Wu and Zhaoxin Tang:
review& editing.Hui Zhang:Writing - review& editing, Resources,
Project administration, Supervision, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

A. Li, Y. Wang, Y. Wang et al. International Soil and Water Conservation Research 9 (2021) 639e648

646



Acknowledgments

The study was supported by Key research, Development and
Transformation Program of Tibet Autonomous Region
(XZ201902NB05), Research and Demonstration of Technologies for
Prevention and Control of Major Infectious Diseases in Character-
istic Livestock (XZ201901NA02), and the Outstanding Young Tal-
ents Project of South China Agricultural University.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.iswcr.2021.04.011.

References

Bacosa, H. P., Erdner, D. L., Rosenheim, B. E., Shetty, P., Seitz, K. W., Baker, B. J., et al.
(2018). Hydrocarbon degradation and response of seafloor sediment bacterial
community in the northern Gulf of Mexico to light Louisiana sweet crude oil.
The ISME Journal, 12, 2532e2543.

Bao, Q., Huang, Y., Wang, F., Nie, S., Nicol, G. W., Yao, H., et al. (2016). Effect of ni-
trogen fertilizer and/or rice straw amendment on methanogenic archaeal
communities and methane production from a rice paddy soil. Applied Micro-
biology and Biotechnology, 100, 5989e5998.

Bergmann, G. T., Bates, S. T., Eilers, K. G., Lauber, C. L., Caporaso, J. G., Walters, W. A.,
et al. (2011). The under-recognized dominance of Verrucomicrobia in soil
bacterial communities. Soil Biology and Biochemistry, 43, 1450e1455.

Brooks, R. S., Blanchard, M. T., Clothier, K. A., Fish, S., Anderson, M. L., & Stott, J. L.
(2016). Characterization of Pajaroellobacter abortibovis, the etiologic agent of
epizootic bovine abortion. Veterinary Microbiology, 192, 73e80.

Cao, X., Luo, J., Wang, X., Chen, Z., Liu, G., Khan, M. B., et al. (2020). Responses of soil
bacterial community and Cd phytoextraction to a Sedum alfredii-oilseed rape
(Brassica napus L. and Brassica juncea L.) intercropping system. The Science of
the Total Environment, 723, 138152.

Carbonetto, B., Rascovan, N., Alvarez, R., Mentaberry, A., & Vazquez, M. P. (2014).
Structure, composition and metagenomic profile of soil microbiomes associated
to agricultural land use and tillage systems in Argentine Pampas. PloS One, 9,
Article e99949.

Chao, A. (1984). Nonparametric estimation of the number of classes in a population.
Scandinavian Journal of Statistics, 11, 265e270.

Compant, S., Duffy, B., Nowak, J., Clement, C., & Barka, E. A. (2005). Use of plant
growth-promoting bacteria for biocontrol of plant diseases: Principles, mech-
anisms of action, and future prospects. Applied and Environmental Microbiology,
71, 4951e4959.

Corsini, A., Zaccheo, P., Muyzer, G., Andreoni, V., & Cavalca, L. (2014). Arsenic
transforming abilities of groundwater bacteria and the combined use of Alii-
hoeflea sp. strain 2WW and goethite in metalloid removal. Journal of Hazardous
Materials, 269, 89e97.

Cruz-Martinez, K., Rosling, A., Zhang, Y., Song, M., Andersen, G. L., & Banfield, J. F.
(2012). Effect of rainfall-induced soil geochemistry dynamics on grassland soil
microbial communities. Applied and Environmental Microbiology, 78,
7587e7595.

Cui, Y., Fang, L., Guo, X., Wang, X., Wang, Y., Li, P., et al. (2018). Responses of soil
microbial communities to nutrient limitation in the desert-grassland ecological
transition zone. The Science of the Total Environment, 642, 45e55.

Dai, Y., Yang, F., Zhang, L., Xu, Z., Fan, X., Tian, Y., et al. (2020). Wheat-associated
microbiota and their correlation with stripe rust reaction. The Science of the
Total Environment, 128, 544e555.

Ettamimi, S., Carlier, J. D., Cox, C. J., Elamine, Y., Hammani, K., Ghazal, H., et al.
(2019). A meta-taxonomic investigation of the prokaryotic diversity of water
bodies impacted by acid mine drainage from the Sao Domingos mine in
southern Portugal. Extremophiles, 23, 821e834.

Fan, D., Han, J., Chen, Y., Zhu, Y., & Li, P. (2018). Hormetic effects of Cd on alkaline
phosphatase in soils across particle-size fractions in a typical coastal wetland.
The Science of the Total Environment, 613e614, 792e797.

Gagliardi, J. V., & Karns, J. S. (2000). Leaching of Escherichia coli O157:H7 in diverse
soils under various agricultural management practices. Applied and Environ-
mental Microbiology, 66, 877e883.

Geisen, S., Tveit, A. T., Clark, I. M., Richter, A., Svenning, M. M., Bonkowski, M., et al.
(2015). Metatranscriptomic census of active protists in soils. The ISME Journal, 9,
2178e2190.

Guan, X., Gao, X., Avellan, A., Spielman-Sun, E., Xu, J., Laughton, S., et al. (2020). CuO
nanoparticles alter the rhizospheric bacterial community and local nitrogen
cycling for wheat grown in a calcareous soil. Environmental Science &
Technology.

Guo, B., Liu, C., Gibson, C., & Frigon, D. (2019). Wastewater microbial community
structure and functional traits change over short timescales. The Science of the
Total Environment, 662, 779e785.

Gutierrez, T., Morris, G., Ellis, D., Mulloy, B., & Aitken, M. D. (2020). Production and
characterisation of a marine Halomonas surface-active exopolymer. Applied

Microbiology and Biotechnology, 104, 1063e1076.
Han, Z., Li, K., Shahzad, M., Zhang, H., Luo, H., Qiu, G., et al. (2017). Analysis of the

intestinal microbial community in healthy and diarrheal perinatal yaks by high-
throughput sequencing. Microbial Pathogenesis, 111, 60e70.

Harwood, V. J., Staley, C., Badgley, B. D., Borges, K., & Korajkic, A. (2014). Microbial
source tracking markers for detection of fecal contamination in environmental
waters: Relationships between pathogens and human health outcomes. FEMS
Microbiology Reviews, 38, 1e40.

Hermans, S. M., Buckley, H. L., Case, B. S., Curran-Cournane, F., Taylor, M., & Lear, G.
(2017). Bacteria as emerging indicators of soil condition. Applied and Environ-
mental Microbiology, 83.

Hermans, S. M., Buckley, H. L., Case, B. S., Curran-Cournane, F., Taylor, M., & Lear, G.
(2020). Using soil bacterial communities to predict physico-chemical variables
and soil quality. Microbiome, 8, 79.

Horstmann, J. L., Dias, M. P., Ortolan, F., Medina-Silva, R., Astarita, L. V., &
Santarem, E. R. (2020). Streptomyces sp. CLV45 from Fabaceae rhizosphere
benefits growth of soybean plants. Brazilian Journal of Microbiology.

Huang, Z., & Kraus, V. B. (2016). Does lipopolysaccharide-mediated inflammation
have a role in OA? Nature Reviews Rheumatology, 12, 123e129.

Huang, X. F., Li, S. Q., Li, S. Y., Ye, G. Y., Lu, L. J., Zhang, L., et al. (2019). The effects of
biochar and dredged sediments on soil structure and fertility promote the
growth, photosynthetic and rhizosphere microbial diversity of Phragmites
communis (Cav.) Trin. ex Steud. The Science of the Total Environment, 697,
134073.

Jeon, D. J., Ligaray, M., Kim, M., Kim, G., Lee, G., Pachepsky, Y. A., et al. (2019).
Evaluating the influence of climate change on the fate and transport of fecal
coliform bacteria using the modified SWAT model. The Science of the Total
Environment, 658, 753e762.

Jia, X., Zhang, N., Zhao, Y., Wang, L., Zhang, C., Li, X., et al. (2020). A consecutive 4-
year elevated air temperature shaped soil bacterial community structure and
metabolic functional groups in the rhizosphere of black locust seedlings
exposed to lead pollution. The Science of the Total Environment, 732, 139273.

Khatri, K., Mohite, J. A., Pandit, P. S., Bahulikar, R., & Rahalkar, M. C. (2020).
Description of 'Ca. Methylobacter oryzae' KRF1, a novel species from the envi-
ronmentally important Methylobacter clade 2. Antonie Van Leeuwenhoek, 113,
729e735.

Kim, S. J., Ahn, J. H., Weon, H. Y., Hong, S. B., Seok, S. J., & Kwon, S. W. (2015). Par-
asegetibacter terrae sp. nov., isolated from paddy soil and emended description
of the genus Parasegetibacter. International Journal of Systematic and Evolu-
tionary Microbiology, 65, 113e116.

Liang, Q., Yan, Z., & Li, X. (2020). Influence of the herbicide haloxyfop-R-methyl on
bacterial diversity in rhizosphere soil of Spartina alterniflora. Ecotoxicology and
Environmental Safety, 194, 110366.

Liddicoat, C., Weinstein, P., Bissett, A., Gellie, N. J. C., Mills, J. G., Waycott, M., et al.
(2019). Can bacterial indicators of a grassy woodland restoration inform
ecosystem assessment and microbiota-mediated human health? Environment
International, 129, 105e117.

Li, R., Ding, H., Guo, M., Shen, X., & Zan, Q. (2020). Do pyrene and Kandelia obovata
improve removal of BDE-209 in mangrove soils? Chemosphere, 240, 124873.

Li, D., Gao, J., Dai, H., Wang, Z., & Duan, W. (2020). Long-term responses of antibiotic
resistance genes under high concentration of enrofloxacin, sulfadiazine and
triclosan in aerobic granular sludge system. Bioresource Technology, 312, 123567.

Li, K., Mehmood, K., Zhang, H., Jiang, X., Shahzad, M., Dong, X., et al. (2018). Char-
acterization of fungus microbial diversity in healthy and diarrheal yaks in
Gannan region of Tibet Autonomous Prefecture. Acta Tropica, 182, 14e26.

Lin, H., Wang, Q., Yuan, M., Liu, L., Chen, Z., Zhao, Y., et al. (2020). The prolonged
disruption of a single-course amoxicillin on mice gut microbiota and resistome,
and recovery by inulin, Bifidobacterium longum and fecal microbiota trans-
plantation. Environmental Pollution, 265, 114651.

Li, A., Wang, Y., Li, Z., Qamar, H., Mehmood, K., Zhang, L., et al. (2019). Probiotics
isolated from yaks improves the growth performance, antioxidant activity, and
cytokines related to immunity and inflammation in mice. Microbial Cell Fac-
tories, 18, 112.

Li, L., & Zhao, X. (2015). Comparative analyses of fecal microbiota in Tibetan and
Chinese Han living at low or high altitude by barcoded 454 pyrosequencing.
Scientific Reports, 5, 14682.

Ludmila, C., Cheryl, J., Kalyuzhnaya, M., Christopher, J., Alla, L., Julia, A., et al. (2004).
The enigmatic Planctomycetes may hold a key to the origins of methanogenesis
and methylotrophy. Molecular Biology and Evolution, 21, 1234e1241.

Lu, H., Wu, Y., Liang, P., Song, Q., Zhang, H., Wu, J., et al. (2020). Alkaline amend-
ments improve the health of soils degraded by metal contamination and
acidification: Crop performance and soil bacterial community responses. Che-
mosphere, 257, 127309.

Lu, Y., Zheng, G., Zhou, W., Wang, J., & Zhou, L. (2019). Bioleaching conditioning
increased the bioavailability of polycyclic aromatic hydrocarbons to promote
their removal during co-composting of industrial and municipal sewage
sludges. The Science of the Total Environment, 665, 1073e1082.

Marx, M. C., Wood, M., & Jarvis, S. C. (2001). A microplate fluorimetric assay for the
study of enzyme diversity in soils. Soil Biology and Biochemistry, 33, 1633e1640.

Pell, A. N. (1997). Manure and microbes: Public and animal health problem? Journal
of Dairy Science, 80, 2673e2681.

Ramirez-Ordorica, A., Valencia-Cantero, E., Flores-Cortez, I., Carrillo-Rayas, M. T.,
Elizarraraz-Anaya, M., Montero-Vargas, J., et al. (2020). Metabolomic effects of
the colonization of Medicago truncatula by the facultative endophyte Arthro-
bacter agilis UMCV2 in a foliar inoculation system. Scientific Reports, 10, 8426.

A. Li, Y. Wang, Y. Wang et al. International Soil and Water Conservation Research 9 (2021) 639e648

647



Ranjard, L., Poly, F., & Nazaret, S. (2000). Monitoring complex bacterial communities
using culture-independent molecular techniques: Application to soil environ-
ment. Research in Microbiology, 151, 167e177.

Ruiz, S. A., McKay, F. D., Boghi, A., Williams, K. A., Duncan, S. J., Scotson, C. P., et al.
(2020). Image-based quantification of soil microbial dead zones induced by
nitrogen fertilization. The Science of the Total Environment, 727, 138197.

Schutzius, G., Nguyen, M., & Navab-Daneshmand, T. (2019). Antibiotic resistance in
fecal sludge and soil in Ho Chi Minh City, Vietnam. Environmental Science and
Pollution Research International, 26, 34521e34530.

Shannon, C. E. (1948). A mathematical theory of communication. The Bell System
Technical Journal, 27, 379e423.

Shon, J. C., Noh, Y. J., Kwon, Y. S., Kim, J. H., Wu, Z., & Seo, J. S. (2020). The impact of
phenanthrene on membrane phospholipids and its biodegradation by Sphin-
gopyxis soli. Ecotoxicology and Environmental Safety, 192, 110254.

Simpson, E. H. (1949). Measurement of diversity. Nature, 163, 688.
Song, M., Wang, Y., Jiang, L., Peng, K., Wei, Z., Zhang, D., et al. (2019). The complex

interactions between novel DEHP-metabolising bacteria and the microbes in
agricultural soils. The Science of the Total Environment, 660, 733e740.

Stokdyk, J. P., Firnstahl, A. D., Walsh, J. F., Spencer, S. K., de Lambert, J. R.,
Anderson, A. C., et al. (2020). Viral, bacterial, and protozoan pathogens and fecal
markers in wells supplying groundwater to public water systems in Minnesota,
USA. Water Research, 178, 115814.

Suarez, C., Ratering, S., Kramer, I., & Schnell, S. (2014). Cellvibrio diazotrophicus sp.
nov., a nitrogen-fixing bacteria isolated from the rhizosphere of salt meadow
plants and emended description of the genus Cellvibrio. International Journal of
Systematic and Evolutionary Microbiology, 64, 481e486.

Suciu, N. A., Lamastra, L., & Trevisan, M. (2015). PAHs content of sewage sludge in
Europe and its use as soil fertilizer. Waste Management, 41, 119e127.

Takaichi, S., Maoka, T., Takasaki, K., & Hanada, S. (2010). Carotenoids of Gemmati-
monas aurantiaca (Gemmatimonadetes): Identification of a novel carotenoid,
deoxyoscillol 2-rhamnoside, and proposed biosynthetic pathway of oscillol 2,2'-
dirhamnoside. Microbiogy, 156, 757e763.

Unno, T., Staley, C., Brown, C. M., Han, D., Sadowsky, M. J., & Hur, H. G. (2018). Fecal
pollution: New trends and challenges in microbial source tracking using next-
generation sequencing. Environmental Microbiology, 20, 3132e3140.

Wu, M., Guo, X., Wu, J., & Chen, K. (2020). Effect of compost amendment and bio-
augmentation on PAH degradation and microbial community shifting in
petroleum-contaminated soil. Chemosphere, 256, 126998.

Wu, J., Bai, Y., Lu, B., Li, C., Menzies, N. W., Bertsch, P. M., et al. (2020). Application of
sewage sludge containing environmentally-relevant silver sulfide nanoparticles
increases emissions of nitrous oxide in saline soils. Environmental Pollution, 265,
114807.

Wang, L. Y., Chen, S. F., Wang, L., Zhou, Y. G., & Liu, H. C. (2012). Cohnella plantaginis
sp. nov., a novel nitrogen-fixing species isolated from plantain rhizosphere soil.
Antonie Van Leeuwenhoek, 102, 83e89.

Wang, Y., Li, T., Li, C., & Song, F. (2020). Differences in microbial community and
metabolites in litter layer of plantation and original Korean pine forests in
North temperate zone. Microorganisms, 8.

Wang, F., Li, C., Wang, H., Chen, W., & Huang, Q. (2016). Characterization of a
phenanthrene-degrading microbial consortium enriched from petrochemical
contaminated environment. International Biodeterioration & Biodegradation, 115,
286e292.

Wang, Y., Li, A., Zhang, L., Waqas, M., Mehmood, K., Iqbal, M., et al. (2019). Probiotic
potential of Lactobacillus on the intestinal microflora against Escherichia coli
induced mice model through high-throughput sequencing. Microbial Patho-
genesis, 137, 103760.

Wang, Y., Zhang, H., Zhu, L., Xu, Y., Liu, N., Sun, X., et al. (2018). Dynamic distribution
of gut microbiota in goats at different ages and health states. Frontiers in
Microbiology, 9, 2509.

Wu, T., & Kayser, B. (2006). High altitude adaptation in Tibetans. High Altitude
Medicine & Biology, 7, 193e208.

Xiong, W., Jousset, A., Guo, S., Karlsson, I., Zhao, Q., Wu, H., et al. (2018). Soil protist
communities form a dynamic hub in the soil microbiome. The ISME Journal, 12,
634e638.

Yang, F., Huang, F., Feng, H., Wei, J., Massey, I. Y., Liang, G., et al. (2020). A complete
route for biodegradation of potentially carcinogenic cyanotoxin microcystin-LR

in a novel indigenous bacterium. Water Research, 174, 115638.
Yang, H., Xiao, Y., Gui, G., Li, J., Wang, J., & Li, D. (2018). Microbial community and

short-chain fatty acid profile in gastrointestinal tract of goose. Poultry Science,
97, 1420e1428.

Yao, F., Yang, S., Wang, Z., Wang, X., Ye, J., Wang, X., et al. (2017). Microbial taxa
distribution is associated with ecological trophic cascades along an elevation
gradient. Frontiers in Microbiology, 8, 2071.

Yashiro, E., Pinto-Figueroa, E., Buri, A., Spangenberg, J. E., Adatte, T., Niculita-
Hirzel, H., et al. (2016). Local environmental factors drive divergent grassland
soil bacterial communities in the western Swiss alps. Applied and Environmental
Microbiology, 82, 6303e6316.

Yu, Z., Li, Y., Wang, G., Liu, J., Liu, J., Liu, X., et al. (2016). Effectiveness of elevated CO2
mediating bacterial communities in the soybean rhizosphere depends on ge-
notypes. Agriculture Ecosystems & Environment, 231, 229e232.

Zeng, J., Shen, J. P., Wang, J. T., Hu, H. W., Zhang, C. J., Bai, R., et al. (2018). Impacts of
projected climate warming and wetting on soil microbial communities in alpine
grassland ecosystems of the Tibetan plateau. Microbial Ecology, 75, 1009e1023.

Zhang, L., Hang, P., Zhou, X. Y., Qiao, W. J., & Jiang, J. D. (2020). Enantioselective
catabolism of the two enantiomers of the phenoxyalkanoic acid herbicide
dichlorprop by Sphingopyxis sp. DBS4. Journal of Agricultural and Food Chem-
istry, 68, 6967e6976.

Zhang, X., Herger, A. G., Ren, Z., Li, X., & Cui, Z. (2020). Resistance effect of flavonols
and toxicology analysis of hexabromocyclododecane based on soil-microbe-
plant system. Chemosphere, 257, 127248.

Zhang, X., Li, A., Szewzyk, U., & Ma, F. (2016). Improvement of biological nitrogen
removal with nitrate-dependent Fe (II) oxidation bacterium Aquabacterium
parvum B6 in an up-flow bioreactor for wastewater treatment. Bioresource
Technology, 219, 624e631.

Zhang, X., Ma, C., Zhang, W., Li, W., Yu, J., Xue, D., et al. (2020). Shifts in microbial
community, pathogenicity-related genes and antibiotic resistance genes during
dairy manure piled up. Microbial Biotechnology, 13, 1039e1053.

Zhang, M., Pan, L., Liu, L., Su, C., Dou, L., Su, Z., et al. (2020). Phosphorus and nitrogen
removal by a novel phosphate-accumulating organism, Arthrobacter sp. HHEP5
capable of heterotrophic nitrification-aerobic denitrification: Safety assess-
ment, removal characterization, mechanism exploration and wastewater
treatment. Bioresource Technology, 312, 123633.

Zhang, X., Qu, Y., Ma, Q., Li, S., Dai, C., Lian, S., et al. (2019). Performance and mi-
crobial community analysis of bioaugmented activated sludge system for indigo
production from indole. Applied Biochemistry and Biotechnology, 187, 1437e1447.

Zhang, H., Rehman, M. U., Li, K., Luo, H., Lan, Y., Nabi, F., et al. (2017a). Antimicrobial
resistance of Escherichia coli isolated from Tibetan piglets suffering from white
score diarrhea. Pakistan Veterinary Journal, 37, 43e46.

Zhang, H., Rehman, M. U., Li, K., Luo, H., Lan, Y., Nabi, F., et al. (2017b). Epidemiologic
survey of Japanese encephalitis virus infection, Tibet, China, 2015. Emerging
Infectious Diseases, 23, 1023e1024.

Zhang, M., Riaz, M., Liu, B., Xia, H., El-Desouki, Z., & Jiang, C. (2020). Two-year study
of biochar: Achieving excellent capability of potassium supply via alter clay
mineral composition and potassium-dissolving bacteria activity. The Science of
the Total Environment, 717, 137286.

Zhang, W., Sheng, R., Zhang, M., Xiong, G., Hou, H., Li, S., et al. (2018). Effects of
continuous manure application on methanogenic and methanotrophic com-
munities and methane production potentials in rice paddy soil. Agriculture
Ecosystems & Environment, 258, 121e128.

Zhang, L., Song, T., Wu, J., Zhang, S., Yin, C., Huang, F., et al. (2020). Antibacterial and
cytotoxic metabolites of termite-associated Streptomyces sp. BYF63. Journal of
Antibiotics.

Zhang, H., Zhang, B., Wang, S., Chen, J., Jiang, B., & Xing, Y. (2020). Spatiotemporal
vanadium distribution in soils with microbial community dynamics at vana-
dium smelting site. Environmental Pollution, 265, 114782.

Zhang, C., Zhou, T., Zhu, L., Juhasz, A., Du, Z., Li, B., et al. (2019). Response of soil
microbes after direct contact with pyraclostrobin in fluvo-aquic soil. Environ-
mental Pollution, 255, 113164.

Zhou, W., Lu, Y., Jiang, S., Xiao, Y., Zheng, G., & Zhou, L. (2018). Impact of sludge
conditioning treatment on the bioavailability of pyrene in sewage sludge.
Ecotoxicology and Environmental Safety, 163, 196e204.

A. Li, Y. Wang, Y. Wang et al. International Soil and Water Conservation Research 9 (2021) 639e648

648



INTRODUCTION

Types of paper 
Contributions falling into the following categories will be considered 
for publication: Original research papers, reviews, letters to the editor. 

Please ensure that you select the appropriate article type from the list 
of options when making your submission. Authors contributing to 
special issues should ensure that they select the special issue article 
type from this list.

BEFORE YOU BEGIN

Ethics in Publishing 
For information on Ethics in Publishing and Ethical guidelines for 
journal publication see http://www.elsevier.com/publishingethics and 
http://www.elsevier.com/ethicalguidelines.

Confl ict of interest 
All authors are requested to disclose any actual or potential 
confl ict of interest including any fi nancial, personal or other 
relationships with other people or organizations within three 
years of beginning the submitted work that could inappropriately 
infl uence, or be perceived to infl uence, their work. See also 
http://www.elsevier.com/confl ictsofi nterest.

Submission declaration 
Submission of an article implies that the work described has not been 
published previously (except in the form of an abstract or as part of a 
published lecture or academic thesis), that it is not under consideration 
for publication elsewhere, that its publication is approved by all authors 
and tacitly or explicitly by the responsible authorities where the work 
was carried out, and that, if accepted, it will not be published elsewhere 
including electronically in the same form, in English or in any other 
language, without the written consent of the copyright-holder.

Changes to authorship 
This policy concerns the addition, deletion, or rearrangement of author 
names in the authorship of accepted manuscripts:

Before the accepted manuscript is published in an online issue: 
Requests to add or remove an author, or to rearrange the author 
names, must be sent to the Journal Manager from the corresponding 
author of the accepted manuscript and must include: (a) the reason the 
name should be added or removed, or the author names rearranged 
and (b) written confi rmation (e-mail, fax, letter) from all authors that 
they agree with the addition, removal or rearrangement. In the case 
of addition or removal of authors, this includes confi rmation from 
the author being added or removed. Requests that are not sent by the 
corresponding author will be forwarded by the Journal Manager to the 
corresponding author, who must follow the procedure as described 
above. Note that: (1) Journal Managers will inform the Journal 
Editors of any such requests and (2) publication of the accepted 
manuscript in an online issue is suspended until authorship has been 
agreed.

After the accepted manuscript is published in an online issue: Any 
requests to add, delete, or rearrange author names in an article 
published in an online issue will follow the same policies as noted 
above and result in a corrigendum.

Copyright 
[example: Upon acceptance of an article, authors will be asked 
to complete a ‘Journal Publishing Agreement’. Acceptance of the 
agreement will ensure the widest possible dissemination of information. 
An e-mail will be sent to the corresponding author confi rming receipt 
of the manuscript together with a ‘Journal Publishing Agreement’ 
form or a link to the online version of this agreement. 

Permission of the International Research and Training Center on 
Erosion and Sedimentation or the China Water and Power Press is 
required for resale or distribution outside the institution and for all 
other derivative works, including compilations and translations (please 
consult paige.chyu@gmail.com or iswcr@foxmail.com). If excerpts 
from other copyrighted works are included, the author(s) must obtain 
written permission from the copyright owners and credit the source(s) 
in the article.]

Role of the funding source 
You are requested to identify who provided fi nancial support for 
the conduct of the research and/or preparation of the article and to 
briefl y describe the role of the sponsor(s), if any, in study design; in 
the collection, analysis and interpretation of data; in the writing of the 
report; and in the decision to submit the paper for publication. If the 
funding source(s) had no such involvement then this should be stated. 
Please see http://www.elsevier.com/funding.

Language and language services 
Please write your text in good English (American or British usage is 
accepted, but not a mixture of these). Authors who require information 
about language editing and copyediting services pre- and post-
submission please visit http://webshop.elsevier.com/languageediting 
or our customer support site at http://support.elsevier.com for more 
information.

Submission 
Submission to this journal proceeds totally online. Use the following 
guidelines to prepare your article. Via the homepage of this journal 
(http://www.evise.com/evise/faces/pages/navigation/NavController.
jspx?JRNL_ACR=ISWCR) you will be guided stepwise through the 
creation and uploading of the various fi les. The system automatically 
converts source fi les to a single Adobe Acrobat PDF version of the 
article, which is used in the peer-review process. Please note that even 
though manuscript source fi les are converted to PDF at submission for 
the review process, these source fi les are needed for further processing 
after acceptance. All correspondence, including notifi cation of the 
Editor’s decision and requests for revision, takes place by e-mail and 
via the author’s homepage, removing the need for a hard-copy paper 
trail. If you are unable to provide an electronic version, please contact 
the editorial offi ce prior to submission [example: e-mail: paige.chyu@
gmail.com or iswcr@foxmail.com; telephone: +86 10 68786416; or 
fax: 86 10 68411174].

Additional Information 
Tables and fi gures may be presented with captions within the main 
body of the manuscript; if so, fi gures should additionally be uploaded 
as high resolution fi les.

PREPARATION

Use of wordprocessing software 
It is important that the fi le be saved in the native format of the 
wordprocessor used. The text should be in single-column format. Keep 
the layout of the text as simple as possible. Most formatting codes 
will be removed and replaced on processing the article. In particular, 
do not use the wordprocessor’s options to justify text or to hyphenate 
words. However, do use bold face, italics, subscripts, superscripts etc. 
When preparing tables, if you are using a table grid, use only one grid 
for each individual table and not a grid for each row. If no grid is 
used, use tabs, not spaces, to align columns. The electronic text should 
be prepared in a way very similar to that of conventional manuscripts 
(see also the Guide to Publishing with Elsevier: http://www.elsevier.
com/guidepublication). Note that source fi les of fi gures, tables and 
text graphics will be required whether or not you embed your 
fi gures in the text. See also the section on Electronic illustrations. 

GUIDE FOR AUTHORS



To avoid unnecessary errors you are strongly advised to use the 
“spell-check” and “grammar-check” functions of your wordprocessor.

LaTeX 
If the LaTeX fi le is suitable, proofs will be produced without rekeying 
the text. The article should preferably be written using Elsevier’s 
document class “elsarticle”, or alternatively any of the other recognized 
classes and formats supported in Elsevier’s electronic submissions 
system, for further information see http://www.elsevier.com/wps/fi nd/
authorsview.authors/latex-ees-supported. 

The Elsevier “elsarticle” LaTeX style fi le package (including detailed 
instructions for LaTeX preparation) can be obtained from the 
Quickguide: http://www.elsevier.com/latex. It consists of the 
fi le: elsarticle.cls, complete user documentation for the class fi le, 
bibliographic style fi les in various styles, and template fi les for a quick 
start.

Article structure 
Subdivision - numbered sections 
Divide your article into clearly defi ned and numbered sections. 
Subsections should be numbered 1.1 (then 1.1.1, 1.1.2, ...), 1.2, etc. 
(the abstract is not included in section numbering). Use this numbering 
also for internal cross-referencing: do not just refer to “the text”. Any 
subsection may be given a brief heading. Each heading should appear 
on its own separate line.

Introduction 
State the objectives of the work and provide an adequate background, 
avoiding a detailed literature survey or a summary of the results.

Material and methods 
Provide suffi cient detail to allow the work to be reproduced. Methods 
already published should be indicated by a reference: only relevant 
modifi cations should be described.

Theory/calculation 
A Theory section should extend, not repeat, the background to the 
article already dealt with in the Introduction and lay the foundation for 
further work. In contrast, a Calculation section represents a practical 
development from a theoretical basis.

Results 
Results should be clear and concise.

Discussion 
This should explore the signifi cance of the results of the work, not 
repeat them. A combined Results and Discussion section is often 
appropriate. Avoid extensive citations and discussion of published 
literature.

Conclusions 
The main conclusions of the study may be presented in a short 
Conclusions section, which may stand alone or form a subsection of a 
Discussion or Results and Discussion section.

Appendices 
If there is more than one appendix, they should be identifi ed as A, B, 
etc. Formulae and equations in appendices should be given separate 
numbering: Eq. (A.1), Eq. (A.2), etc.; in a subsequent appendix, Eq. 
(B.1) and so on. Similarly for tables and fi gures: Table A.1; Fig. A.1, etc.

Essential title page information 
• Title. Concise and informative. Titles are often used in information-

retrieval systems. Avoid abbreviations and formulae where possible.
• Author names and affi liations. Where the family name may 

be ambiguous (e.g., a double name), please indicate this clearly. 
Present the authors’ affi liation addresses (where the actual 
work was done) below the names. Indicate all affi liations with 
a lower-case superscript letter immediately after the author’s name 

and in front of the appropriate address. Provide the full postal 
address of each affi liation, including the country name, and, if 
available, the e-mail address of each author.

• Corresponding author. Clearly indicate who will handle 
correspondence at all stages of refereeing and publication, also 
post-publication. Ensure that telephone and fax numbers (with 
country and area code) are provided in addition to the e-mail 
address and the complete postal address. Contact details must 
be kept up to date by the corresponding author. 

• Present/permanent address. If an author has moved since the 
work described in the article was done, or was visiting at the time, 
a “Present address” (or “Permanent address”) may be indicated 
as a footnote to that author’s name. The address at which the 
author actually did the work must be retained as the main, 
affi liation address. Superscript Arabic numerals are used for such 
footnotes.

Abstract 
A concise and factual abstract is required. The abstract should state 
briefl y the purpose of the research, the principal results and major 
conclusions. An abstract is often presented separately from the article, 
so it must be able to stand alone. For this reason, References should 
be avoided, but if essential, then cite the author(s) and year(s). Also, 
non-standard or uncommon abbreviations should be avoided, but if 
essential they must be defi ned at their fi rst mention in the abstract 
itself.

Keywords 
Authors are invited to submit keywords associated with their paper. 

Abbreviations 
Defi ne abbreviations that are not standard in this fi eld in a footnote 
to be placed on the fi rst page of the article. Such abbreviations that 
are unavoidable in the abstract must be defi ned at their fi rst mention 
there, as well as in the footnote. Ensure consistency of abbreviations 
throughout the article.

Acknowledgements 
Collate acknowledgements in a separate section at the end of the article 
before the references and do not, therefore, include them on the title 
page, as a footnote to the title or otherwise. List here those individuals 
who provided help during the research (e.g., providing language help, 
writing assistance or proof reading the article, etc.).

Nomenclature and units 
Follow internationally accepted rules and conventions: use the 
international system of units (SI). If other quantities are mentioned, 
give their equivalent in SI. Authors wishing to present a table 
of nomenclature should do so on the second page of their 
manuscript.

Math formulae 
Present simple formulae in the line of normal text where possible 
and use the solidus (/) instead of a horizontal line for small fractional 
terms, e.g., X/Y. In principle, variables are to be presented in italics. 
Powers of e are often more conveniently denoted by exp. Number 
consecutively any equations that have to be displayed separately from 
the text (if referred to explicitly in the text).

Footnotes 
Footnotes should be used sparingly. Number them consecutively 
throughout the article, using superscript Arabic numbers. Many 
wordprocessors build footnotes into the text, and this feature may be 
used. Should this not be the case, indicate the position of footnotes in 
the text and present the footnotes themselves separately at the end of 
the article. Do not include footnotes in the Reference list. 

Table footnotes 
Indicate each footnote in a table with a superscript lowercase letter.



Artwork 
Electronic artwork 
General points 
• Make sure you use uniform lettering and sizing of your original 

artwork. 
• Save text in illustrations as “graphics” or enclose the font. 
• Only use the following fonts in your illustrations: Arial, Courier, 

Times, Symbol. 
• Number the illustrations according to their sequence in the text. 
• Use a logical naming convention for your artwork fi les. 
• Provide captions to illustrations separately. 
• Produce images near to the desired size of the printed version. 
• Submit each fi gure as a separate fi le. 

A detailed guide on electronic artwork is available on our website: 
http://www.elsevier.com/artworkinstructions 

You are urged to visit this site; some excerpts from the detailed 
information are given here. 

Formats 
Regardless of the application used, when your electronic artwork is 
fi nalised, please “save as” or convert the images to one of the following 
formats (note the resolution requirements for line drawings, halftones, 
and line/halftone combinations given below): 

EPS: Vector drawings. Embed the font or save the text as “graphics”. 
TIFF: color or grayscale photographs (halftones): always use 
a minimum of 300 dpi. 
TIFF: Bitmapped line drawings: use a minimum of 1000 dpi. 
TIFF: Combinations bitmapped line/half-tone (color or grayscale): 
a minimum of 500 dpi is required. 

If your electronic artwork is created in a Microsoft Offi ce application 
(Word, PowerPoint, Excel) then please supply “as is”. 

Please do not: 
• Supply fi les that are optimised for screen use (like GIF, BMP, PICT, 

WPG); the resolution is too low; 
• Supply fi les that are too low in resolution; 
• Submit graphics that are disproportionately large for the content.

Color artwork 
Please make sure that artwork fi les are in an acceptable format 
(TIFF, EPS or MS Offi ce fi les) and with the correct resolution. 
If, together with your accepted article, you submit usable color fi gures 
then Elsevier will ensure, at no additional charge, that these fi gures 
will appear in color on the Web (e.g., ScienceDirect and other sites) 
regardless of whether or not these illustrations are reproduced in color 
in the printed version. 

Figure captions 
Ensure that each illustration has a caption. Supply captions separately, 
not attached to the fi gure. A caption should comprise a brief title (not 
on the fi gure itself) and a description of the illustration. Keep text in 
the illustrations themselves to a minimum but explain all symbols and 
abbreviations used.

Tables 
Number tables consecutively in accordance with their appearance in 
the text. Place footnotes to tables below the table body and indicate 
them with superscript lowercase letters. Avoid vertical rules. Be 
sparing in the use of tables and ensure that the data presented in tables 
do not duplicate results described elsewhere in the article.

References 
Citation in text 
Please ensure that every reference cited in the text is also present 
in the reference list (and vice versa). Any references cited in the 
abstract must be given in full. Unpublished results and personal 

communications are not recommended in the reference list, but 
may be mentioned in the text. If these references are included in the 
reference list they should follow the standard reference style of the 
journal and should include a substitution of the publication date with 
either “Unpublished results” or “Personal communication” Citation 
of a reference as “in press” implies that the item has been accepted 
for publication.

Web references 
As a minimum, the full URL should be given and the date when the 
reference was last accessed. Any further information, if known (DOI, 
author names, dates, reference to a source publication, etc.), should 
also be given. Web references can be listed separately (e.g., after the 
reference list) under a different heading if desired, or can be included 
in the reference list.

References in a special issue 
Please ensure that the words ‘this issue’ are added to any references 
in the list (and any citations in the text) to other articles in the same 
Special Issue.

Reference management software 
This journal has standard templates available in key reference 
management packages EndNote (http://www.endnote.com/
support/enstyles.asp) and Reference Manager (http://refman.com/
support/rmstyles.asp). Using plug-ins to wordprocessing packages, 
authors only need to select the appropriate journal template when 
preparing their article and the list of references and citations to these 
will be formatted according to the journal style which is 
described below.

Reference style 
The International Soil and Water Conservation Research (ISWCR) 
follows the Publication Manual of the American Psychological 
Association (APA) 6th for reference lists and text citation. The author 
are referred to the Publication Manual of the American Psychological 
Association, Fifth Edition, ISBN 1-55798-790-4, copies of which may 
be ordered from http://www.apa.org/books/4200061.html or APA 
Order Dept., P.O.B. 2710, Hyattsville, MD 20784, USA. or APA, 
3 Henrietta Street, London, WC3E 8LU, UK. Details concerning 
this referencing style can also be found at http://humanities.byu.edu/
linguistics/Henrichsen/APA/APA01.html. 

Examples: 
Text: All citations in the text should refer to: 

One author 
–Smith (2002) found…
–(Smith, 2002).

Two Authors:
–Smith and Jones (2003) found…
–(Smith & Jones, 2003).

Three or More Authors
–Smith et al. (2001) found…
- (Phelps et al., 2004)
–Smith et al. (2002) found…

Groups as Authors:
–1st Citation:
 (American Psychological Association [APA], 2000).
–Subsequent Citations:
(APA, 2000).

Anonymous or No Author
–Use fi rst few words of reference list entry (usually title):
(—Study Finds, 1995)
(TEA, 2007)



Authors with Same Surname
–Include initials: S. T. Smith (2000) and J. D. Smith (1999)

Two of more works within the same parentheses
–In order alphabetically, as they would appear in references, 
separated by semi-colons 
(Jones, 2003; Thomas, 2010)
–If by same author, then by date
(Jones, 2003, 2007)

References should be arranged fi rst alphabetically and then further 
sorted chronologically if necessary. More than one reference from the 
same author(s) in the same year must be identifi ed by the letters “a”, 
“b”, “c”, etc., placed after the year of publication

Reference to a journal publication 
Carlson, L. A. (2003). Existential theory: Helping school counselors 
attend to youth at risk for violence. Professional School Counseling, 
6(5), 10-15.

Sagarin, B. J., & Lawler-Sagarin, K. A. (2005). Critically evaluating 
competing theories: An exercise based on the Kitty Genovese murder. 
Teaching of Psychology, 32(3), 167–169. 

Hughes, J. C., Brestan, E. V., & Valle, L. A. (2004). Problem-solving 
interactions between mothers and children. Child and Family Behavior 
Therapy, 26(1), 1-16.

Journal with more than seven authors
Gilbert, D. G., McCleron, J. F., Rabinovich, N. E., Sugai, C., Plath, 
L. C., Asgaard, G., Botros, N. (2004). Effects of quitting smoking on 
EEG activation and attendtionlast for more than 31 days and are more 
severe with stress. Nicotine and Tobacco Research, 6, 249-267.

Herbst-Damm, K.L., & Kulik, J.A. (2005). Volunteer support, 
marital status, and the survival times of terminally ill patients. Health 
Psychology, 24, 225-229. doi: 10.1037/0278-6133.24.2.225

Silick, T.J., & Schutte, N.S. (2006). Emotional intelligence and 
self-esteem mediate between perceived early parental love and adult 
happiness. E-Journal of Applied Psychology, 2(2), 38-48. Retrieved 
from http://ojs.lib.swin.edu.au/index.php/ejap. 

Reference to a book
Beck, C. A. J., & Sales, B. D. (2001). Family mediation: Facts, myths, 
and future prospects. Washington, DC: American Psychological 
Association.

Johnson, R. A. (1989). Retrieval inhibition as an adaptive mechanism 
in human memory. In H. L. RoedigerIII & F. I. M. Craik(Eds.), 
Varieties of memory & consciousness (pp. 309-330). Hillsdale, NJ: 
Erlbaum.

English translation of a book:
Lang, P. S. (1951). A philosophical essay on probabilities 
(F. W. Truscott & F. L. Emory, Trans.). New York, NY: Dover. (Original 
work published 1814)

*In text, cite original date and translation date: (Lang, 1814/1951).

Dissertations and Theses
Caprette, C. L. (2005). Conquering the cold shudder: The origin and 
evolution of snake eyes (Doctoral dissertation). Ohio State University, 
Columbus, OH.

Pecore, J. T. (2004). Sounding the spirit of Cambodia: The living 
tradition of Khmer music and dance-drama in a Washington, DC 
community (Doctoral dissertation). Retrieved from Dissertations and 
Theses database. (UMI No. 3114720)

Caprette, C. L. (2005). Conquering the cold shudder: The origin 
and evolution of snake eyes (Doctoral dissertation). Retrieved from 
http://www.ohiolink.edu/etd/send-pdf.cgi?acc_num=osu1111184984

Online resource from group/government
U.S. Department of Health and Human Services. (2003). Managing 
asthma: A guide for schools. Retrieved from http://www.nhibi.nih.gov/
health/prof/lung/asthma/asth_sch.pdf

Reference in other Language 
Hughes, J. C., Brestan, E. V., & Valle, L. A. (2004). Problem-solving 
interactions between mothers and children. Child and Family Behavior 
Therapy, 26(1), 1-16. (In Chinese) 

Journal abbreviations source 
Journal names should be abbreviated according to 
Index Medicus journal abbreviations: http://www.nlm.nih.gov/tsd/
serials/lji.html; 
List of title word abbreviations: http://www.issn.org/2-22661-LTWA-
online.php; 
CAS (Chemical Abstracts Service): http://www.cas.org/sent.html.

Submission checklist 
The following list will be useful during the fi nal checking of an article 
prior to sending it to the journal for review. Please consult this Guide 
for Authors for further details of any item. 

Ensure that the following items are present: 
One Author designated as corresponding Author: 
• E-mail address 
• Full postal address 
• Telephone and fax numbers 

All necessary fi les have been uploaded 
• Keywords 
• All fi gure captions 
• All tables (including title, description, footnotes) 

Further considerations 
• Manuscript has been “spellchecked” and “grammar-checked” 
• References are in the correct format for this journal 
• All references mentioned in the Reference list are cited in the text, 

and vice versa 
• Permission has been obtained for use of copyrighted material from 

other sources (including the Web) 
• Color fi gures are clearly marked as being intended for color 

reproduction on the Web (free of charge) and in print or to be 
reproduced in color on the Web (free of charge) and in black-and-
white in print 

• If only color on the Web is required, black and white versions of the 
fi gures are also supplied for printing purposes 

For any further information please visit our customer support site at 
http://support.elsevier.com.

AFTER ACCEPTANCE

Use of the Digital Object Identifi er 
The Digital Object Identifi er (DOI) may be used to cite and link to 
electronic documents. The DOI consists of a unique alpha-numeric 
character string which is assigned to a document by the publisher 
upon the initial electronic publication. The assigned DOI never 
changes. Therefore, it is an ideal medium for citing a document, 
particularly ‘Articles in press’ because they have not yet received 
their full bibliographic information. The correct format for citing 
a DOI is shown as follows (example taken from a document in the 
journal Physics Letters B): doi:10.1016/j.physletb.2010.09.059 
When you use the DOI to create URL hyperlinks to documents on the 
web, they are guaranteed never to change.

Proofs 
One set of page proofs (as PDF fi les) will be sent by e-mail to the 
corresponding author (if we do not have an e-mail address then paper 



proofs will be sent by post) or, a link will be provided in the e-mail so 
that authors can download the fi les themselves. Elsevier now provides 
authors with PDF proofs which can be annotated; for this you will 
need to download Adobe Reader version 7 (or higher) available free 
from http://get.adobe.com/reader. Instructions on how to annotate PDF 
fi les will accompany the proofs (also given online). The exact system 
requirements are given at the Adobe site: http://www.adobe.com/
products/reader/systemreqs. 

If you do not wish to use the PDF annotations function, you may 
list the corrections (including replies to the Query Form) and return 
them to Elsevier in an e-mail. Please list your corrections quoting line 
number. If, for any reason, this is not possible, then mark the corrections 
and any other comments (including replies to the Query Form) on a 
printout of your proof and return by fax, or scan the pages and e-mail, 
or by post. Please use this proof only for checking the typesetting, 
editing, completeness and correctness of the text, tables and fi gures. 
Signifi cant changes to the article as accepted for publication will 
only be considered at this stage with permission from the Editor. We 
will do everything possible to get your article published quickly and 
accurately – please let us have all your corrections within 72 hours. 
It is important to ensure that all corrections are sent back to us in one 
communication: please check carefully before replying, as inclusion 
of any subsequent corrections cannot be guaranteed. Proofreading is 
solely your responsibility. Note that Elsevier may proceed with the 
publication of your article if no response is received.

Offprints 
The corresponding author, at no cost, will be provided with a PDF 
fi le of the article via e-mail. For an extra charge, paper offprints can 
be ordered via the offprint order form which is sent once the article 
is accepted for publication. The PDF fi le is a watermarked version of 
the published article and includes a cover sheet with the journal cover 
image and a disclaimer outlining the terms and conditions of use. 

More information about article offprint is available here: http://
webshop.elsevier.com/

AUTHOR INQUIRIES

For inquiries relating to the submission of articles (including electronic 
submission) please visit this journal’s homepage. Contact details for 
questions arising after acceptance of an article, especially those relating 
to proofs, will be provided by the publisher. You can track accepted 
articles at http://www.elsevier.com/trackarticle. You can also check 
our Author FAQs (http://www.elsevier.com/authorFAQ) and/or contact 
Customer Support via http://support.elsevier.com.




	05-300
	In Memoriam: Dr. John M. Laflen
	1. Early years
	2. Iowa
	3. Indiana
	4. Return to Iowa
	5. International activities
	6. Legacy
	References


	06-279
	Multi-criteria decision making methods to address rural land allocation problems: A systematic review
	1. Introduction
	2. Materials and methods
	2.1. Classification of MCDM methods
	2.2. Bibliographic search engine databases
	2.3. Data extraction and procedures
	2.3.1. Selecting research literature using formal strings


	3. Results and discussions
	3.3. MCDM applications to solve different rural land allocation problems
	3.3.1. Conservation area
	3.3.2. Ecosystem management
	3.3.3. Protected areas
	3.3.4. Ecotourism management
	3.3.5. Land management
	3.3.6. Forest management


	4. Conclusions
	Author contributions
	Declaration of interest
	Acknowledgment
	Appendix A. Supplementary data
	References


	07-291
	Contribution of phytoecological data to spatialize soil erosion: Application of the RUSLE model in the Algerian atlas
	1. Introduction
	2. Materials and methods
	2.1. Study area
	2.2. Data set
	2.3. Description of the model
	2.3.1. The cover and management factor (C)
	2.3.2. Other RUSLE factors


	3. Results and Discussion
	3.1. Land cover map
	3.2. Protective effects of vegetation and gravel/pebbles and the cover and management C-factor
	3.3. Other RUSLE factors
	3.4. Potential and actual annual soil losses
	3.5. Tolerance of annual soil losses
	3.6. First step in validation
	3.7. Comparison with other sites
	3.8. Identification of priority critical areas
	3.9. Future development of the methodology

	4. Conclusion
	Acknowledgement
	References


	08-299
	Comparing surface erosion processes in four soils from the Loess Plateau under extreme rainfall events
	1. Introduction
	2. Materials and methods
	2.1. Soil sampling
	2.2. Indoor rainfall simulation experiments
	2.2.1. The setting of rainfall intensity
	2.2.2. Splash erosion
	2.2.3. Sheet/interrill erosionon1-m slope
	2.2. 4Rill and interrillerosionon5-m slope

	2.3. Data analyses
	2.4. Cropland slope gradient distribution

	3. Results
	3.1. Runoff and soil loss by splash erosion
	3.2. Runoff and soil loss by sheet/interrill erosion
	3.3. Runoff and soil loss by rill and interrill erosion

	4. Discussion
	4.1. Soil property impacts on surface erosion processes
	4.1.1. Soil property effects on splash erosion
	4.1.2. Effects of soil property on sheet/interrill erosion

	4.2. Slope gradient effects on surface erosion processes
	4.3. Implications for erosion control

	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	Notation of Abbreviations
	References


	09-287
	Human and climatic drivers of land and water use from 1997 to 2019 in Tarim River basin, China
	1. Introduction
	2. Materials and methods
	2.1. Study site
	2.2. Data
	2.3. Data analysis
	2.3.1. Remote sensing technology
	2.3.2. Time series analysis method


	3. Results
	3.1. Land use and PM2.5 change in Tarim River basin from 1999 to 2019
	3.1.1. Land use (%) change in the main reach of Tarim River basin
	3.1.2. Land use (%) and PM2.5 (μg m−3) changes in the upper, middle and lower reaches of Tarim River basin

	3.2. Climate change and water use in Tarim River basin from 1997 to 2017
	3.2.1. The climate and hydrology condition of the reach
	3.2.2. Annual runoff consumption in Tarim River basin
	3.2.3. Ecological water delivery in Tarim River basin

	3.3. Human development in Tarim River basin from 1999 to 2018

	4. Discussion
	4.1. The land and water use changes with the anthropological development
	4.2. The effect of climate change on the land use and water change with human development
	4.3. Water and land use of typical inland rivers in the world under climate change and human activities
	4.4. Future strategies for sustainable land and water use

	5. Conclusions
	CRedit author statement
	Declaration of competing interest
	Acknowledgments
	References


	10-282
	Effects of land management practices and land cover types on soil loss and crop productivity in Ethiopia: A review
	1. Introduction
	2. Materials and methods
	2.1. Literature search
	2.2. Analysis of soil loss and crop yield data
	2.3. Estimation of yield loss due to soil erosion
	2.4. Statistical data analysis

	3. Results
	3.1. Database description
	3.2. Effects of LMP and land cover on soil erosion rates
	3.2.1. Soil loss rates
	3.2.2. Change in soil loss

	3.3. Impact of LMP and land cover on crop yield
	3.3.1. Effects of LMP on crop yield improvement
	3.3.2. Yield loss due to soil erosion


	4. Discussion
	5. Conclusion
	Declaration of competing interest
	Acknowledgment
	References


	11-275
	Impacts of different surface features on soil detachment in the subtropical region
	1. Introduction
	2. Materials and methods
	2.1. Study area
	2.2. Experimental design and treatments
	2.3. Experimental facilities and procedures
	2.4. Measurements of parameters
	2.5. Calculations of the effects of near surface features
	2.6. Data analysis methods

	3. Results
	3.1. Hydraulic characteristics of overland flow
	3.2. Soil detachment rates of different treatments

	4. Discussions
	4.1. Effects of surface features on hydraulic parameters
	4.2. Effects of surface features on soil detachment rates
	4.3. Relationship between soil detachment rates and hydraulic parameters

	5. Conclusions
	Declaration of competing interest
	Acknowledgements
	References


	12-276
	Spatial optimization of soil and water conservation practices using coupled SWAT model and evolutionary algorithm
	1. Introduction
	2. Materials and methods
	2.1. Description of the study area
	2.2. SWAT model description
	2.3. SWAT model setup
	2.4. SWAT model calibration and validation
	2.5. Modeling of conservation practices in SWAT
	2.6. Spatial optimization with NSGA-II algorithm

	3. Results and discussion
	3.2. Spatial optimization

	4. Conclusions
	Acknowledgements
	References


	13-265
	Evolution of river course and morphometric features of the River Ganga: A case study of up and downstream of Farakka Barrage
	1. Introduction
	1.1. Study area
	1.2. Database and methodology
	1.2.1. Geo-processing and image processing of the data/preprocessing of satellite imageries
	1.2.2. Delineation of the river course
	1.2.3. Morphometric analysis
	1.2.3.1. Method for measuring sinuosity
	1.2.3.2. Delineating river dynamics between 1794 and 2017
	1.2.3.3. Mapping of erosion and deposition



	2. Results
	2.1. River course dynamics between 1794 and 2017
	2.2. Morphometric changes in the River Ganga from 1965 to 2017
	2.3. Erosion and deposition mapping of River Ganga in the study area

	4. Conclusion
	Funding
	Declaration of competing interest
	References


	14-297
	Ecological intensification of cropping systems enhances soil functions, mitigates soil erosion, and promotes crop resilienc ...
	1. Introduction
	2. Materials and methods
	2.1. Study area
	2.2. Treatments
	2.3. Soil physical properties: sampling and processing
	2.4. Soil erosion: sampling and processing
	2.5. Crop yield and soil cover sampling
	2.6. Statistical analysis

	3. Results
	3.1. Soil physical quality
	3.2. Soil cover and soil, water, and nutrient losses
	3.3. Crop yield

	4. Discussion
	4.1. Soil physical quality
	4.2. Soil cover and soil, water, and nutrient losses
	4.3. Crop yield

	5. Conclusions
	Declarations of interest
	Acknowledgments
	Appendix A. Supplementary data
	Funding
	References


	15-293
	Investigation of environmental and land use impacts in forested permafrost headwaters of the Selenga-Baikal river system, M ...
	1. Introduction
	2. Material and methods
	2.1. Study area
	2.2. Data collection
	2.3. Data analysis

	3. Results
	3.1. Land cover
	3.2. Discharge
	3.3. Water quality
	3.4. Macroinvertebrates

	4. Discussion
	4.1. Discharge
	4.2. Water quality
	4.3. Macroinvertebrates

	5. Conclusions
	Acknowledgements
	Appendix
	References


	16-278
	Soil organic carbon stock and fractional distribution across central-south China
	1. Introduction
	2. Material and methods
	2.1. Study sites and soil sampling
	2.2. Soil physicochemical properties
	2.3. Soil aggregation
	2.4. Humic fractionation
	2.5. Data analysis

	3. Results
	3.1. Physicochemical properties
	3.2. Aggregate fractionation
	3.3. Stock of SOC in bulk soils
	3.4. Humic fractionation of SOC in bulk soil
	3.5. Stock of SOC in aggregates
	3.6. Humic fractionation of SOC in aggregates

	4. Discussion
	4.1. Impact of climatic gradients on SOC stock in bulk soils
	4.2. Impact of climate gradients on SOC stock in aggregates
	4.3. Summary of influential factors to zonal variation of SOC stability
	4.4. Limitation

	5. Conclusion
	Acknowledgments
	Appendix A. Supplementary data
	References


	17-277
	Invasion of Prosopis juliflora and its effects on soil physicochemical properties in Afar region, Northeast Ethiopia
	1. Introduction
	2. Materials and methods
	2.1. Description of the study area
	2.2. Sampling design
	2.3. Laboratory analysis
	2.4. Data analysis

	3. Results
	3.1. Prosopis and soil chemical properties
	3.2. Effects of Prosopis on soil physical properties
	3.3. Spatial variations of soil chemical properties in Teru and Yalo Districts
	3.4. Spatial variations of physical properties in Teru and Yalo Districts
	3.5. Vertical variations of soil physicochemical properties in Teru and Yalo districts
	3.6. Correlation coefficients among soil physicochemical properties

	4. Discussion
	4.1. Effects of Prosopis on soil chemical properties
	4.2. Effects of Prosopis on soil physical properties

	5. Conclusion
	Authors’ contributions
	Declaration of competing interest
	Acknowledgements
	References


	18-285
	Microbiome analysis reveals soil microbial community alteration with the effect of animal excretion contamination and altit ...
	1. Introduction
	2. Materials and methods
	2.1. Study area and sample collection
	2.2. DNA extraction
	2.3. 16S rRNA gene amplification and sequencing
	2.4. Bioinformatics and data analysis

	3. Results
	3.1. Sequences analyses
	3.2. Animal excretion contamination and altitude affect soil microbial diversity
	3.3. Animal excretion contamination affect soil microbial community structure
	3.4. Animal excretion contamination induces soil microbial alternations
	3.5. Altitude affects soil microbial structure

	4. Discussion
	5. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References


	20-blank1



