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a b s t r a c t

Land capability and suitability maps are useful tools for soil resource conservation. This study aimed to
build land capability and suitability maps using a multi-thematic approach by GIS in a salt-affected
coastal area of Italy. Topographic, morphological, geological, pedological delineations and land cover
maps, remote sensing image and climate data were acquired and the main physical and chemical
properties, including electrical conductivity (EC) and available water capacity, were analysed on the soil
samples collected in the study area. The acquired information were elaborated through QGIS software to
obtain the land capability and suitability maps. The suitability map showed that most of the area (80%) is
suitable for cultivation and, therefore, can be addressed for agricultural purposes without risk of
degradation. In fact, the land capability map showed that 42% of the investigated area belongs to class I
and II indicating that they can be used for a wide range of cultivations. While 44% of the investigated area
clustered in class III and IV. In these latter the cultivation should be allowed to a limited range of crops
due to the high sand content, which does not allow a good water retention, and due to a strong intrusion
of sea water with consequent increase of the soil EC. In our study area, where agricultural productivity
and environmental impact are in conflict, to classify the lands on base the land capability and suitability
could help to define the best agricultural practices to apply in order to preserve soil functions.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

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

1. Introduction

Coastal areas are often affected by salinization due to the
seawater intrusion in aquifers and to the improper use of poor (high
salt content) water quality (Canfora et al., 2017; Tedeschi &
Menenti, 2002; Vittori Antisari et al., 2020). Salinity and sodicity
in the soils of these areas pose serious limitations to agricultural
production (Shrivastava & Kumar, 2015) and use (T�oth et al., 2008,
pp. 61e74). The impact to agricultural production ranges from
slight yield loss to complete crop failure, depending on both the
crop type and the physicochemical soil features, including their salt
content (Gupta et al., 2008; Munns, 1999). Salt affected soils can be
also found in inland areas where salts are naturally present in the
soil and in those areas characterized by low rainfall and high

evapotranspiration rates (Raimondi et al., 2010; Walter et al., 2018).
Soil salinity is thus a fundamental issue in agriculture, affecting a
substantial amount of land throughout the world in diverse coun-
tries and geographical zones, in both irrigated and dryland soil.
However, the localization and extent of the areas affected by soil
salinization is still controversial. The FAO/UNESCO soil map of the
world (1970e1980) suggested that in Europe saline soils made up
6.7 Mha, or 0.3% of the total area, and sodic soils are 72.7 Mha, 3.6%.
According to Stanners (1995), salinization affects around 3.8 Mha,
while more recent investigations reported that saline and sodic
soils cover about 30.7 Mha of Europe (Rengasamy, 2006).

Measurement of soil salinity is essential for effective manage-
ment and planning of agricultural activity in salinity-affected soils
and, for individual crops, localised measurement is required to
optimise crop management. At a larger scale, mapping of salinity is
required to delineate cropmanagement zones and for regional land
management. In this context, both land capability and land* Corresponding author.

E-mail address: mauro.defeudis2@unibo.it (M. De Feudis).
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suitability can be useful tools to ensure delineation of management
zones aimed to suitable land use. In fact, land capability is referred
to the ability of soil to grow the cultivated crops and pasture plants
without deterioration over a long period of time (Klingebiel &
Montgomery, 1961). Closely associated land capability, land suit-
ability is defined as the soil ability to sustain the cultivated plants
and their yields in a sustainable way (FAO, 2007; Field & Odgers,
2016). Therefore, land capability allows the assessment based on
inherited permanent physical properties of the lands and climate,
while land suitability includes economic, social and/or political
factors (Grose, 1999). The concept of land suitability acquires
meaning if the characteristics and qualities of soil are compared
with the requirements of each use (Burian et al., 2018; FAO, 1981).
Consequently, soil properties and land use are equally fundamental
to land suitability evaluation (Verheye et al., 2003).

The classification of soils on the base of their capability and
suitability is necessary to ensure both food production and the
protection of the natural resources (Deshmukh, 2016; Hudson,
1992). Furthermore, the knowledge of land capability and suit-
ability allow to plan land uses and to develop those land manage-
ment able to improve productivity. However, in order to obtain
accurate classes of land capability and suitability, there is the need
to pay attention to the high soil spatial variability (Elkateb et al.,
2003; Stoyan et al., 2000). In this context, the Soil Science
Division Staff (2017) suggests the use of the Geographic Informa-
tion System (GIS) as an important tool to map soils and interpret
the variations of their physicochemical properties in space and in
time (Vacca et al., 2014). In fact, GIS is used to predict the soil type
distribution in the space undergoing periodic geomorphological
and hydrogeological changes due to both natural causes (Ciavola
et al., 2006, pp. 18e25) and anthropic interventions (Romano &
Zullo, 2014; Sekovski et al., 2015). Additionally, GIS is helpful for
processing large amounts of spatial data and providing accurate
and accessible information for land (Dan et al., 2018; Smiraglia
et al., 2013). Hence, since its high potential on soil variability
assessment, recent studies used this tool to identify the land
capability and suitability (AbdelRahman et al., 2016; Montgomery
et al., 2016). Zurqani et al. (2019) stated that GIS is very useful
tool for monitoring both temporal and spatial changes of soil
salinity.

In this framework, the aim of the present study was to build
detailed land capability and suitabilitymaps using amulti-thematic
approach by GIS in a salt-affected coastal area of Italy.

Specifically, the procedure is based on four steps: land unit maps
building, realization of a detailed soil map, development of the
salinity and the available water capacity maps, and development of
the land capability and suitability maps (Fig. S1 of the Supple-
mentary materials).

2. Materials and methods

2.1. Study area

The studied coastal area is located in the North-eastern Italy,
and is bounded to the North and South, respectively, by the last
stretch of the Reno River and the Lamone River, to the East by the
Adriatic Sea and to the West by the eastern edge of the Comacchio
Valleys (Fig. 1).

The area has a total surface of 3488 ha, it is in plain and it is
characterized by alluvial deposits that totally or partially buried the
pre-existing brackish marshes and dune cords of Adriatic Sea
(Antonellini et al., 2019; Ciavola et al., 2007). Most of the area is
subjected to subsidence and it underwent reclamation between the
end of the 19th and the beginning of the 20th century (Carbognin&
Tosi, 2005; Zerbini et al., 2005). Furthermore, soil salinization, due
to saline wedge, is one of the main soil threats currently affecting
the agricultural land exploitation (Antonellini et al., 2008;
Giambastiani et al., 2007).

The ten-year (2010e2019) climatic data, provided by the
meteorological observatories of Marina di Ravenna (33T
4933700.44 mN; 268184.47 mE, �1 m a.s.l.) and Mezzano (33T
4930070.66 mN; 284087.15 mE, �3 m a.s.l.), indicate that the
climate of the area can be classified as mesothermal sub-
continental temperate according to Peel and Bloeschl (2011) with
about 650 mm of annual rainfall, mainly concentrated in the pe-
riods OctobereNovember and MayeJune (150 and 115 mm per
month, respectively), while mean temperatures range from 23.5 �C
in July to 1.5 �C in January. The soil moisture and temperature re-
gimes according to the SSS (2014) are Ustic and Mesic, respectively.
Rainfalls, temperature oscillations, and evapotranspiration phe-
nomena deeply affect the groundwater depth and the magnitude of
saltwater intrusion in the deep aquifer (Ferronato et al., 2016; Laghi
et al., 2010, pp. 1124e1135).

In about 60% of the study area, the Digital Terrain Model,
deriving from light detection and ranging (LiDAR) scan and with
1 m ground resolution, shows a morphology with altitudes below

Fig. 1. Topographic map (left side) and remote sensing image (right side) of the coastal area located in the North-eastern Italy. The topographic map was elaborated using the
Regional Technical Paper of Emilia-Romagna Region (RER, 1998). The remote sensing image was elaborated using the Google Earth™ imagery.
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sea level which sometimes reach �2 m a.s.l. Elevations above 1 m
extend laterally to the Right Reno Drainage Canal which in the past
held the ancient course of the Lamone river frequently affected by
floods. The territory bands above 2 m correspond to the ancient
dune structures (Fig. S2a of the Supplementary materials).

The area is characterized by silty-clayey alluvial deposits that, in
the western part, have buried the brackish marsh and cordon de-
posits of the previous coastal alignments, while, in the central part,
the cords and dunes are still visible in elongated areas oriented

according to the current and past coastal alignments. Immediately
behind the coast line there is a band of cords and dunes with a
mainly sandy texture (Fig. S2b of the Supplementary materials).
According to the Soil Service of the Emilia-Romagna Region (RER,
2018a), the area is characterized by soils with moderate pedogen-
esis (Cambisols - IUSS, 2015; Inceptisols e SSS, 2014) often affected
by hydromorphy (stagnic, gleyic); close to the coast, on the ancient
and recent dune systems, there are soils with a high sand content
(Arenosols - IUSS, 2015; Psamments e SSS, 2014) (Fig. S2c of the

Fig. 2. Land units map and soil sampling sites location of the coastal area located in the North-eastern Italy.
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Supplementary materials).
Land cover (Fig. S2d of the Supplementary materials), classified

according to the 3-level hierarchical of the Corine Land Cover
System (EEA, 2007), shows the prevalence of agricultural areas,
characterized by irrigated lands and pastures, followed by forests
and seminatural areas (coniferous and mixed forests, and scle-
rophyllous vegetation). Wetlands are represented by inland
marshes andwater bodies. The artificial surfaces include residential
units, business entities, port areas, sport and leisure facilities (RER,
2018b).

2.2. Land units map

Themap of land units (Fig. 2), defined as zones with a significant
degree of environmental homogeneity (Omernik & Bailey, 1997),
was built through the reasoned vector overlay of remote sensing
image, and topographic, morphological, geological, pedological
delineations and land cover maps. Maps overlapping was per-
formed through Intersection procedures on the vector data with
reference to the Datum UTM-WGS84 33T. The land unit map was
created by the open source QGIS 3.12 software, overlaying maps
and generating a new level of data as a product of existing layers
(DiBiase, 2014; DiBiase et al., 1994). Source of each existing layers is
reported in Table 1.

2.3. Soil map

2.3.1. Soil sampling
The soil survey was carried out on the basis of the delineations

identified by the land units map. The number of sampling points
was based on the size of each delineation (Deckers et al., 2006).
Specifically, 79 sites were identified, corresponding to about one
sampling point every 50 ha, and a soil profile was opened in each
site by auger. The position of each sampling point was georefer-
enced (Garmin GPS) and the coordinates were expressed asWGS84
UTM 33T Datum. In each profile, soil samples were collected from
four different fixed depths (0e10, 10e30, 30e60, 60e100 cm). The
choice to sample by fixed depths was based on the fact that this
sampling method is considered correct for the evaluation of the
main chemical properties (i.e. nutrients and organic carbon con-
tents) in arable lands due to similar bulk density along depth
caused by plowing (Wendt & Hauser, 2013). Moreover, the soil
sampling by fixed depth is a common procedure when the GIS
technology is used for the assessment of lands (Denton et al., 2017;
Emadi et al., 2010). Further, from each fixed depth, additional soil
samples (undisturbed soil samples) were collected using an Eij-
kelkamp sampler ring kit model C, ∅53 mm (Eijkelkamp, Soil &
Water, Giesbeek, The Netherlands). The soil sampling was carried

out in winter (December) and in the following summer (July) sea-
son in order to evaluate the seasonal variation of soil salinity and
water content.

2.3.2. Physical and chemical soil characterization
The undisturbed soil samples were placed in a water bath for

24 h until water saturation. Afterwards, the samples were left to
percolate by gravity for 24 h at 25 �C and were then weighed
(mwet). Finally, the soil samples were placed in an oven at 105 �C
for 24 h, and the weight of the dried samples was then recorded
(mdry). Gravimetric water content (qg; Bilskie, 2001; Copper, 2016)
was calculated according to the following equation [1]:

qg (g) ¼ mwet (g) e mdry (g) [1]

Because of 1 g qg is equal to 1000 mm3 of water, the available
water capacity (AWC) of each soil depth was calculated dividing the
qg by the area of Eijkelkamp sampler ring used for the collection of
undisturbed soil samples and taking in account the thickness of
each soil layer.

The disturbed soil samples of each layer were air-dried at room
temperature, then ground and sieved at 2 mm. On the sieved
samples, pH was determined potentiometrically in a 1:2.5 (w/v)
soil:distilled water suspension with a Crison pH-meter. The elec-
trical conductivity in the water extract obtained from 1:2.5 (w/v)
soil:water ratio was measured by conductimeter (Orion; EC1:2.5).
For soil salinity mapping, the EC1:2.5 was reported as EC on the
saturation extract (ECe) according to Sonmez et al. (2008) as
follows:

ECe [dS m�1] ¼ 4.34 $ EC1:2.5þ0.17 for sandy soils [2]

ECe [dS m�1] ¼ 3.84 $ EC1:2.5þ0.35 for loamy soils [3]

ECe [dS m�1] ¼ 3.68 $ EC1:2.5þ0.22 for clay soils [4]

The carbonate content was measured by volumetric analysis of
the carbon dioxide released when putting the soil samples in
contact with a 6 M HCl solution (Loeppert & Suarez, 1996), using a
Dietrich-Fruehling apparatus. The soil organic matter (SOM) con-
tent was measured by loss of ignition at 450 �C according to Schulte
and Hopkins (1996) and Cambardella et al. (2001) and the total
organic carbon (TOC) was calculated using 1.72 correlation factor
(Abella & Zimmer, 2007; De Vos et al., 2005; Howard & Howard,
1990). The particle size distribution was determined by the
pipette method after dispersion of the sample with a sodium
hexametaphosphate solution (Gee & Bauder, 1986).

The soil at each sampling point was then classified according to

Table 1
List of maps and images used for building the land units map.

Map Description Source

Topographic map (Fig. 2) It was obtained by assembling the Regional Technical Paper at scale 1:5000 in Tiff format RER,
(1998)

Remote sensing image
(Fig. 2)

High resolution Google satellite orthoimage, download performed via SAS Planet GIS. Reference year 2018. Google
Earth™

Morphological map
(Fig. S1a)

It was acquired by Ministry of the Environment and the Protection of the Territory and the Sea through light detection and
ranging (LiDAR) scan.

RER,
(2010)

Geological map (Fig. S1b) It is a vector layer in shapefile format digitized starting from the Tiff raster data of Geological Map of Italy - Map Sheet 223
Ravenna (scale 1:50,000) of the Geological Service of Italy (1999) and of the Geological Map 1:10,000 of the Emilia-Romagna
Region Seismic-Geological Survey

RER,
(2006)

Pedological delineations
map (Fig. S1c)

It was acquired as a vector layer in shapefile format digitized from the Soil Map 1:50,000 of the Emilia Romagna Region Soil
Service

RER,
(2018a)

Land cover map (Fig. S1d) It was acquired as a vector layer in shapefile format created by the Emilia-Romagna Region. RER;
(2018b)
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IUSS Working Group (2015) and SSS (2014).

2.3.3. Soil cartographic units
The field survey and laboratory data allowed to evaluate the

correspondence between the limits of land units with those of the
pedological delineations. In the case of soil features differences
within same land unit, field observations were applied with the
application of the transect method (Webster& Cuanalo de la Cerda,

1975; Wang, 1982). The pedological delineations are then grouped
in cartographic units according to the soil classification.

2.4. Available water capacity and salinity maps

In order to obtain the AWC of the entire soil depth down to 1 m,
the sum of the AWC of each layer at fixed depth was calculated
(Hollis et al., 2015). Then, in order to build the AWC map, the soils

Table 2
Mean ± standard error of pH, electrical conductivity in winter and summer periods (ECew and ECes, respectively), content of carbonates (CaCO3), sand, silt, clay and total
organic carbon (TOC), and available water capacity (AWC) of the soils of the coastal area located in the North-eastern Italy.

Soil (Number of profiles) Soil depth pH ECew ECes CaCO3 Sand Silt Clay TOC AWC

cm dS m�1 dS m�1 g kg�1 g kg�1 g kg�1 g kg�1 g kg�1 mm H2O

fv AR (2) 0e10 7.7 ± 0.4 1.04 ± 0.08 1.34 ± 0.06 139 ± 4 709 ± 21 205 ± 18 86 ± 4 4.10 ± 0.09 14.6 ± 0.7
10e30 7.6 ± 0.1 1.21 ± 0.10 1.39 ± 0.07 145 ± 3 698 ± 15 205 ± 22 98 ± 5 5.80 ± 0.07 29.6 ± 0.8
30e60 7.4 ± 0.2 1.99 ± 0.12 1.60 ± 0.11 149 ± 8 752 ± 12 164 ± 17 84 ± 4 5.20 ± 0.11 35.1 ± 1.2
60e100 7.9 ± 0.3 0.99 ± 0.04 1.78 ± 0.09 149 ± 3 871 ± 19 122 ± 9 7 ± 1 1.00 ± 0.03 46.0 ± 0.9

fv CM (10) 0e10 7.44 ± 0.08 1.62 ± 0.50 1.43 ± 0.40 195 ± 37 304 ± 63 478 ± 49 218 ± 45 12.6 ± 1.3 20.5 ± 1.1
10e30 7.69 ± 0.28 1.39 ± 0.63 1.54 ± 0.35 177 ± 62 312 ± 65 470 ± 61 218 ± 46 12.0 ± 1.2 40.8 ± 1.0
30e60 7.69 ± 0.31 1.58 ± 0.55 1.66 ± 0.50 195 ± 50 354 ± 83 423 ± 51 223 ± 55 9.96 ± 1.64 62.4 ± 1.3
60e100 8.00 ± 0,50 1.57 ± 0.47 1.92 ± 0.45 198 ± 42 314 ± 81 482 ± 71 204 ± 56 6.80 ± 1.31 81.2 ± 1.7

fv/s CM (2) 0e10 7.46 ± 0.01 2.15 ± 0.05 2.31 ± 0.25 190 ± 25 340 ± 21 510 ± 19 150 ± 2 13.0 ± 4.5 18.5 ± 0.8
10e30 7.43 ± 0.01 2.54 ± 0.40 2.77 ± 0.45 192 ± 38 281 ± 15 566 ± 14 153 ± 11 11.9 ± 2.6 38.8 ± 1.0
30e60 7.65 ± 0.03 5.27 ± 1.51 7.15 ± 0.89 197 ± 26 244 ± 13 637 ± 20 120 ± 7 6.65 ± 2.76 59.4 ± 1.1
60e100 7.70 ± 0.19 8.45 ± 1.24 10.4 ± 1.54 209 ± 26 275 ± 56 583 ± 46 142 ± 10 5.70 ± 0.28 73.6 ± 0.8

st FL (9) 0e10 7.79 ± 0.49 0.89 ± 0.25 0.93 ± 0.10 184 ± 49 304 ± 96 470 ± 78 226 ± 51 13.1 ± 3.2 18.6 ± 0.8
10e30 7.75 ± 0.43 0.81 ± 0.10 1.04 ± 0.35 171 ± 40 348 ± 88 441 ± 65 212 ± 54 13.5 ± 1.0 35.4 ± 0.4
30e60 7.59 ± 0.02 0.85 ± 0.05 2.15 ± 0.50 161 ± 31 171 ± 26 587 ± 42 242 ± 69 9.21 ± 0.11 61.2 ± 1.6
60e100 7.74 ± 0.09 1.04 ± 0.40 2.39 ± 0.45 196 ± 49 339 ± 97 408 ± 98 253 ± 44 10.9 ± 0.1 71.6 ± 1.4

st CM (3) 0e10 7.50 ± 0.09 1.40 ± 0.35 1.43 ± 0.20 210 ± 24 118 ± 16 559 ± 91 323 ± 75 13.6 ± 1.8 20.4 ± 0.7
10e30 7.38 ± 0.10 1.62 ± 0.10 1.69 ± 0.25 215 ± 17 116 ± 28 489 ± 36 395 ± 64 11.2 ± 2.1 41.4 ± 0.9
30e60 7.66 ± 0.37 1.95 ± 0.56 2.24 ± 0.79 221 ± 13 126 ± 16 524 ± 75 350 ± 58 9.90 ± 0.14 61.2 ± 1.3
60e100 8.04 ± 0.03 1.88 ± 0.81 3.05 ± 0.97 230 ± 26 71 ± 33 558 ± 11 371 ± 21 21.8 ± 2.9 84.8 ± 1.5

st/vr CM (2) 0e10 7.76 ± 0.05 1.18 ± 0.10 1.36 ± 0.10 196 ± 44 96 ± 26 484 ± 75 420 ± 54 10.3 ± 0.1 22.0 ± 0.8
10e30 7.43 ± 0.04 1.69 ± 0.05 2.17 ± 0.68 200 ± 35 112 ± 18 429 ± 10 459 ± 21 11.5 ± 0.3 44.1 ± 0.9
30e60 7.63 ± 0.13 2.80 ± 0.20 2.98 ± 0.58 184 ± 4 102 ± 37 452 ± 42 447 ± 38 8.70 ± 1.59 66.3 ± 1.2
60e100 7.93 ± 0.14 5.41 ± 0.15 6.62 ± 0.94 205 ± 11 44 ± 32 391 ± 67 566 ± 48 7.99 ± 1.08 93.2 ± 1.9

gl CM (3) 0e10 7.73 ± 0.28 1.31 ± 0.40 1.27 ± 0.35 200 ± 19 247 ± 81 533 ± 50 219 ± 37 11.7 ± 3.5 21.2 ± 0.6
10e30 7.56 ± 0.13 1.35 ± 0.35 1.43 ± 0.50 189 ± 2 240 ± 85 505 ± 42 255 ± 44 8.30 ± 2.20 43.0 ± 0.9
30e60 7.69 ± 0.36 1.43 ± 0.34 1.77 ± 0.55 193 ± 58 230 ± 87 534 ± 53 236 ± 68 7.20 ± 1.15 65.1 ± 1.3
60e100 8.26 ± 0.36 1.81 ± 0.77 2.62 ± 0.45 185 ± 18 292 ± 82 607 ± 94 101 ± 26 5.93 ± 1.85 90.0 ± 1.7

vr CM (7) 0e10 7.56 ± 0.22 1.32 ± 0.25 1.21 ± 0.20 185 ± 9 161 ± 77 549 ± 61 291 ± 47 10.8 ± 3.7 20.7 ± 0.4
10_30 7.49 ± 0.15 1.25 ± 0.10 1.29 ± 0.25 184 ± 13 175 ± 70 509 ± 55 316 ± 57 10.5 ± 1.6 41.2 ± 0.6
30e60 7.79 ± 0.25 1.18 ± 0.25 1.43 ± 0.35 179 ± 26 163 ± 28 528 ± 72 309 ± 46 9.23 ± 2.48 62.4 ± 1.1
60e100 7.99 ± 0.16 1.32 ± 0.45 1.54 ± 0.50 194 ± 9 123 ± 75 494 ± 54 383 ± 63 9.15 ± 2.77 86.4 ± 1.8

gl AR (9) 0e10 7.64 ± 0.16 0.69 ± 0.35 1.30 ± 0.25 92 ± 11 845 ± 100 110 ± 42 45 ± 24 12.1 ± 3.5 17.3 ± 0.7
10e30 7.63 ± 0.04 0.56 ± 0.05 2.38 ± 0,35 111 ± 3 809 ± 74 108 ± 77 82 ± 14 4.85 ± 1.06 36.8 ± 0.9
30e60 7.67 ± 0.31 0.91 ± 0.56 2.34 ± 0.55 100 ± 4 829 ± 56 98 ± 12 72 ± 41 4.75 ± 1.61 41.4 ± 1.3
60e100 8.36 ± 0.07 3.29 ± 0.40 4.42 ± 0.75 155 ± 31 828 ± 58 98 ± 13 74 ± 39 4.35 ± 0.07 55.2 ± 1.9

eu AR (7) 0e10 7.49 ± 0.20 0.78 ± 0.45 0.73 ± 0.35 118 ± 53 860 ± 92 94 ± 27 46 ± 21 20.9 ± 6.3 17.0 ± 0.8
10e30 7,57 ± 0.27 0.78 ± 0.25 0.99 ± 0.15 107 ± 23 847 ± 98 97 ± 34 56 ± 17 17.7 ± 2.4 34.7 ± 1,2
30e60 7.56 ± 0.34 0.86 ± 0.35 2.21 ± 0.40 115 ± 21 894 ± 78 62 ± 17 45 ± 22 3.75 ± 2.31 31.2 ± 1.6
60e100 7.83 ± 0.51 1.69 ± 0.55 2.73 ± 0.45 122 ± 31 878 ± 72 72 ± 15 49 ± 23 2.57 ± 1.56 46.4 ± 1.9

eu RG (4) 0e10 7.58 ± 0.03 2.99 ± 0.40 2.82 ± 0.35 77 ± 10 822 ± 78 118 ± 40 60 ± 4 8.15 ± 2.82 8.01 ± 0.3
10e30 7.62 ± 0,09 2.82 ± 0.55 2.73 ± 0.45 69 ± 1 846 ± 67 98 ± 5 55 ± 6 5.52 ± 0.51 18.7 ± 0.9
30e60 7.40 ± 0,01 3.43 ± 0.60 3.47 ± 0.55 99 ± 16 841 ± 98 96 ± 23 63 ± 9 4.24 ± 2.13 28.7 ± 0.7
60e100 7.44 ± 0,07 3.44 ± 1.04 3.99 ± 0.89 89 ± 16 929 ± 66 52 ± 5 20 ± 2 4.20 ± 1.63 20.9 ± 0.9

vr/gl CM (5) 0e10 7.45 ± 0.19 1.66 ± 0.55 2.39 ± 0.53 161 ± 24 146 ± 43 511 ± 21 343 ± 23 15.6 ± 5.3 21.1 ± 0.4
10e30 7.65 ± 0.13 1.43 ± 0.50 2.76 ± 0.45 152 ± 32 150 ± 64 491 ± 43 359 ± 24 12.6 ± 2.5 42.4 ± 0.9
30e60 7.70 ± 0.10 1.62 ± 0.88 3.20 ± 0.55 149 ± 47 115 ± 37 438 ± 83 447 ± 111 8.47 ± 2.33 65.7 ± 1.1
60e100 7.69 ± 0.17 2.46 ± 1.09 4.64 ± 1.17 166 ± 37 169 ± 26 579 ± 63 253 ± 55 5.73 ± 1.72 81.7 ± 1.9

gl/s CM (8) 0e10 7.51 ± 0.19 3.54 ± 0.89 3.81 ± 0.55 191 ± 32 162 ± 53 567 ± 78 271 ± 26 13.7 ± 1.9 17.6 ± 0.6
10e30 7.49 ± 0.05 4.61 ± 1.11 5.03 ± 0.45 195 ± 33 159 ± 31 531 ± 67 310 ± 49 13.8 ± 2.2 35.7 ± 0.4
30e60 7.57 ± 0.15 6.95 ± 1.18 8.07 ± 0.72 205 ± 28 116 ± 19 554 ± 85 330 ± 76 10.7 ± 2.2 49.2 ± 0.8
60e100 7.80 ± 0.29 10.2 ± 1.53 12.1 ± 1.09 186 ± 21 320 ± 97 443 ± 55 237 ± 69 4.95 ± 2.3 67.3 ± 3.6

gl(s) CM (7) 0e10 7.47 ± 0.32 2.80 ± 0.88 3.05 ± 0.56 194 ± 30 235 ± 55 429 ± 67 336 ± 63 13.8 ± 3.8 17.5 ± 0.6
10e30 7.46 ± 0.16 3.24 ± 1.35 3.68 ± 1.01 180 ± 35 250 ± 64 416 ± 81 334 ± 67 11.7 ± 3.0 35.6 ± 0.8
30e60 7.77 ± 0.31 3.83 ± 1.43 4.12 ± 1.35 192 ± 31 176 ± 76 441 ± 70 383 ± 73 9.31 ± 2.53 53.8 ± 1.6
60e100 7.84 ± 0.35 4.27 ± 1.51 7.51 ± 1.11 200 ± 38 171 ± 38 506 ± 94 323 ± 84 7.25 ± 1.98 65.1 ± 3.8

fv AR: fluvic Arenosol (stagnic); fv CM: fluvic Cambisol (loamic); fv/s CM: fluvic salic Cambisol (loamic); st FL: stagnic Fluvisol (siltic); st CM: stagnic Cambisol (siltic); st/vr CM:
stagnic vertic Cambisol (clayey); gl CM: gleyic Cambisol (siltic); vr CM: vertic Cambisol (oxiaquic); gl AR: gleyic Arenosol (stagnic); eu AR: eutric Arenosol (humic); eu RG:
eutric Regosol (arenic); vr/gl CM: vertic endogleyic Cambisol (siltic); gl/s CM: endogleyic salic Cambisol (siltic); gl(s): endogleyic (salic) Cambisol (siltic). World Reference Base
for Soil Resources taxonomic system (IUSS, 2015).
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were clustered according to their AWC (Gagkas et al., 2018; Lilly
et al., 2012).

The winter and summer salinity maps were built averaging the
soil ECe values across all soil layers of the 79 profiles sampled in the
winter and replicated in the following summer season and taking in
account the soil layer thicknesses. The salinity maps represent the
mosaic of vector tiles layer, with cells 50 m � 50 m wide, where
each cell contains salinity class according to USDA Soil Survey
Manual (Richards, 1954).

2.5. Land capability and suitability maps

The land capabilitymapwas created according to land capability
classification (LCC) proposed by USDA (Klingebiel & Montgomery,
1961). The LCC reference system, on the base of the type and
quantity of internal and/or external limiting factors (particle size
distribution, AWC in 0e100 cm soil depth, TOC content in 0e30 cm
soil depth, EC values in 0e30 and 30e100 cm soil depths, drainage
potential, flooding risk), classify the soils into eight land capability
classes under two broad groups as: from class I to class IV include
lands suitable for agriculture, while from class V to class VIII include
lands not suitable for agriculture but suited for forestry, grass land
and protected areas.

The drainage potential was evaluated on the base of particle size
distribution analysis (higher drainage with higher sand content,
while lower drainage potential with higher clay content) and on the
development of gleyed subsoil horizons which is an indicator of an
inhibited drainage (O’Geen, 2013; Phillips et al., 2001). The flooding
risk informationwere acquired from the romagna land reclamation
authority (CBR, 2018).

Each limiting condition has been assigned as an increasing nu-
merical value as a function of the limitations intensity (higher
numerical value corresponded to higher limitation severity); the
total score, given by the sum of each numerical value related to the
six limiting factors, has allowed to identify the soil capability within
one of the eight USDA land capability classes (Tables S1 and S2 of
the Supplementary material). Further class assignments were
conditioned by legislative rules such as coastline respect and con-
straints due to the presence of protected landscapes (Delta del Po
Emilia-Romagna Regional Park) and urban areas. The lands sub-
jected to these rules and constrictions are not cultivable and,
therefore, they belong to class VIII of the land capability.

The land suitability map was developed according to land
suitability classification (FAO, 1981) and following the basic prin-
ciples for land evaluation (FAO, 2007). Specifically, land suitability
is assessed and classified with respect to specified kinds of use;
suitability for each use is assessed by comparing the required input,
such as labour, fertilizers or irrigation, with the goods produced or
other benefits obtained; the suitability evaluation should be per-
formed through a multidisciplinary approach that include, for
example, soil scientists, ecologists, geomorphologists, agronomists
economists and sociologists; evaluation is made in terms relevant
to the physical economic and social context of the area concerned;
the suitability assessment requires to take in account the envi-
ronmental degradation; the suitability evaluation involves com-
parison of more than a single kind of use, for example, between
agriculture and forestry, between two or more different farming
systems, or between individual crops. On the base the principles of
land evaluation, the lands are classified using two hierarchical
levels: orders and classes. The orders indicated with S and N letters
delimit areas suitable or unsuitable, respectively, for sustainable
use; the classes define the degree of aptitude for a sustainable use.
Therefore, the lands are divided into highly (S1), moderately (S2),
marginally (S3) suitable and currently (N1), permanently (N2) not
suitable.

2.6. QGIS software

The QGIS 3.12 software was used for data input and processing,
and map elaboration. QGIS allows users to analyze and edit spatial
information, in addition to composing and exporting georeferenced
maps. QGIS supports both raster and vector layers; vector data are
stored as point, line, or polygon features. Multiple formats of raster
images are supported. The software also supports georeferencing of
images using the Georeferencer Core Plugin, a tool for generating
world files for rasters. The spatial processing framework of QGIS
3.12 is based on the Python plugin SEXTANTE, which integrates a
large number of analysis algorithms from different open source
projects.

3. Results and discussion

3.1. Land units map

The “Land Units Map” highlighted eight homogeneous areas
which weremainly identified by the landmorphology associated to
sea level, the depositional system and the sediment texture (Fig. 2).
Land use and tree cover were driven by the land morphology,
where remnants of woods (Mediterranean coniferous forest) were
located in cords of raised sand dunes parallel to the coast line.
Parallel to the dunes, there are raised areas characterized by shell
fragments, not cultivated or with shrubby vegetation. Among these
raised areas, lower lands were present, dedicated to extensive
agriculture. Generally, the extensive agriculture was in the lands
below sea level. The soil profiles of the Land Units below the sea
level were characterized by gleyic features in 50e60 cm soil depth
layer (Table S1), while Eutric Arenosol and Fluvic Cambisol (calca-
ric) developed in higher morphological land.

3.2. Soil map

3.2.1. Soil physico-chemical data
The field observations together with the data obtained from the

soil chemical-physical analysis allowed to confirm the geographical
limits defined by the land unit maps, and in few cases a subdivision
within the same land unit were necessary. Thus, land units in the
investigated area well grouped pedogenic factors, allowing to a
quite overlapping between land and soil units.

In the whole investigated area, soils had a slightly alkaline pH
without differences along the soil depth (Table 2), and calcium
carbonate was always present (ranging from 69 to 230 g kg�1). As
expected instead a great variability in particle size distribution was
found in accordance to the land units (Table 2 and Fig. 2): soils of
areas above sea level were characterized by deposits of fine and
medium sandy coast, by silty and silty loam alluvial deposits, and
by silty clayey loam delta deposits, and soils located below the sea
level were characterized by silty clay coast deposits.

The ECe values measured during winter season (ECew; Table 2)
were generally lower than those measured in summer season
(ECes), ranging from 0.56 to 10.20 dS m�1 and from 0.73 to
12.10 dS m�1, respectively. The temporal variation of soil salinity is
closely related to seasonal temperature and rainfall patterns
(Silvestri et al., 2005; Tho et al., 2008). However, on average, no
differences occurred among the soil types.. Along soil depth the ECe
values increased, suggesting that soil salinity was affected by saline
groundwater. In this case, as shown in Table 2, some soil types (i.e.
Fluvic Salic Cambisol, Stagnic Vertic Cambisol and Endogleyic
Cambisol) had ECe values > 4 dS cm�1 in the deepest parts of soil
profiles, which is considered as a critical soil salinity threshold for
plant growth (Munns, 2009).

The AWC showed a declining trend with soil depth in Arenosol,
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Fig. 3. Soil map of the coastal area located in the North-eastern Italy.
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while in Cambisols, Fluvisol and Regosol the AWC is similar among
the soil layers. Furthermore, on average, while Arenosol, Cambisol
and Fluvisol showed similar AWC values, Regosol had the lowest
ones.

Higher TOC contents were found in soils with finer texture
compared to those with coarser texture, further, in all soils the TOC
content reduced with depth (Table 2).

3.2.2. Soil classification and cartographic units
In the study area, 14 different soil types (Table 2 and Fig. 3) were

identified. Most of the soils are moderately developed (Cambisolse
IUSS, 2015; Inceptisols e SSS, 2014), confirming the RER (2018a)
data, and are characterized either by reduction conditions (Gleyic,
Stagnic) or by vertic properties (Vertic). In the area close to the
coast lines, the soils are affected by salinity (Salic) caused by the
marine water intrusion.

The central area is crossed from south-east to north-east by soils
characterized by pedogenetic substrates originating from alluvial
deposit alternations (Fluvisols and Fluvic Cambisols e IUSS, 2015;
Aeric Fluvaquents and Fluventic Haplustepts e SSS, 2014). In the
eastern portion of the paleo and recent beach-ridge systems there
are soils with sand texture (Arenosols) partly influenced by

Mediterranean coniferous forest cover which contributed to
enriching the epipedons with organic substance (Humic), and
partly uncultivated meadows and with shrubs (Eutric). Limited to
beaches and small internal areas, soils do not have a significant
profile development and therefore do not have diagnostic horizons
(Regosols e IUSS, 2015; Entisols e SSS, 2014). While Subaquatic
Stagnic Gleysols (IUSS, 2015) e Aeric Haplowassents (SSS; 2014)
identify the marshy areas characterized by subaqueous soils
(Ferronato et al., 2015, 2016, 2018).

3.3. Soil salinity and available water capacity

In the investigation area, the presence of soils affected by
salinity was noted where marshy areas and brackish valleys per-
sisted before reclamation (Fig. 4as, aw). However, the proximity to
the coast and the progressive increase in subsidence favor the
marine water intrusion and in morphologically more depressed
areas the soils are subjected to endopedon salinization phenomena.
As shown in Fig. 4 as, the phenomenon is accentuated in the
summer period due to the scarcity of rainfalls and capillary rise. The
intrusion of seawater is confirmed by the piezometers installed by
Lamberti et al. (2018, pp. 317e320) and Cipolla et al. (2019) which

Fig. 4. Soil salinity map in winter (aw) and summer (as) seasons, and soil available water capacity map (b) of the coastal area located in the North-eastern Italy.
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allowed to record EC values > 30 dS cm-1 at 1 m depth in these
more depressed areas. The salinization phenomenon is not con-
trasted by irrigation waters which in turn are of poor quality.

Most of the soils formed on alluvial and deltaic deposits (Fluvic,
Gleyic, Stagnic, Vertic Cambisols) show satisfactory AWC (Fig. 4b)
with values greater than 150 mm (Datta et al., 2017; Kirkham, 2014,
pp. 153e170; O’Geen, 2013). Conversely, those formed on the coast
deposits (Gleyic Arenosols and Eutric Regosols) show significant
water availability deficiencies due to the sandy texture and the low
TOC content. In fact, it is well known the lowwater holding capacity
of sandy soils (Biswas, 2019), conversely, the ability of soil to store

water is positively related to the soil organic matter content
(Williams et al., 2016). An exception is the Eutric Arenosols (Humic)
which, despite the sandy textures, are affected by a forest cover
which promoted the formation of an epipedon enriched of organic
matter and, as a consequence, the AWC values range from 175 mm
in the surface soil layers to 110 mm in deepest ones.

3.4. Land capability and suitability maps

The study area shows a significant variability of capability use
classes, ranging from the I to the VIII class, due to the different

Fig. 5. Land capability map of the coastal area located in the North-eastern Italy.
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combination of soil limiting factors as the lack of water availability,
the salinity accentuation, and the high content of sand or clay
particles (Fig. 5; Table S2 of the Supplementary materials). Gener-
alized is the organic carbon deficiency in the epipedons except in
situations with forest cover or permanent lawn.

Specifically, 42% of the area under investigation is clustered in I
and II classes of the land capability and, therefore, they are suited
for a wide range of plants with none or few limitations (Klingebiel
&Montgomery,1961). The soils clustering in I and II classes showed

a loam texture which allow both a good water retention performed
by clay particles (Bouma & Bryla, 2000) and an optimal hydraulic
conductivity due to the macropores governed by sandy particles
(Mangalassery et al., 2013) promoting a regular or moderate
drainage. Furthermore, these soils showed low EC values which
allow the growth of glycophytes (Cheeseman, 2015).

About 44% of the investigated area belongs to class III and IV
which indicates that they have severe limitations that reduce the
choice of plants (Klingebiel &Montgomery, 1961). Compared to the

Fig. 6. Land suitability map of the coastal area located in the North-eastern Italy.
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soils of class I and II, these soils showed lower AWC and slight
higher EC which limit plant growth and yields (Ould Ahmed et al.,
2010).

A few portion of the area (4.5%) was classified as class V and VI of
the land capability and, therefore, they are not cultivable and can be
addressed only to pasture, woodland, or wildlife food and cover
(Klingebiel &Montgomery, 1961). Specifically, in our case the areas
belonging to class V and VI are characterized by flooding
happening, on average, every 15 years (CBR, 2018) or by high sand
content which do not allow the accumulation of soil organic carbon
(Campos et al., 2020; Yost & Hartemink, 2019) and water (Biswas,
2019). Finally, 9.5% of the investigated area clustered in class VII
and VIII because of the excessive drainage and land protection,
respectively.

According to the land suitability, about 80% of the investigated
area is characterized by suitability conditions (Fig. 6; Table S2 of the
Supplementary materials) with prevalent classes of moderately
(S2) and marginally (S3) suitable (33.9 and 35.7%, respectively).
About 20% of non-suitable areas are characterized by current (N1)
conditions corresponding to environments of naturalistic impor-
tance or subject to risk of flooding or in conditions of irreversibility
(N2) (about 11% among urbanized areas, marshes and shorelines).

Because of the lower AWC and the higher EC values in S2 and S3
areas compared to S1 one, the cultivation is not suitable if some
agricultural management techniques are not used. For example, the
S2 areas can be cultivated also with intensive crops such as pro-
cessing tomato, sunflower and melon, but the irrigation is needed.
In fact, in these areas the irrigation has the dual purpose of keeping
the soil moist and preventing saline waters from rising to the sur-
face by evaporation (Vittori Antisari et al., 2020). For S3, instead,
tree orchards should be excluded and should be addressed to open
field salt tolerant crops such as barley or moderately tolerant ones
such as wheat, soybeans and sorghum (FAO, 2006).

However, it is important to highlight that some agricultural
practices could improve the soil properties and, therefore, could
reduce the limitations. For example, the use of water with low EC
values and of manures could reduce the soil salinity (Ould Ahmed
et al., 2010) and increase the TOC content (Lal, 2006), respectively.

4. Conclusion

This work highlighted how the availability of good quality
environmental databases supported by expert GIS systems allow to
create in sequence a thematic map series of particular utility to
evaluate the possible presence of external and/or internal soil
limiting factors and possible interventions to correct or mitigate
them. In particular, the information contained in the soil map and
its derivatives (AWC and salinity maps) managed by QGIS allowed
to identify areas belonging to different land capability and suit-
ability classes. The coastal area investigated through the present
work, although characterized by sea water intrusion, showed to be
mostly (80%) suitable for cultivation and, therefore, can be
addressed for agricultural purposes without the risk of degradation.
In fact, taking in account the land capability, 42% of the investigated
area belongs to class I and II indicating that they can be used for a
wide range of cultivations. In order to avoid soil degradation, more
attention should be paid for the lands clustering in class III and IV
which represented 44% of the investigated area and where the
cultivation should be allowed only to a limited range of crops. In
fact, this area had a high sand content which does not allow a good
water retention. Moreover, these sites are subjected to a strong
intrusion of seawaterwith consequent increase of the soil electrical
conductivity and where irrigation is necessary to contrast such sea
water intrusion.

Because of inadequate land use could cause the loss of several

hectares of agricultural area due to soil degradation, to classify the
lands on base the land capability and suitability could help to define
the best agricultural practices to apply in order to preserve soil
functions. Therefore, the application of land capability and suit-
ability models as tools should be considered as a mandatory action
for the optimization of land use plans. Further, such tools could
easily assist the authorities in decision-making regarding to accept
or reject the alternative kinds of land managements.

The proposedmodel provides for the updating in progress of the
database with the possibility of reporting in real time any changes
on one or more of cartographic topics covered (AWC, salinity, SOM,
drainage). Therefore, the model applied to the study area, where
agricultural productivity and environmental impact are in conflict,
implies that land capability and suitability maps should not be
considered permanent documents, but rather modifiable in a
positive or negative sense depending on anthropic interventions or
natural impacts, climatic in particular.
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a b s t r a c t

Ecological and hydrological impacts are expected when watersheds are under commercial eucalyptus. In
this study we evaluated event-based hydrology and sedimentation in paired watersheds under com-
mercial eucalyptus and grasslands cover. Flow, suspended sediment concentration, and sediment pro-
duction were measured and simulated with the Limburg Soil Erosion Model (LISEM) in paired
hydrographic watersheds located in southern Brazil; one occupied with 7-years old Eucalyptus saligna
plantation (forest watershed-FW; 0.83 km2) and another Pampa biome with native and exotic grasses
used for beef cattle production (grassland watershed-GW; 1.10 km2). The effect of rainfall on hydrological
and sedimentological variables was more evident in GW compared with FW. The shape of the hydro-
graph was steepest in GW, with rapid, marked increase and decrease in flow during rainfall. The pa-
rameters changed for model calibration in FW and GW were soil saturated hydraulic conductivity, initial
soil moisture, and Manning roughness coefficient, whereby the statistical performance was classified as
good (NSE> 0.75). Fourteen events different from those used in the calibration process were validated for
FW and GW, with NSE index classified as “good” and “very good” for hydrology. Our study shows lim-
itations of LISEM in calibrating and validating the sediment yield for individual events due to the spatial
variability of factors controlling soil erosion. The validated modeling results of this study may be applied
in simulating soil and crop scenarios in watersheds cultivated with commercial forest and grassland for
grazing.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

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

1. Introduction

Afforestation by eucalyptus of land previously used for cattle
raising and agriculture (Oliveira et al., 2017) in the Pampa biome in
southern Brazil has raised concerns because of potential detri-
mental changes in hydrology and soil erosion (Reichert et al., 2017;
Rodrigues et al., 2018; Valente et al., 2020). Forests have significant

effects on ecology (Evans & Turnbull, 2004), hydrology
(Andr�eassian, 2004; Ferreto, Reichert, Lopes Cavalcante, &
Srinivasan, 2020; Oki & Kanae, 2006; Reichert, Cechin, Reinert,
Rodrigues, & Suzuki, 2018; Reichert et al., 2017), soil erosion
(Rodrigues et al., 2014, 2018; Valente et al., 2020) and edaphic as-
pects (Cavalli, Reichert, Rodrigues, & de Araújo, 2020; França,
Reichert, Holthusen, Rodrigures, & de Araújo, 2021; Holthusen,
Brandt, Reichert, & Horn, 2018; Reichert et al., 2015, 2016, 2018;
Reichert, Rodrigues, Bervald, & Kato, 2016).

With eucalyptus afforestation, there are connections among
ecology, hydrology and erosion. Land use changes affect the re-
lationships of living beings with the environment and with each
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other, influencing the functioning of local environment due to the
ecophysiological plant relocation. Hydrology is a field of science
that examines the movement, distribution and physical and
chemical properties of water, and water relates with the ecology of
all living forms in the environment. Furthermore, ecology, hydrol-
ogy and erosion processes are interconnected since soil erosion,
promoted by hydrological processes, may cause a progressive
deterioration of the landscape, especially on steep agricultural
slopes, affecting ecological functions. Afforestationwith eucalyptus,
however, can be an important resource for reducing soil erosion, by
controlling runoff energy in the long run (K€orner, 2018; McCabe
et al., 2017; Pijl, Reuter, Quarella, Vogel, & Tarolli, 2020; Valente
et al., 2020).

The effects of large-scale eucalyptus production in southern
Brazil are not known and there are uncertainties about the capacity
of the Pampa biome in supporting large-scale forestry production
without jeopardizing soil and water resources. In this biome,
eucalyptus stands are being planted even in sandy soils, which are
susceptible to erosion and have low water retention capacity,
fertility, and organic matter content (Reichert, Amado, Reinert,
Rodrigues, & Suzuki, 2016). Further, in many areas of the world,
large-scale eucalyptus plantations have been set up because of the
rapid financial return. In some countries, such as Spain, these
plantations already occupy more space than native forests (Goded
et al., 2019). These large-scale plantations did not demonstrate a
clear effect on soil erosion and river flow in four river basins in
southeastern Australia (Dresel et al., 2018). Occurrence of erosion
was related to the reduction of eucalyptus forests in north-central
Portugal (Malvar et al., 2017), and runoff and sediment concen-
tration decreased by more than half after the implantation of
eucalyptus forests in the Ethiopian plateau (Mhiret et al., 2019) and
in southern China (Zhao, Zhang, Lan, Tongway, & Freudenberger,
2020).

Soil degradation is augmented by animal trampling due to
extensive livestock activity, which increases compaction (Holt,
Bristow, & McIvor, 1996) particularly near the soil surface
(Ambus, Reichert, Gubiani, & de Faccio Carvalho, 2018; Cecagno
et al., 2016; Collares, Reinert, Reichert, & Kaiser, 2011; Kunz et al.,
2013; Martins et al., 2003; Mesquita & Moraes, 2004; Watung,
Sutherland, & El-Swaify, 1996). Cattle change the relationship be-
tween soil and plant in tree regeneration in the Pampa (Redin et al.,
2017), modify land surface forms and accelerate degradation pro-
cesses (Thomaz & Dias, 2009).

Studies on rainfall-flow-erosion modeling mainly seek to un-
derstand processes related to the spatio-temporal variability of
sediment yield at the watershed scale. In Brazil, there are few
studies that have monitored watersheds with the purpose of
evaluating soil andwater losses through physically-basedmodeling
(Dambr�os, 2011; de Barros, Minella, Dalbianco, & Ramon, 2014;
Pel�aez, 2014; Rodrigues et al., 2014). Long-term data are scarce, and
costly to obtain. Therefore, models are important tools to provide
insights into hydrological, sedimentological, and sediment yield
processes that are relevant in the context of using and managing
natural resources.

The Limburg Soil Erosion Model (LISEM) simulates streamflow
and erosion processes during a single rainfall event (De Roo,
Wesseling, & Ritsema, 1996; Jetten, 2002). LISEM was calibrated
and used extensively with satisfactory results for rural watersheds
with intense soil use and degradation in southern Brazil (Gomes,
2008; Moro, 2011) and also in watersheds in Belgium (Takken
et al., 1999), Kenya (Hessel & Tenge, 2008), Netherlands (Sheikh,
van Loon, Hessel, & Jetten, 2010), Ethiopia (Grum et al., 2017),
Spain (Grum et al., 2017) and Norway (Starkloff, Stolte, Hessel,
Ritsema, & Jetten, 2018), with promising results, but information
regarding the use of LISEM in cultivated forest watersheds is

incipient (Rodrigues et al., 2014).
Our hypothesis was that, for single rainfall events, watershed

under eucalyptus plantation generates less sediment concentra-
tion, sediment yield, and streamflow compared with grassland
watersheds in the Pampa biome. Our objective was to evaluate the
ability of LISEM to simulate the effect of vegetation on the flow
dynamics, water flow and sediment production in paired water-
sheds, and to compare sediment yield and flow in watersheds with
eucalyptus plantation and grasslands. We believe that through
strategies of continuous monitoring and subsequent application of
modeling techniques, it is possible to discriminate the effect of
different types of vegetation and soil cover, such as eucalyptus
plantation and pasture, on the influence on the dynamics of surface
runoff formation, being that runoff is directly related to the slope of
the landscape and soil texture.

2. Material and methods

2.1. Paired watersheds

The study was conducted in awatershedwith Eucalyptus saligna
(FW) and another with grassland for beef cattle grazing (GW), in
southern Brazil (Fig. 1). Climate is humid subtropical with no
drought, an average annual temperature of 18.6 �C (Moreno, 1961),
mean annual precipitation of 1356 mm, and mean monthly pre-
cipitation above 60 mm (Alvares, Stape, Sentelhas, De Moraes
Gonçalves, & Sparovek, 2013).

The FW watershed has an area of 0.83 km2, average time of
concentration of 1:47 h, mean slope of 8%, and soils Ultisols, Ulti-
sols, Inceptisols, Entisols, and Entisols (USDA - Soil Survey Staff,
1999). Besides Eucalyptus saligna planted in 2006 with a
3.0 � 3.3-m spacing (Fig. 2), grasslands in surrounding areas con-
sists of grasses and shrubs, and riparian vegetation characterized by
arboreal stratum of native species, as described in Valente (2018).
The GW watershed (Fig. 2) has an area of 1.10 km2, average time of
concentration of 2:52 h, mean slope of 3.08%, and soils Ultisols,
Inceptisols, and Entisols (USDA - Soil Survey Staff, 1999). Pasture
consists of native grasses and sown oats. There are arboreal clumps
or isolated individuals of native trees, along with native riparian
vegetation as described in (Valente, 2018).

2.2. Hydrology and erosion monitoring at watershed scale

Hydrosedimentometric monitoring was carried out in two pe-
riods. The first period, from January 2012 to September 2013, was
used to obtain data for model calibration. During the second period,
between January 2019 andMay 2019, datawere obtained for model
validation. Monitoring flumes where equipped with limnigraphs,
turbidimeters and pluviometers, and connected to dataloggers that
recorded every 10 min.

2.2.1. Sediment concentration and sediment yield
Suspended sediment was sampled with a USDH-48 sampler

during rainfall events, whereas turbidity was measured continu-
ously and concentration of suspended sediment estimated with a
calibration curve. Total sediment yield was determined from inte-
grated bed load and suspended sediment concentration obtained
during the automatic monitoring period. Hydrographs and sed-
imentographs were examined based on their shape and in relation
to streamflow and sedimentation occurrence.

2.3. Hydrological and sedimentological modeling

Hydrological processes were modeled using the Limburg Soil
Erosion Model (LISEM) model (De Roo & Jetten, 1999), which
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Fig. 1. Location of the studied watersheds.

Fig. 2. Land use and soil classes of the forest and grassland watersheds.
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describes infiltration, runoff, deposition and sediment yield, a
distributed-model recommended for small (10e300 ha) water-
sheds. Hydrological variables were runoff volume, maximum
streamflow, peak time, and hydrograph shape. Sedimentological
variables under observation were sediment yield, maximum con-
centration of suspended sediment, peak time, and sedimentograph
shape. These data were obtained through monitoring of quantities
corresponding to the variables adjusted in the calibration
procedure.

Calibration and validation were performed by manual optimi-
zation of sensitive model parameters. The optimized sensitive pa-
rameters were soil saturated hydraulic conductivity (ks), total
porosity (qs), initial soil moisture (qi), Manning’s n coefficient (n),
median particle size distribution (D50), cohesion of the wet soil
(Coh), cohesion by plant roots (Coah), and aggregate stability (As).
The optimization of each parameterwas uniform. In other words, as
an example, when ks was reduced by 10%, this percentage was
added for all land uses. Land use and soil classification information
(Table 1) was assigned to digital maps with a 5x5-m spatial reso-
lution. Since the model does not simulate total streamflow but total
surface runoff, a separation between baseflow and surface runoff
from the total runoff volume is needed. This was achieved by
hydrograph separation using the constant-slope approach pro-
posed by (Vente, 1964).

Since rainfall events with highermagnitudes generate larger soil
and water losses, they were selected for calibration and validation
of the LISEMmodel. Initial soil moisture was defined as a fraction of
total porosity occupied by the water phase, and estimated by using
the ROSETTA pedotransfer functions based on sand, silt and clay
fractions (Twarakavi, Sakai, & �Sim�unek, 2009), and available in
Hydrus 1-D (�Simunek, �Sejna, & van Genuchten, 1998). The initial
conditions were given by total precipitation volume of the ante-
cedent rainfall event and the modeled event as well as the inter-
storm period elapsed between those two events expressed in days.

The model was parameterized using data measured in the field
or the laboratory or with the aid of information published in the
literature (Table 1). Surface random roughness RR is the standard
deviation of surface elevation along a small transect using a frame
with bars as reference; ground cover by vegetation was verified in
the field, rock cover was estimated locally, vegetation height and
leaf area index (LAI; m2 m�2) were obtained from (Rodrigues et al.,
2014), maximum canopy storage (Smax; mm) was estimated based
on the LAI using equation (Smax (crops) ¼ 0.935 þ 0.498 LAI -
0.00575 LAI2 or Smax (eucalypt) ¼ 0.0918 LAI1.04), cohesion by
plant roots was taken from the literature (Morgan, Quinton, Smith,
R.E., Govers, Poesen, Auerswald, Chisci, Torri, Styczen,& Folly, 1998;
Morgan & Rickson, 2005), aggregate stability from McCalla (1944),
modified by Imeson and Vis (1984), saturated hydraulic conduc-
tivity Ks was estimated with a permeameter (Gubiani, Reinert,
Reichert, Gelain, & Minella, 2010), and total porosity was deter-
mined according to Danielson and Sutherland (1986).

Soil cohesion was determined in the field with a Torvane,
immediately after a rainfall event, when the soil was at near-
saturation level. Soil particle size was quantified after dispersion
(Suzuki, Reichert, Albuquerque, Reinert, & Kaiser, 2015) by gran-
ulometry analysis, namely sand fraction by sieving, and silt and clay
fractions by sedimentation (Klute, 1986) to define the median
particle size distribution (D50). The tension of the wetting front was
estimated (Rawls, Brakesnsiek, & Soni, 1983), and Manning’s coef-
ficient n was calculated as in (Haan, Barfield, & Hayes, 1993). We
note that all parameters were used deterministically, whereby no
parameter uncertainty was considered (in essence parameter
values were assumed as mean with zero variance). This choice can
be considered as justified, given the small size of the watershed of
application, but should be reconsidered for applications with larger
scale analysis.

Simulations were executed with a temporal resolution of 20s.
During calibration, the most sensitive parameters of the model (De

Table 1
LISEM numeric input and output parameters for eucalyptus and grassland watersheds.

Land use Ks qs j qi n Per H LAI D50 Coh Coah As RR Perc

Watershed with eucalyptus forest (FW)

Input parameters

Shrubs 154.7 0.6 5,4 0.5 0.15 1.0 8.0 2.8 76.0 102.3 10.0 300.0 3.4 0.00
Eucalyptus 262.2 0.4 3,1 0.3 0.15 1.0 20.0 3.6 571.0 82.5 12.2 198.0 1.9 0.00
Road 80.0 0.3 3,0 0.2 0.15 0.0 0.0 0.0 76.0 50.0 5.0 150.0 1.5 0.00
Riparian vegetation 176.1 0.4 3,6 0.3 0.15 0.9 0.3 1.8 631.0 93.2 6.0 81.0 2.4 0.03

Output parameters
Shrubs 18.1 0.6 5,4 0.3 0.59 1.0 8.0 2.8 76.0 100.3 15.0 315.0 3.4 0.00
Eucalyptus 30.7 0.4 3,1 0.2 0.59 1.0 20.0 3.5 521.5 82.5 36.1 186.3 1.9 0.00
Road 9.4 0.3 3,0 0.2 0.59 0.0 0.0 0.0 76.0 53.2 10.5 143.1 1.5 0.00
Riparian vegetation 20.6 0.4 3,6 0.2 0.59 1.0 0.3 1.8 575.5 92.1 11.4 81.0 2.4 0.03

Watershed with grassland (GW)
Input parameters

Road 50.0 0.3 5,6 0.2 0.25 0.0 0.0 0.0 50.0 50.0 0.0 200.0 0.8 0.70
Shrubs 117.3 0.5 6,0 0.4 0.70 0.8 7.0 2.8 50.0 82.0 10.0 24.0 2.4 0.00
Eucalypt 262.2 0.4 7,0 0.3 0.60 0.7 8.0 3.6 50.0 82.5 12.2 196.0 1.9 0.00
Riparian vegetation 684.8 0.4 7,0 0.3 0.70 0.7 1.0 3.3 50.0 83.0 12.2 134.0 2.2 0.00
Pasture with oat 300.7 0.5 9,0 0.4 0.53 0.8 0.2 1.8 50.0 125.0 6.0 134.0 2.8 0.00
Oat 361.8 0.5 6,0 0.4 0.53 0.5 0.2 1.8 50.0 100.0 6.0 77.0 2.6 0.00

Output parameters
Road 4.0 0.3 5.6 0.2 0.23 0.0 0.0 0.0 50.0 50.0 0.0 200.0 0.8 0.50
Shrubs 9.3 0.5 11.0 0.4 0.64 0.7 7.0 2.2 50.0 82.0 10.0 24.0 2.4 0.00
Eucalypt 20.7 0.4 5.0 0.3 0.55 0.6 8.0 2.8 50.0 82.5 12.2 196.0 1.9 0.00
Riparian vegetation 54.1 0.4 5.0 0.3 0.64 0.6 1.0 2.6 60.0 83.0 12.2 134.0 2.2 0.00
Pasture with oat 23.8 0.5 7.0 0.4 0.49 0.7 0.2 1.4 50.0 125.0 6.0 134.0 2.8 0.00
Oat 28.6 0.5 6.0 0.4 0.49 0.5 0.2 1.4 50.0 100.0 6.0 77.0 2.6 0.00

Ks: saturated hydraulic conductivity (mm h-1); qs: total porosity (cm3 cm-3); J: water tension at the wetting front (mm); qi: initial soil moisture (cm3 cm-3); n: Manning’s n
coefficient; Per: ground cover with vegetation (%); H: height of vegetation (m); LAI: leaf area index (m2 m-2); D50: median particle size distribution (mm); Coh: cohesion of the
wet soil (kPa); Coah: cohesion by plant roots (kPa); As: aggregate stability; RR: surface radom roughness (cm); Perc: ground cover with stones (%).
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Roo, Wesseling, et al., 1996; De Roo, Offermans, et al., 1996), namely
Ks, RR, n and the initial water content, were modified, whereas all
other parameters were held constant. Graphical and statistical
analyses were used to benchmark measured against predicted
values. The PBIAS statistical test was calculated to evaluate model
efficiency in estimating runoff volume, sediment yield, maximum
streamflow, maximum suspended sediment concentration, and
hydrographs and sedimentographs peak times. We chose the Nash-
Sutcliffe efficiency (Nash & Sutcliffe, 1970) NSE > 0.50 and percent
bias (PBIAS)� 25% as standard for acceptable flow simulations, and
NSE > 0.50 and percent bias (PBIAS) � 50% for sediments (Moriasi
et al., 2007).

The data analysis included the calculation of total precipitation
and maximum precipitation intensities, average and maximum
flows and hydrograph separation. Subsequently, data related to
sediment-related variables were grouped and organized, and
finally represented by the concentration of sediments in medium
and maximum suspension and total sediment production (Table 1).
After tabulation and grouping of hydrological and sedimentological
variables, data normalization was applied as a strategy to restruc-
ture the tables and attributes, with the aim to reduce redundancies
and allowing to resize the database.

3. Results

3.1. Rainfall hydrosedimentological events used for calibration

The 22 rainfall events that generated runoff both in the FW and
GW, occurred between August 2012 to September 2013, produced a
total runoff volume ranging from 13.3 to 107 mm and were char-
acterized by a maximum rainfall intensity from 1.7 up to
36.9 mm h�1 (Tables 2 and 3). For most of the monitored rains,
considering the slopes of the regression equations, the pasture-
occupied watershed (GW) showed greater runoff and, conse-
quently, greater maximum flow and sediment production,
compared with the forest watershed (FW) (Fig. 3).

3.1.1. Forest watershed events
Rainfall events at the FWgenerated runoff (R) ranging from 69.2

up to 5245.0 m3, maximum streamflow (Qmax) from 5.2 up to
345.5 L s�1, and runoff coefficient (C) from 0.1 up to 6.0%. The
maximum concentration of suspended sediment varied between
2.3 and 599.6 mg L�1, and the observed suspended sediment yield
between 0.0002 and 2.0252 Mg km�2 (Table 2).

The highest rainfall intensities generally provided highest
runoff, maximum streamflow, sediment concentration, and yield.
The rainfall event of November 04, 2013 had the highest maximum
rainfall intensity (35.8 mm h�1) and total volume (107.2 mm), but
did not generate the highest runoff, maximum streamflow, runoff
coefficient, total sediment yield, and suspended sediment
concentration.

Rainfall events occurring on wet soil, such as those recorded on
09/18/12 and 10/09/12, provided the highest values of maximum
streamflow (345.5 and 303.9 L s�1, respectively), runoff (2684.7 m3

and 5245.0 m3, respectively), maximum suspended sediment
concentration (599.6 and 252.2 mg L�1, respectively), and sus-
pended sediment yield (1.84 and 2.01 Mg km�2, respectively). The
maximum suspended sediment concentration observed on 09/18/
12 was incurred by the collapse of stream-channel banks, visually
observed in the field after the event.

The FWhydrographs showed smooth increases and decreases as
a response to rainfall events (Fig. 4). In general, the maximum
suspended sediment concentration arose after the maximum
streamflow, where sedimentographs were characterized by a steep
increase and smooth decrease thereafter with the exception of the
event which occurred on 09/18/12 and saw a steep increase and
decrease in suspended sediment concentration.

3.1.2. Grassland watershed events
The amplitude for runoff was high in GW, ranging from 228.1 up

to 31207.4 m3, with a runoff coefficient between 0.8 and 36.0%.
Highest rainfall intensities associated with highest rainfall volume
were responsible for the highest maximum streamflow (1212.7 and
1878.7 L s�1 km�2) and, consequently, for the highest sediment
yield (3.17 and 9.08 Mg km�2; Table 3).

Table 2
Hydrosedimentological variables of monitored events in the watershed with eucalyptus.

Date T (h) TR (mm) Imax (mm h�1) SR (m3) Qmed Qmax C (%) SSCmax (mg L�1) SSCmed (mg L�1) SY (Mg) SY

(L s�1) (Mg km�2)

08/12/12 10.8 25.5 9.7 92.4 3.8 7.8 0.3 2.3 2.1 0.0006 0.0007
08/25/12 10.8 13.3 3.1 69.2 2.9 5.2 0.5 2.3 2.3 0.0002 0.0002
09/07/12 2.3 15.8 9.7 102.6 3.2 9.0 0.6 2.3 2.3 0.0003 0.0003
09/17/12 1.3 19.0 17.0 249.9 10.9 26.5 1.2 103.4 47.7 0.0117 0.0141
09/18/12 11.5 87.8 19.2 2684.7 93.0 345.5 2.8 599.6 186.8 1.5416 1.8574
10/01/12 5.5 16.1 4.9 91.2 3.9 6.0 0.5 10.8 7.3 0.0019 0.0023
10/02/12 11.0 35.0 7.3 309.1 11.4 32.5 0.8 58.6 21.9 0.0003 0.0004
10/07/12 2.0 17.1 9.2 280.2 9.6 19.2 1.5 42.7 26.9 0.0163 0.0197
10/09/12 9.8 78.8 10.1 5245.0 140.0 303.9 6.0 252.2 142.6 1.6809 2.0252
11/22/12 5.2 22.1 13.2 416.0 6.4 19.9 0.1 143.2 44.8 0.0208 0.0250
12/04/12 3.3 27.3 13.0 140.0 5.3 20.9 0.5 17.5 4.4 0.0012 0.0014
12/10/12 1.2 16.5 16.1 106.1 3.8 13.5 0.6 21.7 5.9 0.0014 0.0017
12/12/12 10.2 50.0 1.7 256.7 13.4 29.9 0.5 51.0 22.0 0.0211 0.0254
12/20/12 11.7 47.7 5.4 161.1 11.2 23.1 0.3 32.2 14.0 0.0127 0.0153
12/26/12 10.0 49.3 10.1 626.7 31.9 189.3 1.2 189.3 84.5 0.2095 0.2524
12/31/12 6.7 26.7 10.1 154.6 7.8 13.0 0.5 57.3 21.8 0.0108 0.0130
01/07/13 17.3 29.5 9.5 215.4 11.3 23.8 0.7 25.9 13.4 0.0102 0.0123
02/10/13 3.8 26.1 5.9 87.0 4.3 13.3 0.3 19.6 2.9 0.0007 0.0009
04/11/13 11.7 107.2 36.9 596.6 25.4 47.9 0.5 102.4 54.5 0.0939 0.1131
06/28/13 5.0 29.4 29.4 251.0 15.2 45.7 0.8 126.3 71.6 0.0711 0.0857
07/04/13 4.5 35.6 9.4 231.3 8.3 18.2 0.6 36.4 19.4 0.0179 0.0216
09/15/13 5.5 30.2 10.4 204.1 7.2 17.3 0.6 63.6 55.3 0.0264 0.0318

T: rainfall duration; TR: total rainfall; Imax: maximum intensity; RF: runoff; Qmed: average flow; Qmax: maximum flow; C: runoff coefficient; SSCmed: suspended sediment
concentration average; SSCmax: suspended sediment concentration maximum; SY: sediment yield.
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Maximum sediment concentrations ranged from 30.6 to
494.6 mg L�1 (Table 3), resulted in suspended sediment yield
varying from 0.02 to 9.09 Mg km�2. The sediment yield was
dependent on the increase in flow and particle transport capacity,
as the storms increased. The intensity of the rain on thewet soil and
the consequent runoff volume showed a higher correlation coeffi-
cient (r ¼ 0.98) than the duration of the rain (r ¼ 0.18) or total
precipitation (r ¼ 0.52). This can be verified in the event on 09/18/
12, which presented total precipitation of 87.8 mm and maximum
sediment concentration of 599.6 and 223.7 mg L�1 for FW and GW,
respectively. However, one day before the occurrence of this event,
another precipitation event with a total accumulation of 19.0 mm
was observed. High-magnitude rainfall events generated elevated
maximum streamflow, and hydrograph increase and decrease were
considerably steep due to the fast streamflow response to rainfall

(Fig. 4). In general, asynchronous maximum concentration of sus-
pended sediment was observed prior to maximum streamflow in
the GW.

3.1.3. Forest watershed versus grassland watershed
Rainfall effect on hydrological and sedimentological variables

was more evident in GW compared with FW. Average runoff was
higher in GW (28.3 mm) than in FW (4.76 mm) and average runoff
coefficient was 0.9% for FW and 5.9% for GW. The largest recorded
maximum streamflow was about six times higher in GW than in
FW. The highest suspended sediments concentrations during
hydrosedimentological events were higher in GW than in FW
(Tables 2 and 3). The shape of the hydrograph was steepest in GW,
with fast, sharp increase and decrease, while multiple peaks
occurred for some events in GW. The onset of the increase of the

Table 3
Hydrosedimentological variables of monitored events in the watershed with grassland (GW).

Date T (h) TR (mm) Imax (mm
h-1)

SR (m3) Qmed Qmax C (%) SSCmax (mg L�1) SSCmed (mg L�1) SY (Mg) SY

(L s�1) (Mg km�2)

08/12/12 10.0 25.5 9.7 351.7 25.6 70.6 1.3 167.4 137.3 0.239 0.217
08/25/12 10.5 13.3 3.1 297.7 10.8 19.9 2.0 67.9 56.8 0.040 0.037
09/07/12 2.3 15.8 9.7 546.9 14.3 47.4 3.1 70.4 51.3 0.053 0.048
09/17/12 1.3 38.0 17.0 2116.8 64.3 221.3 5.1 226.6 117.5 0.426 0.387
09/18/12 10.8 87.8 19.2 10223.1 388.4 1212.7 10.6 223.7 128.1 3.489 3.172
10/01/12 5.5 16.1 4.9 645.0 24.8 51.4 3.6 125.9 107.7 0.186 0.169
10/02/12 11.0 35.0 7.3 5287.3 74.5 235.4 6.0 179.4 126.9 0.762 0.692
10/07/12 2.0 17.1 9.2 1968.8 50.1 125.3 10.5 192.2 116.7 0.410 0.373
10/09/12 9.8 78.8 10.1 31207.4 700.9 1878.7 36.0 304.1 203.3 9.998 9.089
11/22/12 5.2 22.1 13.2 744.1 17.1 80.4 3.1 494.6 215.4 0.327 0.297
12/04/12 3.3 27.3 13.0 228.1 20.2 85.9 0.8 38.9 30.5 0.047 0.043
12/10/12 1.2 16.52 16.1 257.0 10.6 49.7 1.4 38.9 31.9 0.021 0.020
12/12/12 10.3 50.0 1.7 2621.0 70.9 235.4 4.8 43.1 32.7 0.160 0.145
12/20/12 9.8 47.7 5.4 1737.1 56.0 150.3 3.3 67.9 34.0 0.130 0.118
12/26/12 10.0 49.3 10.1 3914.9 125.8 351.7 7.2 30.6 28.2 0.240 0.218
12/31/12 6.7 26.7 10.1 1351.7 46.3 112.5 4.6 30.6 27.7 0.087 0.079
01/07/13 18.0 29.5 9.5 1561.2 67.5 186.4 4.8 34.8 29.1 0.130 0.118
02/10/13 5.0 26.1 5.9 1117.3 29.4 152.0 3.9 34.8 28.5 0.058 0.053
04/11/13 11.1 107.2 36.9 4625.4 207.5 675.4 3.9 38.9 29.9 0.417 0.379
06/28/13 5.3 29.4 29.4 2826.8 84.8 282.9 8.7 316.5 210.4 1.257 1.143
07/04/13 5.0 35.6 9.4 1671.5 58.6 142.1 4.3 196.4 170.5 0.960 0.873
09/15/13 4.3 30.2 10.4 3037.6 58.9 233.0 9.1 73.0 61.9 0.266 0.242

T: rainfall duration; TR: total rainfall; Imax: maximum intensity; SR: surface runoff; Qmed: average flow; Qmax: maximum flow; C: runoff coefficient; SSCmed: suspended
sediment concentration average; SSCmax: suspended sediment concentration maximum; SY: sediment yield.

Fig. 3. Sediment yield (SY), maximum flow (Qmax) and surface runoff (SR) varying with total rainfall (TR), for watersheds with eucalyptus (FW) and with grassland (GW).
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hydrograph and maximum streamflow occurs in less time in GW
and the fall is faster than in FW.

Maximum suspended sediment concentration generally arose
ahead of the maximum streamflow recordings for GW and after for
FW. The increase in suspended sediment concentration was less
steep in FW, and remained constant for some events after reaching
its maximum value. In GW there was a rapid increase in suspended
sediment concentration with streamflow increase, and the sed-
imentograph decrease was generally steep.

3.2. Rainfall hydrosedimentological events used for model
validation

The 14 rainfall events used for model validation generated total
rainfall in FW and GW ranging from 28.7 to 48.3 mm, respectively,
and maximum precipitation intensity from 1.7 to 36.9 mm h�1

(Tables 4 and 5).

3.2.1. Forest watershed events
Surface runoff (SF) in FW varied from 39.8 to 593.9 m3,

maximum flow (Qmax) from 15.9 to 157.7 L s�1, and flow coefficient
(C) from 0.1 to 1.4. The concentration of suspended sediments
ranged from 13.3 to 786.5 mg L�1, and yield of suspended sediment
ranged from 0.0025 to 0.1323 Mg km�2 (Table 4).

Although the events validated in the months of January and
February in FW presented the highest accumulation of

precipitation, the event monitored on 09/05/19 had the highest
volume of runoff. This event occurred in a period of higher soil
moisture, a condition that favors the anticipation of flow formation.
The event of 05/27/19 showed total precipitation of 28.7 mm,
which provided the highest concentration of suspended sediments
and, consequently, the highest sediment yield. These higher con-
centrations are probably associated with the initial soil moisture
condition, which is directly related to the previous event that
occurred on 09/05/19, with a total precipitation of 40.1 mm
(Table 4).

3.2.2. Grassland watershed events
Surface runoff (SR) in GW ranged from 1041.0 to 7140.4 m3,

maximum flow (Qmax) varied from 81.9 to 805.6 L-1, and flow co-
efficient (C) from 3.1 to 13.0. The concentration of suspended sed-
iments ranged from 85.6 to 383.5 mg L�1 and the production of
suspended sediments ranged from 0.3789 to 3.0193 Mg km�2

(Table 5).
Higher intensities of precipitation generally provide higher

runoff, maximum flows, concentration of suspended sediments and
sediment yield. The event on the 01/17/19 presented greater
accumulated precipitation, which resulted in higher runoff
(7140.4 m3) and sediment yield (3.0193 Mg km�2). This behavior
may be associated with the antecedent event that occurred on 12/
01/19, with a total precipitation of 28.9 mm, which possibly
contributed to the higher antecedent soil moisture. In general, GW

Fig. 4. Precipitation (P), observed (Q obs) and simulated (Q sim) flows, observed suspended sediment (Css obs) and simulated (Css sim) varying with time (T) for the event of day
09/18/2012, calibrated for the forest (FW) and grassland watershed (GW).

Table 4
Hydrosedimentological variables of events validated in the watershed with eucalyptus (FW).

Date T (h) TR (mm) Imax (mm h�1) RF (m3) Qmed Qmax C (%) SSCmax (mg L�1) SSCmed (mg L�1) SY (Mg) SY

(L s�1) (Mg km�2)

01/12/19 4.4 29.0 12.2 476.7 59.1 157.7 1.4 59.4 36.4 0.1267 0.1051
01/17/19 5.4 48.3 15.7 69.2 54.5 115.4 0.9 57.3 30.5 0.1269 0.1053
02/15/19 3.0 31.5 11.7 139.8 13.9 37.8 0.4 13.3 7.0 0.0030 0.0025
04/04/19 3.3 30.2 10.4 39.8 8.6 15.9 0.1 42.7 3.2 0.0013 0.0011
05/09/19 7:1 40.1 11.2 593.9 21.8 75.8 1.3 74.1 13.1 0.0320 0.0266
05/27/19 3.3 28.7 14.5 224.6 16.8 50.3 0.7 786.5 221.5 0.1594 0.1323

T: rainfall duration; TR: total rainfall; Imax: maximum intensity; RF: runoff; Qmed: average flow; Qmax: maximum flow; C: runoff coefficient; SSCmed: suspended sediment
concentration average; SSCmax: suspended sediment concentration maximum; SY: sediment yield.
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showed higher flows than FW (Table 5).

3.2.3. Forest watershed versus grassland watershed
The effect of precipitation on water and solid discharge from

events validated by themodel was greatest in GW. The average flow
was higher in GW (3218.7 m3) than in FW (257.3 m3), and the
average flow coefficient was 0.8% for FW and 7.9% for GW. The
highest maximum flow was about twelve times larger in GW than
in FW. The highest concentrations of suspended sediment from
hydrosedimentological events used in the validationwere higher in
GW, approximately 45%, than in FW. On the other hand, the average
sediment production was 137% higher in GW than in FW (Tables 4
and 5).

3.3. Hydrosedimentologic modeling

3.3.1. Model calibration
For some input parameters, changes in values were required for

all simulated events. For the sediment variables, the adjustments
made to the input values were to attenuate peak oscillations in the
sedimentographs. The altered parameters for the FW modeling
were soil saturated hydraulic conductivity, initial soil moisture, and
Manning roughness coefficient, with percentage decreases in
relation to the input values of 88.3%, 34% and 74.4%, respectively.
For the GW, these parameters were decreased by 92.1%, 4.5% and
8.0%, respectively. The changes in initial water content and satu-
rated hydraulic conductivity influenced the maximum flow rate
and the peak flow, providing a reduction in the simulated
maximum flow for both watersheds. Of the calibrated events
(Fig. 4) to represent surface runoff in the two watersheds, five
events presented statistical indicators classified as good in terms of
the NSE (NSE > 0.75; Table 6).

For the sedimentogram representation of the same rainfall
events, the NSE coefficient presented unsatisfactory results. In GW,
the percentage bias (PBIAS) indicator presented acceptable results
(PBIAS � 50%) for sediment yield in three rainfall events; seven
rainfall events showed acceptable results for peak time of the
simulated sedimentograms. For FW, the PBIAS percentage showed
acceptable results for sediment yield in one precipitation event,
and for sedimentograms peak time in two other events (Table 7).

3.3.2. Uncalibrated rainfall events
The hydrographs of the ten events measured in FWand seven in

GW were not satisfactorily calibrated by the model. In view of
LISEM’s difficulty in representing the runoff for this group of events,
we did not simulate the concentration of suspended sediments for
these events.

The statistical performance for the simulated and observed

hydrograph, determined by the NSE, varied between �0.01
and �29.3 in FW and between 0.19 and �9.23 in GW, representing
unsatisfactory values. The PBIAS for themaximum flow rate (Qmax)
was between 258.9% and �46.5% in FW and 356.2% and �69.3% in
GW. The comparison of the peak time of the simulated and
measured hydrograph showed a variation between 162.5% and 4.6%
for FW. However, for GW, the variation of peak times between
events presented a smaller amplitude, between 110.0% and �2.8%.
The greatest variation in estimating surface flow volume occurred
in FW, between 108.5% and 96.6%, whereas in GW, where the flow
rates were higher, the variation was lower, roughly between 70.8%
and �64.7% (Table 8).

3.3.3. Model validation
Six events in the watershed with eucalyptus (FW) and eight

events in the watershed with grasslands (GW) were validated, us-
ing a set of events different from those used in the calibration
process, but with similar characteristics, such as total precipitation
and rainfall intensity, flows, peak times and sediment production.
For validation, the output parameters of the events calibrated in the
years 2012 and 2013 were applied, as described in section 3.2.1. The
statistical results of the validation were determined by the NSE
index to compare the shape of the observed and simulated
hydrographs and through the percentage bias (PBIAS) for
maximum flow, peak time, and flow (Table 9). The events validated
in FW and GW represent total precipitation between 26.9 and
48.3 mm. Fig. 5 show the rain events with the best model validation
performance, for FW and GW, respectively.

Of the set of six events validated for the FW, all presented an NSE
index classified as “good” and “very good”. The event measured on
09/09/19, with a total precipitation of 39.9 mm, presented the best
NSE validation index, classified as “very good”. Of the set of eight
rain events validated for GW, seven had an NSE index classified as
“good” and “very good”. The events measured on 02/15/19 and 03/
16/19 showed an almost perfect fit for the shape of the measured
and simulated hydrograph, with an NSE index of 0.96 and 0.93,
respectively.

The sedimentological parameters validated by the model were
concentration of sediments in maximum suspension and produc-
tion of sediments. The statistical results of the validation were
determined by the NSE index for observed and simulated sediment
production and by means of the bias percentage (PBIAS) (Table 8).
Only two events measured in GW, on the 04/04/19 and 05/27/19,
presented satisfactory statistical results for the production of
sediment. In general, most of the simulated sedimentograms in FW
and GW showed unsatisfactory results, that is, they were not
properly validated (Table 10).

Table 5
Hydrosedimentological variables of events validated in the watershed with Grassland (GW).

Date T (h) TR (mm) Imax (mm
h-1)

SR (m3) Qmed Qmax C (%) SSCmax (mg L�1) SSCmed (mg L�1) SY (Mg) SY

(L s�1) (Mg km�2)

01/12/19 5.4 28.9 11.7 4064.8 242.82 805.6 12.3 105.9 93.9 1.2971 1.4268
01/17/19 11.0 48.3 16.3 7140.4 327.4 794.8 13.0 167.0 117.3 2.7448 3.0193
02/15/19 4.3 31.8 13.9 1786.8 83.2 272.5 4.9 121.7 383.5 0.7056 0.7761
03/16/19 11.0 29.5 6.6 1041.0 35.2 81.9 3.1 129.4 85.6 0.3445 0.3789
04/04/19 6:1 30.5 11.4 2087.1 60.3 252.3 6.0 380.0 203.0 1.0270 1.1297
04/26/19 3.5 36.3 20.0 2679.2 134.3 501.5 6.5 504.2 235.2 2.1935 2.4129
05/09/19 7.2 39.6 11.7 4831.2 173.7 433.3 10.7 148.6 114.3 1.2707 1.3977
05/27/19 3.5 28.7 15.7 2119.3 105.4 414.6 6.4 1448.8 256.6 2.2043 2.4247

T: rainfall duration; TR: total rainfall; Imax: maximum intensity; RF: runoff; Qmed: average flow; Qmax: maximum flow; C: runoff coefficient; SSCmed: suspended sediment
concentration average; SSCmax: suspended sediment concentration maximum; SY: sediment yield.
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4. Discussion

4.1. Hydrosedimentological events

The highest flow values observed in the study areas were
associated with total precipitation. The effect of rainfall events on
hydrological and sedimentological variables was more pronounced
in GW. This behavior was also shown when consecutive rainfall
events occurred, especially in the winter-spring transition period,
when soil water content remains high for several days and thus
rapidly saturating the soil for runoff generation. Rodrigues et al.

(2014) reported the importance of the initial soil moisture on
runoff formation, where low total rainfall associated with low
maximum rainfall intensity was responsible for the highest
maximum streamflowand surface runoff in thewatershed, because
of rapid soil saturation. When a given volume of rain generates
greater runoff volumewhen comparedwith larger rainfall, the time
interval between the previous rain and the effect of the initial soil
moisture should be taken into account. The initial moisture is a
controlling variable of hydrological processes and is highly variable
in space and time. Furthermore, this variable is influenced by
vegetation, land use, topography and climate (Su & Shangguan,

Table 6
Observed and simulated values and statistical performance of the LISEM model for the simulation of surface runoff, peak flow, and peak time for rainfall events in the
eucalyptus and grassland watersheds.

Date TR Qmax (L s-1) PT (min) RF (m3) NSE (PT) PBIAS

(mm) Obs Sim Obs Sim Obs Sim (Qmax) (PT) (SR)

Watershed with eucalyptus (FW)
08/12/12 25.5 7.8 8.9 430 430 49.4 52.7 0.41 14.1 0.0 6.7
09/18/12 79.7 345.5 344.0 360 350 1.257.0 1.685.9 0.55 �0.4 �2.8 34.1
10/22/12 29.3 78.8 78.2 180 180 226.6 238.1 0.90 �0.7 0.0 5.1
12/04/12 16.5 85.9 80.0 190 280 692.3 597.8 0.73 �6.9 47.4 �13.7
04/28/13 63.6 97.8 109.7 230 210 489.6 511.7 0.70 12.1 �8.7 4.5
Watershed with grassland (GW)
08/12/12 25.5 70.6 74.9 440 420 803.7 871.0 0.90 6.2 �4.5 8.4
08/25/12 13.3 19.9 26.5 350 300 139.8 100.7 0.41 33.1 �14.3 �28.0
09/17/12 19.0 221.3 244.1 200 170 1.612.0 2.047.0 0.72 10.3 �15.0 27.1
09/18/12 79.7 1212.7 1025.4 370 360 8.530.6 7.799.7 0.63 11.3 �2.7 4.1
10/01/12 16.5 51.4 64.4 390 350 501.4 479.4 0.41 25.3 �10.3 �4.4
10/02/12 35.0 235.4 226.8 710 710 2.083.2 2.198.8 0.83 �3.6 0.0 5.5
10/07/12 17.1 125.3 130.6 200 200 1.273.8 1.174.8 0.53 4.2 0.0 8.4
10/09/12 78.8 1878.7 1906.3 310 350 16.526.6 18.222.8 0.73 1.5 12.9 4.1
11/22/12 22.1 80.4 77.1 340 470 451.3 585.3 0.76 �4.1 38.2 29.7
12/04/12 16.5 85.9 80.0 190 280 692.3 597.8 0.73 �6.9 47.4 �13.7
12/20/12 47.7 150.3 190.1 550 500 2.198.9 2.633.8 0.54 26.4 �9.1 19.8
04/28/13 63.2 902.3 960.7 230 220 5.309.4 4.969.6 0.73 6.5 �4.3 �6.4
07/04/13 37.9 142.1 128.9 810 900 1.008.6 1.299.1 0.82 �9.3 11.1 28.8
09/15/13 30.6 233.0 196.0 310 300 2.403.6 2.086.7 0.90 �15.9 �3.2 �13.2

Obs: Observed; Sim: Simulated; TR: total rainfall; Qmax: maximum flow; PT: peak time; SR: surface runoff; NSE: coefficient of Nash and Sutcliffe; PBIAS: percentage bias.

Table 7
Observed and simulated values and statistical performance of the LISEMmodel for simulating of sediment yield, maximum suspended sediment concentration and peak time
events in the eucalyptus and grassland watersheds.

Date TR Qmax SY (Mg) SSCmax (mg L-1) PT (min) NSE PBIAS

(mm) (L s-1) Obs Sim Obs Sim Obs Sim (SY) (PT)

Watershed with eucalyptus (FW)
08/12/12 25.5 7.8 0.00056 0.00004 2.3 5.0 430 100 �6.5 Eþ30 �93.6 �76.7
09/18/12 79.7 345.5 1.54164 0.47510 599.6 692.0 370 310 �4.86 �69.2 �16.2
10/09/12 79.6 303.9 1.68093 1.02124 252.2 367.0 550 450 �1.38 �39.2 �18.2
10/22/12 29.3 78.8 0.04153 0.06670 122.3 298.0 400 130 �5.91 60.6 �67.5
12/04/12 16.5 85.9 0.00118 0.00031 17.5 29.0 390 120 �2.81 �73.9 �69.2
04/28/13 63.6 97.8 0.02540 0.00728 84.6 87.0 310 120 �1.63 �71.3 �61.3
Watershed with grassland (GW)
08/12/12 25.5 70.6 0.23880 0.06731 167.4 177.0 260 360 �23.78 �71.8 38.5
08/25/12 13.3 19.9 0.04025 0.00989 59.6 84.0 590 200 �95.26 �75.4 �66.1
09/17/12 19.0 221.3 0.42587 0.10695 103.4 220.6 410 110 �0.89 �74.9 �73.2
09/18/12 79.7 1212.7 3.48894 0.00309 223.7 270.0 160 370 �12.03 �99.9 131.3
10/01/12 16.5 51.4 0.18583 0.00570 10.8 12.0 230 520 �10.13 �96.9 126.1
10/02/12 35.0 235.4 0.76164 0.39436 179.4 181.9 700 720 �24.57 �48.2 2.9
10/07/12 17.1 125.3 0.41003 0.14901 192.2 111.8 200 180 �35.24 �63.7 �10.0
10/09/12 78.8 1878.7 9.99828 6.18015 331.0 252.2 550 510 �1.32 �38.2 �7.3
11/22/12 22.1 80.4 0.32690 0.04900 494.6 536.0 340 280 �3.79 �85.0 �17.6
12/04/12 16.5 85.9 0.04737 0.00244 129.0 38.9 300 100 �72.97 �94.9 �66.7
12/20/12 47.7 150.3 0.12951 0.04760 32.2 31.0 970 510 �0.60 �63.3 �3.7
04/28/13 63.2 902.3 0.35563 0.00087 47.2 55.0 580 120 �13.45 �99.8 �79.3
07/04/13 37.9 142.1 0.95982 0.70643 142.1 421.0 810 760 �7.30 �26.4 �6.2
09/15/13 30.6 233.0 0.26588 0.12764 63.6 69.4 310 420 �69.04 �100.0 35.5

TR: total duration rainfall; Qmax: maximum flow; Obs: observed; Sim: simulated; SY: sediment yield; SSCmax: maximum suspended sediment concentration; PT: peak time;
NSE: coefficient of Nash and Sutcliffe; PBIAS: percentage bias.
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2019). The preceding highmoisture condition of the soil promotes a
significant decrease in the saturated hydraulic conductivity. In
other words, the hydraulic and structural properties of the soil
during the precipitations govern the occurrence of erosion and the
formation of runoff (Zambon et al., 2021), justifying the higher
values of maximum flow and sediment yield that occur onwet soil.

Maximum flow was dependent on total precipitation. This
condition is because of event characteristics, i.e., when rainfall in-
tensity is higher than water infiltration rate in the soil, runoff is
favored and provides higher maximum streamflow. Although the
FW (0.83 km2) is smaller than the GW (1.10 km2), responses to high
rainfall arose slower and with lower maximum streamflow in FW,
which may be related to vegetation cover with eucalyptus, a con-
dition that contributes to the increase in soil water infiltration, as
observed in watersheds with eucalyptus stands (Reichert et al.,
2017; Rodrigues et al., 2014). Moreover, rainfall is intercepted by
the canopy and litter (Reichert et al., 2017), where intercepted
rainfall flows along tree trunks and reaches the soil surface with

less energy to disaggregate and transport soil particles. By contrast,
the highest maximum streamflow in GW indicates a lower capacity
for the watershed to retain the rainfall volume of intense rainfall
events. Didon�e et al. (2014) observed that soil management sys-
tems employed in grassland watershed in southern Brazil were
ineffective in reducing runoff and erosion caused by intense rainfall
events.

The effect of precipitation on water discharges was least in
FWGW. This result may be related to the possible benefits of forest
crops to the infiltration dynamics and consequent reduction of
runoff, mitigating the occurrence of soil erosion and loss of surface
water (Ferraz, Rodrigues, Garcia, Alvares,& Lima, 2019). The Pampa
biome is characterized by smoothly wavy areas, where hydrology
takes on a particular dynamic, especially in view of the agricultural
intensification that promotes the most intense hydrological re-
sponses, promoting accelerated flow and accumulation of sedi-
ments generated by preferential paths, which may justify the
greater GW discharges (Ares, Varni, & Chagas, 2020).

Table 8
Observed and simulated values and statistical performance of the LISEMmodel for the unsatisfactorily calibrated events for the simulation of surface runoff and peak time for
precipitation events in the eucalyptus and pasture watersheds.

Date TR Qmax (L s�1) PT (min) SR (m3) NSE (PT) PBIAS

(mm) Obs Sim Obs Sim Obs Sim (Qmax) (PT) (SR)

Watershed with eucalyptus (FW)
09/07/12 15.8 9.0 9.5 160 190 44.6 50.0 �28.50 5.3 18.8 12.0
10/02/12 35.0 32.5 35.3 210 190 252.2 234.4 �0.15 8.5 �9.5 �7.1
10/07/12 15.5 19.2 25.9 180 190 93.5 160.2 �0.92 34.8 5.6 71.4
12/12/12 50.0 29.9 50.8 370 560 422.3 452.5 �0.07 70.1 51.4 7.2
12/31/12 26.7 13.0 16.0 190 400 103.9 199.4 �1.45 23.0 110.5 91.9
04/07/13 37.9 18.2 56.9 860 740 181.4 85.2 �4.38 211.7 �14.0 �96.6
05/03/13 53.1 122.3 65.5 160 420 912.3 593.8 �0.73 �46.5 162.5 �34.9
05/29/13 38.4 62.9 73.8 540 610 320.6 668.2 �1.11 17.3 13.0 108.5
06/28/13 29.4 45.7 65.5 440 420 388.9 562.7 �0.01 43.3 �4.5 44.7
07/04/13 37.9 18.2 65.5 870 420 181.4 85.2 �29.37 258.9 �51.7 �53.0
Watershed with grassland (GW)
08/19/12 12.0 56.4 59.5 100 210 506.7 564.9 0.19 5.5 110.0 11.5
09/07/12 15.8 47.4 62.4 180 240 550.6 439.5 �0.15 31.9 33.3 �20.2
10/02/12 35.0 235.4 352.7 710 690 1836.0 2.380.0 0.01 49.9 �2.8 29.6
01/05/13 20.7 97.8 446.1 230 330 1.139.6 1.946.4 �9.23 356.2 43.5 70.8
02/10/13 25.7 152.0 101.1 280 180 933.1 843.7 �0.16 �33.5 �35.7 �9.6
05/29/13 38.4 247.4 88.2 490 700 2049.0 1040.2 �0.11 �64.3 42.9 �49.2
06/28/13 29.4 282.9 87.0 360 290 1941.4 685.9 �1.54 �69.3 �19.4 �64.7

TR: total rainfall; Qmax: maximum flow; Obs: Observed; Sim: Simulated; total rainfall (mm); Qmax: maximum flow (L s�1); PT: peak time (min); SR: surface runoff (m3); NSE:
coefficient of Nash and Sutcliffe; PBIAS: percentage bias.

Table 9
Validated values and LISEM statistical performance for simulating runoff, peak flow and peak time for rain events in eucalyptus and grassland watersheds.

Date TR Qmax (L s-1) PT (min) SR (m3) NSE PBIAS

(mm) Obs Sim Obs Sim Obs Sim (Qmax) (PT) (SR)

Watershed with eucalyptus (FW)
01/12/19 29.0 157.7 175.4 380 390 555.7 655.9 0.54 11.2 2.6 18.0
01/17/19 48.3 115.4 117.0 570 570 520.6 529.4 0.55 1.4 0.0 1.7
02/15/19 31.5 37.8 41.8 230 240 139.8 113.5 0.65 10.6 4.3 �18.8
04/04/19 30.2 19.2 19.5 500 530 39.8 37.5 0.60 1.7 6.0 �6.0
05/09/19 39.9 75.8 75.0 590 570 593.9 108.7 0.89 �1.0 �3.4 �81.7
05/27/19 39.6 50.3 51.2 380 440 244.8 211.0 0.81 1.8 15.8 �13.8
Watershed with grassland (GW)
01/12/19 29.0 732.4 765.3 430 410 4064.8 3769.5 0.66 4.5 �4.7 �7.3
01/17/19 48.3 794.8 894.4 570 200 7140.4 6031.2 0.23 12.5 �64.9 �15.5
02/15/19 31.8 272.5 274.1 360 340 1786.8 1745.1 0.96 0.6 �5.6 �2.3
03/16/19 29.5 81.9 81.0 740 780 1041.0 1130.8 0.93 �1.1 5.4 8.6
04/04/19 26.9 689.1 757.7 450 420 5318.0 5324.4 0.58 10.0 �6.7 0.1
04/26/19 29.5 501.5 484.8 220 250 2679.2 3334.6 0.53 �3.3 13.6 24.5
05/09/19 39.6 433.3 434.6 590 550 4831.2 4573.5 0.83 0.3 �6.8 �5.3
05/27/19 28.7 390.0 460.0 415 412 2119.3 2387.2 0.86 17.9 �0.6 12.6

Obs: Observed; Sim: Simulated; TR: total rainfall; Qmax: maximum flow; PT: peak time; SR: surface runoff; NSE: coefficient of Nash and Sutcliffe; PBIAS: percentage bias.
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Suspended sediment concentration and sediment yield, closely
dependent on streamflow, were generally higher in GW than in FW.
Reduced sediment yield indicates an improvement in soil man-
agement (Minella, Merten, Walling, & Reichert, 2009). The highest
sediment concentration and yield is possibly a result of reduced
interception and dissipation of rainfall energy by the degraded
grassland and to soil surface exposure to raindrop impact of tilled
soil for pasture seeding. Furthermore, wet areas adjacent to creeks
favor runoff due to low infiltration conditions, even if rainfall in-
tensity is lower than the soil infiltration capacity, and lateral flow
may occur.

Maximum concentration of suspended sediment taking place
after maximum streamflow was more evident in FW. When the
former happens after the maximum streamflow, the sedimento-
graph indicates the sediment source is at a larger distance from the
stream channel, such as sediments mobilized in the watershed and
then transferred by runoff (Minella, Merten, Reichert,& dos Santos,

2007). When the maximum suspended sediment concentration
precedes the maximum streamflow, as observed in GW, sediments
are rapidly mobilized, transported, and deposited (Brito, 2006;
Minella, Merten, & Magnago, 2011; Minella, Merten, & Reichert,
2007; Pinheiro, Kaufmann, Schneiders, & Gotardo, 2013; Pires,
Naves Silva, Curi, Leite & de Figueiredo Brito, 2006; Rodrigues
et al., 2014; Rodríguez & Camargo, 2009). Sediments near or in-
side the stream aremobilized, respectively, by surface runoff on the
landscape or by streamflow in the creek. Flow connectivity and
particle size probably explain major changes in sediment source
apportionment (Rodrigues et al., 2018).

Absence of a significant increase in suspended sediment con-
centration with increasing streamflow after the highest rainfall
intensity is possibly due to transport capacity and the exhaustion of
the readily available sediments, which were transported at rainfall
inception (Minella et al., 2011; Rodrigues et al., 2014), with
continuous exhaustion of the sediment supply in subsequent

Fig. 5. Precipitation (P), observed (Q obs) and simulated (Q sim) flows, observed sediment yield (SY obs) and simulated (SY sim) varying with time (T) for the event of day 01/17/
2019, validated for the forest (FW) and grassland watershed (GW).

Table 10
Statistical performance for validating variables related to sediment production.

Date TR Qmax SY (Mg) SSCmax (mg L�1) NSE (SY) PBIAS

(mm) (L s�1) Obs Sim Obs Sim (SY) (PT)

Watershed with eucalyptus (FW)
01/12/19 29.0 157.7 0.12 0.03 59.4 51.0 �1.14 �75.5 �11.6
01/17/19 48.3 115.4 0.13 0.04 57.3 36.0 �0.91 �71.5 �8.8
02/15/19 31.5 37.8 0.00 0.00 13.3 8.0 �0.75 �74.9 0.0
04/04/19 30.2 19.2 0.00 0.00 42.7 49.0 �2.27 0.2 17.1
05/09/19 39.9 75.8 0.03 0.02 74.1 435.0 �2.49 �44.0 �53.5
05/27/19 39.6 50.3 0.16 0.02 786.5 648.0 �0.43 �89.4 �51.6
Watershed with grassland (GW)
01/09/19 186.4 5088.5 46.8 34.1 1040.6 955.0 0.20 �27.2 784.2
01/12/19 29.0 732.4 4.4 1.1 372.5 210.0 �0.21 �75.9 �14.0
01/17/19 48.3 794.8 10.0 4.4 653.8 512.0 �0.36 �55.8 �14.0
02/15/19 31.8 272.5 2.8 1.2 1649.3 3241.0 0.19 �55.0 12.1
03/16/19 29.5 81.9 1.1 0.2 480.8 542.0 �0.52 �78.3 �14.7
04/04/19 26.9 689.1 1.0 1.4 581.2 991.0 0.80 40.7 1.7
04/26/19 29.5 501.5 4.4 1.5 583.6 900.0 0.16 �66.6 43.8
05/09/19 39.6 433.3 4.6 2.1 569.3 921.0 0.13 �53.7 78.8
05/27/19 28.7 390.0 8.4 11.8 6549.5 9328.0 0.31 40.6 17.5

Obs: Observed; Sim: Simulated; TR: total rainfall (mm); Qmax: maximum flow; SY: sediment yield; SSCmax: maximum suspended sediment concentration; PT: peak time;
NSE: coefficient of Nash and Sutcliffe; PBIAS: percentage bias.
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rainfalls (Minella et al., 2009).
High flow rates, suspended sediment concentration and sedi-

ment production in GW and FW were probably influenced by the
occurrence of moderate to high intensity El Ni~no climate phe-
nomenon in southern Brazil between 2009 and 2016 (Berlato &
Cordeiro, 2018; Kayano, Andreoli, Souza, Garcia, & Calheiros,
2016; Matzenauer, Radin, & Maluf, 2018). Furthermore, during
this period some eucalyptus stands were cut in 21.4% of the FW
area, followed by replanting with Eucalyptus saligna species, pro-
moting greater soil exposure to runoff and erosion processes.

The runoff coefficient in GWwas significantly higher than in FW,
demonstrating land use has a strong influence on the hydrological
response. Similarly, Sriwongsitanon and Taesombat (2011)
demonstrated lower runoff coefficient in forest area is than in
non-forest area, due to greater soil moisture storage capacity and
evapotranspiration in the forested area.

4.2. Hydrosedimentological modeling with the LISEM

4.2.1. Calibration
The changes in saturated hydraulic conductivity output values

in the model in relation to the input values can be justified by the
difficulty in spatially representing soil properties due to spatial
variability, thus influencing infiltration predictions (Weiss &
Gulliver, 2015). In modeling runoff in eucalyptus forest areas
(Mello, Lima, & Silva, 2007), observed an increase in flow when the
soil moisture increased slightly, similar to that observed in most
calibrated events in our watersheds.

Although LISEM performedwell in representing the shape of the
hydrograph and the hydrological variables for low and high
magnitude events, it was not possible to obtain a single calibrated
set of parameters for all events. Each event had to be calibrated and
validated separately (new parameter values), because the magni-
tude of the flow and the shape of the hydrograph depend on the
intensity of the rain, previous soil moisture and water infiltration in
the soil, as demonstrated by (Karssenberg (2006) and L�eonard,
Ancelin, Ludwig, and Richard (2006). In addition, the dynamics of
water infiltration in the soil column changes during wetting and
saturation cycles, thus changing the intensity of the water repel-
lency phenomenon and the water infiltration in native grasslands
soils (Vogelmann, Reichert, Prevedello, Awe, & Cerd�a, 2017), which
probably explains the need to adjust the previous soil moisture in
the calibration process of each event individually.

The wide range of NSE values for erosion indicate the difficulty
in modeling the erosion process for the selected study areas. The
simulations indicate that the equation that represents the erosion
process was not sensitive to changes in aggregate stability. We tried
to calibrate the parameters related to sediment production by
changing the D50 sediment and the cohesion of the soil and root,
but changing these parameters did not show much sensitivity.

Another drawback found in the calibration is that LISEM does
not consider sediment readily available for the drainage channel or
the sediment exhaustion. This means that the hysteresis between
the peak of the sediment and the peak of the flow is not simulated
correctly, that is, the model makes the two peaks artificially
synchronous.

4.2.2. Validation
The LISEM model provides a simplified representation of the

processes, which is directly dependent on the availability of ob-
servations, knowledge of the phenomena involved, computational
capacity and, mainly, application purposes. There are fewmodeling
studies presenting the validation component for rain events using
LISEM. However, the validation process is essential in providing an
assessment of the adequacy of the model to represent real-world

hydrological processes (Biondi, Freni, Iacobellis, Mascaro, &
Montanari, 2012).

Using the set of output parameters from the calibration process,
we validated fourteen rainfall events for FW and GW, all with re-
sults of satisfactory statistical performance for the hydrology
component. On the other hand, for the component related to
sediment yield, only two GW events showed statistical results
within acceptable limits. Our study shows LISEM’s limitations in
calibrating and validating the sediment yield for individual events.
Thus, our results corroborate with the results obtained by Barros
(2012), who observed limitations of LISEM to validate erosion
processes due to the great spatial variability of factors that control
erosion, such as soil detachment, transport sediment, deposition
and location of sediment sources. Moreover, De Roo and Jetten
(1999) found that the spatial and temporal variability in initial
soil water content and hydraulic conductivity in the watershed are
reasons for limitations in calibration and validation processes,
mainly related to the erosion aspect. The difficulty in modeling the
production of sediments in watershed scale may also be related to
the need to understand the dynamics of potential changes in the
flow and load of sediments. These changes may be related to var-
iations in land use and spatial variability scenarios, changing the
distribution of average sediment production (Sharafati, Pezeshki,
Shahid, & Motta, 2020; Shrestha, Cochrane, Caruso, & Arias,
2018). Furthermore, climate variability, such as wet and dry pe-
riods, can alter the initial soil moisture (Fortesa, Latron, García-
Comendador, Company, & Estrany, 2020) impacting the flow for-
mation dynamics during rain events (Verma et al., 2020). These
factors can be intensified by the effect of topography, watershed
morphology and representativeness of the model’s parameters
(Gull & Shah, 2020). The performance of sediment modeling is also
dependent on uncertainties in terms of location and spatial distri-
bution of potential sediment sources (Rodrigues et al., 2018) and
particle deposition (Wilkes et al., 2019) that may promote an in-
crease or decrease in peak of sediments (Ares et al., 2020) in
different rainfall events, being characterized as one of the biggest
difficulties of LISEM in representing mathematically the production
of sediments.

4.3. Implications for land management

Eucalyptus plantations, besides being of importance for the
production of raw materials like paper, packaging and lumber for
civil construction, have important implications for land manage-
ment, which can directly impact on hydrological and erosive dy-
namics. Land occupied by eucalyptus forests is growing
significantly in several parts of theword. Brazil, Argentina and Chile
comprise the largest areas of eucalyptus plantations in South
America (Mattos, de Oliveira, Lucas,&Wendland, 2019). In addition
to the implications for ecosystems and historical species, land
occupied by eucalyptus plantations still raise concerns on the hy-
drological behavior of forested watersheds, related to surface water
flow, sediment transport, soil erosion, soil water retention, and soil
fertility (Mhiret et al., 2019).

Brazil is recognized worldwide for its vast forest cultivation
covering millions of hectares, representing an option to supply the
commercial demand for wood (Colodette, Gomes, Gomes,& Cabral,
2014; Ferraz et al., 2019). However, it is emphasized that forestry
practices generally influence water quality when compared to
other land uses (Brown, Western, McMahon, & Zhang, 2013;
Rodrigues, Taniwaki, Lane, de Paula Lima,& de Barros Ferraz, 2019),
due to the different dynamics in flow and sediment transport,
where planted forests, native or exotic, are able to protect the soil
and minimize the effects of sediment exports. Forests have high
rainfall interception by because of canopy, promoting increased
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infiltration and, consequently, reducing surface runoff and sedi-
ment exports (Ogasawara, Santos, Cassiano, Wemple, & Ferraz,
2020; Wichert, Alvares, Arthur, & Stape, 2018). On the other
hand, in forest watersheds with a high density of unpaved roads,
when land management practices are inadequate, there might be
greater sediment exports due to the increase in vehicle circulation
during the forest harvesting. In addition, unpaved roads can
represent adverse effects to water courses due to increased flow
and sediment discharge. Therefore, the construction of forest roads
requires proper planning, by considering land slope and hydro-
logical connectivity (Arismendi et al., 2017; Erdem, Enez, Demir, &
Sariyildiz, 2018).

It is of utmost importance to adopt strategies to understand and
mitigate the impacts of agricultural practices on erosion and runoff
in watersheds occupied with eucalyptus plantations and pastures
for livestock, that are representative of various regions of southern
Brazil in terms of climate, soil classes, geomorphology, and land
use. These strategies can be based on the use of robust monitoring
combined withmodeling techniques, as demonstrated in our study.
We are aware that the length of the investigation can impact the
results of this study, but we believe it contributes to instigate op-
portunities for new research.

5. Conclusions

Rainfall events studied in the calibration stage produced
maximum flow rate and sediment yield up to six times larger in GW
than in FW. Higher concentration and yield of sediments in GW are
possibly related to reduced rain by the degraded grasslands and
because of soil surface exposure. Although the FW is smaller than
the GW, the hydrologic responses to intense rainfall were slower
and with a lower maximum flow rate in FW, which may be related
to the eucalyptus vegetation cover, a condition that contributes to
increasing water infiltration in the soil and decreasing runoff gen-
eration. Modeling with LISEM showed that the results for the
calibration of the runoff were acceptable for 22 of the 37 simulated
events in FW and GW. The averages of the output parameters for
each calibrated event differed from the average input values in the
model. The calibrated output parameters allowed validating a set of
events from a different period, where the hydrological response
presented satisfactory statistical performance.

In the validation stage, the effect of rain on water and solid
discharge from events validated by the model was greater in GW
than in FW. The highest concentrations of sediment in suspension
of hydrosedimentological events used in the validation were 45%
higher in GW than in FW. All validated events showed results of
satisfactory statistical performance for the hydrology component,
GWbut only two events for the erosion component. This result
denotes limitations of LISEM in calibrating and validating the
sediment yield due to the spatial variability of factors that control
the dynamics of flow and suspended sediment load, such as vari-
ations in land use and scenarios of spatial variability, changing the
distribution of average sediment yield. Moreover, climatic vari-
ability alter the initial soil moisture, impacting the flow formation
dynamics in all rain events. The performance of erosion modeling
also depends on uncertainties in terms of location and spatial dis-
tribution of potential sources and deposition of sediments in
different rainfall events, being characterized as one of the greatest
difficulties of LISEM in representing mathematically the erosive
aspect of watersheds.

The validated LISEM model for hydrology is a useful tool to
evaluate soil and crop scenarios in watersheds cultivated with
commercial forest and grassland for beef cattle, both activities of
significant economic importance.
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a b s t r a c t

Understanding the influence of collapsing gully management restoration on soil quality and function is
essential to the protection of the regional ecological environment in the collapsing gully erosion area. The
primary objective of this study was to construct soil quality index (SQI) to assess the influence of
different vegetation restoration types on soil quality in collapsing gully restoration. The influence of five
vegetation restoration types on soil properties was investigated by using a path analysis, a compre-
hensive soil quality index (SQI), and a general linear model (GLM). Vegetation restoration was shown to
significantly increase the saturated hydraulic conductivity (Ks), mainly due to the effect of the physical
parameters of bulk density, soil cohesion, and soil water content. Meanwhile, pH, Ks, soil organic matter
(OM), and sand content were revealed as reasonable indicators to evaluate the influence of vegetation
restoration on soil quality. Moreover, vegetation restoration was found to significantly improve the soil
quality, with the highest SQI value for natural restoration mixed forest (NF), followed by replanted
arboreal forest (RA) and replanted scrubland (RS), which were all significantly higher than the SQI value
of the erosion area (EA) in the collapsing gully. Additionally, vegetation type explained the most sub-
stantial proportion of total variability (46.41%), and restoration time showed a positive correlation with
SQI. The results of this study can provide a reference for the restoration and protection of the regional
ecological environment in the collapsing gully area.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

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

1. Introduction

Land is mainly a non-renewable resource on a time scale related
to agricultural production and economic development (Lal, 2015).
Soil erosion leads to the removal of soil nutrient and degradation of
soil structure is considered to be a major environmental and social
issue affecting the ability of a range of soil functions worldwide
(Singh & Panda, 2017). As a widespread phenomenon of soil
erosion, collapsing gully is one of the most severe land erosion
problems in Southern China (Liao et al., 2019), which is usually
characterized by the emergence of fine, shallow and cut trenches
on the slope with increasing runoff and erosion and is currently
considered to be an important target for soil erosion control in
China (Liao et al., 2019; Wang, Zhang, et al., 2019; Zhong et al.,

2013). The collapsing gully erosion occurs mainly in the hilly
granite areas of tropical and subtropical South China (Liao et al.,
2019; Xia et al., 2016), where the locally known as Benggang and
the tropical monsoon climate conditions can promote the weath-
ering and soil erosion of bedrock and accelerate the occurrence of
collapsing gully (Tao et al., 2017). The area of collapsing gully soil
erosion in the seven provinces of southern China has been reported
to be more than 1200 km2, with a total annual erosion of more than
60million tons, affecting the surrounding environment of nearly 20
thousand km2 (Feng et al., 2009).

In this context, in order to effectively control water and soil
erosion, protect water and soil resources, and restore regional
ecological functions, some scholars have carried out a lot of
research on the prevention and management of collapsing gully
erosion and analyzed the formation mechanism (Xiao et al., 2014;
Xu, 1996). The fractal features of soil particle size distribution in
alluvial fans of collapsing gully were studied in terms of soil fractal
dimension, physico-chemical properties and their relationship
with different land-use patterns (Deng et al., 2018). The structural,
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slope directional and morphological characteristics were also
investigated in collapsing gullies (Deng et al., 2020; Lin et al., 2017).
Due to erosion and the disturbance of certain human activities, soil
structure varies from undisturbed soil in collapsing gully area. The
highest degree of soil degradation was found during the active
stage of collapsing gully, and the large amount of sediment pro-
duced from erosion can damage roads, farmlands, and rivers
adjacent to the permanent gully (Feng et al., 2019). The relation-
ships between the soil properties and the effects of rainfall and
slope on soil erosion have also been investigated by Zhu et al.
(2020) and Jiang et al. (2014).

Soil quality, as one of the many components of the agro-
ecosystem, refers to the ability of the soil to function within the
boundaries of ecosystem, maintain the quality of the bio-
environment, and promote the health of animals and plants
(Andrew et al., 2002, 2004; Karlen et al., 2003). The collapsing gully
area of southern china is particularly susceptible to severe soil
erosion due to its geotechnical property and geographical envi-
ronment, and soil quality has been significantly reduced as a
consequence of soil degradation causing by anthropogenic and
natural factors.

Exposed slopes are often found in the area of collapsing gully
erosion. Vegetation control measures are used to management
collapsing gully to increase the strength of the surface soil, increase
the soil’s anti-erosion ability, and can also intercept and maintain
rainfall (Feng et al., 2019). It can also effectively improve the un-
derground ecosystem, increase the soil nutrient content, improve
the soil physical structure, and increase the soil biomass and ac-
tivity through the input of litter and roots (Neris et al., 2012; Zhang
et al., 2010, 2019). Therefore, vegetation has been widely used to
reduce soil erosion, soil degradation, while providing opportunities
for studying themechanisms for its effect on soil quality at different
stages of recovery (Guo et al., 2018; Wang et al., 2012), which may
facilitate the understanding of the relationship between plant
species and soil characteristics and the selection of the most suit-
able species for restoration (Lin et al., 2015). Previous studies have
shown that the effects of vegetation restoration on soil properties
are different with the different vegetation types. Hao et al. (2020)
assessed the effect of vegetation restoration on soil infiltrability
in heavy-textured soil and found that soil organic matter, aggregate
stability, soil total porosity, and non-capillary porosity have been
significantly ameliorated in the order of grass-planted > shrub-
planted > bare soil. Moreover, the effects of vegetation on soil
physical properties varied with restoration years. Different funda-
mental parameters such as soil bulk, total phosphorus, protease
activity and soil shear strength are often used to evaluate charac-
teristics of soil quality changes under different vegetation treat-
ments (Raiesi & Kabiri, 2016; Tang et al., 2019). Vegetation
restoration can also be evaluated by other parameters, including
saturated hydraulic conductivity, aggregate stability, and macro-
porosity (Gu et al., 2019).

Soil quality index (SQI) was an appropriate method for evalu-
ating the reclaimed mine spoil (Mukhopadhyay et al., 2016), and
also a practical tool for evaluating and monitoring soil quality in a
vegetation restoration area for its quantitative flexibility and ac-
curacy (Tang et al., 2019; Yu et al., 2018; Zhang et al., 2019).
Nevertheless, soil quality cannot be evaluated by individual soil
properties, thus soil quality index (SQI) was established to
comprehensively assess soil quality (Andrews et al., 2002; Nosrati
& Collins, 2019). Some researchers used the smallest data set to
determine soil quality values to analyze the changes in soil quality
in different regions and assess their impact on the ecological
environment (Mukhopadhyay et al., 2016; Zhang et al., 2019). Feng
et al. (2019) identified the total nitrogen, total phosphorus, pH, soil
cohesion and root density as major factors affecting the soil

degradation and spatial variability in soil quality in a collapsing
gully erosion area.

The effects of vegetation restoration on soil quality have focused
on the influence of different soil tillage practices (Raiesi & Kabiri,
2016), land use (Gu et al., 2019; Neris et al., 2012), and agricul-
tural soil management (Masto et al., 2008), as well as the impact of
vegetation restoration on the soil characteristics in Loess Plateau
(Deng et al., 2018). Little attention has been paid to the effect of
vegetation restoration on soil quality in the collapsing gully area
after management, which is of great significance for studying the
process of soil and ecological environment restoration in the
collapsing gully area. Additionally, the mechanisms for the effect of
these factors on this area also remain poorly understood.

The objectives of this study were to (i) evaluate the changes
trend of soil saturated hydraulic conductivity under different
vegetation restoration, (ii) identify the predictors for changes in soil
saturated hydraulic conductivity based on the soil characteristics,
and (iii) evaluate the changes of soil quality under different vege-
tation restoration andmain impact factors. Specifically, the effect of
vegetation restoration on the soil basic properties of collapsing
gully soil was first systematically evaluated. Then, the relationship
between soil physical properties and saturated hydraulic conduc-
tivity was investigated. Finally, the minimum data set (MDS)
established based on the results of existing and previous studies
was used to determine the SQI and assess the change trend of soil
quality in different vegetation restoration.

2. Materials and methods

2.1. Study sites

This study was carried out in the Jingouxing watershed (lati-
tudes 26�100 N to 26�130 N and longitudes 115�90 E to 115�130 E) in
the north of Gan County, Jiangxi Province, China (Fig. 1). This area is
characterized by a humid subtropical climate with an average
annual temperature and annual rainfall of 19.3 �C and 1394 mm,
respectively. The rainy season occurs during AprileJuly. The parent
material is mainly weathered granitic rocks, with the rock mass
weathering rapidly and the weathered crust having abundant
fracture surfaces and joint surfaces. The soil types are primarily red
soil, paddy soil, and alluvial soil, with the vegetation species being
mostly Pinus massoniana and Dicranopteris linearis. It is a typical
collapsing gully region with an area of 95.8 hm2. In this region,
eight typical collapsing gullies were selected, and in each collapsing
gully, three spatial locations were divided from top to bottom in the
units of slope surface as upper slope (US), middle slope (MS), and
lower slope (LS).

2.2. Soil sampling and laboratory analysis

Seven collapsing gullies that represent the vegetation restora-
tion after management in this region were selected from the
watershed: 3 with replanted arboreal forest (RA) for 8e13 years
(RA8, RA10, RA13), 2 with replanted scrubland for 3e9 years (RS3,
RS9), 1 with artificial grassland for 2 years (AG2), 1 with natural
restoration mixed forest for 30 years (NF30), and one collapsing
gully erosion area (EA) as reference (Table 1).

The soil samples were collected from the surface layer
(0e20 cm) of each slope surface among adjacent vegetation and
organized in triplicate through an “S” sampling strategy in the
summer of 2018. Soil samples (5e6) were collected at the spatial
location of each study site and a total of 121 soil samples were
obtained for the determination of soil physical properties. At each
sampling site, soil samples (~1e2 kg) were collected and trans-
ferred to the laboratory to remove the crop roots and weeds,
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followed by air-drying, crushing, and sieving to determine the
physical and chemical properties. The bulk density (BD), capillary
porosity (CP), and water content (WC) of the soil were measured
separately by the steel ring (100 cm3 in volume, 5.02 cm in diam-
eter and 5.05 cm in height) and gravimetric method, and these
indices are widely used to indicate soil quality (Raiesi, 2017; Zhang
et al., 2011). A steel ring (60 cm3 in volume, 6.18 cm in diameter and
2.00 cm in height) was used to measure the soil cohesion (SC), and
the shear rate was calculated using the MohreCoulomb shear
strength criterion equation (Zhang et al., 2018):

t¼ SC þ P tan f (1)

where t (kPa) is the shear strength; SC (kPa), the soil cohesion; P
(kPa), the normal stress acting on the failure surface (s ¼ 50, 100,
150 and 200 kPa); f (�), the angle of internal friction.

All soil samples were measured and analyzed in the summer
and autumn of 2018, and all tests were repeated three times. Soil
mechanical composition was measured using the pipette method
and the soil particle size was classified according to USDA (United
States Department of Agriculture) standards. pH was measured
using a pH meter model (soil to water ratio of 1: 2.5). Soil organic
matter (OM) was measured using the K2Cr2O7 wet oxidation
method. Soil cation exchange (CEC) was measured by the
CH3COONH4 exchange method. The contents of total nitrogen (TN)
and available nitrogen (AN) in soil extracts were measured based
on a Flow Injection Analysis System (FIAS 400 PerkinElmer, Inc, CT,
USA) equipped with an AS90 Autosampler (PerkinElmer). Flame
atomic absorption spectrophotometry was used to determine the
content of available potassium (AK). Total phosphorus (TP) and
available phosphorus (AP) were measured by the Olsen method.
Saturated hydraulic conductivity (Ks) was measured by the

Fig. 1. Location of study sites in the north of Gan County, Jiangxi, China.

Table 1
Information on the selected sites.

Site code Vegetation types Dominant species Longitude Latitude Elevation (m) Recovery time (years)

NF30 Natural restoration mixed forest Pinus elliottii Engelm and Schima
superba Gardn. et Champ.

115�1100000 26�1200100 198 30

RA13 Replanted arboreal Citrus sinensis (Linn.) Osbeck 115�1103100 26�1201500 220 13
RA10 Replanted arboreal Citrus sinensis (Linn.) Osbeck 115�1005900 26�1201700 195 10
RA8 Replanted arboreal Citrus sinensis (Linn.) Osbeck 115�1102400 26�1201200 224 8
RS9 Replanted scrubland Camellia sinensis (L.) O. Ktze 115�1101100 26�1200000 212 9
RS3 Replanted scrubland Camellia sinensis (L.) O. Ktze 115�1100400 26�1202200 200 3
AG2 Artificial grassland Paspalum wettsteinii Hack. 115�1103800 26�1105900 203 2
EA / Dicranopteris pedata (Houtt.)

Nakaike, Pinus massoniana Lamb
115�1103500 26�1200800 210 /
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constant water head method using distilled water under a 5 cm
head (Reynolds et al., 2002).

2.3. Assessment of soil quality index

SQI is a decision tool that can be effectively combined with
various information for multi-objective decision-making. The se-
lection of SQI should be based on the functional characteristics of
the soil and the management objectives defined by the system, i.e.,
the appropriate indicators selected for assessment of the soil
functions can help to achieve management goals (Andrew et al.,
2002). The calculation of SQI mainly consists of the following
three steps: the selection of the MDS, the score of the selected in-
dicators, and the calculation of the SQI comprehensive value
(Andrew et al., 2004; Brejda et al., 2000). Principal component
analysis (PCA) and Person’s correlation analysis were used to select
the MDS indicators, coupled with the purpose of the research. MDS
was composed of the components with eigenvalues �1 and each
explaining >5% of data variation (Andrew et al., 2003; Bastida et al.,
2006; Wu et al., 2019). Then, these selected soil parameters were
transformed into unitless scores by using a nonlinear scoring
function (Masto et al., 2008). The sigmoidal function (Eq. (1)) was
used as follows (Andrews et al., 2002):

Si ¼
a

½1þ ðxi=x0Þ�b
(2)

where Si is the score of the selected soil indicator; a, the maximum
score of 1; xi, the value of the indicator; x0, the mean value of each
soil indictor; b values of �-2.5 and 2.5 were used for a “more is
better” or a “less is better” curve, respectively (Bastida et al., 2006).
The weights of the soil quality factor (Wi) were calculated with the
score coefficient by the following equation (Xu et al., 2009):

Wi ¼
CiPn

i¼1ðCiÞ
(3)

where Ci is the score coefficient of the soil quality factor i; n, the
number selected from the MDS. Furthermore, the SQI is calculated
by the following equation (Masto et al., 2008):

SQI¼
Xn

i¼1
Si*Wi (4)

where Si is the indicator score calculated by Eq. (2); Wi, the
weighting values calculated by Eq. (3).

2.4. Statistical analysis

Analysis of variance (ANOVA; T-test) and least significant dif-
ference (LSD) were used to assess the differences of the soil prop-
erties among the eight sites at a significance level of P < 0.05.
Pearson correlation analysis was also used to determine the
optimal factors and correlation matrices among soil indicators.
Statistical analysis and data processing were performed using SPSS
22 and Origin 2021, respectively. ArcGIS 10.6 was used to generate
the study area map.

3. Results

3.1. Soil physicochemical indicators under different vegetation
restoration types

Table 2 shows the mechanical composition (%) for different
vegetation types. The content of clay and silt showed an increase
with increasing restoration time. In the 8 study sites, natural

restoration mixed forest (NF30) and replanted arboreal forest 13
(RA13) had a similar soil texture, sand content (9.12%e21.86%) and
silt content (33.06%e51.83%), which were significantly lower than
those at the other sites. Artificial grassland (AG2) was significantly
higher (P < 0.05) than the other sites in sand content (12.27%e
20.27%), and collapsing gully erosion area (EA) was significantly
higher than the other sites in silt content (85.73%) in the middle
slope (MS).

The effects of different vegetation types on the soil physical
properties are shown in Fig. 2. Bulk density (BD) was shown to
decrease with increasing restoration time, with a significantly
lower (P < 0.05) value in the NF30 site than in the AG2 site.
Moreover, with the increase of elevation at different slopes, the BD
value showed an upward trend first, followed by a decrease in the
sites of NF30 and Replanted arboreal forest 9 (RA8). The RA13 had
the lowest BD (1.15 g cm�3) in the upper slope in all the 8 study
sites. In Fig. 2b, NF30 was seen to be significantly higher (P < 0.05)
than the other sites in soil water content (WC), with the maximum
value being 2.12-fold the minimumvalue. Moreover, except for RA8
and AG2, the other restoration sites showed the highest WC in the
upper slope and the lowest WC in the middle slope. The soil
cohesion (SC) exhibited a consistent trend with WC, showing an
increase with increasing recovery time (Fig. 2c). Specifically, the SC
value was highest in NF30 and lowest in AG2. Except for RA8, AG2,
Replanted scrubland 3 (RS3) and EA, the other four recovered sites
had the highest SC value in the lower slope and the lowest value in
the middle slope. AG2 had the lowest SC value in the middle slope
in all the eight vegetation-recovered sites.

The accumulation of nutrients on the soil surface is the result of
biological processes regulated by plants and soil organisms, as well
as the complex interaction between the atmosphere and
biochemical processes (Chen et al., 2015). Fig. 3 shows the effects of
different vegetation restoration on the soil chemical properties. In
Fig. 3a, NF30 was seen to have the highest value of soil total
phosphorus (TP), which was significantly (P < 0.05) higher than
that of the other sites. Except for Replanted scrubland 9 (RS9), RA8
and AG2, the other sites showed a significantly lower TP value in
the middle slope (MS) than in the other locations. Similar to TP,
available phosphorus (AP) (Fig. 3b), total nitrogen (TN) (Fig. 3c) and
available nitrogen (AN) (Fig. 3d) exhibited significant difference in
the eight study sites. All the four indicators had the highest value in
NF30 and the lowest value in AG2. The TP was seen to be the
highest for NF30 (0.78 g kg�1) and the lowest for AG2 (0.04 g kg�1).
Additionally, AG2 had a significantly lower TN value (0.13 g kg�1-
0.15 g kg�1) than the other restoration sites at the three locations.

After three years of vegetation restoration, the accumulation of
AN also increased significantly when compared with soil organic
matter (OM) (Fig. 3f) and AP. NF30 exhibited the highest AN value
(72.23 mg kg�1 - 78.20 mg kg�1), with no significant difference
between EA and AG2 in the AN values (6.82 mg kg�1 -
20.02 mg kg�1) versus (6.82 mg kg�1 - 8.73 mg kg�1). Additionally,
EA and AG2 also showed no significant difference in the value of
soil available potassium (AK) (Fig. 3g). Generally, soil cation ex-
change capacity (CEC) is an indicator for its fertility and nutrient
retention capacity (Brady & Weil, 2007). In Fig. 3e, CEC was seen to
have no significant difference in RA10, RA8 and RS9, with the
lowest value observed in EA (6.30 cmol kg�1-6.75 cmol kg�1). At
the lower slope, soil AK generally increased with increasing vege-
tation restoration time, while CEC did not increase significantly
until eight years of vegetation restoration.

3.2. Evaluation of saturated hydraulic conductivity

Fig. 4 shows the soil KS under different vegetation types in the
eight study sites. The KS values varied significantly (P < 0.05) and
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ranged between 0.014e0.123 cm min�1, probably due to the dif-
ference of vegetation restoration types and restoration time. The KS
values increased gradually with increasing vegetation recovery
time. Of all the vegetation types, NF30 was significantly higher
(P < 0.05) than EA or AG2 in the KS value. Compared with other

slopes, the middle slope showed a lower KS value in most study
sites, with the lowest value observed in the EA middle slope, which
was 0.12 times the KS value of NF30.

Table 2
Mechanical composition (%) for different vegetation types at different study sites.

Site code Parts Clay (<0.002 mm) Silt (0.002e0.05 mm) Sand (0.05e2 mm)

NF30 US 47.85 ± 2.50Aa 37.22 ± 3.38Ce 14.93 ± 0.93Ac

MS 39.92 ± 4.96Bab 48.24 ± 4.43Bcd 11.84 ± 9.39ABbc

LS 39.05 ± 10.68Bb 51.83 ± 11.14Ab 9.12 ± 0.46Bc

RA13 US 38.13 ± 2.66Bb 40.01 ± 1.78Ae 21.86 ± 0.88Ab

MS 50.60 ± 2.88Aa 33.06 ± 4.18Be 16.33 ± 1.30Bb

LS 49.03 ± 1.23Aa 40.97 ± 0.59Ac 10.01 ± 1.46Cbc

RA10 US 32.05 ± 2.79Ac 39.64 ± 1.84Ce 28.31 ± 1.97Aa

MS 28.04 ± 1.66Bb 54.32 ± 0.55Bc 17.64 ± 2.21Bab

LS 23.17 ± 0.92Cd 59.62 ± 2.22Ab 17.22 ± 1.84Bb

RA8 US 26.43 ± 1.30Bb 58.25 ± 5.42Ac 15.32 ± 5.49Cc

MS 35.14 ± 1.46Ab 47.54 ± 3.47Bcd 17.32 ± 4.10BCab

LS 37.46 ± 1.97Ad 36.33 ± 0.68Cc 26.21 ± 1.11Aa

RS9 US 31.91 ± 9.39Ac 55.02 ± 0.33Bcd 13.07 ± 0.58Bc

MS 22.52 ± 0.46Bb 65.20 ± 0.70Ab 12.28 ± 1.32Bbc

LS 29.40 ± 0.88Ac 51.93 ± 8.30Bb 18.67 ± 6.21Aab

RS3 US 23.68 ± 2.21Bd 51.30 ± 0.38Ad 25.02 ± 6.04Aab

MS 31.68 ± 2.23Bb 43.71 ± 2.89ABd 24.61 ± 5.12Aa

LS 48.96 ± 0.58Aa 36.05 ± 1.43Bc 14.99 ± 0.86Bbc

AG2 US 1.76 ± 0.62Bf 77.97 ± 1.53Aa 20.27 ± 1.64Abc

MS 4.73 ± 1.92Ac 83.00 ± 0.54Aa 12.27 ± 1.41Bbc

LS 2.34 ± 0.34Be 84.11 ± 4.39Aa 13.55 ± 4.17Bbc

EA US 13.32 ± 2.48Be 63.98 ± 2.77Bb 22.70 ± 0.29Ab

MS 5.40 ± 0.92Cc 85.73 ± 1.67Aa 8.87 ± 2.09Cc

LS 28.88 ± 0.40Ac 58.31 ± 3.07Cb 12.80 ± 2.73Bbc

Notes: US: upper slope; MS: middle slope; LS: lower slope. Values are means ± standard deviation. Different uppercase letters indicate significant difference under different
parts of vegetation types (one-way ANOVA, P < 0.05). Different lowercase letters indicate significant difference among different vegetation types at same prats (one-way
ANOVA, P < 0.05).

Fig. 2. Soil physical indicators under different vegetation types in the eight study sites at upper (US), middle (MS) and lower slopes (LS). (a) Bulk density (BD); (b) Soil water content
(WC); (c) Soil cohesion (SC). Different uppercase letters indicate significant difference under different parts of vegetation types (one-way ANOVA, P < 0.05). Different lowercase
letters indicate significant difference among different study sites at the same parts (one-way ANOVA, P < 0.05).
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Fig. 3. Soil chemical indicators under different vegetation types in the eight study sites at the upper (US), middle (MS) and lower slopes (LS). (a) Total phosphorus (TP); (b) Available
phosphorus (AP); (c) Total nitrogen (TN); (d)Available nitrogen (AN); (e) Cation exchange capacity (CEC); (f) Organic matter (OM); (g)Available potassium (AK). Different uppercase
letters indicate significant difference under different parts of vegetation types (one-way ANOVA, P < 0.05). Different lowercase letters indicate significant difference among different
study sites at the same parts (one-way ANOVA, P < 0.05).

H. Wen, S. Ni, J. Wang et al. International Soil and Water Conservation Research 9 (2021) 195e206

200



3.3. Effects of soil physical properties on saturated hydraulic
conductivity

Fig. 5 shows the correlation coefficients of 8 main soil physical
properties. BD was found to have a significant negative correlation
(P < 0.01) with most of measured soil physical properties. Mean-
while, clay content was positively related to most soil properties
(except for silt content, sand content and BD). CP was negatively
correlated with other soil physical properties except for clay con-
tent, WC, SC and KS. SC was significantly related to most soil
properties except for sand content. The KS was shown to have a

significant positive (P < 0.01) correlation with WC and SC, in
contrast to a negative relation (P < 0.01) with BD.

The optimal factors affecting KS were selected by stepwise
regression. The results showed that whenWC (X1), BD (X2), and SC
(X3) were selected, the regression equation was expressed as
follows:

Y ¼0:130X1 � 7:27X2 � 0:189X3

þ 10:259
�
R2 ¼0:985; P < 0:05

�
(5)

where Y is the saturated hydraulic conductivity (KS).
The conceptual path model explained 87% of the variance in Ks

(Fig. 6a). Because of changes in water content (WC), soil cohesion
(SC) could also cause a change in bulk density, thus affecting the
value of soil saturated water conductivity. SC was seen to have the
highest direct effect on KS (standardized path coefficients of 0.76,
P < 0.001), followed by BD (standardized path coefficient of�-0.30,
P < 0.001), with the lowest effect from WC (standardized path
coefficient of 0.02) (Fig. 6a). Moreover, WC and SC had the direct
positive effect on KS, in contrast to the negative effect for BD. In
terms of indirect effects, SC had the largest influence (standardized
path coefficients of�-0.44, P < 0.01), followed byWC (standardized
path coefficients of �-0.40, P < 0.05), and both of them partially
affected KS by influencing BD. Additionally, SC was higher in direct
effect than in indirect effect, while WC was lower in direct effect
than in indirect effect, and both of them affect KS through BD,
indicating the essential impact of BD on KS. This agreed with the
previous finding that BD and WC are important for KS, due to their
influence on KS through >0.25 mm aggregate stability and micro-
porosity (Gu et al., 2019; Wu et al., 2016). SC was still observed to
have the most obvious total effect on Ks, with a standardized path
coefficient of 0.89 (Fig. 6b).

3.4. Evaluation of SQI

The PCA was used to group the experiment soil indicators
(Table 3, Fig. 9). Eigenvalues of the first two PCs explained 81.42%
(PC1 ¼ 64.88%, PC2 ¼ 16.54%) of the total variance and were all �1,
indicating that they could explain most information of the data
structure. In the first principal component (PC-1), the highly
weighted indicators were TP, AP, TN, AN, OM, AK, Clay, Silt, KS and
SC. In the second principal component (PC-2), pH and Sand content
were the highly weighted indicators. The redundant variables were
eliminated by correlation analysis within each PC (Fig. 7). In PC-1,
TP, AP, TN, AN, AK, Clay, Silt, KS and SC were highly correlated
(P < 0.01) with OM, so only OM was retained in the MDS. In PC-2,
there was no significant correlation between pH and Sand
(P > 0.05), and the correlation coefficient was less than 0.6, so pH
and Sand were retained in the MDS. Considering SC is a vital soil
mechanical property for predicting wind shear resistance, this
parameter was still retained in theMDS, and KS was selected for the
MDS due to its lowest sum of correlation. Finally, OM, KS, SC, pH and
Sand were selected in the MDS for calculation of SQI.

The SQI results for different vegetation types with a different
restoration time in the eight study sites are shown in Fig. 8. In
Fig. 8a, SQI was seen to be the largest for NF30 (0.66), followed by
RA13 (0.60), RA10 (0.57), RA8 (0.51), RS9 (0.46), RS3 (0.45), EA
(0.26), and AG2 (0.23) in the eight different sites. In the three
different spatial locations, SQI showed the lowest value in the
middle slope due to its large spatial variability. Collectively, the SQI
was 2.26e to 3.58-fold higher in NF30 than in AG2, and the SQI for
EA was 0.14, 0.31 and 0.33 in the middle, upper and lower slopes,
respectively. In a similar vegetation type, the SQI was lower in the
middle slope than in the other two slopes (Fig. 8b).

Fig. 4. Saturated hydraulic conductivity for the soil in the upper (US), middle (MS) and
lower slope (LS) of the eight study sites. Different uppercase letters indicate significant
difference under different parts of vegetation types (one-way ANOVA, P < 0.05).
Different lowercase letters indicate significant difference among different study sites at
the same parts (one-way ANOVA, P < 0.05).

Fig. 5. Correlation analysis of main soil physical properties under different vegetation
types in the eight study sites. Clay: clay content (%); Silt: silt content (%); Sand: sand
contents (%); BD: bulk density (kg.m �3); CP: capillary porosity (%); WC: water content
(%); SC: soil cohesion (kPa); Ks: saturated hydraulic conductivity (cm.min�1). Indicated
values represent the correlation coefficients. The green color indicates a positive cor-
relation, and the orange color indicates a negative correlation at significant levels of *
P � 0.05; **P � 0.01.
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4. Discussion

4.1. Changes of soil properties under different vegetation types

A number of studies have shown that vegetation restoration can
reduce BD, increase soil shear strength, and improve soil nutrients
(Gu et al., 2019; Hao et al., 2020; Zhu et al., 2020). In the present
study, no significant change was observed in soil texture (Table 2)
for most vegetation restoration types except for AG2. Under
different types of vegetation restoration, the sand content gradually
decreased while the clay content and silt content gradually
increased, indicating that vegetation can prevent the loss of fine soil
particles (Gu et al., 2019). Moreover, AG2 showed the highest BD
value and the lowest SC value, mainly due to the short recovery
time (2 years) of artificial grassland and the poor soil structure. In
contrast, NF30 was lower in soil BD value and higher in SC and WC
values. The lower soil bulk density (BD) of NF30 may be related to
higher biological activity, root penetration, nutrient incorporation,
etc. As reported previously, naturally restored trees were rich in soil
biodiversity, high in vegetation, and could enhance soil porosity by
vegetation roots (Feng et al., 2019). The increase in soil SC and WC
after vegetation restoration illustrated the improvement of soil
structure.

KS is related to most soil physical parameters, including soil
moisture content, soil texture and soil porosity (Franzluebbers,
2002; Wang et al., 2017). Stepwise regression results showed BD,
WC, and SC as the main soil physical parameters that affect KS,
indicating that Ks could also be used as an indicator of soil prop-
erties changes(Fig. 6). Meanwhile, the indirect effect of WC on KS
through soil BD was higher than its direct effect, indicating that BD
has a great influence on KS (Neris et al., 2012; Tang et al., 2019).
Compared with the replanted scrubland, replanted arboreal forest
increased KS (Fig. 4), indicating that the soil permeability is better
in the replanted arboreal forest than in the replanted scrubland,
which is the reason for the decrease of runoff in the replanted
arboreal forest area (Hu et al., 2008).

In this study, the physicochemical indicators of the soil varied in
the seven sites with four different vegetation types, indicating that
the vegetation type plays an important role in the nature of the soil

Fig. 6. Path diagram for the relationship between soil properties and saturated hydraulic conductivity. (a) Conceptual path model. The numbers on arrows are standardized path
coefficients, with solid arrows indicating positive and dashed arrows negative; numbers in bold indicate a significant effect (*P < 0.05; **P < 0.01; ***P < 0.001); percentages close
to the boxes indicate the variance explained by the model (R2). (b) The standardized path coefficients for direct and indirect effects of SC, WC and BD on saturated hydraulic
conductivity.

Table 3
Principal component analysis of soil quality indicators.

Principal component PC-1 PC-2

Eigenvalues 10.38 2.65
Variance (%) 64.88 16.54
Cumulative variance (%) 64.88 81.42
TP 0.90 0.36
AP 0.92 0.29
TN 0.94 0.14
AN 0.93 0.25
pH �–0.28 ¡-0.73
CEC 0.79 0.48
OM 0.94 0.06
AK 0.91 0.27
Clay 0.91 �-0.14
Silt ¡-0.89 0.39
Sand 0.16 ¡-0.74
BD �-0.63 �-0.49
CP 0.52 0.54
WC 0.84 0.24
KS 0.85 0.33
SC 0.90 0.30

Notes: Bold factors are considered highly weighted; PC-1 and PC-2 indicate first
principal component and second principal component.

Fig. 7. Correlation coefficients of 12 soil properties determined for different vegetation
types in the eight study sites. TP: total phosphorus (g.kg�1); AP: available phosphorus
(mg.kg�1); TN: total nitrogen (g.kg�1); AN: available nitrogen (mg.kg�1); OM: soil
organic matter (g.kg�1); AK: available potassium (mg.kg�1); Clay: clay content (%); Ks:
saturated hydraulic conductivity (cm.min�1); Silt: silt content (%); SC: soil cohesion
(kPa); Sand: sand contents (%). Indicated values represent the correlation coefficients.
The green color indicates a positive correlation, and the orange color indicates a
negative correlation at significant levels of * P � 0.05; **P � 0.01.
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(Zhang et al., 2011). The soil properties are most significantly
improved in the study sites with 3 years of artificial vegetation
restoration versus collapsing gully erosion area, indicating that
vegetation restoration can change the soil physical properties and
increase the nutrients significantly (Jia et al., 2017).

The overall stability of replanted arboreal vegetation was higher
than that of shrubs, indicating that arboreal forest is more resistant
to soil erosion than shrubs in vegetation-restored areas. Compared
with EA soil, AG2 soil was poor in soil structure and nutrients. These
differences in effects can be attributed to the shorter vegetation
restoration time, the lower grassland root consolidation effect on
the soil and certain human disturbance on grassland.

4.2. Evaluation of SQI and indicators

MDS, an effective evaluation method because of its small data
volume, high accuracy and fast processing speed, has been widely
used in many related studies (Raiesi, 2017; Yu et al., 2018). In this
study, the five soil parameters (OM, SC, KS, pH and Sand content)
were finally selected for SQI calculation because we considered
them as the most important indicators of soil quality. Among the
five indicators, OM was slightly higher in the weighted value and

greater in the contribution to SQI than the other indictors. The
shear strength of soil, which can directly reflect the difficulty of soil
deformation under external force, is also an important index to
characterize the soil mechanical properties, and texture has also
been reported to have a significant correlation with soil quality
(Zhang et al., 2018; Zhu et al., 2020). In this study, soil cohesion (SC)
was selected as an important indicator only second to OM. Addi-
tionally, soil infiltration is the basis for discussing surface runoff
and has an impact on other physical properties, so soil KS is an
important indicator for evaluating soil erosion resistance, and has
also been selected into the minimum data set (Hao et al., 2020;
Wang, Zhang, et al., 2019). A previous study showed that lowering
soil pH can provide a more suitable environment for soil optimi-
zation and should be used as an important parameter for evaluating
ecological restoration (Mahar et al., 2016). The results in Fig. 7
showed that pH was significantly related to clay content and
nutrient content (P < 0.01).

4.3. Effects of vegetation types on soil quality

Several studies have shown that revegetation can significantly
improve the physical, chemical, and biological properties of the soil
(Hao et al., 2020; Yu et al., 2018; Zhu et al., 2020), which is
consistent with the results of our study. Furthermore, in the process
of vegetation restoration, many problems arise from the different
governance patterns of collapsing gully (Feng et al., 2019). Previous
studies have demonstrated that some replanted shrubland species
growwell initially, but once water supply is developed, they tend to
degenerate (Li, 2000). Improper vegetation management and
planting may exacerbate the severity of groundwater shortage and
soil degradation. Soil quality can be affected by many factors, such
as its parent material, environmental factors like terrain and rain-
fall, land-use vegetation types and human activities (Hao et al.,
2020; Karlen et al., 2006).

Vegetation types vary in their ability to improve soil quality (Yu
et al., 2018). Marzaioli et al. (2010) pointed out that mixed forests
have the highest SQI, followed by shrubs and farmland, with the
highest SQI for NF30, which is consistent with the observation of
this study (Fig. 8a). Specifically, the average SQI valuewas highest in
NF30 while lowest in AG2. The improvement of soil quality in
shrubland and arboreal can be attributed to the increased vegeta-
tion coverage and biodiversity after revegetation, which can
improve the soil structure and the absorption of nutrients in plant
roots and increase the input of soil nutrients (Leung et al., 2015;
Moscatelli et al., 2007). In this paper, the SQI was significantly
higher in RA13 than RS9 or RA8 and in the order of RA13 > RA8>

Fig. 8. (a) Soil quality index (SQI) under different vegetation types in the eight study sites. (b) Soil quality index (SQI) at different spatial locations in the eight study sites.

Fig. 9. Results of principal component analysis.
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RS9, indicating a better recovery in replanted arboreal forest than in
replanted shrubland. The lowest soil quality for AG2 can be
attributed to the following reasons: (i) short restoration time; (ii)
loose soil surface layer due to weak root consolidation of vegeta-
tion; (iii) more human interference; (iv) lower soil organic matter
input by the corresponding vegetation.

In this study, the soil quality was the lowest in the middle slope
(Fig. 8b), probably due to less vegetation coverage on the middle
slopes. Moreover, based on the average SQI at all the three soil lo-
cations, the SQI was higher in replanted arboreal forests (RA13
(0.60) and RA10 (0.57)) than in replanted scrubland (RS9 (0.45) and
RS3 (0.46)), indicating that both arboreal vegetation and shrubland
vegetation are suitable for soil remediation, but planting arbor was
more effective. The results of the general linear model (GLM)
showed that vegetation type accounts for 46.41% of the SQI varia-
tion, which was the largest compared with other indicators
(Fig. 10). However, the interaction of soil location with vegetation
type and soil location also caused the change of SQI by 24.36% and
17.64%, respectively, and other uncertain factors explained 3.07% of
SQI changes. In this study, it is shown that vegetation restoration
can improve soil quality and optimize the ecological environment
by improving the basic characteristics of the soil, and replanting
arboreal forests can better restore soil quality than replanting
shrublands. This indicates that plant cover, which has a direct
impact on soil quality, is of great significance for improving soil
parameters and reducing soil erosion.

In PCA analysis, NF30, RA13, RA10, and RA8 were grouped
(Fig. 9), probably due to their good soil properties, including low
BD, but high soil nutrients, SC and KS. Previous studies have shown
that replanting arboreal vegetation can improve soil quality better
than replanting shrubland vegetation (Marzaioli et al., 2010),
probably due to the following three reasons: (i) a higher arboreal
coverage can effectively intercept part of the rainfall and reduce the
loss of nutrients under the forest; (ii) the surface litter can also
provide nutrients to the soil; (iii) deep arboreal roots facilitate
nutrient absorption and utilization (Yan et al., 2020). The results of
this study show RS9 and RS3 have lower soil quality than RA13,
RA10 and RA8, with the lowest values for AG2 in all the vegetation
types. Similar to our results, Zhang et al. (2011) mentioned that,
compared with artificial vegetation selected by humans, natural
vegetation is produced through spontaneous natural succession
without any artificial influence, enabling it to better adapt to

natural environmental conditions and restore soil structure. With
the increase of recovery time (years), soil quality is on the rise, and
soil nutrients are further enhanced. However, there is no significant
change in the soil quality during the initial restoration of artificial
grassland, probably because the plant grows slowly in that period,
and the grass litter is relatively small. Meanwhile, the grassroots
system is shallow, the soil consolidation is weak, and the plant also
needs to absorb some nutrients for growth. We found that the soil
quality was the lowest in the middle slope layer of the replanted
vegetation (Fig. 8b). Due to the small vegetation cover and the in-
fluence of certain human activities, the soil nutrient content was
lower in the middle slope than in the other locations. Runoff can
take away a lot of soil nutrients and fine particles, and soil nutrients
show an upward trend from the middle slope to the lower slope,
which agreed with the findings of Ni and Zhang (2007) and Zhang
et al. (2016).

5. Conclusion

Effects of vegetation types with different restoration time
(years) on the soil quality of vegetation-restored collapsing gully
was evaluated by SQI. There are significant differences between the
soil physicochemical properties in eight different vegetation
restoration sites, indicating that changes in vegetation restoration
has a considerable impact on soil properties. The soil bulk density
was significantly reduced, and the saturated hydraulic conductivity
was significantly increased. The main soil physical parameters
affecting soil saturated hydraulic conductivity include soil bulk
density, water content and soil cohesion.

The results of the study showed that KS, pH, SC, OM, and sand
content could be used as effective indicators for evaluating the ef-
fect of vegetation restoration on soil quality. SQI values were
slightly higher in replanted arboreal and replanted scrubland areas
than in the erosion area in the collapsing gully, implying that
planting cash crops in the vegetation-restored collapsing gully is
not only suitable for restoring soil quality, but also brings certain
economic benefits. The SQI value of the replanted artificial grass-
land did not change significantly during the initial period of
restoration. However, as the foundation of landscape development,
artificial grassland cultivation is superior to local tourism devel-
opment and can lay a foundation for soil restoration by bringing
certain economic and social benefits.

The GLM results indicate that selecting the suitable vegetation
type for soil restoration is vital for improving soil quality, and when
selecting vegetation for collapsing gully restoration in the future,
the stereoscopic collocation of arboreal-shrub vegetation is
revealed as the first choice for vegetation restoration. Furthermore,
SQI is shown as an effective and practical tool for evaluating and
monitoring soil quality. However, for a more comprehensive and
accurate assessment of soil quality, future studies should consider
the plant growth parameters, land surface roughness, and the
variation trend of soil SQI at different levels, as well as the differ-
ences between vegetation types under the same recovery time
(years).
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a b s t r a c t

We present a new approach for calculating the C-factor of RUSLE considering the effect of low-reflectance
vegetation cover areas on the reduction of the effects on erosion caused by rainfall seasonality. For this,
we propose the coefficients Cr2 (rescaled 2) and C-PC (Precipitation Correction), which represent the C-
factor, and an adaptation in NDVI calculation, according to the seasonality of precipitation (NDVI-PC). The
Cr2 factor is used when there is no seasonal effect of rainfall on vegetation, while the C-PC factor is
calculated for localities under the influence of seasonality, from NDVI-PC. The proposed approaches were
tested using different satellites images in the Palmares-Ribeir~ao do Saco watershed, Rio de Janeiro, Brazil.
The values of Cr2 and C-PC factors were compared to the Cr factor (rescaled) and to mean values from the
literature for different land covers. Our results indicated that the Cr2 factor represents an improvement
in accuracy in relation to Cr by considering specific values of the studied area to normalize the data
without generalizations. Furthermore, the C-PC factor is able to simulate the effect of seasonality,
providing more realistics values of soil loss by the RUSLE as a function of the proportion of area affected
by the rainfall seasonality obtained from NDVI-PC. We conclude that both Cr2 and C-PC factors generate
values similar of the C-factor observed in the literature, and therefore are able to provide better soil loss
estimation than that using the Cr factor.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

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

1. Introduction

Remote sensing data have been used in studies onwater erosion
in watersheds, enabling the development of solutions to problems
of soil and water resources degradation (Alewell, Borrelli,
Meusburger, & Panagos, 2019; Benavidez et al., 2018). One of the
most used methodologies in remote sensing is the application of
vegetation indices, which possibilities a quali-quantitative analysis

analises of growth dynamics and vigour of vegetation cover. There
are several models that make it possible to study soil cover as the
NDVI (Normalized Difference Vegetation Index) (Durigon et al.,
2014; Van Der Knijff et al., 2000), NDII (Normalized Difference
Infrared Index) (Joiner et al., 2018), NDWI (Normalized Difference
Water Index) (Guha et al., 2020), EVI (Enhanced Vegetation Index)
(Gurung et al., 2009) and SAVI (Soil Adjusted Vegetation Index)
(Huete, 1988), among others. NDVI is the most commonly used and
it is more suitable for the study of natural vegetation (Bannari et al.,
1995). It enables the evaluation of spatial and temporal changes
occurring on the Earth’s surface associated with reflectance in the
red and near infrared bands of the electromagnetic spectrum
(Rouse et al., 1974, p. 371).

Several studies use spatial data in models that estimate soil loss
(Batista et al., 2019) in watersheds but, depending on their
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characteristics, the results obtained differ from reality due to lim-
itations and uncertainties associated with the models (Chavez,
2010). Both in USLE (Universal Soil Loss Equation) (Wischmeier &
Smith, 1978) and in its revised version (RUSLE) (Renard et al.,
1997) do not include factors as sediment deposition along the
slopes (Cecílio et al., 2009) and the presence of dry vegetation,
affected by the effect rainfall seasonality, as an agent capable of
reducing soil loss.

The C-factor represents the characteristics of soil management
and cover in RUSLE and is usually obtained in watersheds studies,
through data from the literature, by using NDVI or in a hybrid
manner, including remote sensing techniques associated with field
studies. The obtaining of C-factor through satellite images has been
studied because it is one of the most significant sources of uncer-
tainty in the model (Almagro et al., 2019; Durigon et al., 2014;
Phinzi & Ngetar, 2018; Tanyas et al., 2015). In this context, images
provided by the TM/Landsat 5, OLI/Landsat 8 and LISS3/
Resourcesat-1 sensors represent a good option for vegetation
studies in watersheds (Phinzi & Ngetar, 2018).

In vegetation targets under water deficit, NDVI may assume
values close to zero, thus it can be associate with bare soil targets.
Besides affecting cultivated areas and pastures, this response of the
electromagnetic spectrum can occur in places with predominance
of larger species, especially those with thin crowns or deciduous,
where in many cases the understory vegetation, which is more
susceptible to climatic variations, affects the values of NDVI (Pisek
et al., 2015; Schmidt et al., 2018; Silva & Sano, 2016).

Incorrect values of soil loss can be obtained depending on how
rainfall seasonality influences vegetation cover due to a physio-
logical issue of each species, which shows a reduction in leaf water
content during drought periods, affecting biomass and, conse-
quently, its reflectance (Johansen and Tøvikmmer, 2014). This
aspect makes it possible to infer that rainfall seasonality has an
influence on the NDVI response and that it can be corrected to
generate a C-factor that differentiates areas with bare soil from
areas with dry vegetation. This procedure would reduce uncer-
tainty in soil loss estimates by RUSLE, since the model disregards
the effect of rainfall seasonality (Benavidez et al., 2018). From the
correlation between amount of rainfall and vegetation reflectance
it is possible to infer the effect of seasonality on soil loss quanti-
tatively. This correlation also varies according to the type and
physiological characteristics of the plant species that serve as land
cover (Chamaille-Jammes et al., 2006; Fabricante et al., 2009;
Nanzad et al., 2019; Richard & Poccard, 2010). However, to the best
of our knowledge, there is no approach considering the rainfall
seasonality on the C-factor estimation by using vegetation indexes.

Considering the hypothesis that the presence of low-reflectance
vegetation can influence the soil erosion process, we propose a new
approach for calculating the C-factor of RUSLE, that take into ac-
count the effect of low-reflectance vegetation cover areas on the
reduction of the effects on soil erosion caused by rainfall season-
ality. Thus, we proposed the coefficients Cr2 and C-PC, which
represent the C factor, and an adaptation in NDVI calculation, ac-
cording to the rainfall seasonality in the study region (NDVI-PC).

2. Material and methods

2.1. Seasonality-conditioning variables (pptx and Lv)

To define the influence of rainfall seasonality in vegetation
reflectance from the satellite images, we used the variables: i. Pptx
which corresponds to the total precipitated in “x” days before the
passage of the satellite; and Lv, which represents the average pre-
cipitation of the day accumulated in periods of “x” days in the
rainfall series studied. The “x” variable represents the period of

total rainfall precipitated with the best correlation with NDVI
values in 0e0.5 class, which corresponds to areas interpreted as
bare soil and low-reflectance vegetation.

When Lv is lower than or equal to Pptx, the rainfall from the
period preceding the satellite passage is equal to or higher than the
historical average of the region and, therefore, it is considered that
there is less presence of dry vegetationwith low reflectance (Fig. 1).
In this case, the Cr2 factor (Eq. (1)) should be used in the calculation
of RUSLE. On the other hand, if Lv is greater than Pptx, the average
rainfall in the historical series is higher than the rainfall of the
period preceding the evaluated image and, therefore, the vegeta-
tion is expected to be drier because of seasonality. Thus, the C-PC
factor should be used (Eq. (4)).

2.2. C factor rescaled (Cr2)

The Cr2 factor is an adaptation of the Cr factor presented by
Durigon et al. (2014) and enables a specific adjustment in the
conversion of NDVI into C-factor for each image (Eq. (2)). With this
adaptation, the cover index adequately fits to the range between 0.0
and 1.0 (saturated variation), in which values close to 0.0 are
associated with vegetation, and values close to 1.0 are associated
with bare soil.

Cr2 factor¼ð�NDVIþ zÞ
2 z

(1)

where z is the variable that represents the maximum pixel value of
NDVI.

2.3. Modification of NDVI

A modification in NDVI, called NDVI-PC (Normalized Difference
Vegetation Index e precipitation correction) (Eq. (2)), is suggested
in order to enable the identification of areas with low-reflectance
vegetation in periods of absence of rainfall. Its main function is to
increase the NDVI values as a function of precipitation, allowing the
reclassification of dry vegetation targets erroneously considered as
bare soil (Fig. 2).

NDVI� PC¼NDVI
Lv
Pptx

¼ rnir�rred
rnirþrred

Lv
Pptx

(2)

where.

rnir e spectral reflectance of the surface in the near infrared
band (dimensionless);
rred e spectral reflectance of the surface in the red band
(dimensionless);
Pptx - accumulated precipitation in the x period prior to the date
of the image used in the calculation of the NDVI (mm);
Lv - leveling variable, equal to the average accumulated pre-
cipitation in periods of x days in the studied time series (mm).

The response of dry vegetation in NDVI-PC, with the reduction
in near infrared values and increase in the red band, enables the
separation of pixels with a higher percentage of vegetation with
low values of NDVI. This vegetation is able to reduce the impact of
rainfall on the soil, protecting it from erosion.

2.4. C-PC factor

The C-PC factor (Eq. (3)) simulates the proportions of vegetation
areas subject to reflectance changes due to rainfall regimes. This
proposal considers dry vegetation as a cover capable of reducing
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Fig. 1. Representative flowchart of the steps to obtain C-factor by the Cr2 and C-PC method.

Fig. 2. Example of the functioning and classification of NDVI (a) and NDVI-PC (b) values, indicating the separation of the vegetation class affected by the effect of rainfall seasonality.
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the impact of raindrops when reaching the soil, considering the
vegetation with lower reflectance in the near infrared during the
conversion from NDVI to C-factor.

C�PC factor ¼ Cr2 factor :ðPptx
Lv

ÞH (3)

where H is the percentage of pixel area in situation of low NDVI due
to seasonality (Eq. (4)).

H¼ðNDVI� PC�NDVIÞ
100

(4)

The H variable is calculated for NDVI within the 0.3e0.5 class,
which represents the percentage of area occupied by vegetation
affected by the drought season, that is, by the seasonality effect
(Fig. 2B). The final result of C-PC factor is attributed to the state of
vegetation as a function of time that is characterized by the Pptx/Lv
ratio in the affected physical space (H variable). The multiplication
of the Cr2 factor by (Pptx/Lv)H tends to reduce its values, since its
calculation is performed under the condition of Pptx being lower
than Lv (Fig. 1).

The variation in Cr, Cr2 and C-PC factors was evaluated consid-
ering H ¼ 1 (equivalent to an area whose soil cover is represented
by 100% of affected vegetation of reduced NDVI) and Lv of 5.0 mm.
The C-PC factor was also simulated through variations in H values,
keeping Pptx at 1.0 mm and subsequently varying Pptx below
5.0 mm with fixed values of H (1.0). In both simulations, Lv was
equal to 5.0 mm.

2.5. Study area

The Palmares-Ribeir~ao do Saco watershed (22� 300 3300 and 22�

220 5300 S and 43� 300 1500 and 43� 20’ 50” W) was used as a case
study to evaluate the factors Cr, Cr2 and C-PC. The area is located in
the Paraíba do Sul river basin, considered one of the regions most
affected by water erosion in Brazil despite its environmental and
social relevance (Durigon et al., 2014).

The total watershed area is 85.85 km2where 71%,17% and 12% of
the area has a uniform, convex and concave shape, respectively. The
compactness coefficient is 1.63 and a form factor is 0.31, indicating a
low tendency to flood peaks. The average altitude in the region is
780.43 m, varying from 1210 m to 580 m (Durigon et al., 2014). The
relief is very rugged, with 2.21% of area classified as flat (slope
0e3%), 6.14% as smoothly wavy (slope 3e8%), 17.48% as wavy (slope
8e20%), 42.79% as strongly undulating (slope 20e45%), 28.5% as
mountainous (slope 45e75%) and 2.88% as strongly mountainous
(slope > 75%). The region has predominantly pasture cover (68.2%)
and environmental preservation area at specific points. It has also
forests (13.5%), tropical supernifolia above 750 m of altitude and
sucaducifolia vegetation in the others, capoeiras (4.4%), planted
forests eucalyptus (4.4%) and cultivated areas with short cycle crops
(3.4%). The urbanized area is only 5.7% of watershed.

The climate is Cw according to the climate classification of
K€oppen-Geiger (Durigon et al., 2014). The average annual rainfall is
1100 mm, with values ranging from 1700 mm in rainier years and
around 740 mm in dryer years. December and January correspond
to the rainy period (200 mm) while July and August is the dry
period (19.8mm). The highest and lowest average temperatures are
recorded, respectively, from January to March (30 �C) and June to
August (12 �C), with a slightly varying thermal amplitude.

In the studied watershed, the Oxisols (Latossolos) appears in
places of high altitude, Acrisol (Argissolos) and Inceptsol (Cambis-
solos) in steep slope areas, and Inceptsol (Cambissolo), Acrisol
(Argissolo) and Gleyssoil (Gleissolo) in the lower parts of the land-
scape. Due to the characteristics of relief and erodibility, this

watershed has a high risk and natural potential for soil erosion,
where approximately 98.5% of the basin area located in the risk of
erosion class which amounts to values greater than 10 t ha-1 mm-1

(Durigon, 2011).
Land cover and management in the studied area were charac-

terized using images from TM/Landsat 5, OLI/Landsat 8, REIS/Rap-
idEye, ILSS3/Resourcesat-1 sensors from 2009 to 2015 (Table 1). The
images were subjected to atmospheric corrections through the
radiative transfer program 6 S (Second Simulation of Satellite Signal
in the Solar Spectrum) (Antunes et al., 2012) (Datum WGS84) and
cropped at the edge of the basin. In the field, points were recorded
with a GPS (Garmin/GPSMAP 62) in January 2016 for the geore-
ferencing of images (except OLI/Landsat 8, which are already
orthorectified when obtained) and visual investigation of the
presence of erosion and vegetation under water deficit that char-
acterized the seasonal effect.

The daily precipitation data used to obtain the Cr2 factor and C-
PC factor were obtained during 2009 thought 2015 by the PESAGRO
weather station, located in the district of Avelar, municipality of
Paty do Alferes-RJ, Brazil. In order to define Pptx and the mean
period of Lv, the precipitation periods of 365, 180, 30 and 15 days
were correlated with the NDVI values in the class from 0 to 0.5. The
best correlation obtained in the study area corresponds to the total
precipitated in the fifteen days preceding the date of satellite pas-
sage (r ¼ 0.64), therefore “x” is equal to 15 days. For the case study,
the Lv usedwas 4.19mm and in cases where Pptx was equal to 0.0, a
value of 0.1 was adopted so that the calculation of C-PC factor (Eq.
(3)) could be performed.

The ideal range of 0.3e0.5 used as a parameter to obtain H was
defined from a test with different NDVI responses for three iden-
tified targets with the presence of bare soil and identified with
presence of vegetation under effect of seasonality. For this, NDVI of
the OLI/Landsat 8 image of 05/22/2016 was calculated and
compared with the index calculated for Google Earth Pro image of
05/29/2016, which provided visual details, due to its high spatial
resolution. In each selected target, the means and standard de-
viations of the reflectance values of 9 pixels were used. NDVI values
of the central pixels of the coordinates selected as a function of time
were also compared using the images in Table 1. These results were
subjected to correlation with rainfall data from the 15-day period
prior to image acquisition and the respective erosivity index (EI30)
obtained by the equations used by Carvalho et al. (2014) (Table 2).
Once the a range of values was justified and established, the H
variable was obtained using equation (4).

2.6. Difference in soil cover and comparison of results

As a criterion of seasonality effect, the variation in the response
of pixels for the range from 0.3 to 0.5 of NDVI and NDVI-PC was
adopted. To verify differences in soil cover status over time, the
time series data applied to the Cr, Cr2 and C-CP factors were sub-
jected to descriptive analysis, Shapiro-Wilk normality test and
Kruskal-Wallis analysis of variance (p < 0.05). The results of C-
factor obtained from the literature, the Cr factor and the integration
between the C-PC factor and the Cr2 factor in the time series were
also compared. In the literature, the following values were

Table 1
Images selected to be used in soil loss estimation in the period from 2009 to 2015.

TM/Landsat 5 LISS3/Resourcesat 1 OLI/Landsat 8

02/28/2009 11/19/2010 03/01/2015
02/15/2010 06/17/2012
05/06/2010
05/09/2011
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considered: 0.02 for Atlantic Forest and pastures; 0.51 for cultivated
areas without conservation techniques (considering intense man-
agement and plowing down the hill); and 1.0 for urban areas and
bare soil (Almagro et al., 2019; Oliveira et al., 2015). The value 1.0
was attributed to urban areas so that there were no discrepant
results in comparison with the others.

The annual soil loss in the Palmares-Ribeir~ao do Saco watershed
from 2009 to 2015 was estimated by USLE/RUSLE (Eq. (5)) from the
Cr2 and C-PC factors associated with each image in Table 1,
considering them independent of each other.

SL ¼ R.K.L.S$C$P (5)

where.

SL - average annual soil loss (t ha-1 year-1);
R - rainfall erosivity factor (MJ mm ha-1 h-1 year-1);
K - soil erodibility factor (t ha h MJ-1 ha-1 mm-1);
L - slope length factor (dimensionless);
S - slope steepness factor (dimensionless);
C - soil use and management factor (dimensionless);

P - conservation practices factor (dimensionless).

The variables K, L and S were generated from the same maps
used by Durigon et al. (2014) and Carvalho et al. (2014). We
assigned a value of 1.0 to the P-factor assuming the non-existence
of conservation practices in the study area. The digital elevation
model (MDE) used to generate the LS maps was developed at a
scale of 1:50,000, while the spatial resolution used in the images
was 23.5 m for LISS3/Resoursesat 1 and 30 m for TM/Landsat im-
ages. 5 and OLI/Landsat 8.

3. Results and discussion

Of the seven images used, only the one of June 05, 2010 and
September 05, 2011 generated NDVI-PC, because only for them
Ppt15 was lower than the leveling variable (Lv). The displacement of
values between NDVI-PC classes in relation to NDVI (Fig. 3) in the
image of June 05, 2010 was higher than that of September 05, 2011
as the values of Ppt15 were 1.7 and 3.4 mm, respectively. The low
rainfall in the period suggests that there is presence of vegetation
affected by seasonality, reducing the reflectance in the near infrared
band for these targets.

The greatest differences of the subtraction between NDVI and
NDVI-PC are presented in the classes 0.3e0.4 and 0.4e0.5 for both
images (Table 3), so the 0.3e0.5 range is considered the one that
best represents the vegetation affected by drought.

The classification and separation of images without being based

Table 2
Equations used to obtain the average monthly erosivity index (EI30) in each 15-day
period from the sum of precipitation of each 15-day period (p), in mm.

Month First 15-day period Second 15-day period

January EI30 ¼ 2.488p �-5.482 EI30 ¼ 7.100p �71.660
February EI30 ¼ 12.490p �132.0 EI30 ¼ 1.945p �5.440
March EI30 ¼ 9.702p �82.720 EI30 ¼ 4.335p �5.482
April EI30 ¼ 9.702p �82.720 EI30 ¼ 4.335p �5.482
May EI30 ¼ 1.672p �5.698 EI30 ¼ 1.672p �5.698
June EI30 ¼ 6.887p - 275.470 EI30 ¼ 6.887p - 275.470
July EI30 ¼ 6.887p - 275.470 EI30 ¼ 6.887p - 275.470
August EI30 ¼ 6.887p - 275.470 EI30 ¼ 6.887p - 275.470
September EI30 ¼ 1.985p - 5.329 EI30 ¼ 2.058p - 8.611
October EI30 ¼ 2.915p - 8.677 EI30 ¼ 6.742p - 59.720
November EI30 ¼ 22.060p - 262.30 EI30 ¼ 7.062p - 4.100
December EI30 ¼ 4.997p - 26.570 EI30 ¼ 14.300p - 160.70

Source: Carvalho et al. (2014).

Fig. 3. NDVI (a, b) and NDVI-PC (c, d) images for Palmares-Ribeir~ao do Saco watershed.

Table 3
Result of the subtraction of the classes with greatest influence of the seasonality
effect between 0 and 0.5 of the NDVI by NDVI-PC.

Classes 05/06/2010 05/09/2011

0.0e0.1 0.0086 0.0111
0.1e0.2 0.1007 0.0383
0.2e0.3 0.3705 0.1013
0.3e0.4 1.0881 0.1314
0.4e0.5 3.0065 0.4185
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Fig. 4. Minimum, maximum and mean values of the C-Lit, Cr, Cr2 and C-PC factors in the Palmares-Ribeir~ao do Saco watershed, for the selected dates.
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Fig. 5. Maps with maximum and minimum values of soil loss: (a) 02/28/2009; (b) 02/15/2010; (c) June 05, 2010; (d) 11/19/2010; (e) September 05, 2011; (f) 06/17/2012; (g) January
03, 2015.
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on field data is very subjective for targets of similar values such as
bare soil and dry vegetation. For soil cover area classification, the
greatest difficulty is the separation between herbaceous targets of
dry areas and of wetlands using, among other tools, NDVI. Thus, by
using additional data to NDVI it is possible to improve the final
response of RUSLE. Similarly, by adding the effective rate of
contributing area calculated for different types of land use, Wei
et al. (2018) improved the results of the slope factor (L) in RUSLE,
and Tanyas et al. (2015) suggested an approach to obtain the C
factor based on data from remote sensing and field, from
geographic information systems (GIS).

In general, the results that most approached the C-Lit factor
(obtained from literature data) were obtained by the factors C-PC
and Cr2, respectively (Fig. 4). This aspect can be observed from the
mean values relative to the proportion at which each pixel value
occurs in the images. Despite that, the differences between Cr, Cr2
and C-PC factors are small. Although the C-Lit factor was used as a
reference, its use considers soil cover and management as static,
not admitting the natural variations for each pixel individually
(Almagro et al., 2019; Borrelli et al., 2018). Therefore, the use of
calculation methodologies for variable C factor throughout the year
becomes a good strategy in the use of soil loss estimation models.

Due to the use of the proposed adjustments for the Cr2 and C-PC
factors, we observed that the minimum value in the images was

zero (Fig. 4). For the years of 2010 and 2011, we noted a difference
between the Cr and C-PC factors of 1.64% and 1.26% for average and
maximum values, respectively. We also found that the maximum
Cr2 values tend to be greater and the average smaller than the Cr
factor.

To obtain the annual soil losses in the study area, the C-PC factor
was used for the dates of June 05, 2010 and September 05, 2011 and
the Cr2 factor was used for the others. The result of the descriptive
analysis of the percentage of area occupied by each class indicated a
tendency of the data to non-normality according to analysis of
kurtosis and skewness, confirmed by the Shapiro-Wilk test. The
result of the Kruskal-Wallis test (equivalent to ANOVA I) for
nonparametric data (Fantin-Cruz et al., 2010; Waltner et al., 2018)
resulted in the absence of a difference between the percentages of
soil cover in the period from 2009 to 2015 (p < 0.01), suggesting
that the rainfall seasonality effect on the vegetation in the region is
small for the images on the dates obtained and does not generate as
much influence on the final response in soil loss.

In the studied region, it is possible to observe a trend of
reduction in areas of bare soil and an increase in the area of
vigorous vegetation, which is more evident in the time series
(2009e2015) that integrates data from C-PC factor and Cr2 factor,
because it transfers part of the values of the percentage of area
occupied by vegetation affected by seasonality to the classification

Table 4
Area (ha) occupied by each class of soil loss estimated by the Cr-factor and C-PC factor and the respective differences between the two factors for the same classes.

Classes (t ha-1) June 05/06/2010 September 05/09/2011

Cr factor C-PC factor Difference Cr factor C-PC factor Difference

0.0 a 0.5 8370.024 8383.622 -13,598 8565.780 8585.190 -19,412
0.5 a 1.0 203.304 190.729 12.575 19.141 0 19.141
1.0 a 1.5 10.391 9.483 0.908 0.271 0 0.271
1.5 a 2.0 1.283 1.262 0.021 0 0 0
2.0 a 2.5 0.188 0.094 0.094 0 0 0

Total soil loss 275.87 269.95 5.93 14.61 14.55 0.06

Table 5
Results of EI30 (MJ mm ha-1 h-1) for each 15-day period from 2009 to 2015 and the respective erosivity factors (R) in MJ mm ha-1 h-1 year-1 for the Palmares-Ribeir~ao do Saco
watershed.

Month 15-day period Year

2009 2010 2011 2012 2013 2014 2015

January 1a 156.33 297.58 302.23 422.18 303.46 29.03 97.33
2a 1491.76 530.42 5.73 517.64 702.24 454.45 374.22

February 1a 2020.03 20.38 0.00 1148.23 948.39 305.15 1082.03
2a 12.65 142.96 119.82 66.53 80.72 39.68 42.80

March 1a 341.26 1211.53 1108.69 322.82 1485.12 710.90 638.14
2a 230.78 382.93 53.04 307.07 403.74 59.11 243.35

April 1a 0.00 1182.87 599.10 527.73 1030.98 1129.80 652.17
2a 355.71 0.00 0.00 674.13 0.00 1113.33 187.35

May 1a 0.00 13.20 0.66 96.13 0.00 3.33 10.69
2a 17.38 0.00 28.41 5.34 57.84 74.73 0.00

June 1a 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2a 0.00 0.00 0.00 16.52 0.00 0.00 0.00

July 1a 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2a 0.00 0.00 0.00 0.00 0.00 0.00 0.00

August 1a 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2a 0.00 0.00 0.00 0.00 0.00 0.00 0.00

September 1a 31.20 0.03 0.00 0.00 119.93 0.00 155.66
2a 89.14 45.72 0.00 108.28 82.56 12.79 5.59

October 1a 248.43 64.78 198.00 91.02 48.75 7.94 8.52
2a 668.42 393.34 448.63 5.68 418.96 85.23 84.56

November 1a 5599.04 3907.04 959.82 582.60 739.22 849.52 1098.80
2a 699.98 639.95 897.01 582.05 880.06 474.00 1357.45

December 1a 571.57 952.34 502.61 240.27 460.14 126.34 805.93
2a 2852.31 1801.26 3325.64 1596.77 346.95 634.38 0.00

R-Factor 15,386.00 11,586.30 8549.38 7310.97 8109.05 6109.72 6844.58
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of more vigorous vegetation.
Comparative analysis of the results obtained from the Cr factor

(Durigon et al., 2014) in comparison to the Cr2 factor with the C-PC
indicated no difference for the studied area in the 2009e2015
period. Most estimates of soil loss in the Palmares-Ribeir~ao do Saco
watershed were lower than 20.0 t ha-1.

Regardless of the methodologies for calculating the C-factor, the
estimate of soil loss obtained for the region (Fig. 5) from the images
worked is very small. This result is associated with the period of
obtaining the images, which corresponds to the drought season in
the region. In periods with greater occurrence of rainfall and with
higher erosive potential, the images showed a large amount of
clouds, making it impossible to use them to evaluate soil cover.

The highest rates of soil loss were observed in November 2010
and March 2015 with maximum peaks in points reaching values of
126 t ha-1 yr-1. On the other hand, we noted large areas with values
ranging from 25 to 75 t ha-1 yr-1.

The comparison of the Cr factorwith the C-PC factor, observed in
the responses of the dates June 05, 2010 and September 05, 2011,
shows a small reduction in the values of C-PC factor compared to Cr.
This relationship is not relevant because the H variable was below
5%, in the C-PC factor. The difference between the methodologies
becomes evident in the classes workedwith values below 2.0. t ha-1

(Table 4).
The observed difference denotes the tendency of the C-PC factor

to reduce the estimated values of soil loss for both dates, indicating
that there was a migration of approximately 13 and 19 ha to the
lowest class of soil loss, respectively for June 05, 2010 and
September 05, 2011. Despite being relatively small, the difference in
soil loss of 1.0 t ha-1 may be associated with the fertile surface layer
in shallow soils. Thus, the estimation of soil loss from the C-PC
factor becomes more relevant under the conditions of the images
worked. Moreover, the values of rainfall erosivity (Table 5) have a
great influence on the final values of soil loss.

Schmidt et al. (2018) highlight the relationship of complemen-
tarity between rainfall erosivity (R-factor) and soil cover (C-factor)
in RUSLE. Thus, the use of precipitation data associated with the
obtaining of a C-factor more representative of soil cover conditions
is an important increment to be taken into account in the calcula-
tion of soil loss, especially in areaswhere the effect of rainfall on the
reflectance of vegetation cover occurs at greater intensity.

4. Conclusions

The innovation proposed in obtaining the C-factor applied to
RUSLE points to a path of routines that improve the accuracy of
information obtained by satellite images from the correction using
meteorological data of the studied region. Thus, the conclusions of
the present study are:

- NDVI-PC enables the separation of classes affected by the effect
of rainfall seasonality in relation to NDVI.

- Cr2 and C-PC factors are variables that reduce soil loss values in
RUSLE, being closer to the C factor generated from literature
data when compared to the Cr factor.

- Cr2 represents an improvement in accuracy in relation to Cr by
considering specific values of the studied area to normalize the
data without generalizations.

- The proposed Cr2 and C-PC factors provide values ranging from
0.0 to 1.0 and appears as suitable alternatives to compute the
RUSLE’s C-factor on multiple spatial and temporal scales.

- The C-PC factor was able to simulate the effect of vegetation
cover seasonality for the Palmares-Ribeir~ao do Saco watershed,
making it possible to consider the presence of dry vegetation

affected by rainfall regimes and improving the estimate by
RUSLE.

The impact of this study expands the possibilities of improving
the techniques to obtain data from remote sensing in large terri-
torial spaces, representing an advance in the way in which the data
used in soil loss equations can be worked in time series.
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a b s t r a c t

This study aimed to assess land degradation sensitivity of an area contributing to desertification risk in
Lam Ta Kong Watershed using Environmental Sensitivity Area Index (ESAI). Five risk factors comprised
climatic, soil, geographical, land utilization and vegetation, and water resources factors together with
fifteen sub-factors were used to analyze the sensitivity to land degradation. The spatial analysis was
calculated using Geographic Information System (GIS) and Remote Sensing (RS) techniques. The key
factors influencing land degradation risks in the watershed area were analyzed using the triangular fuzzy
numbers (TFNs) method. The results showed that approximately 33% of Lam Ta Kong watershed was
affected by a high desertification risk excluded the water bodies and around 24.64% of the area suffered
from a moderate risk. This research pointed out that key factors causing land degradation and deserti-
fication in the watershed area were related to the soil factors, followed by climatic, geographical factors,
water resources, and land utilization and vegetation, respectively. The results of this study can be used as
a database for planning and implementing area-based mitigations and measures as well as for land use
planning in the watershed area.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

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

1. Introduction

Land degradation and desertification are the most critical
environmental issues in many parts of the world. The problems are
challenging at local, regional, and global scales (Kosmas et al.,
2014). Land degradation, drought, and desertification are closely
related phenomena and the problems are quite complicated
(Wijitkosum, 2020; Lal, 2012; UNSO, 1999). Persistent degradation
of dryland ecosystems caused by both climatic factors and human
activities, including inappropriate land use and land management,
led to desertification (Lahlaoi et al., 2017; Wijitkosum, 2014; Xie
et al., 2015). The impacts caused by climatic factors occur slowly,
but those triggered by human activities accelerate rapidly and are
more severe (Wijitkosum, 2016; Elsayed, 2013; Ibanez et al., 2008;
Sepehr et al., 2007).

Land degradation and desertification are no longer limited to
arid or semi-arid areas as previously defined by the United Nations
Convention to Combat Desertification (UNCCD) (United Nations
Convention to Combat Desertification [UNCCD], 2005). Several

studies indicated that various parts of the world are at risk and
vulnerable to degradation, drought, and desertification (Momirovi�c
et al., 2019; Boudjemline& Semar, 2018; Taghipour-Javi et al., 2016;
Lal, 2012; Bouabid et al., 2010; Contador et al., 2009). Therefore,
combating drought, land degradation and desertification has been
an international duty since 1992 (UNCCD, 2005), and the impor-
tance of this issue continues. The United Nations stated Target 15.3
as part of a sustainable development goal to end desertification and
restore degraded lands by 2030. To achieve this goal, it is necessary
to analyze current problems, future environmental trends, and
vulnerability. Desertification, land degradation and drought are the
global issues that pose severe challenges to the sustainable devel-
opment of all countries. Vulnerability assessment is a process
which monitors and assesses an area to prepare mitigations and
prevent future problems caused by land degradation and deserti-
fication (United Nations Office for Disaster Risk Reduction
[UNISDR], 2014). Land degradation risk assessment mainly focuses
on spatial analysis since the process involves several factors unique
to particular areas.

The Environmentally Sensitive Area Index (ESAI) was developed
for identifying environmentally sensitive areas (ESAs) by the
Mediterranean Desertification and Land Use research project
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(Lahlaoi et al., 2017; Greco et al., 2005; Kosmas et al., 1999; Basso
et al., 1999). Although the model was created and validated under
the conditions of the Mediterranean area, the model was later
adapted for other areas and showed good results (e.g. Bouabid et al.,
2010; Taghipour-Javi et al., 2016; Wijitkosum, 2020a). The original
ESAI approach (Kosmas et al., 1999) involves soil, vegetation,
climate, and management indices. It is a widely used model for
monitoring desertification sensitivity in many areas. Many studies
conducted in Euro-Mediterranean countries were analyzed based
on the ESAI model such as Sepehr et al. (2007) in Iran, Momirovi�c
et al. (2019) in Serbia, Lahlaoi et al. (2017) and Bouabid et al.
(2010) in Morocco. Nevertheless, the land degradation and
desertification process of an area involve several factors; therefore,
many scientists modified the traditional model by adjusting the
indicators. Taghipour-Javi et al. (2016) incorporated irrigationwater
as a factor into the model while Honardoust et al. (2011) added soil
erosion and waterlogging factors as indices for assessing deserti-
fication sensitivity area in Iran. Zolfaghari et al. (2019), Wijitkosum
(2016), and Wijitkosum (2014) assessed the risk of desertification
without considering management factors. The adjustment of
various factors was considered based on conditions of the areas and
risk factors that can affect land degradation and desertification. In
addition, many studies modified the model by adding many suit-
able sub-indices for assessing desertification risk effectively.

Most researchers focused on the analysis of areas at risk, while
the analysis of critical factors is still scarce. However, the analysis on
critical risk factors was crucial to the planning of effective mitiga-
tions (Wijitkosum, 2016). Many multiple mathematical models to
group factors or analyze critical factors that pose a risk of deserti-
fication, land degradation, and drought were introduced such as
hierarchical cluster analysis (Zolfaghari et al., 2019), Analytic Hi-
erarchy Process (AHP) (Sa-Nguansilp et al., 2017), Fuzzy Analytic
Hierarchy Process (FAHP) (Zhao et al., 2017). However, the most
appropriate model for analyzing weight and data involving a large
number of factors for solving environmental and disaster problems
was FAHP (Wijitkosum & Sriburi, 2019; Hosseini-Moghari et al.,
2017; Zhao et al., 2017). FAHP (Chang, 1996) was developed from
the fuzzy set theory, it adopted the hierarchical model by taking
into account layers of criteria and sub-criteria.

This study was conducted in Lam Ta Kong watershed, an
important economic area located in the north-eastern part of
Thailand. The area continually suffers from droughts for an
extended period of time, especially during a dry spell and low
precipitation period. This study aimed to explore a new approach
for the assessment of vulnerability related to land degradation by
incorporating the ESAI model together the FAHP approach with
triangular fuzzy numbers (TFNs) and Geographical Information
System techniques (GIS). The focus of this study was to assess the
degradation sensitivity area and its critical desertification risks
factors in order to propose feasible mitigations and preventive
solutions base on land use management to combat desertification.

2. Methodology

2.1. Study area description

Lam Ta Kong watershed (Fig. 1) is located in the latitude of
746129.500500-854329.500500 and longtitude of 1596615.963806-
1671223.769666, which is a sub-basin of Mun River Basin. Lam Ta
Kong is amedium sizewatershedwith the area of 3419.90 sq km and
is rectangular in shape. It has a fishbone river network which is
narrow and long. Lam Ta Kong River is connected, originated in Khao
Yai National Park in Pak Chong District, is connected with the
watershed. The river, approximately 220 km in length, flows from
the central part of Khao Yai and runs in a northeasterly direction to

the Mekong River. Lam Ta Kong Reservoir, with a capacity of 314
million cubic meters (MCM), is the main source of water supporting
all activities in five districts in the downstream area, including
agriculture, manufacturers, and more than 83 communities
(Wijitkosum & Sriburi, 2008). The watershed covers six districts
which is divided into two main parts: the upper watershed area
situated above the reservoir and the lowerwatershed area below the
reservoir. The upper reservoir area covers one district called Pak
Chong District while the lower area covers five districts as follows Si
Khiu, Sung Noen, Kham Thale So, Muang Nakhon Ratchasima and
Chalearm Prakeate (Fig. 1).

The majority area of Lam Ta Kong watershed was at moderate
risk of physical drought (Wijitkosum, 2018), and severe risk of
agricultural drought (Sa-Nguansilp et al., 2017). Moreover, the
volume of water runoff in the upstream area and the average
amount of runoff flowing into the reservoir tended to decrease
(Lamtakong Operation and Maintenance Project, 2018).

The land usage in the upper area of the watershed is for natural
and agricultural tourism. The urban area that is the second largest
urban area in the watershed. The lower area of the watershed is
facing continuous expansion of agricultural utilization and urban-
ization. Nakhon Ratchasima has been experiencing a rapid urban

Fig. 1. Lam Ta kong watershed area.
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expansion which continues to the present day. According to
Chotchaiwong and Wijitkosum (2019), it was apparent that the
urbanization occurred between 2002 and 2016 both in economic
activities and land use changes. Built-up areas increased to 56.04%
which reduced the green areas to 35.53% and bare lands decreased
to 4.80%. Nakhon Ratchasima still has the tendency to expand in the
future from analyzing the city’s growth trend from the past. The
built-up areas would reach 85.88% of the total area, its green areas
would occupy 11.67%, its bare lands would take up 2.15% and 0.30%
would be the water bodies. The major part of the watershed area
(65%) is used for agricultural purpose. As for agricultural areas,
some parts of the watershed covered with alkaline soil where is
critically affected by salinization to the point that patches of salt
stains are visible on the surface (Wijitkosum, 2018). The distribu-
tion of salt-affected soil in the area is mainly due to the ground-
water flow and deep drainage in recharge areas.

2.2. Factor analysis and identify factors contributing to land
degradation and desertification

To identify the factors that led to land degradation and desert-
ification in Lam Ta Kong watershed, the spatial factors leading to
such problemwere considered and risk factors contributing to land
degradation and desertification reported in other study areas in
Thailand were reviewed. Five main factors and fifteen sub-factors
were identified. The main factors comprised climatic factor (three
sub-factors), soil factor (five sub-factors), geographical factor (two
sub-factors), land utilization and vegetation factor (two sub-
factors) and water resource factor (three sub-factors).

The sensitivity to land degradation was identified by combining
five quality indices: climatic, soil, geographical, land utilization and
vegetation, and water resources. Each sub-index, or sub-factor, was
applied a quantitative classification scheme with a score of 1 (best
value; least sensitive to desertification), 2 (worst value; most sen-
sitive to desertification), and values between 1 and 2 represented
relative vulnerability (Boudjemline & Semar, 2018; Kosmas et al.,
1999; Sepehr et al., 2007). The classes and assigned weighting in-
dex for the index are shown in Tables 1e5. The determination of
classes and assigned weighting index for factors adapt from
research of Land Development Department (2004), Sepehr et al.
(2007) and Wijitkosum (2016). The classes of sub-indices are
optimized according to the spatial conditions and spatial data.

The climatic factors consisted of aridity index (AI), precipitation,
and precipitation days. The meteorological data were obtained
from eight local agrometeorological stations over a period of 26
years (1990e2016). The agrometeorological stations scattered in
the watershed area. The precipitation data were analyzed with
areal data using equal interval. The double mass curve model

(Searcy & Hardison, 1960) was used for the analysis of stability and
consistency of the data (Wijitkosum & Sriburi, 2019). Chomtha
(2006) suggested that the AI method (Equation (1)) was the most
suitable method for assessing the aridity index in the northeastern
region of Thailand. Penman-Monteith equation (Food and Agri-
culture Organization [FAO], 2009) was used to calculate the refer-
ence evapotranspiration (Equation (2)) (Allen et al., 1998;
Wijitkosum, 2014)

AI¼ P=Kc* ET0 (1)

where AI is an aridity index, P is annual precipitation (mm), Kc is a
crop coefficient, and ET0 is reference evapotranspiration.

ET0 ¼
0:408D ðRn � GÞ þ g 900

Tþ273U2ðes � eaÞ
Dþ g ð1þ 0:34u2Þ

(2)

where Rn : net radiation at the crop surface (MJ m�2day�1), G : soil
heat flux density (MJ m�2day�1), g: psychrometric constant (kPa �

C�1), T : mean daily temperature at 2 m height (� C), U2 : wind
speed at 2 m height (ms�1), es : saturation vapour pressure (kPa), ea
: actual vapour pressure (kPa), es � ea: saturation vapour pressure
deficit (kPa), and D : slope vapour pressure curve (kPa � C�1)

The classes and assigned weighting index for climatic sub-
indices are shown in Table 1.

The soils are a crucial component of land resources, which
perform many vital functions in the ecosystem (Lal, 2012). Soil re-
sources are essential for agriculture, cultivation, hydrological system,
and evaporation of water in the soil. Drought and desertification
have diverse effects on the soil and, on the other hand, drought and
desertification are also triggered by land degradation. Therefore, soil
resources are one of the essential factors in assessing the risk of land
degradation, drought, and desertification (Wijitkosum, 2020b;
Bouabid et al., 2010; Taghipour-Javi et al., 2016).

The soil factor consisted of soil texture, soil fertility, soil
drainage, soil erosion, and soil salinity. The sub-factors related to
soil characteristics were taken from the Land Development
Department (LDD) together with data from field research. The soil
erosion index was obtained from calculating Universal Soil Loss
Equation (USLE) (Wischmeier and Smith,1978) which was themost
suitable equation for soil erosion in Thailand. The classes and
assigned weighting index for soil sub-indices are shown in Table 2.

The geographical factor related to land degradation and
desertification contained two sub-factors which were slope gradi-
ents and elevations. The data were obtained from topographic
maps (1: 25,000 maps) made available by the Royal Thai Survey
Department, Royal Thai Armed Forces Headquarters. The slope and
altitude data were derived from creating digital elevation models

Table 1
Classes and assigned weighting values for different climatic sub-indices.

Factor/index Sub-indices Classes Descriptions Quality Index Quality scores

Climatic Aridity index 0.65-1.00 Humid Very low 1
0.50-0.65 Mild arid Low 1.2
0.20-0.50 Moderate arid Moderate 1.7
< 0.20 Arid High 2

Precipitation 1151e1200 mm Very high Very low 1
1101e1150 mm High Low 1.2
1051e1100 mm Moderate Moderate 1.5
1001e1050 mm Low High 1.7
< 1000 mm Very low Very high 2

Precipitation days > 80 days/yr Very high Low 1
61e80 days/yr Moderate Moderate 1.5
40e60 days/yr Low High 1.7
< 40 days/yr Very low Very high 2
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(DEMs). The classes and assigned weighting index for geographical
sub-indices are shown in Table 3.

The land utilization and vegetation factor comprised land use
and land cover. The remote sensing and GIS technology were in-
tegrated to classify the data and map the land utilization and
vegetation factor. The data used for this factor was obtained from
satellite images taken by Theos satellite with a multispectral 15-m
resolution and were processed by the ArcGIS software. The geo-
referencing accuracy of the image was cross-checked with field
research and cross-referenced with governing organization. The
vegetation sub-indices were classed and weighted as shown in
Table 4.

The water resource factor consisted of stream density, distance
from irrigation cannel, and ground water volume. The data used for
stream density and distance from irrigation canal factors were sat-
ellite images taken by Theos satellite, and from Department ofWater
Resource, Royal Irrigation Department, Office of Regional Irrigation
Office 8. The stream density (SD) is calculated by L=A, when L is the
length of the streams (km) and A is the watershed area (sq km). The
distances from irrigation canal are analyzed by buffer assignment
where distances are determined by class. The ground water volume
dataobtained fromtheDepartmentofGroundwaterResources isdata
in the form of the shape files. The classes and assigned weighting
index for water resources sub-indices are shown in Table 5.

Table 2
Classes and assigned weighting values for different soil sub-indices.

Factor/index Sub-indices Classes Descriptions Quality Index Quality scores

Soil Texture L, SCL, SL, LS, CL Fine Low 1
SC, SiL, SiCL Medium Moderate 1.5
S, Si, C, SiC Coarse High 2

Drainage Good Well drained Low 1
Moderate Imperfectly drained Moderate 1.2
Poor Poorly drained High 1.5
Very poor Very poorly drained Very high 2

Fertility 13-15 points High fertility Low 1
9-12 points Moderate fertility Moderate 1.2
7-8 points Low fertility High 1.5
5-6 points Very low fertility Very high 2

Erosion 0-1,250,000 kg km�2 y�1 Very low Very low 1
1,250,000e3,150,000 kg km�2 y�1 Low Low 1.2
3,150,000e9,400,000 kg km�2 y�1 Moderate Moderate 1.6
9,400,000e12,500,000 kg km�2 y�1 High High 1.8
> 12,500,000 kg km�2 y�1 Very high Very high 2

Salinity Not found salt stains Very low level Very low 1
< 1% of salt stains Low level Low 1.2
1e10% of salt stains Moderate level Moderate 1.6
10e50 % of salt stains High level High 1.8
>50% of salt stains Heavy level Very high 2

Table 3
Classes and assigned weighting values for different geographical sub-indices.

Factor/index Sub-indices Classes Descriptions Quality Index Quality scores

Geographical Slope gradient <5 % Flat to gentle Very low 1
6e12% Gentle slope Low 1.2
13e19% Moderate slope Moderate 1.4
20e35 % Strong slope Moderate 1.6
36e75 % Extreme slope High 1.8
>75% Very steep slope Very high 2

Elevation < 200 msl Very low 1
201-400 msl Low 1.2
401-600 msl Moderate 1.4
601-800 msl Moderate 1.6
801-1000 msl High 1.8
>1001 msl Very high 2

Table 4
Classes and assigned weighting values for different vegetation sub-indices.

Factor/index Sub-indices Classes Quality Index Quality scores

Land Utilization and vegetation Land use Evergreen forests Very low 1
Fruit trees and perennial plants Low 1.2
Field crops and paddies Moderate 1.5
Water resources e 0
Communities and Settlements High 2

Land cover Natural vegetations Very low 1
Plants Low 1.2
Built-up areas Moderate 1.5
Water bodies e 0
Bare lands Very high 2
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In this study, the factor analysis and spatial models, including
methodology for the determination of ESAIs, were done by using
GIS software supported by geographical analysis processes that
enhance the precision of the output of the models.

2.3. Environmental sensitivity areas to degradation in the lam Ta
kong watershed

The ESAs approach (Kosmas et al., 1999), the vulnerability to
degradation method was developed to identify the pertinent
problematic areas that were sensitivity to degradation (Honardoust
et al., 2011; Sepehr et al., 2007). The method identified the sensi-
tivity area through the ESAI which the index could be used to obtain
an in-depth understanding of the parameters causing land degra-
dation and desertification threats at a certain point (Kosmas et al.,
2014). The ESAI contains scores to calculate the sensitivity of an
area and an impact that each of the parameters has to the particular
area (Lahlaoi et al., 2017; Wijitkosum, 2016; Sepehr et al., 2007). In
this study, the ESAs approach was adapted and modified by inte-
grating five factors to provide an overall picture of the environ-
mental conditions without considering the land management
factor in the area. Land sensitivity to degradationwas defined as the
final step in an environmental quality index, classifying the
watershed area into five quality indexes. The ESAI was compiled
using geometric means (Equation (3) to Equation (7)) which was
constructed from the ESAs approach (Kosmas et al., 1999). Each
quality index was calculated using the respective algorithm as
shown in Table 6.

The spatial model created with ArcGIS 10.7v. software tools
facilitated parametric entry for calculations and scores generated
by ESAI approach. Each quality index, the algorithm Equation (3) to

Equation (7), was generated in GIS software to produce maps
showing degradation risk factors. These maps were generated from
the calculation using an ESAI based on ESAs approach (Equation
(8)) (Kosmas, 1999), computed by the spatial analysis functions.

ESAI ¼ ðCQI*SQI*GQI*LQI*WQIÞ1=5 (8)

2.4. Computational procedure of triangular fuzzy number and fuzzy
analytical hierarchy process

FAHP is a method computed based on the fuzzy set theory
(Zadeh, 1996) and an AHP (Saaty, 1980). Fuzzy set theory was
designed to simulate the uncertainty of the cognitive processes of
humans. The concept of fuzzy sets is a class of objects with a con-
tinuum of grades of membership that divides the evaluation results
into intervals (Zadeh, 1996). A fuzzy set is defined by a membership
function and its membership function completely characterized all
the information about a fuzzy set. It is also defined as a set of or-
dered pairs (Equation (9)) (Amini & Nikraz, 2017):

A¼fðx;mAðxÞÞjx 2Xg; mA ðXÞ2½0;1� (9)

The degree of membership function was operated over the
range of real numbers [0,1] that was the unit interval. A fuzzy set
contains elements that have different degree of membership in it.
The main characteristic of fuzziness is the grouping of individuals
into classes that do not have sharply defined boundaries. A fuzzy
set A is given by its membership function A: X / [0,1].

Chang (1996) proposed the TFNs to the pairwise comparisons
among all criteria or factors in the dimensions of a hierarchy

Table 5
Classes and assigned weighting values for different water resource sub-indices.

Factor/index Sub-indices Classes Quality Index Quality scores

Water resources Stream density 0.1-0.35 km/km2 Low 1
0.36-0.70 km/km2 Moderate 1.2
0.71-1.00 km/km2 High 1.7
>1.00 km/km2 Very high 2

Distance from irrigation canal <2000 m Low 1
2000e4000 m Moderate 1.2
4001e6000 m High 1.5
>6000 m Very high 2

Ground water volume >20 cm3/h Low 1
11e20 cm3/h Moderate 1.2
2e10 cm3/h High 1.5
<2 cm3/h Very high 2

Table 6
Environmental properties related to land degradation sensitivity indices.

Quality index Properties Algebraic Equation Descriptions

CQI Aridity Index Iai: aridity index
Precipitation CQI ¼ ðIai *Ipt *Iptd)1/3 (3) Ipt: precipitation index
Precipitation days Iptd: precipitation days index

SQI Soil texture SQI ¼ ðIst *Isf *Isd *Ise *Iss)1/5 (4) Ist: soil texture index
Soil fertility Isf: soil fertility index
Soil drainage Isd: soil drainage index
Soil erosion Ise: soil erosion index
Soil salinity Iss: soil salinity index

GQI Slope gradient GQI ¼ ðIsg *Iet)1/2 (5) Isg: slope gradient index
Elevation Iet: elevation index

LQI Land use LQI ¼ ðIlu *Ilc)1/2 (6) Ilu: land use index
Land cover Ilc: land cover index

WQI Stream density WQI ¼ ðIsd *Idic *Igwv)1/3 (7) Isd: stream density index
Distance from irrigation canal Idic: distance from irrigation canal index
Ground water volume Igwv: ground water volume index
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system. The pairwise comparison was used to replace crisp values
to eliminate vagueness of the factors by taking into account layers

of criteria and sub-criteria. (~A) is a special class of the fuzzy
numbers. The membership functions m~AðxÞ are explained in Equa-
tion (10). TFNs can be defined by a triplet (l; m;uÞ

m~AðxÞ¼

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

0 x< l;

x� l
m� l

l � x � m

x� u
m� u

m � x � u

0 u< x;

(10)

where 0 � l � m � u � 1, l stands for the lowest possible value, m
presents the most possible value or the modal value, and u presents
the highest possible value. The triangular membership function can
be based on 10 fuzzy linguistic values (Table 7).

The values in the range between the lowest and highest possible
values have a membership grade between 0 and 1, with the most
possible value having a membership grade of 1. The lowest and
highest possible values have membership grades of 0 because they
represent the lower and upper limits of the fuzzy range outside
which no values belong to the fuzzy number. The membership
grade for a given value in the range between the lowest possible
value and the highest possible value was evaluated using linear
interpolation by finding the membership grade on the straight line
corresponding to a given value in the fuzzy range.

By using TFNs, via pairwise comparison, the fuzzy evaluation
matrix A ¼ ð~aijÞn�n was constructed. where l, m and u represent a
fuzzy degree of judgment. Pair-wise matrices consisted of trian-
gular fuzzy numbers are given as Equation (11) (Wang et al., 2008).

~A¼
�
~aij

�

n�n
¼

2
664

ð1;1;1Þ ðl12;m12;u12Þ
ðl21;m21;u21Þ ð1;1;1Þ

/
…

ðl1n;m1n;u1nÞ
ðl2n;m2n;u2nÞ

« « « «
ðln1;mn1;un1Þ ðln2;mn2;un2Þ / ð1;1;1Þ

3
775

(11)

Given A ¼ ð~aijÞn�n is a fuzzy pairwise comparison matrix. Fuzzy
weighted summation was obtained from computing the normal-
ized value of row sums by fuzzy arithmetic operations as shown in
Equation (12)

~Si ¼
Xn

j¼1

~aij5
�Xn

k¼1

Xn

j¼1

~akj

��1

(12)

The TFNs are known as the relative weights for each alternative
under a given criterion and are also used to represent the weight of
each criterion concerning the total objective. A weighted summa-
tion is then used to obtain the overall performance of each alter-
native. In the FAHP procedure, defuzzification is a kind of the
transformation from triangular fuzzy member values to a crisp

value ðxcrispÞ. In this study, Centroid (Center-of-gravity) Average
(CA) (Yager & Filev, 1994) was used for defuzzification.

To calculating the consistency ratio of each matrix, in compar-
ison with the fuzzy using the Equation 13 and 14 (Wijitkosum &
Sriburi, 2019), the maximum eigenvalue (lmax) is the highest

values of ~A that can be obtained from the priority matrix, and n is

the size of the matrix. If matrix ~A is absolutely consistent, then the
lmax ¼ n. A different situation appears when the matrix is neither
totally consistent nor contradictory. In this case, Saaty (1980)
defined the consistency index (CI) as Equation 13 and if lmax > n,
Saaty (1980) defined the consistency ratio (CR) as Equation 14.

CI ¼ðlmax e nÞ=ðn�1Þ (13)

CR¼CI=RI (14)

The CR is used to judge consistency, where RI is random index
set for randomly generated n x n matrix. . The CI calculated from a
large number of randomly generated reciprocal matrices. The RI of
the matrices depended on the size of the matrix of order 1 � 1 to
15 � 15 (Table 8). The matrix has satisfactory consistency when CR
is equal to or less than 0.1 (Saaty, 1996)

2.5. Analysis of factors influencing vulnerability to land degradation
and desertification risk

The risk factors were filtered, prioritized, and weight by FAHP
system (Fig. 2). Themulti-level index systemwas constructed based
on the relationship between the factors (criteria) and the sub-
factors. The relative importance of criteria and sub-criteria in all
five matrices were analyzed using fuzzy triangular numbers along
with linguistic variables from Table 7. The relationship between the
factors of the 15 sub-criteria were structured and calculated using
TFNs as shown in Table 7. Fifteen pairwise comparison matrices
were constructed by TFNs using Equation (11). The next step of the
prioritization process was defuzzification of fuzzy values. The total
fuzzy weights summations of alternatives in form of fuzzy trian-
gular members are used for defuzzification. In the defuzzification of
weight step, it’s an important process to transform the fuzzy results
from the fuzzy inference system into a crisp value. In this study, the
centroid average is calculated in this step. Verification of the con-
sistency of the calculation results using the CR equation. The results
will be accepted if CR is less than or equal 0.1.

Following the FAHP process, the areas at vulnerability to land
degradation and desertification were mapped and classified at five
levels of risk; very high, high, moderate, low and very low. The
spatial analysis and mapping using ArcGIS 10.7 v. software. The
main factors contributing to the vulnerability of land degradation
and desertification in Lam Ta Kong Watershed are represented by
weight of both factors and sub-factors.

Table 7
Triangular scale for fuzzy number conversion used in the pairwise comparison matrix.

Intensity of importance Fuzzy number Preferences expressed in Linguistic variables TFNs ðl;m;u) Reciprocal of fuzzy values (1/ u, 1/m, 1/lÞ
1 ~1 Equally important (1,1,1) (0.33, 1.00, 1.00)

3 ~3 Weekly important (1,3,5) (0.20, 0.33, 1.00)

5 ~5 Strongly important (3,5,7) (0.14, 0.20, 0.33)

7 ~7 Very Strongly important (5,7,9) (0.11, 0.14, 0.20)

9 ~9 Absolutely more important (9,9,9) (0.11, 0.11, 0.11)

2, 4, 6, 8 The median of the above adjacent judgement (x-1, x, xþ1); x ¼ 2, 4, 6, 8 (1/(xþ1), 1/x, 1/(x-1); x ¼ 2, 4, 6, 8
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3. Results and discussions

3.1. Areas sensitive to land degradation in lam Ta kong watershed

Themajority areas of Lam Ta KongWatershedwere at a high risk
of land degradation which was 33% of the total area except for
water bodies, followed by, the areas at moderate risk (24.64%),
areas at very high risk (6.31%), areas at low risk (22.99%), and areas
at very low risk (11.38%) respectively (Fig. 3).

According to spatial analyzing the environmental sensitivity
area index of each factor shown in Fig. 4.

3.2. Critical factor affecting land degradation in lam Ta kong
watershed

The results (Table 9) indicated that the highest weight of the
critical risk factor to land degradation was the soil factor (Fig. 5),
followed by the climatic factor, geographical factor, water resources
factor, and land utilization and vegetation factor, respectively. The
results showed consistency since the CR of all the matrices was
0.00721, CI was 0.00807, RI was 1.12, and mmax was 5.03228.

According to sub-factors (Table 10), soil texture had the highest
impact on land degradation and desertification in Lam Ta Kong
Watershed, followed by the precipitation factor, precipitation days,
soil salinity, slope gradient, soil erosion, aridity index, elevation,
land use, land cover, soil drainage, stream density, soil fertility,
distance from the irrigation canal, and ground water volume.

3.3. The land degradation risk factors contributing to the level of
desertification risk area

Most high-risk parts are located in three areas which are the
boundary between Pak Chong and Si Khiu districts, the area above
the reservoir, and the area in Kham Thale So district. According to
spatial analysis of factors affecting land degradation risk, the data
indicated that approximately 59.46% of the high-risk area had very
low fertile soil and 67.79% had very poor soil drainage. Two very
high risk areas, triggered by the soil factor, were mostly located in
the northern part of Kham Thale So and Muang Nakhon Ratch-
asima, and the central part of Pak Chong district. In Kham Tale So,
the affected area suffers from soil salinity problems where salt
stains are visible on soil surface with dispersion greater than 50%.

Table 8
The mean consistency index of randomly generated matrices.

n 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.48 1.56 1.57 1.59

Source: Wijitkosum (2018).

Fig. 2. FAHP system for analysis of factors influencing vulnerability to land degradation and desertification.
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This area had very low fertility with sandy soil texture and well
drainage.

This research results were consistent with the previous research
conducted by Wijitkosum (2018) indicated that soil factors were
considered as driving factors of physical drought risk in Lam Ta
Kong watershed. The northern part of Kham Thale So district suf-
fered from a very high risk of desertification. Moreover, the area
was also suffered from soil salinity with with > 50% visible dense
salt crust. Moreover, Wijitkosum (2020b) found that areas in Kham
Thale So district suffered from saline-sodic soil with strong alkaline
(pH 8.5-10.20) and high level of Sodium Adsorption Ratio (34.35-
1158). The soil had very low fertility and high permeability.
Although this area is a plain area with very low erosion, the high
soil salinity made the area uncultivable and, thus, was left barren.
There was no vegetative cover excepts halophytes and salt-tolerant
plants. Moreover, this area is far from natural water sources. It had
an annual average precipitation date of 54 days/year.

The high-risk area caused by climatic factors (56.54%) were
found in the middle and downstream areas of the watershed and at
the area around the reservoir between Pak Chong and Si Khiu
district where Lam Ta Kong Dam is located. These areas received a
much lower amount of precipitation (<1000 mm/year) and lower
precipitation days (70e90 days/y) than the upstream areas above
the reservoir (1050e1100 mm/year) and in Khao Yai National Park
(2002.70 mm/year). The upstream area of the watershed had more
than 90 precipitation days/y. Sa-Nguansilp et al. (2017) found that
the climatic factor had a high effect on agricultural drought risk in
Lam Ta Kong watershed.

Furthermore, a small area of 0.10% of the watershed, located
between Pak Chong and Si Khiu districts, suffers from a very high
desertification risk. This is a gorge area with high elevation (800-
1000 m). This area was covered with vegetation but it was very far
from the water resources (>6000 m), with very low volume of
groundwater (<2 cm3/hr), and very low density of water stream

(<1 km/sq km), causing this area to be at very high risk of land
degradation and desertification. Water resource factors causing
high land degradation risk (42.30%) were found in many parts of
the watershed such as in the middle part of the watershed in Si
Khiu and Kham Thale So district since these areas receive a very low
volume of groundwater (>2e10 m3/hr), with long distance water
canal (>6000 m), and very low density of water stream (<1 km/sq
km).

Desertification is triggered by combination problems including
land degradation, drought, and mismanagement of land
(Bestelmeyer et al., 2015; Farajzadeh & Egbal, 2007; Li et al., 2006).
Drought and land degradation are closely reversible inter-linked.
There is an important link with soil resources, in which the
change of soil properties, both physical and biological, is a result of
climate change and human activities (Keesstra et al., 2018; Lahlaoi
et al., 2017; Wijitkosum, 2016; Lal, 2012). Soil resources are the
main factor influencing the sensitivity of land degradation,
desertification, and drought. The reasons how soil resource affected
land degradation and desertification can be explained in various
ways. For instance, persistent soil erosion problems in an area af-
fects soil functions causing land degradation and severe land
degradation may trigger desertification. While soil erosion is a
result of many factors, such as land usage and changing in land use
(Wijitkosum, 2012; García-Ruiz, 2010; Zhou et al., 2008), changes in
soil structureWijitkosum, (2020a). Geng et al. (2017) found that soil
erosion along the slope of the area affected the spatial variation in
soil fertility and soil texture. In addition, fine soil particles can be
easily transported both by wind and water (Geng et al., 2017; Li
et al., 2015). The texture of soil resulted in the water holding ca-
pacity and drainage. Soil fertility is one of the essential factors
affecting soil structure and soil function, which shows the quality of
soil in the area. The fertile soil supports the activities of soil mi-
crobes and the growth of plant roots which will result in the
reduction of soil erosion. In addition, the area will have high
fertility and more accumulation of organic carbon in the soil
causing the soil to reduce the risk of deterioration (Lal, 2012; Zhou
et al., 2008).

Soil salinity is an important factor affecting vegetation cover and
land use which leads to soil erosion (Kosmas et al., 2014; Biroudian
et al., 2006). The problematic saline soil in the study area occurred
from its geological structure of the area which there is a rock salt is
beneath the soil surface. The rock salt contributes directly to the
saline soil on the top surface. In the study area, the laying of the
rock salts that are close to the soil surface affects the evaporation
and brings the saline solution to the soil surface easily. This process
especially occurs during the dry season and in areas without plants
to cover the soil surface. Saline soil greatly affects land use, espe-
cially in agriculture and ecosystem functions.

Nevertheless, the degradation of land, droughts and desertifi-
cation is a complex process which involved various risk factors.
Desertification is a sub-set of land degradation and specifically
refers to the decline in quality and functionality of soil, vegetation,
water, biota, and climate in dry regions. Moreover, there is a cor-
relation between the risk factors that cause the problem.

According to the vulnerability to desertification assessment, the
problem is closely related to many environmental factors such as
climate, soil, geographical, vegetation, and water resource, all of
which contribute to the evolution and characterization of different
degradation levels. The traditional ESAI approach, proposed by
Kosmas et al. (1999) for different areas sensitivity to desertification,
was computed from four quality indices including climatic, soil,
vegetation and management quality. These indices consist of
various factors affecting land degradation and desertification, and

Fig. 3. Areas sensitive to land degradation in Lam Ta Kong Watershed.
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area management factors. The indices were weighted in the rela-
tion to its impact and contribution to the process of land degra-
dation and desertification. They were grouped into their uniform
class with weight indices that assigned to each class. The analysis
process depends on the classification of the data in different quality
indices.

Previous research studies showed the popular use of traditional
quality indices (e.g. Momirovi�c et al., 2019; Lahlaoi et al., 2017;

Fig. 4. Sensitivity area index in lam Ta kong watershed.

Table 9
The factors affecting land degradation risk in Lam Ta Kong Watershed.

Factors/Index Triangular Fuzzy Number Wight

Climatic (0.21844, 0.21908, 0.22910) 0.22221
Soil (0.41149, 0.42827, 0.41295) 0.41757
Geographical (0.14440, 0.13742, 0.13335) 0.13839
Land utilization and vegetation (0.09476, 0.07923, 0.07668) 0.08356
Water resource (0.13090, 0.13601, 0.14792) 0.13828
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Bouabid et al., 2010). As the ESAI approach also allows changes in
factors that are appropriate for the local condition (Wijitkosum,
2016), many studies used a different number of quality indices
and also a different number of factors in each quality index (e.g.
Taghipour-Javi et al., 2016; Honardoust et al., 2011). The analysis
results will provide an overview of the level of degradation, land
and desertification risk and area sensitivity to desertification based
on the concept of land management. However, in determining
measures to prevent and resolve the desertification problems, the
area should be analyzed and evaluated based on the real-life

situation (Wijitkosum, 2020). The area should be untreated and has
not been managed in order to provide a realistic overall analysis.
The analysis should involve critical factors or weight factors that
make the area more sensitive to desertification. The analysis will
enable local authorities to plan and implement preventive and
corrective measures. Wijitkosum (2020a) indicated that rehabili-
tation of the degraded area using cause-specific measures at its
source point resulting in a significant decrease in deterioration and
desertification risk. Therefore, it is necessary to identify the risks or
critical factors causing land degradation and desertification.

Fig. 5. Soil factors in the Lam Ta Kong Watershed.
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a b s t r a c t

For the manufacture of working parts of agricultural tools operating in soil, various structural materials
are used: alloy and low-alloy steels, weld materials for hardfacing, and plates made from cemented-
carbide. Manufacturers design new construction solutions to obtain components that are resistant to
abrasive wear and impact. These components are subject to wear during soil cultivation, due to which
wear products remain in the soil. In this work, the mass of chemical elements remaining in soil from
materials used in selected working parts of agricultural tools intended for soil cultivation was estimated.
During the operation of the tested parts, it was found that the following elements were introduced into
the soil: Al, B, C, Co, Cr, Cu, Fe, Mo, Nb, Ni, P, Pb, S, Si, Ti, V, W and Zr. Iron was introduced into the soil in
the highest amount (15.907e222.004 g∙ha-1). Among the chemical elements reaching the soil, there
were also elements that may pose a toxicological threat. It was found that the mass of chemical elements
introduced into the soil depends on their content in the used structural materials and also on the
conditions of cultivation, which determine the wear intensity of the parts.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

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

1. Introduction

During soil cultivation, the working parts of agricultural tools
are worn. This applies to such treatments as: subsoiling, plowing,
cultivating, harrowing with tooth or disc harrows and weeding.
During such operations, the working parts affect the soil, which in
this case is an abrasive mass formed mainly by hard quartz grains.
In addition, during the sowing of plants, as well as the harvest of
potatoes or beets, working parts are subject to wear. Fig. 1 presents
examples of working parts of agricultural tools before and after
their use in soil. It is clearly noticeable that the macroscopic wear
processes are manifested by a change in the geometry of the parts,
and thus the loss of their mass.

The mass of the material, which reaches the soil as a wear
product of working parts, depends on the intensity of the wear.
Scientific reports have found a relationship between the wear in-
tensity of parts operating in soil with material-construction factors
(geometry of elements, properties of materials used in their

construction) (Fielke, 1996); (Bhakat et al., 2004); (Białobrzeska &
Kostencki, 2015); (Buchely et al., 2005); (Er & Par, 2006);
(Kostencki, Stawicki, & Białobrzeska, 2016a, 2016b); (Nov�ak et al.,
2014); (Stawicki et al., 2018), agrotechnical cultivation conditions
(depth, speed of cultivation) and the physicochemical soil condition
(humidity, density, firmness, reaction, etc.) (Barzegari et al., 2015);
(Hamblin& Stachowiak, 1996); (Mosleh et al., 2013); (Napi�orkowki,
2005); (Napi�orkowki, 1997); (Natsis et al., 1999); (Natsis et al.,
2008).

When compared to several decades ago, steels with a more
complex chemical composition are currently used in the con-
struction of the working parts of agricultural tools. In addition,
components, in which the base material is reinforced by hardfacing
and/or brazing of cemented-carbides plates, are more common.
Reinforcement is performed in places where components are
particularly exposed to wear. During the operation of elements in
soil, the materials used in their construction are subject to
destruction as a result of elementary tribological processes, such as:
microcutting, grooving, ploughing and crushing/chipping of car-
bides. Mechanism of microcutting occurs when the material of the
element is separated in the form of micro-shavings without plastic* Corresponding author.
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deformation of the material in the frictional contact zone. In
contrast, ploughing mechanism occurs when soil grains cause
plastic deformation of thematerial, which is therebyweakened and
is more easily separated by subsequent soil particles. Grooving is an
intermediate process in which both material deformation and
micro-cutting occur. On the other hand, crushing and chipping are
the characteristic processes of destruction of materials containing
hard carbides, which, as a result of the dynamic impact of the soil,
are crushed or chipped from the matrix of the material. The in-
tensity and mechanisms of tribological wear processes are deter-
mined by the properties of thematerials used in the construction of
the working parts. When working in soil, steel is subject to wear

mainly due to microcutting and grooving mechanisms (Fig. 2a),
which was confirmed, among others, in the works (Konstencki
et al., 2019); (Stawicki et al., 2018); (Stawicki et al., 2017). The
wear processes of padding welds are complex and depends on their
chemical composition and microstructure. Generally, the dominant
wear mechanisms of these materials are microcutting, partially
grooving and chipping/crushing of carbides causing the wear
intensification (Fig. 2b), which was found in the works (Kostencki
et al., 2019); (Kr�olicka et al., 2020). However, in the case of
cemented carbides, the wear mechanism consists of the following
stages: removal of the matrix under action of the finest fractions of
the abrasive mass, next cracking, and crushing or chipping of

Fig. 1. Examples of new and worn (wear limit) working parts of agricultural tools intended for soil cultivation: unreinforced plouhshares (a), working parts of cultivator (b), working
parts of subsoiler (c).

Fig. 2. Topography of the worn surfaces of working parts of agricultural tools used in soil: (a) martensitic steel (b) padding weld, (c) plate made of cemented-carbide (c).
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carbides from the matrix (Gee et al., 2007); (Kostencki et al., 2019);
(Konstencki et al., 2016). An example of the wear topography of
working elements made of cemented carbides is presented in
Fig. 2c. It should be highlighted that currently the most common
methods of improving the abrasive resistance of working parts
operating in soil include hardfacing, applied, among others, for
ploughshares, working parts of cultivators, subsoilers and other
agricultural tools. The effectiveness of such reinforcement has been
repeatedly confirmed in laboratory tests (Buchely et al., 2005);
(Choo et al., 2000); (Choteborsky et al., 2008); (Kenchi Reddy &
Jayadeva, 2012); (Buytoz et al., 2010).

Wear products of working parts used in soil contain various
chemical elements including potentially toxic elements (PTE).
These products in the form of very fine particles are introduced into

the soil. Therefore, the question of what extent the wear of work-
element materials contributes to anthropogenic soil contamina-
tion with potentially toxic elements can be posed. In previously
published scientific research, this issue was not analyzed. On the
other hand, the condition of soil contamination has been examined
many times. The soil contamination is connected with the activity
of industrial plants, means of transport, or the use of plant pro-
tection products, as well as mineral and organic fertilizers
(Ahmadpour et al., 2012); (Bigalke et al., 2017); (Caussy et al., 2011);
(Li et al., 2014); (Qian et al., 2018); (Shi et al., 2018). Of course, the
content of the potentially toxic elements soil is not only due to
human activity, but is also conditioned by natural soil-forming
processes (Kabata-Pendias et al., 1995); (Sharma & Agrawal,
2005). The aim of this study was to determine the mass of

Fig. 4. Reinforcement of working parts of agricultural tools analyzed in this study. Distinguished: coulters A1 (a) and A2 (b), and chisels B1 (c) and B2 (d).

Fig. 3. Schemes of working parts of agricultural tools analyzed in this research. Constructional solutions of components used in (a) stubble cultivators and (b) ploughshares.
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chemical elements introduced into the soil as a result of the abra-
sive wear of working parts of agricultural tools intended for soil
cultivation. In this work, an attempt was made to answer the
following scientific questions:

� Which of the chemical elements are introduced into the soil as a
result of the wear of elements working in the soil?

� What determines the variety and themass of chemical elements
introduced into the soil?

� How does the use of reinforced working parts affect this
process?

2. Materials and methods

In this work, the results of mass wear measurements of the
working parts of a stubble cultivator e a cultivator intended for
basic cultivation (referred to as „cultivator” in the following part of
this work) e a plow, and a subsoiler operated in specific soil con-
ditions were used.

The working parts used in the stubble cultivator (intended for

post-harvest soil cultivation) were characterized by a divided
structure e consisting of a cover, side knives and coulter (Fig. 3).
Two variants of cultivator coulters were used in the tests e sub-
jected and not subjected to pad welding. The padding weld was
applied along the cutting edge, on the side opposite to the rake face
(from the bottom). In the cultivator, the working parts were ar-
ranged in two rows.

Ploughshares were also used in the tests and had a divided
structure consisting of a separate trapezoidal and shared part
(Fig. 3). Two variants of ploughshares were used e subjected and
not subjected to pad welding. The padding weld was placed on the
surface opposite to the rake face of the elements (from the bottom),
in the area adjacent to the edge cutting t The cultivator coulters and
subsoiler chisel were one-piece elements, with two types of coul-
ters and chisels being used in the research. The coulter variants are
marked with A1 and A2, and the chisel variants are marked with B1
and B2.

The A1 coulters were reinforced by plates made of cemented-
carbide (in the initial area of the rake face), as well as by surface
padding weld placed on the rake face and sides (on a certain length,
above the plates made of cemented-carbide) (Fig. 4). On the other
hand, the A2 coulters were reinforced only by brazing plates made
of cemented-carbide in the initial area of the rake face. The in-
vestigations were performed using a 4-beam cultivator.

The B1 chisels did not have any form of reinforcement, whereas
the B2 chisels were reinforced by brazing of their plates made of
cemented-carbide (at the beginning of the rake surface), by surface
padding weld placed on the rake face and the sides of the elements
(above the plates made of cemented-carbide) and by pad-welded
seams (above the surface padding weld). The investigations were
performed using a 2-beam subsoiler.

Table S1 presents information on the initial mass, which in the
case of the reinforced elements, was estimated for the pad-weld
material and plates made of cemented-carbide. Table S1 also con-
tains the designations of the working conditions in terms of the
depth and speed of cultivation. Table S2 characterizes the cultivated
soil granulometric group, humidity and the volumetric density of
the soils. Granulometric group of cultivated soils were determined
on the basis of soil and agricultural maps of the study area, while
soil humidity and volume density were determined by the drying-
weight method using Kopecky cylinders with a capacity of 100 cm3.

Tables S3, S4 and S5 present the chemical composition of the
materials used in the construction of the tested parts. Steels and
welding materials were analyzed by spectral method (using a

Table 2
Chemical elements introduced into the soil during use of the unreinforced working
parts of the stubble cultivator (working conditions 2 e according to Table S2).

Chemical element Mass of the chemical element introduced into the soil

steel padding weld total

g$ha�1 mg$kg�1 g$ha�1 mg$kg�1 g$ha�1 mg$kg�1

C 0.168 0.170 0.758 0.768 0.926 0.938
Mn 0.554 0.561 0.085 0.086 0.639 0.647
Si 0.102 0.103 0.151 0.153 0.253 0.256
P 0.006 0.006 0.006 0.006
S 0.003 0.003 0.016 0.016 0.019 0.019
Cr 0.105 0.106 0.005 0.005 0.110 0.111
Ni 0.030 0.030 0.161 0.163 0.191 0.193
Mo 0.005 0.006 0.063 0.064 0.068 0.070
V 0.048 0.049 0.048 0.049
Cu 0.070 0.071 0.008 0.008 0.078 0.079
Al 0.014 0.014 0.004 0.004 0.018 0.018
Ti 0.017 0.017 0.011 0.011 0.028 0.028
Nb 0.007 0.007 0.007 0.007
Co 0.003 0.003 0.016 0.016 0.019 0.019
B a a a a

W 7.359 7.458 7.359 7.458
Fe 44.323 44.920 13.409 13.590 57.732 58.510

a e value below 0.001 g,ha�1 or mg,kg�1.

Table 3
Chemical elements introduced into the soil during use of the unreinforced working
parts of the plow (working conditions 3 e according toTable S2).

Chemical element Mass of the chemical element
introduced into the soil (steel)

g$ha�1 mg$kg�1

C 0.839 0.252
Mn 2.774 0.832
Si 0.509 0.153
P 0.030 0.009
S 0.014 0.004
Cr 0.525 0.158
Ni 0.150 0.045
Mo 0.027 0.008
Cu 0.353 0.106
Al 0.071 0.021
Ti 0.084 0.025
Co 0.016 0.005
B 0.005 0.001
Fe 222.004 66.616

Table 1
Chemical elements introduced into the soil during use of the unreinforced working
parts of the stubble cultivator (working conditions 1 e according to Table S2).

Chemical element Mass of the chemical element
introduced into the soil (steel)

g$ha�1 mg$kg�1

C 0.287 0.340
Mn 0.950 1.123
Si 0.174 0.206
P 0.010 0.012
S 0.005 0.006
Cr 0.180 0.213
Ni 0.051 0.061
Mo 0.009 0.011
Cu 0.121 0.143
Al 0.024 0.029
Ti 0.029 0.034
Co 0.005 0.006
B 0.002 0.002
Fe 76.051 89.895

P. Kostencki, T. Stawicki and A. Kr�olicka International Soil and Water Conservation Research 9 (2021) 229e240

232



GDS500A Leco glow discharge analyser), while plates made of
cemented carbide by EDS chemical microanalysis method (using a
JEOL JED-2300 energy-dispersed X-ray spectrometer coupled with
a JEOL JSM-6610A scanning electron microscope). Exemplary im-
ages of microstructures of tested materials were made using a JEOL
JSM-6610A scanning electron microscope. Topographic and mate-
rial contrast (SE and BSE detector) were used. Tables S3 and S4 also
include the chemical composition of selected other materials used
to produce the soil-operating parts of agricultural tools. This data
supplements information on the chemical composition of materials
used for working parts operated in soil.

The wear investigations of the described working parts were
carried out in the years 1998e2018, during typical field operations
in several agricultural enterprises. The test was carried out to
obtain the working parts of the wear limit state in which parts due
to the geometry change cannot be further used. In terms of the total
wear mass intensity of working parts (expressed in g$ha-1 and
corresponding to mass loss of working parts when cultivating a
hectare of field), the results of these tests have been partially

published (Kostencki et al., 2016a, 2016b); (Kostencki, 2005);
(Kostencki et al., 1999); (Kostencki et al., 2002); (Kostencki et al.,
2019). In these publications, the procedure for determining the
wear intensity of working parts was presented in detail, and the soil
conditions of their workweremore fully characterized (the share of
gravel in soil, humus content, soil reaction, compactness and soil
shear stress). However, in the currently presented work, using the
collected results, the wear mass intensity of steel, padding weld
and plates made of cemented-carbide used in tested working parts
were determined separately for particular parts of the tested
working parts. Therefore, using the data on the chemical compo-
sition of the used materials (Tables S3, S4 and S5), the mass of in-
dividual elements was estimated, which during the wear of the
working elements were introduced into the soil. It should be noted
that for the agricultural tools, in which the parts were installed on
several beams, the estimation took into account the different wear
intensity of these parts depending on the place of their attachment.

The amount of introduced chemical elements is determined in
grams with reference to the hectares of the cultivation field
(g$kg�1), and in micrograms per kilogram of dry matter of culti-
vated soil (mg$kg�1). The determined values in mg$kg�1 were
calculated on the basis of the average depth of the performed op-
erations and the average volumetric density of soil in the cultivated
layer. The calculations were carried out with accuracy to one
thousandth g∙ha-1 or mg∙kg-1, which was dictated (in some cases)
by the low value of the chemical elementsmass introduced into soil
(lower accuracy of calculations would exclude the possibility of
revealing them). Tables 1e10 present the values of the estimated
mass of the chemical elements introduced into the soil during
specific cultivation operations. In order to increase the readability
of Tables 1e10, rows of the chemical elements, which were intro-
duced into the soil in the highest amounts, are highlighted. The
comments on the tables do not include the mass of Al, C and Si,
because these elements are commonly found in soil. Phosphorus
and sulfur, classified as macronutrients, which are introduced into
the soil during fertilization, are also not included. The Fe is also
present in significant quantities in the agricultural soil (Mico et al.,
2006); (Martyn et al., 2011); (Rajmund & Bo _zym, 2017). However,
the amounts of Fe introduced into the soil as a result of the wear of
working parts of the tested agricultural tools were discussed due to
the significant content of this element in the wear products.

Table 4
Chemical elements introduced into the soil during use of the reinforced working parts of the plow (working conditions 3 e according toTable S2).

Chemical element Mass of the chemical element introduced into the soil

steel padding weld total

g$ha�1 mg$kg�1 share part trapezoidal part g$ha�1 mg$kg�1

g$ha�1 mg$kg�1 g$ha�1 mg$kg�1

C 0.399 0.120 0.168 0.050 0.282 0.085 0.849 0.255
Mn 1.320 0.396 0.019 0.006 0.057 0.017 1396 0.419
Si 0.242 0.073 0.033 0.010 0.064 0.019 0.339 0.102
P 0.014 0.004 0.014 0.004
S 0.006 0.002 0.004 0.001 0.001 a 0.011 0.003
Cr 0.250 0.075 0.001 a 1.387 0.416 1.638 0.491
Ni 0.071 0.021 0.036 0.011 0.071 0.021
Mo 0.013 0.004 0.014 0.004 0.232 0.069 0.259 0.077
V 0.011 0.003 0.048 0.014 0.059 0.017
Cu 0.168 0.050 0.002 a 0.007 0.002 0.177 0.052
Al 0.034 0.010 a a 0.003 a 0.038 0.011
Ti 0.040 0.012 0.002 a 0.012 0.004 0.054 0.016
Nb 0.002 a 0.327 0.098 0.329 0.098
Co 0.008 0.002 0.004 0.001 0.012 0.004 0.024 0.007
B 0.002 a 0.002 a

W 1.632 0,490 0.063 0.019 1.695 0.509
Fe 105.632 31.697 2.973 0.892 6.807 2.043 115.412 34.632

a e value below 0.001 g,ha�1 or mg$kg�1.

Table 5
Chemical elements introduced into the soil during use of the unreinforced working
parts of the plow (working conditions 4 e according to Table S2).

Chemical element Mass of the chemical element
introduced into the soil (steel)

g$ha�1 mg$kg�1

C 0.242 0.069
Mn 0.802 0.229
Si 0.147 0.042
P 0.009 0.002
S 0.004 0.001
Cr 0.152 0.043
Ni 0.043 0.012
Mo 0.008 0.002
Cu 0.102 0.029
Al 0.020 0.006
Ti 0.024 0.007
Co 0.005 0.001
B 0.001 a

Fe 64.141 18.343

a e value below 0.001 mg,kg�1
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Moreover, this element is classified as PTE.

3. Results

3.1. Mass wear intensity of tested elements

Fig. 5 presents the estimated values of the wear unit mass of
steel, padding weld material and plates made of cemented carbides
used in the construction of the tested working parts.

It was found that the total unit mass of worn material is smaller
for the reinforced parts when compared to the parts without
reinforcement e about 1.15 times for the working parts of stubble
cultivators (cultivation conditions 1 and 2 were similar e Table S2),
1.86 and 1.37 times for the ploughshare operating respectively in
conditions 3 and 4, and 1.21 times for chisels B1 and B2 operating
under conditions 6 and 7 respectively (Fig. 3). Thus, it can be

concluded that the used reinforcement of the working parts ful-
filled the intended function and that these parts were characterized
by less abrasiveness. The value of the wear intensity of the working
parts is strongly influenced by the cultivation conditions. This effect
was confirmed for the ploughsharee thewearmass intensity of the
ploughshare without reinforcement in conditions 3 was about 3.5
times higher, and for the reinforced ploughshares it was 2.6 times
higher than in conditions 4. In conditions 3, dry sandy soils were
cultivated, whereas in conditions 4 e humid silty soils.

The lowest intensity of wear was characterized by the plates
made of cemented-carbide, except for the plates used in the B2
chisels. Cemented-carbide plates are characterized by high resis-
tance to abrasive wear. On the other hand, the disadvantage of
using cemented-carbide plates in working parts operated in soil is
their brittleness. As a consequence they can be chipped when
making contact with stones located in the soil, especially when the

Table 6
Chemical elements introduced into the soil during use of the reinforced working parts of the plow (working conditions 4 e according to Table S2).

Chemical element Mass of the chemical element introduced into the soil

steel padding weld total

g$ha�1 mg$kg�1 share part trapezoidal part g$ha�1 mg$kg�1

g$ha�1 mg$kg�1 g$ha�1 mg$kg�1

C 0.161 0.046 0.051 0.015 0.082 0.023 0.294 0.084
Mn 0.532 0.152 0.006 0.002 0.016 0.005 0.554 0.159
Si 0.098 0.028 0.010 0.003 0.019 0.005 0.127 0.036
P 0.006 0.002 0.006 0,002
S 0.003 a 0.001 a a a 0.004 0.001
Cr 0.101 0.029 a a 0.403 0.115 0.504 0.144
Ni 0.029 0.008 0.011 0.003 0.040 0.011
Mo 0.005 0.001 0.004 0.001 0.067 0.019 0.076 0.021
V 0.003 0.001 0.014 0.004 0.017 0.005
Cu 0.068 0.019 a a 0.002 a 0.070 0.020
Al 0.014 0.004 a a a a 0.014 0.004
Ti 0.016 0.005 a a 0.004 0.001 0.020 0.006
Nb a a 0.095 0.027 0.095 0.027
Co 0.003 a 0.001 a 0.003 a 0.008 0.002
B a a a a

W 0.500 0.143 0.018 0.005 0.518 0.148
Fe 42.565 12.173 0.910 0.260 1.976 0.565 45.451 12.998

a e value below 0.001 g$ha�1 or mg$kg�1.

Table 7
Chemical elements introduced into the soil during use of A1 coulters of cultivator (working conditions 5 e according to Table S2).

Chemical element Mass of the chemical element introduced into the soil

steel padding weld cemented-carbide plates total

g$ha�1 mg$kg�1 g$ha�1 mg$kg�1 g$ha�1 mg$kg�1 g$ha�1 mg$kg�1

C 0.042 0.027 0.199 0.127 0.064 0.041 0.305 0.195
Mn 0.168 0.107 0.017 0.011 0.185 0.118
Si 0.035 0.022 0.048 0.031 0.083 0.053
P 0.003 0.002 a a 0.003 0.002
S 0.002 0.001 a a 0.002 0.001
Cr 0.044 0.028 0.772 0.494 0.816 0.522
Ni 0.008 0.005 0.059 0.038 0.067 0.043
Mo 0.002 0.001 0.002 0.001
V a a 0.002 0.001 0.002 0.001
Cu 0.035 0.023 0.004 0.002 0.039 0.025
Al 0.003 0.002 0.009 0.006 0.012 0.008
Ti 0.005 0.003 0.004 0.002 0.009 0.005
Nb 0.180 0.115 0.180 0.115
Co 0.001 a 0.004 0.002 0.204 0.130 0.209 0.132
B a a a a

Pb a a a a

Zr 0.002 0.001 0.002 0.001
W 0.002 0.001 0.974 0.623 0.976 0.624
Fe 12.548 8.025 3.359 2.149 15.907 10.174

a e value below 0.001 g$ha�1 or mg$kg�1.

P. Kostencki, T. Stawicki and A. Kr�olicka International Soil and Water Conservation Research 9 (2021) 229e240

234



basematerial of working parts is not rigid enough. It was found that
the high value of the wear intensity of the cemented-carbide plates
in the B2 chisels is caused by the dominance of such a wear
mechanism. The padding weld material was characterized by
higher wear intensity than the plates made of cemented-carbide,
while the largest wear intensity was found for the used steel as a
base material (Fig. 5).

3.2. Chemical elements introduced into the soil as a result of wear
of steel used in the working elements

For the unreinforced working parts, the mass of chemical ele-
ments introduced into the soil as a result of wear was higher than
for the reinforced working parts. This is particularly noticeable for
theworking parts of the stubble cultivator (Tables 1 and 2), and also
the ploughshares (Tables 3 and 4, 5 and 6) that were subjected or

not subjected to pad welding. It was found that in the case of steel
used in theworking parts of the stubble cultivator and ploughshare,
Fe and Mn had the largest share in the wear products, which was
determined by the chemical composition of the steel (Table S3). The
amount of chemical elements introduced into the soil depended on
the construction solution of the working parts, and to a large extent
on theworking conditions, which in turn determine the intensity of
their wear (for example, for reinforced and unreinforced plough-
ares the mass of Mn introduced into the soil in conditions 3, which
was respectively about 3.5 and 2.5 times higher than in conditions
4). Additionally, in the steel wear process of the working parts of
the stubble cultivator and plow, the following chemical elements,
among others, were introduced into the soil: Cr, Ni, Mo, Cu, Al, Ti, Co
and B (Tables 1e6).

During the operation of the A2 coulters, thewear intensity of the
steel used in their construction was higher than for the A1 coulters
(Fig. 5). Fe, Mn and Cr were introduced into the soil in the highest
amount (Table 8).

The wear intensity of the tested subsoiler (tools that deeply
affect the soil) chisels was high and comparable with the abrasive
wear intensity of the ploughshares working in conditions 3 (Fig. 5).
The chemical elements introduced into the soil during operation of
the B1 chisels came from only the wear products of steel, because
no reinforcing form was used in the construction of these chisels.
Fe, Mn, Cr, Ni and Co were introduced into the soil in the highest
amount (Table 9). The B2 chisels reinforced by plates made of
cemented-carbide and hardfacing were characterized by a slightly
lowerwear intensity than the B1 chisels. As a result of the operating
steel used in their construction, Fe, Mn Cu and Ni were introduced
into the soil in the highest amount (Table 10).

3.3. Chemical elements introduced into the soil as a result of the
wear of materials used for reinforcement working elements

The used reinforcement of working parts, in the form of surface
padding weld, contributed to the expansion of the variety of
chemical elements with W, Nb and V introduced into the soil. As a
result of the wear of the padding weld used in the working parts of
the stubble cultivator, W, Fe and Ni were introduced into the soil
(Table 2). On the other hand, for the reinforced ploughshares
reinforced, Fe, W, Cr, Nb and Mo were also introduced. It should be
noted that the mass of these chemical elements introduced into the
soil in conditions 3 was about 3 times higher than in conditions 4
(Tables 4 and 6).

The wear intensity of the A1 and A2 coulters was low in relation
to the other tested working parts (Fig. 5).

As a result of the wear of the padding weld used in the A1
coulters, the variety of chemical elements introduced into the soil
increased in comparison to the chemical elements derived from the
steel (Table 7). For example, the mass of introduced Cr was about
17.5 times higher than for the wear products of steel. On the other
hand, during thewear of the cemented-carbide plates, W, Co and Ni
were introduced in a relatively higher amount than during thewear
of steel and padding weld (Table 7).

For the A2 coulters, as a result of the wear of the cemented-
carbide plates, only tungsten and cobalt were introduced into the
soil.

As a result of the wear of the padding weld Fe, Cr and Mn were
mainly introduced in the highest amount, whiletungsten and co-
balt were introduced into the soil from the wear products of the
plates made of cemented-carbides (Table 10). The significant
amount of tungsten and cobalt introduced into the soil was asso-
ciated with the spalling of the plates made of cemented-carbide.
For this reason, the wear products of the cemented-carbide plates
were much larger than for other materials used in the B2 chisels. It

Table 8
Chemical elements introduced into the soil during use of A2 coulters of cultivator
(working conditions 5 e according to Table S2).

Chemical element Mass of the chemical element introduced into the soil

steel cemented-
carbide plates

total

g$ha�1 mg$kg�1 g$ha�1 mg$kg�1 g$ha�1 mg$kg�1

C 0.098 0.062 0.042 0.027 0.140 0.089
Mn 0.361 0.231 0.361 0.231
Si 0.076 0.049 0.076 0.049
P 0.003 0.002 0.003 0.002
S 0.005 0.004 0.005 0.004
Cr 0.112 0.071 0.112 0.071
Ni 0.026 0.017 0.026 0.017
Mo 0.011 0.007 0.011 0.007
V a a a a

Cu 0.039 0.025 0.039 0.025
Al 0.009 0.006 0.009 0.006
Ti 0.008 0.005 0.008 0.005
Co 0.002 0.001 0.115 0.073 0.117 0.074
B a a a a

Pb 0.001 a 0.001 a

Zr 0.003 0.002 0.003 0.002
W 0.643 0.411 0.643 0.411
Fe 24.143 15.442 24.143 15.442

a e value below 0.001 g$ha�1 or mg$kg�1.

Table 9
Chemical elements introduced into the soil during use of B1 chisels of subsoiler
(working conditions 6 e according toTable S2).

Chemical element Mass of the chemical element
introduced into the soil (steel)

g$ha�1 mg$kg�1

C 0.440 0.073
Mn 2.391 0.398
Si 0.581 0.037
P 0.018 0.003
Cr 0.646 0.108
Ni 0.138 0.023
Mo 0.055 0.009
V 0.034 0.006
Cu 0.051 0.008
Al 0.057 0.009
Ti 0.081 0.014
Nb 0.022 0.004
Co 0.105 0.018
B 0.002 a

Pb 0.012 0.002
Zr 0.022 0.004
Fe 197.944 32.971

a e value below 0.001 mg,kg�1
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should be added that the plates made of cemented-carbide that
were used in the working parts are joined by brazing. The brazing
alloys are also worn during operation. Typically, brazing alloys used
to join steel with cemented-carbide plates contains Ag, Cu, Zn and
Sn (additionally may contain Ni, Mn and Co). For example, the
chemical composition of the brazing alloys used in the A1 cultivator
coulters was: Cu e 49.22%, Zn e 40.68%, Ni e 10.10%, and for the A2
cultivator coulters the composition was: Mn e 22.29%, Ni e 4.36%,
and Cue 73.35%. However, due to the small thickness of the brazing
layer (~0.1 mm) and the slow wear processes of the cemented-
carbide plates, the mass of chemical elements introduced into the
soil as a result of the wear of brazing alloys is negligible. Therefore,
the authors did not include brazing alloys in this analysis.

4. Discussion

In literature, the most common causes of anthropological
contamination of agricultural soils with PTEs are: the application of
fertilizers, pesticides, and animal manure; sewage sludge and irri-
gation; emissions from industrial areas; and atmospheric deposi-
tion (Sharma & Agrawal, 2005); (Wuana et al., 2011). The results
presented in this work indicate that an additional source of PTEs in
soils used for agricultural purposes is the use of working parts of
agricultural tools intended for soil cultivation. Chemical elements
that are introduced into the soil in the form of wear products of
these working parts should be considered in the category of
anthropogenic factors. Based on the current research results, the
range of mass of chemical elements that can be introduced into the
soil as a result of wear of working parts of agricultural tools was
presented in Table 11.

The variety of elements brought into the soil in this way is wide
(Table 11) and closely related to the chemical composition of the
materials used in their construction. Potentially toxic elements
were also classified among these chemical elements. It is not a
strictly defined group of elements, but the following chemical el-
ements are usually mentioned in scientific papers and normative
reports: As, B, Ba, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb, Sn and Zn. It
should be noted that normative reports defining the maximum
content of a specific chemical element in agriculture soil,

depending on the country, represent different values (He et al.,
2015); (Regulation of the Minister of the Environment of, 2016),
which indicates the necessity of international agreement on the
permissible amount of PTEs in soil.

Among the chemical elements introduced into the soil as a
result of wear of the working parts, Fe was generally introduced in
the highest amount (15.907e222.004 g∙ha�1;
10.174e89.895 mg∙kg�1 of dry matter of the cultivated soil). This is
understandable due to the high content of this element in the
chemical composition of steel and welding materials (Tables S3 and
S4). Other chemical elements were introduced into the soil in a
much smaller amount. During the cultivation operations, the
highest concentration of Fe in the soil occurred as a result of the
wear of the unreinforced working parts of the stubble cultivator
(89.895 mg∙kg�1), and then of the unreinforced ploughshares
(66.616 mg∙kg�1). The remaining chemical elements listed in
Table 11 were introduced into the soil in a much lower amount.

The literature describes a very high variability of the concen-
tration of chemical elements in the soil. For example, the Fe content
in rusty soils was determined by Martyn and Niemczuk at the level
of 1600e2300 mg∙kg�1 (Martyn & Niemczuk, 2011), while by
Rajmud and Bo _zym in non-fertilized soil at the level of 1830mg,kg-
1 (Rajmund& Bo _zym, 2017). On the other hand, Bai et al. found that
in terms of the content of Cr, Ni, Cu, As, Cd, Pb and Zn, agricultural
soils are located between greenhouse soils (the highest concen-
tration of elements) and forest soils (the lowest concentration of
elements). The authors described that in the case of agricultural
soil, the highest mass share occurs for Zn and Cr (49.11 and
46.49 mg∙kg�1, respectively) with lower share of Ni and Cu (21.75
and 16.76 mg∙kg�1, respectively) (Bai et al., 2017). In this context,
the concentrations of chemical elements specified in this research,
expressed in mg$kg�1 of soil dry matter, should be considered as
low in relation to the total mass of chemical elements accumulated
in the soil. However, it should be clearly highlighted that the
research results presented in this work concern the mass of
chemical elements introduced into the soil during a single culti-
vation treatment. Such agricultural treatments are performed
annually, and the soil may be cultivated several times during the
year. In addition, as a result of the wear of working elements of

Table 10
Chemical elements introduced into the soil during use of B2 chisels of subsoiler (working conditions 7 e according to Table S2).

Chemical element Mass of the chemical element introduced into the soil

steel padding weld cemented-carbide total

g$ha�1 mg$kg�1 g$ha�1 mg$kg�1 g$ha�1 mg$kg�1 g$ha�1 mg$kg�1

C 0.455 0.063 0.536 0.074 0.991 0.137 1.982 0.274
Mn 0.809 0.112 0.241 0.033 1.049 0.145
Si 0.266 0.037 0.259 0.036 0.525 0.073
P 0.021 0.003 0.004 a 0.025 0.003
S 0.004 a 0.005 a 0.009 0.001
Cr 0.097 0.013 2.565 0.355 2.662 0.368
Ni 0.104 0.014 0.033 0.005 0.137 0.019
Mo 0.030 0.004 0.008 0.001 0.038 0.005
V 0.003 a 0.007 0.001 0.010 0.001
Cu 0.211 0.029 0.069 0.010 0.280 0.039
Al 0.010 0.001 0.005 a 0.015 0.002
Ti 0.003 a 0.006 a 0.009 0.001
Nb 0.013 0.002 0.011 0.001 0.024 0.003
Co 0.050 0.007 0.006 a 3.540 0.490 3.596 0.498
As 0.008 0.001 0.008 0.001
B 0.001 a 0.001 a

Pb 0.004 a 0.004 a

Zr 0.013 0.002 0.013 0.002
W 0.009 0.001 15.169 2.099 15.178 2.100
Fe 105.999 14.669 36.537 5.056 142.536 19.725

a e value below 0.001 mg,kg�1
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agricultural tools, elements are introduced into the soil also when
sowing and planting plants, and also during the harvesting of some
crops. Therefore, in view of the cyclical nature of agricultural
treatments and the prospects of long-term agricultural use of soil, it
can be concluded that the importance of the described issue is
significant.

The intensity of wear of the working parts of agricultural tools
operating in the soil is varied. It mainly depends on the construc-
tional solution of the working parts, grain size, humidity and

compaction of the cultivated soil, as well as the depth and speed of
impact on the soil. Additionally, the current agriculture uses very
different technologies of soil cultivation (from no-tillage to stan-
dard plow tillage), where the mechanical impact on the soil is
highly diversified. This issue is also related to the species of the crop
being cultivated, e.g. whether they are cereals or root crops. Hence,
attempt was not made to estimate the total annual amount of el-
ements introduced into the soil as a result of the wear of working
parts of agricultural tools working in the soil. It seems that such an

Fig. 5. Unit mass wear of steel, padding weld and plates made of cemented-carbide for the tested working parts of the tested stubble cultivator (a), plow (b), cultivator (c) and
subsoiler (d) operated in specified working conditions (determined in Table 2).
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estimate, made with many variables, would be burdened with a
large error and, consequently, misleading.

The values of the parameter expressed in mg∙kg-1, presented in

Tables 1e10, illustrate the mass of the chemical element introduced
into the soil during a given soil treatment in relation to a kilogram
of dry matter of the cultivated soil. This parameter expresses the

Table 11
Summary of the mass of chemical elements introduced into the soil.

Chemical
element

Range of mass of element introduced
into the soil, g∙ha-1

Comments

Chemical elements classified as PTEs
As 0.008 a low As content was found in the steel used for the B2 chisels of the subsoiler
B 0.001e0.005 occurs in abrasive resistant steels
Co 0.005e0.209 upper range for parts reinforced with plates made of cemented-carbide, due to the high content of Co forming the

matrix of the plates (Table S5); for the B2 chisels, the amount of cobalt introduced into the soil was 3.596 g∙ha-1

(Table 10), which was caused by the wear mechanism of the plates e their chipping after impact with stones
Cr 0.110e2.662 upper range of values for the pad welded parts, due to the high content of Cr in the chemical composition of welding

materials (Table S4)
Cu 0.039e0.353 introduced into the soil mainly in steel wear products
Fe 15.907e222.004 high content in the chemical composition of steel and welding materials (Tables S3 and S4)
Mn 0.185e2.774 alloying element of steel and welding materials
Mo 0.002e0.259 alloying element of steel and welding materials
Ni 0.026e0.191 occurred in the chemical composition of all the steel used in the working elements, in someweldingmaterials, and in

the matrix of some plates made of cemented-carbide (Tables S3, S4 and S5)
Pb 0e0.012 a trace amount of Pb was found in the steels used in the A1 and A2 cultivator coulters and the B1 and B2 subsoiler

chisels (Table S3)
Other chemical elements
Al 0.009e0.071
C 0.140e0.926 for the B2 chisel, the amount of C brought into the soil was 1.982 g∙ha-1 e due to the wear mechanism of the

cemented carbide plates (Table 10)
Nb 0e0.329 occurs in a higher amount in welding materials (Table S4)
P 0.003e0.030
S 0e0.019
Si 0.076e0.581
Ti 0.008e0.084
V 0e0.059
W 0e7.359 occurs in the chemical composition of plates made of cemented-carbide (tungsten carbide) and also welding

materials; for the B2 chisels, the amount of W introduced into the soil was 15.178 g∙ha-1 (Table 10), which was
caused by the wear mechanism of the plates e their chipping after impact with stones)

Zr 0e0.022 a trace amount of Zr was identified in the steel used in the A1 and A2 cultivator coulters and the B1 and B2 chisels
(Table S3).

Fig. 6. Examples of microstructures of materials used in the tested working parts of agricultural tools: (a) e martensitic steel, carbon-saturated iron solution Fea’ and intermetallic
inclusions (arrows indicate examples of MnS manganese sulfides), (b) cemented-carbide (arrows indicate WC carbides and matrix Coa), (c) high-chromium padding weld (arrows
indicate primary (Fe,Cr)7C3 carbides, NbC carbides and matrix Fe(g), (d) high-tungsten padding weld (arrows indicate carbide types of M7C3 i M3C, WC carbide and matrix Fea).
Scanning electron microscopy, 20 kV.
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concentration of a given chemical element in the soil layer imme-
diately after cultivation. Based on the analysis of the obtained re-
sults, it can be concluded that the concentration of individual
chemical elements with tools deeper affecting the soil is less than
when cultivating at a lower depth. For example, for deep cultivation
performed with the subsoiler, Cr was introduced into the soil in the
amount of 0.646 g∙ha�1, and its concentration was 0.108 mg∙kg�1

(Table 9), while in the case of much shallower cultivation carried
out with the use of stubble cultivator in quantities 0.180 g$ha�1 and
0.213 mg∙kg�1 (Table 1). Of course, in the long-term perspective, the
wear products of working elements can be spread over the entire
soil layer of the soil, which is facilitated by mixing the soil during
cultivation operations carried out at various depths. Therefore, it
seems that when assessing and comparing the mass of chemical
elements introduced into the soil as a result of wear of working
parts of agricultural tools, the parameter expressed in g$ha�1is
more useful. The results presented in this work also indicate a large
relationship between themass of chemical element introduced into
the soil as a result of cultivation conditions and the wear of the
working parts of the agricultural tools (Tables 3 and 5, 4 and 6). Of
course, the higher the wear intensity of working parts corresponds
with an increase in the mass of chemical elements introduced into
the soil. Higher wear intensity of working elements occurs during
cultivation of soil containing an increased share of large particles
(sand, gravel), as well as soil that is strongly compacted or has
reduced humidity. On the other hand, the application of reinforced
elements (by hardfacing or cemented-carbide plates) reduces the
rate of their wear, which contributes to the smaller mass of
chemical elements introduced into the soil. However, the variety of
introduced chemical elements is increased (Tables 1 and 2, 3 and 4,
5 and 6). For some cultivation conditions, this mass may be even
higher thanwhen using parts without reinforcement, as confirmed
by the amount of chromium for ploughshares (Tables 3 and 4, 5 and
6). It is also noticeable that with a higher depth of cultivation
(plowing, subsoiling), a larger mass of elements is introduced into
the soil (Tables 3, 4, 9 and 10) than with a shallower cultivation
(post-harvest cultivation, shallow cultivating e Tables 1, 2, 7 and 8.
This is caused by higher soil pressure on the surface of working
parts, which contributes to intensification of their wear.

It should be noted that the chemical elements contained in the
working elements working in the soil occur in various forms (ex-
amples of chemical elements forms are shown in Fig. 6). These are
chemical compounds (e.g. chromium carbide (Fe,Cr)7C3,
(Fe,Cr)23C6, iron carbide Fe3C, niobium carbides NbC or tungsten
carbide WC, as well as small amounts of non-metallic/inter-
metallic inclusions such as sulphides, oxides, nitrides, silicates,
aluminates, etc.) or solid solutions (based on iron: Fea’, Fea, Feg, or
based on cobalt: Coa, Coε). The form of chemical elements may
significantly determine the processes to which to which they were
subject in the soil, which may consequently affect their bioavail-
ability and impact on the environment. Carbides have different, but
generally high chemical stability. However, it cannot be excluded
that in such a complex environment as soil, they do not degrade to
the ionic form as a result of soil factors (especially pH) and mi-
croorganisms (due to local acidification of the environment or the
production of compounds which can complex metals (Giller et al.,
1998). In contrast, the solid solution of Fe and Co in the soil envi-
ronment can be subject to corrosion or biocorrosion processes and
products resulting from these processes may transit to ionic form. It
should also be highlighted that such elements as Cd, Cr, Pb, Cu, Mn,
Zn, and Co exhibit individual behaviou(Bradl, 2004). However, the
described problem requires careful analysis and further experi-
ments, due to the lack of scientific research in this area.

In these research, it was shown that with a single cultivation
operation, the mass of chemical elements introduced into the soil

as a result of the wear of working parts of agricultural tools is not
high (with PTEs lower than the permissible values specified in the
soil contamination standards). However, cultivation operations are
usually carried out several times as part of the agrotechnical cycle
and repeated in subsequent years. Wear of working parts used soil
also occurs during sowing, planting and harvesting of certain
agricultural products. Thus, in the perspective of continuous agri-
cultural activity, the mass of chemical elements introduced in this
way into the soil increases. Other phenomena may also play a role
in this process, e.g. rinsing elements into deeper layers of soil or
being absorbed by plants and then removing along with the crop
being harvested. Hence, it was found that thewear of working parts
of agricultural tools working in soil is an additional anthropological
factor contributing to the introduction of undesirable chemical el-
ements into the soil.

5. Conclusions

(1) The wear of the working parts of agricultural tools operating
in soil is an additional, anthropological source of selected poten-
tially toxic element (mainly Co, Cr, Cu, Mn, Mo, Ni). Due to the
repeatability of cultivation treatments, the amount of heavy metals
introduced into soil in this way may be increased. During the use of
the working parts of agricultural tools, chemical elements are also
introduced into the soil: Fe (contained in steel and welding mate-
rials), W (contained in plates made of cemented-carbide and
welding materials), Nb (alloy addition of welding materials), and
also small amounts of Al, B, C, P, S, Si, Ti, V and Zr. Due to the
repeatability of specific field treatments, the introduction of given
elements into the soil is periodic, and their content in the soil may
increase.

(2) The variety of chemical elements introduced into the soil as a
result of the wear of the working parts of agricultural tools depends
on the chemical composition of the materials used in their con-
struction. However, the mass of introduced elements depends on
the chemical composition of the materials (and thus their me-
chanical properties) and the soil conditions.

(3) The application of reinforced working parts, which are
characterized by a lower rate of wear, usually results in a reduction
of the mass of chemical elements reaching the soil. Moreover, the
variety of introduced chemical elements actually increases.
Nevertheless, the mass of chemical elements, which occur both in
used steels and in reinforcing material (padding welds and/or
cemented-carbide plates), can be increased.

(4) Chemical elements introduced into the soil during wear of
working part generally occur in two forms: solid solutions (formed
on the basis of Fe and Co) or in the form of metal carbides (espe-
cially iron, tungsten and chromium). The bioavailability of such
forms is difficult to clearly assess and requires appropriate research.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.iswcr.2020.11.001.
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a b s t r a c t

Despite the important roles of Sustainable Agricultural Practices (SAPs) in improving productivity,
welfare, and food security of farming households, the adoption rates of SAPs have been perceived to be
generally low, especially in developing countries. Using cross-sectional data collected from the 2015
Nigeria General Household Survey, this study examines the factors influencing the adoption of multiple
SAPs, while also considering the drivers of the intensity of adoption of these practices. The methods of
data analysis are based on the Multivariate probit and the Ordered probit models. The SAPs considered
include improved seeds, inorganic fertilizer, mixed-cropping techniques, and organic manure. The
empirical results show that farmers’ adoption of different SAPs and their intensity of use depend
significantly on factors such as the age of household head, gender, education, household size, access to
extension services, and household wealth status. Our findings imply that policymakers and agricultural
development agencies should seek to maintain or increase household asset bases, and encourage both
formal and informal training programme among farming households to facilitate the adoption of SAPs.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

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

1. Introduction

There is no doubt that the global agricultural food system is
facing unprecedented shocks in recent times largely due to climate
change that usually results in uncertainty in production and
constitute threats to yield and welfare of farmers, especially
smallholder farmers in Sub-Saharan Africa (SSA) whose livelihood
strongly depends on agriculture. For example, the manifestation of
midseason droughts in terms of low and inconsistent rainfall
pattern can cause harm to maize at the productive and vegetative
stages, resulting in complete harvest failure or yield loss (Daryanto
et al., 2016) which may have a serious implication on food security
and welfare of farmers. In response to these unprecedented shocks
from climate change impacts, policymakers and development
agencies have promoted interventions targeted at the develop-
ment, dissemination, and adoption of sustainable agricultural
practices (SAPs) across SSA. Examples of these practices include soil
and water conservation practices in Zambia (Arslan et al., 2014) and

improved seed varieties in Nigeria (Abdoulaye et al., 2018; Olagunju
et al., 2019). The impacts of the adoption of SAPs have been widely
linked to improved productivity, welfare, and food security across
SSA (Bezu et al., 2014; Simtowe et al., 2019). However, to date,
adoption rates are generally low in SSA despite its multiple benefits
(Abebe et al., 2013; Kagoya et al., 2018).

In reality, agricultural production in SSA countries is driven by
multiple idiosyncratic and covariate risks that drive farm house-
holds to adopt multiple SAPs to counter impending production
risks. A typical farm household is however subjected to making
rational choices among multiple SAPs amidst diversified risk-
driven multiple cropping systems on the combination of choices
to adopt dependent on his or her attributes. As such, the adoption
of a particular SAP may be dependent on the use of another. For
example, most improved seed varieties are promoted in packages
including fertilizer, irrigation, and pesticides (Emmanuel et al.,
2016; Adebayo et al., 2018). This makes it quite important to con-
trol for the interdependence of SAPs in multiple adoptions to avoid
underestimation or overestimation of factors influencing the
adoption of agricultural SAPs (Wu & Babcock, 1998). There are
increasing empirical studies that focused on examining the factors* Corresponding author.
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influencing the adoption of SAPs across SSA using this approach,
these include studies in Kenya (Ndiritu et al., 2014; Wainaina et al.,
2016); Ethiopia (Gebremariam& Tesfaye, 2018; Bedeke et al., 2019);
and Southern Africa (Kassie et al., 2015).

Considerably, these studies justified the need for a better un-
derstanding of farmers’ adoption behaviour to aid in designing pro-
poor policies that could whet their adoption behaviours. Across
these studies, socioeconomic, institutional, environmental, and
climatic attributes influencing the adoption of multiple SAPs across
SSA have been explored in various contexts. One key finding from
these studies is that there is heterogeneity in factors of adoption,
implying that adoption factors differ in terms of attributes of
households considered, technology and locations.

The present study aims at examining the factors influencing
multiple adoptions of SAPs among farming households in Nigeria.
Our study makes significant contributions to the literature. Firstly,
this study provides the first attempt to explicitly assess the pre-
dictors of adoption of multiple SAPs in Nigeria in the case of in-
teractions of several socioeconomic and farm factors in a complex
and diverse national agricultural setting. Second, our study adopts a
comprehensive household data of Nigeria General Household data
which is inclusive of households’ agricultural data from the World
Bank Living Standard Measurement Survey. We identified various
SAPs choices adopted by households while recognising the inter-
dependence between various SAPs considered. This is important for
promoting effective policies to redefine strategies for promoting
the adoption of agricultural innovations. Thirdly, we further ques-
tion the limitation of assessing the probability of adoption without
considering the intensity of use. Given that not every farm house-
holds can adopt all available SAPs as a result of variations in farming
and livelihood contexts and, in reality, farm households combine
SAPs in different numbers. In particular, our study seeks to address
the following research questions: (1) What are the factors influ-
encing the adoption of multiple SAPs at the farm household level?
(2) what are the factors influencing the intensity of adoption?

2. Review of empirical studies

The adoption of multiple SAPs is unavoidable where farm
households are exposed to multiple climatic shocks that may
impact the expected productivity level. There is however bound to
be conflicting or complementary choices for farm households
subject to their households’ perceived utility. Decisions in joint
adoption vary heterogeneously and are well noted across SSA
(Abdulai et al., 2011; Teklewold et al., 2013). Past studies have
highlighted varying conflicting results of factors driving adoption
based on the innovative agricultural types and location (Teklewold
et al., 2013; Wainaina et al., 2016; Makate&Makate, 2019), thereby
confirming the heterogeneity that exists in households’ adoption
behaviours.We explain the interactions of these attributes belowas
stated in past literature as a background to their relevance in this
study.

In terms of human attributes, gender is an exemplary factor
driving or constraining the adoption of SAPs. Within conservation
packages, gender differences can exist in adoption. Also, in the mix
of SAPs, differences in adoption decisions can be skewed to a
particular class of SAP, for example in Theriault et al. (2017), female
plot managers were less likely to adopt yield-enhancing (Inorganic
fertilizer and or improved seed variety) and soil-restoring strate-
gies (fungicide, herbicide/pesticide) however no differences in yield
protecting strategies (e.g manure, compost, planting pits, etc). In
the literary context, the variations in results per the gender variable
adopted can also relate to the women population considered. For
example, differentials exist in decisions to adopt considering fe-
male plot managers who are household heads and wives in male

households (Peterman et al., 2010). In a similar finding by Doss and
Morris (2000), the adoption rate of maize varieties for female
farmers living in male-headed households was significantly higher
than the rate for female farmers living in female-headed
households.

Educated farm households expectantly should be enlightened
about the evolution in modern practices and should adopt easily.
However, results from joint adoption studies revealed diverse ef-
fects on adoption decisions with differing perspectives (Ndiritu
et al., 2014; Wainaina et al., 2016). Also, conservation practices
have been noted to be labour intensive in adoption studies.
Household size is a quite notable proxy of labour supply that can as
well influence adoption decisions. Some studies have found that
Larger farm households are more likely to invest in the adoption of
labour-intensive sustainable practices (Ndiritu et al., 2014). Proxies
of households’ assets signify wealth status and ease in purchasing
modern varieties and employing labour for production activities.
The adoption of agricultural innovations has been found significant
in impacting livelihood through asset measurement as a proxy
(Awotide et al., 2015). However, inequality in the adoption of SAPs
can as well be related to wealth disparities. In the context of this
study, we considered household assets value as a proxy to assess its
interaction with identified SAPs. In various contexts in adoption
studies, the role of SAPs in ensuring food security is well estab-
lished in the literature (Kassie et al., 2015; Jaleta et al., 2018). At the
same time, households’ use of production practices is defined by
their food security status (Oyetunde-Usman and Olagunju 2019).
The food security status of householdsmay be influencing adoption
decisions in that food-insecure households may be willing to adopt
portfolios of SAPs to improve productivity. Besides, the use of food
security indicator as a factor of adoption is not quite common, in
the context of this study, we adopted a subjective measure of
households’ food security status based on their access to healthy
and nutritious food to assess how households’ food security status
interacts in joint adoption of improved seeds and conservative
practices.

Extension institutions are usually endogenous in interventions
and are foremost in promoting the adoption of modern varieties
and conservation practices. Heterogeneity, however, exists in
extension proxies in driving or constraining adoption. For example,
in Makate et al., 2019, access to extension services varied according
to the agricultural practices, while it drives adoption of conserva-
tion agriculture and improved legumes, it did not drive adoption of
drought-tolerant maize varieties. Physical factors such as land are a
key asset in households’ agriculture and it is central to develop-
ment policies (Goldstein & Udry, 2014). It is a productive resource
for agricultural development and poverty reduction measures
(Khonje et al., 2015) and it is relevant in fostering investment in
agricultural growth for development gains (Lawry et al., 2014). In
long term investment innovations such as conservation practices,
land ownership drives adoption decisions while lack of it can pre-
clude farmers from investing in agricultural innovations due to the
risk of eviction (Abdulai et al., 2011; and Zeng et al., 2018). Further,
variation exists in the role of land ownership in driving adoption
(Wainaina et al., 2016; and Bedeke et al., 2019). Production shocks
are positively associated with the adoption of agricultural in-
novations and various types of shocks interact heterogeneously
with varying SAPs. For example in Gebremariam & Tesfaye, 2018,
production shock was positively associated with the adoption of
organic fertilizers, it constrained the adoption of chemical fertilizer
and irrigation practices. Also, climatic variables such as tempera-
ture and rainfall can be determinants of the adoption of SAPs
(Arslan et al., 2014).
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3. Data and econometric framework

3.1. Data source

This study employs a dataset obtained from the Nigeria General
Household Survey that was conducted in 2015 as part of the World
Bank Living Standard Measurement Survey-Integrated Surveys on
Agriculture (LSMS-ISA) project. This project supports the redesign
and implementation of the General Household Survey and serves as
a larger part of the regional project in sub-Saharan Africa. For
Nigeria, it was carried out in partnership between the Nigeria Bu-
reau of Statistics, the Federal Ministry of Agriculture and Rural
Development (FMA&RD), the National Food Reserve Agency
(NFRA), the Bill and Melinda Gates Foundation (BMGF), and the
World Bank (WB). The key objectives include (i) to improve the
production of household-level agriculture statistics linked with
non-agriculture dimensions of household welfare and behaviour
and (ii) to foster the dissemination and use of these data. In
particular, the dataset was collected through a nationally repre-
sentative survey of 5000 agricultural households, which are
representative of the geopolitical and agro-ecological zones of
Nigeria. It contains a wide range of detailed information on agri-
cultural household and plot characteristics, topographical and cli-
matic factors, as well as different Sustainable Agricultural Practices
(SAPs). Following our data cleaning process, a total of 2113 agri-
cultural households were used for analysis.

In this study, we considered four main categories of SAPs which
are common among agricultural households in Nigeria. These
include the use of high yielding hybrid and improved seeds, the use
of inorganic fertilizers, adoption of mixed cropping, and use of
organic manure. We incorporated different determining factors
that may influence the adoption of various SAPs including socio-
economic, institutional, demographic, topographical, and climatic
factors. Specifically, the factors considered in this study include age
of household head, gender of household head, household size, land
ownership status, formal education of at least 6 years, asset value,
production shocks, access to extension services, distance from a
market in kilometers, food insecurity index, annual mean temper-
ature, annual mean precipitation, mean temperature of the wettest
period.

3.2. Econometric framework

3.2.1. The Multivariate Probit Model
To assess the factors influencing the adoption of multiple SAPs,

we rely on the assumption of interdependence of different SAPs,
suggesting that the decision to adopt SAPs is inherently multivar-
iate. Following the study conducted by Teklewold et al. (2013), we
employed a Multivariate Probit Model (MVP) approach to assess
the factors influencing the adoption of multiple SAPs at the farm
households’ level. Unlike other dichotomous models, the MVP
model can account for unobservable factors that affect farm
households’ adoption decisions by allowing for correlation across
error terms of latent equations (Belderbos et al., 2004). Such cor-
relations allow error term for positive correlation (complemen-
tarity) and negative correlation (substitutability) between the
various SAPs (Ndiritu et al., 2014; Bedeke et al., 2019).

In modelling this, we considered a random utility framework of
a jth farm household ðj¼ 1…::;KÞ facing a decision to adopt or not
adopt a set of interdependent SAPs qðq¼ 1……QÞ: The utility Ua

represents benefits derived by households from adopting tradi-
tional agricultural practices and Ub represents the benefits of
adopting SAPs which in the context of this study include the
adoption of improved seed (S), Organic manure (O), Inorganic

fertilizer (I), and Mixed cropping practices (M). We further hy-
pothesize that a jth household only chooses to adopt SAPs b on plot
q, if the net benefit Y*

jqb, a latent variable is greater than zero. This is

illustrated thus:

Y*
jqb ¼ U*

b � Ua >0 (1)

As such, the net benefit Y*
jqb is determined by the households

observed socioeconomic, plot, location, and climatic characteristics
(Xjq) and the error term (εjq):

Y*
jqb ¼ Xjqbb þ εjq (2)

where b ¼ S, O, I, M.
The observed dichotomous outcome equation for each choice of

SAPs adopted by households is given as:

Yjqb ¼
(

1 if Y*
jqb >0

0 otherwise
Where b¼ S;O; I;M (3)

If the adoption of b types of SAPs are assumed to be interde-
pendent or occur at the same time, the error term is assumed to
jointly follow a multivariate normal distribution pattern with zero
conditional mean and a unitary variance. The symmetric covariance
matrix p is illustrated as follows:

p¼

8>><
>>:

1 dSO dSI dSM
dOS 1 dOI dOM
dIS dIO 1 dIM
dMS dMO dMI 1

9>>=
>>;

(4)

The off-diagonal elements in the covariance matrix represent
the unobserved correlation between the error components of the
different types of SAPs.

3.2.2. The ordered probit model
From our MVP model above, we conceptualised that before the

adoption of one or more SAPs, a farm household compares the net
benefit of adopting and not adopting and only chooses to adopt the
new SAPs if the net benefit is greater than non-adoption. Farm
households tend to adopt more SAPs if the household derives
higher utility from the previous adoption. However, theMVPmodel
is limited to estimating the intensity of adoption of SAPs. We
considered assessing the extent of adoption by the numbers of SAPs
adopted at the household levels. This concept is related to a Poisson
count distribution model, however, a Poisson distribution contra-
dicts our assumption of the interdependence of SAPswhich renders
it inappropriate.

Usually, a common analytical process of assessing the intensity
of adoption is considering the proportion of land area as stipulated
by some adoption studies (Arslan et al., 2014). As a result of data
limitation on variables related to this, we, therefore, treated our
dependent variable as an ordinal variable that follows categories of
ordered outcomes, for example, households that adopt one, two, or
more SAPs. Following Cameron and Trivedi (2010), our ordered
outcomes are modelled sequentially as a latent variable y*, where
y* is an underlying unobserved measure of households’ adoption of
SAPs in numbers and it is specified as follows:

y*i ¼ X0
iBþ ui (5)

For a jth farm household where normalization is that the re-
gressors x do not include an intercept, for a low y* , adoption of SAPs
is low, for y* >1 number of SAPs increases, for y* >2, adoption in-
creases further and this continues further. For m categories
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following a standard ordered probability model, the probability of
observing outcome i corresponds to the following:

Pr
�
outcomej ¼ i

�¼Pr
�
Ki�1 < X0

ibþ ui �ai
�

(6)

where ui is assumed to be normally distributed with a standard
normal cumulative distribution function. The coefficients b1……::bk
is jointly estimated with the cutpoints a1 ; a2 ; …; aK�1; where k is
the number of possible outcomes.

4. Results and discussions

4.1. Descriptive statistics

The description and summary statistics of these variables
employed in this study are presented in Table 1. In many adoption
studies, age is an important determinant of households’ decisions
to adopt agricultural innovations as this could indicate the level of
experience in farming practices and use. From our findings, the
average age of the household head is about 52 years signifying that,
on average, farm households are still in their active farming years.
However, age status has been reported to have a mixed effect on
SAPs adoption (Nigussie et al., 2017). Further to this, very few (10%)
of the households are headed by females. While this may suggest
fewer female roles in the farming population, it does not cover the
role of spouses of male-headed households who could be plot
managers and can influence adoption decisions. On the other hand,
the average household size is approximately 8 indicating a typical
large family setting. Large family sizes are a feature of most agri-
cultural settings in developing countries and signify possibilities of
family labour use. In addition, depending on the type of SAPs,
household size has been reported as a factor that is considered in
households’ decisions to adopt. By way of example, soil and water-
conserving technologies require more labour needs and have been
found positive in driving adoption (Gebremariam & Tesfaye, 2018),
on the other hand, it can be negative in the adoption of similar
practices (Amsalu & de Graaff, 2007). Households’ statistics further
revealed that 82% of households’ heads had at least 6 years of
formal education, however suggesting that majority of households’
heads are educated and could have easy knowledge of farm prac-
tices and technological information uptake.

Also, 88% of households’ heads are tenure secured, this may be
as a result of ease of transfer rights similar to most countries in

West Africa (Bambio and Bouayad Agha 2018). From our descriptive
analysis, asset cost represents non-farm assets, in this context,
households with higher asset cost is indicative of better welfare
status and ability to purchase costlier agricultural technologies,
similar proxies of wealth have been found positive in driving
adoption of agricultural innovations (Teklewold et al., 2013; Arslan
et al., 2014).

Incidentally, the adoption of SAPs is partly defined by impend-
ing idiosyncratic and covariant risk as expressed in various studies
(Dercon & Christiaensen, 2011). In this study, we considered pro-
duction shock which is a cogent factor of adoption and determines
the mix of practices a farm household chooses to adopt. From our
descriptive analysis, in a typical farming season, about 40% of farm
households experienced one form of production shocks or the
other. This significantly showed that households agriculture is risk-
driven and suggests the possibilities of a higher mix of different
agricultural innovative practices. Access to extension services plays
significant roles in increasing awareness, demonstrating on-farm
trials and practices, and influencing continued adoption. In this
study, only 19% of farm households had access to this. It is apparent
that access to extension services is still at its low peak and suggests
a high perceived risk of adopting SAPs among farm households.
Nonetheless, studies have reported a positive impact of access to
extension services in driving the adoption of agricultural innovative
practices (Wossen et al., 2017; Yigezu et al., 2018). From the result
table, on average, the nearest major market is 62.98 km. Distance to
the nearest major market can indicate households’ ease of access to
grain traders and other market networking relations. At the same
time, increased distance from market centres could signify poor
market information access, poor access to seeds supply, and local
weather information as well (Kaliba et al., 2000). As reported by
Wainaina et al., 2016, farm households living far away from the
nearest market considered agricultural practices that require low
transaction cost to implement.

The food insecurity status indicator illustrated in Table 1 con-
stitutes binary responses from ten subjective measures of food
security covering availability, accessibility, nutrition, and stability. A
higher index as illustrated in Table 1 indicates that households are
prone to being food insecure. The indicators of climatic factors of
agricultural households revealed that, on average, the annual mean
temperature is 26.3 �C, the annual mean precipitation is
1187.84 mm and the mean temperature of the wettest quarter is

Table 1
Description and summary statistics of variables.

Variable Description Expected sign Mean Std. dev

Category 1 Households and plot factors
Age Age of Household Head (Years) Positive/Negative 52.14 13.96
Gender Gender of household head (Dummy, female ¼ 1, male ¼ 0) Positive/Negative 0.10 0.30
Household Size Number of family members (Count) Positive/Negative 8.22 3.64
Owned land Land ownership status (Dummy, owned land ¼ 1, otherwise ¼ 0) Positive 0.88 1.06
Education Had at least six years of formal Education (Dummy, yes ¼ 1, no ¼ 0) Positive 0.82 0.38
Asset value Value of asset in Nigerian Naira (NGN) Positive 84048.55 435155.5
Production shock Experience production shock (Dummy, yes ¼ 1, no ¼ 0) Positive/Negative 0.40 0.49
Extension service Access to extension Service (Dummy, yes ¼ 1, no ¼ 0) Positive 0.19 0.39
Market distance Distance from farm household to major markets (in kilometers) Negative 62.98 33.73
Food insecurity status Household’s food insecurity status (ranges from score 0 to10, with 0 being lowest and 10 highest) Positive 6.86 2.78
Category 2 Topographical and climatic factors
Temperature Annual mean temperature (0 �C) Positive/Negative 26.30 11.64
Precipitation Annual mean precipitation (mm) Positive/Negative 1187.84 530.37
Wettest period temp Mean Temp. of the Wettest period (0 �C) Positive/Negative 25.23 12.90

Sustainable Agricultural Practices (SAPs)
Improved seeds Adoption of improved seeds (Dummy, adopter ¼ 1, non-adopter ¼ 0) 0.14 0.34
Inorganic fertilizer Adoption of inorganic fertilizer (Dummy, adopter ¼ 1, non-adopter ¼ 0) 0.80 0.40
Mixed cropping Adoption of mixed cropping techniques (Dummy, adopter ¼ 1, non-adopter ¼ 0) 0.77 0.42
Organic manure Adoption of organic manure (Dummy, adopter ¼ 1, non-adopter ¼ 0) 0.49 0.50
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25.2 �C. The second section of Table 1 describes the agricultural
SAPs adopted in these studies. From the descriptive statistics,
inorganic fertilizer and mixed cropping techniques are the most
adopted practices in the range of 80% and 77% respectively, while
only 14% of farm households adopted improved seed varieties.
Seemingly, the adoption of improved seed varieties is still low
among agricultural farm households (14%).

4.2. Complements and substitutes of sustainable agricultural
practices

Table 2 reports the correlation coefficient of error terms
extracted from the multivariate probit estimation. Correlation of
error terms of SAPs indicates interdependence among the four SAPs
considered, including the adoption of improved seeds, inorganic
fertilizer, mixed cropping, and organic manure. This arises because
similar unobserved households’ characteristics can influence the
adoption of different SAPs. Our results indicate conditional adop-
tion of SAPs is evident in a pair of SAPs that are positively correlated
between pairs of mixed cropping and organic manure. This is
similar to the complementarity effect among SAPs in Muriithi et al.,
2018. Likewise, farm household joint adoption of SAPs may be due
to the low cost of adopting such conservation practices to reduce
the use of chemical fertilizer and save cost.

Further to this, the propensity of households to adopt improved
seed increases with the use of inorganic fertilizers. Consequently,
combining improved seed varieties along with inorganic fertilizer
is likely to increase productivity andmaximize income. At the same
time, the decision to adopt may be affected by the availability of
substitutes as indicated in negatively correlated SAPs pairs; Inor-
ganic fertilizer, and organicmanure. This shows that the probability
of adopting inorganic fertilizer is highly negatively correlated with
organic manure, suggesting that farm households to a large extent
either adopt more inorganic fertilizer and less organic manure or
substitute one for the other.

4.3. Multivariate Probit Model estimates of the factors influencing
adoption of multiple SAPs among agricultural households

To answer the first main research question which is to examine
the factors influencing the adoption of multiple SAPs at the farm
household level, we employed the Multivariate probit model. The
results from the model are reported in Table 3. The results reveal
that the log-likelihood ratio (LR) of the model is �3706.055 and
Wald X2 (52) ¼ 747.99 significant at (p < 0.01), suggesting that the
model is of a good fit. The significance of the LR test also suggests
that the decisions to adopt multiple SAPs are interdependent.

The results presented in Table 3 also show that the probability of
adopting mixed cropping techniques and organic manure increases
among older farmers while the probability of adoption of improved
seed and inorganic fertilizer increases among younger farmers, this

was significant at p < 0.01. The differentials in these preferences
may be due to the ability of younger farmers to understand the use
of modern innovative practices such as improved seeds and fertil-
izers. This was partly in relation to Bedeke et al. 2019, where
younger farmers were more likely to use improved seeds varieties.
This may, however, differ as older farmers were found willing to
adopt improved maize varieties in Tanzania (Beyene & Kassie,
2015). In the case of gender, female household heads were less
likely to adopt improved seeds and mixed cropping practices. In a
way, this is suggestive of female farmers lagging roles in the
adoption of modern innovative SAPs. In past studies, low adoption
of modern SAPs has been related to differentials in technology
preferences, cultural acceptability, and suitability of a particular
technology for women agricultural tasks (Doss & Morris, 2000;
Peterman et al., 2010; Quisumbing & Pandolfelli, 2010).

The coefficient of household size variable is significant (p < 0.05)
in driving the adoption of only inorganic fertilizer. Household size
can be a proxy to labour supply that could have an impact on
driving or constraining adoption. Application of inorganic fertilizer
can be labour intensive and as indicated in Table 1, is the most
adopted SAPs among agricultural households in this study. As such,
there is a possibility of consideration of family size in the adoption
of such practice. Tenure security can as well be peculiar to the
decision to adopt long-term technologies such as soil and water
conservation technologies. From our result, ownership of land was
significant (p < 0.01) in driving the adoption of both organic
manure and inorganic fertilizer. This form of the relationship sug-
gests that land ownership promotes both soil-conserving and
yield-enhancing practices.

Also, a unit increase in the log of asset value significantly in-
creases the decision to adopt improved seeds by 6.4%, implying the
role of wealth status in driving adoption of SAPs. From past studies,
proxies of farm households’wealth status have been found positive
and significant in driving the adoption of improved seed varieties
(Arslan et al., 2014; Nigussie et al., 2017). The coefficient of pro-
duction shocks positively and significantly impacts the adoption of
mixed cropping practices and organic manure. This shows that
households consider sustainable land practices to protect against
common production shocks such as flooding, pest, and disease
attack. Surprisingly, the coefficients of production shocks suggest
that farm households are less likely to adopt improved seeds and
inorganic fertilizer. The explanation to this may be subject to
households’ consideration of improved seed and inorganic fertilizer
for immediate high yield impact and not for a long-term effect.
Also, households with access to extension services influenced the
adoption of inorganic fertilizer and organic manure, this was sig-
nificant at p < 0.05 and p < 0.01 respectively. This may be because
extension access is endogenous to the adoption of agricultural
technologies, most especially in the awareness and demonstration
of improved production practices. For example, the use of inorganic
fertilizer requires information on usage and application which may

Table 2
Correlation coefficient of error terms obtained from the MVP estimates.

Sustainable Agricultural Practices (SAPs) Correlation coefficients Standard error Z statistics

Mixed cropping and organic manure (rho21) 0.160*** 0.037 4.330
Inorganic fertilizer and Mixed cropping (rho31) �0.058 0.043 �1.350
Improved seeds and mixed cropping (rho41) �0.033 0.045 �0.720
Inorganic fertilizer and Organic manure (rho32) �0.843*** 0.022 �38.30
Improved seeds and organic fertilizer (rho42) �0.086** 0.044 �1.980
Improved seeds and inorganic fertilizer (rho43) 0.119*** 0.046 2.600
Likelihood ratio test for rho21 ¼ rho31 ¼ rho41 ¼ rho 32 ¼ rho 42 ¼ rho 43¼ 0.00 chi2(6)¼ 517.499*

*, **, and *** indicate statistical significance at p < 0.1, p < 0.05 and p < 0.001 respectively. rho signifies correlation between SAPs. 1 ¼ organic manure; 2 ¼ mixed cropping
3 ¼ Inorganic fertilizer; 4 ¼ Improved seeds.
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be complex and may not yield the needed result if not followed
appropriately, this was evident in Duflo et al., 2008, assessment of
fertilizer use in Kenya. As such, access to extension services on the
right use of fertilizers can be significant in households’ decisions to
adopt. Further, the results of distance to market were quite mixed,
it was only positive and significant for inorganic fertilizer and
negative for other SAPs types.

Food insecurity status of households is relevant in SAPs’ adop-
tion. From our result, farm households who are prone to being
food-insecure have a higher probability of adopting mixed crop-
ping activities and inorganic fertilizer, however, may not likely
adopt improved seeds varieties. Food-insecure households are
about increasing yield using basic land practices and common high
yield SAPs such as fertilizer. The likelihood of adopting improved
seed and inorganic fertilizer significantly increased with an in-
crease in annual mean temperature and precipitation. Climatic
variation in temperature and rainfall is one of the key driving fac-
tors of modern agricultural innovative practices as illustrated in
several adoption studies (Arslan et al., 2014; Beyene& Kassie, 2015;
Gebremariam & Tesfaye, 2018). Also, the probability to adopt
however decreases with an increase in mean of the temperature of
the wettest period for improved seed and inorganic fertilizer,
except for mixed cropping practices and organic manure.

4.4. Ordered probit estimates of the factors influencing the number
of SAPs adopted among agricultural households

In Table 4, we present the results of the ordered probit estimates
of the factors affecting the number of SAPs adopted among agri-
cultural households. The chi-squared statistics from the orders
probit model is statistically significant (p < 0.001) (X2(13)¼ 276.75
Prob > chi-square¼ 0.000), suggesting that the model is of good fit.

The result also shows that the number of SAPs adopted increases
with the age of household head and household size. This may be
due to the experience accumulated over the farming years espe-
cially with SAPs. The results also show that households that are
food-insecure explore multiple agricultural modern practices to
increase households’ food needs. In terms of gender of household
head, female-headed households are less likely to adoptmore SAPs,
as such similar reasons persist as those explained in theMVPmodel
(Table 3). This can also be attributed to the fact that poor access to
complementary inputs can be a limiting factor in adopting more
SAPs for female household heads. Surprisingly, the result of the

annual mean temperature and mean temperature of the wettest
period contradicts the result in the MVP model in Table 3. One can
say that variation exists within each SAPs type and the households’
reason for adoption. The increasing annual mean temperature may
not necessarily improve households’ decisions to adopt more SAPs
but may imply their decision to go for substitute incorporating
broader features of previously adopted SAPs. In contrast to this, the
probability of adopting more agricultural SAPs increases with
increasing mean temperature of the wettest period. Access to
extension services was as well important in driving farm house-
holds’ adoption of more SAPs at p < 0.01.

Our result further underscores the importance of production
shocks in driving the adoption of modern agricultural innovations.
The propensity of adopting more SAPs increases as farm house-
holds’ experience more production shocks. As illustrated in Dercon
and Christiaensen (2011), for every standard deviation increase in
predicted consumption in the case of rainfall failure, there is a 16%
increase in fertilizer technology use in Ethiopia. Interestingly, the
number of SAPs adoption increases with households with less than
six years of formal education. Households’ decision to adopt may
weigh higher on the network of information on SAPs use. The log of
assets variable was positively significant at p < 0.05. This further
confirmed the role of wealth on SAPs’ adoption. Incidentally,
households that live far away from major market have a higher
probability of adoptingmore SAPs.While this is in contrast with the
common notion, access to notable market information that drives
adoption may not be dependent on distance and probably available
local information networks within.

5. Conclusion and policy implications

The important roles of modern SAPs in bolstering productivity
as well as ensuring food security and reducing poverty are well
established in the literature. Despite these benefits, coupled with
concerted efforts at creating awareness on the adoption of these
innovations in developing countries, adoption rates among farmers
have been perceived to be generally low, especially in SSA. Using
cross-sectional data collected from the 2015 Nigeria General
Household Survey, our study assessed the factors influencing the
adoption of multiple SAPs in Nigeria, while also considering the
drivers of adoption intensity of these SAPs at farm household level.
The SAPs considered include improved seeds, inorganic fertilizer,
mixed cropping techniques, and organic manure.

Table 3
Multivariate probit model of factors driving adoption of SAPs.

Variables Improved Seeds Inorganic Fertilizer Mixed Cropping Organic manure

Coeff. (Std. error) Z. stat. Coeff. (Std. error) Z. stat. Coeff. (Std. error) Z. stat. Coeff. (Std. error) Z. stat.

Age �0.005* (0.003) �1.69 �0.008*** (0.002) �3.53 0.015*** (0.003) 5.96 0.011*** (0.002) 5.04
Gender �0.325** (0.134) �2.43 �0.119 (0.103) �1.15 �0.283*** (0.106) �2.68 0.015 (0.102) 0.15
Household size 0.014 (0.011) 1.32 0.021** (0.010) 2.14 0.002 (0.010) 0.22 0.004 (0.009) 0.46
Land ownership �0.068 (0.033) �2.02 �0.100*** (0.033) �3.01 0.003 (0.032) 0.11 0.125*** (0.029) 4.24
Education �0.023 (0.110) �0.21 0.275*** (0.087) 3.17 �0.657*** (0.114) �5.77 �0.239** (0.084) �2.84
Asset value (log) 0.064* (0.033) 1.93 0.000 (0.031) �0.01 0.023 (0.030) 0.77 �0.003 (0.028) �0.09
Production shock �0.276*** (0.0790 �3.5 �0.223*** (0.067) �3.32 0.137** (0.070) 1.97 0.396*** (0.062) 6.39
Extension service 0.186 (0.099) 1.89 0.225** (0.094) 2.4 0.146 (0.094) 1.56 0.223*** (0.081) 2.75
Market distance �0.007*** (0.001) �6.23 0.002** (0.001) 2.14 �0.003*** (0.001) �3.46 �0.003*** (0.001) �2.8
Food Insecurity index �0.032** (0.014 �2.24 0.023* (0.013) 1.84 0.061*** (0.013) 4.68 0.001 (0.011) 0.07
Mean Temperature 0.022** (0.010) 2.06 0.032*** (0.009) 3.71 �0.047*** (0.009) �5.34 �0.098*** (0.008)< �11.62
Mean precipitation 9.0E-4* (8.0E-4) 1.71 4.2E-4*** (9.0E-5) �4.83 (6.0E-5)

(8.0E-5)
�0.66 (9.0E-5)

(8.0E-5)
1.11

Wettest period temp �0.031*** (0.010) �3.12 �0.049*** (0.008) �6.14 0.055*** (0.008) 6.55 0.090*** (0.008) 11.55
Constant 1.119 (0.933) 1.2 5.790*** (1.015) 5.7 �0.952 (0.826) �1.15 1.953** (0.795) 2.46
Number of observations: 2113 Log likelihood ¼ -3706.055 Wald X2(52) ¼ 747.99 Prob > X2¼ 0.0000
Joint significance of mean of household’s varying covariates X2(6) ¼ 517.499 Prob > X2 ¼ 0.0000

*, **, and *** indicate statistical significance at p < 0.1, p < 0.05 and p < 0.01 respectively.
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The results from the study showed that farmers’ adoption of
different SAPs and their intensity of use depends on the age of
household head, gender, education, household size, access to
extension services, and household’s wealth status. In particular, the
study found that the probability of adoption of improved seeds and
inorganic fertilizer increases only among younger farmers. The
study also revealed that female-headed households were lagging in
the adoption of improved seeds and mixed cropping technologies.
Besides, adoption of all SAPs considered was also influenced by
distance frommajor markets, with farmers living farther away from
the market being less probably to adopt improved seed, mixed
cropping production techniques, and organic manure. Our analysis
also suggests that production shocks play a significant role in the
adoption decision of all SAPs by farmers. Finally, farmer decisions to
adopt multiple SAPs were found to be affected by climatic factors,
such as temperature and precipitation.

Our results offer a number of vital implications for policy. As
evidenced in our results, it can be concluded that agricultural in-
novations are interdependent. This suggests that the interdepen-
dence nature of agricultural innovations should be considered in
designing effective strategies for the development and dissemina-
tion of agricultural SAPs in Nigeria, as well as in other developing
countries. Giving that diverse factors influence the different com-
bination of SAPs, it is important that in designing incentives for
smallholder farmers to adopt multiple SAPs, policymakers should
take into consideration several farm managerial, socio-economic
and plot-specific factors to ensure that farmers can maximise the
benefits of SAPs. Examples include provision of training pro-
gramme designed to enlightening farmers on the benefits of SAPs,
as well as on first-hand information on weather conditions. Also,
shock management strength of farmers should be well examined
and considered when designing and executing dissemination
schemes for different SAPs.

Declaration of competing interest

The authors of this paper declare no conflict of interest.

References

Abdulai, A., Owusu, V., & Goetz, R. (2011). Land tenure differences and investment in
land improvement measures: Theoretical and empirical analyses. Journal of
Development Economics, 96(1), 66e78.

Abdoulaye, T., Wossen, T., & Awotide, B.2018. (2018). Impacts of improved maize

varieties in Nigeria: ex-post assessment of productivity and welfare outcomes.
Food Security, 10, 369e437.

Abebe, G. K., Bijman, J., Pascucci, S., & Omta, O. (2013). “Adoption of improved
potato varieties in Ethiopia: The role of agricultural knowledge and innovation
system and smallholder farmers’ quality assessment. Agricultural Systems, 122,
22e32.

Adebayo, O., Bolarin, O., Oyewale, A., & Kehinde, O. (2018). Impact of irrigation
technology use on crop yield, crop income and household food security in
Nigeria: A treatment effect approach. AIMS Agriculture and Food, 3(2), 154e171.

Amsalu, A., & de Graaff, J. (2007). Determinants of adoption and continued use of
stone terraces for soil and water conservation in an Ethiopian highland
watershed. Ecological Economics, 61(2e3), 294e302.

Arslan, A., McCarthy, N., Lipper, L., Asfaw, S., & Cattaneo, A. (2014). Adoption and
intensity of adoption of conservation farming practices in Zambia. Agriculture,
Ecosystems & Environment, 187, 72e86.

Awotide, B. A., Alene, A. D., Abdoulaye, T., & Manyong, V. M. (2015). Impact of
agricultural technology adoption on asset ownership: The case of improved
cassava varieties in Nigeria. Food Security, 7, 1239e1258.

Bambio, Y., & Bouayad Agha, S. (2018). Land tenure security and investment: Does
strength of land right really matter in rural Burkina Faso? World Development,
111, 130e147.

Bedeke, S., Vanhove, W., Gezahegn, M., Natarajan, K., & Van Damme, P. (2019).
Adoption of climate change adaptation strategies by maize-dependent small-
holders in Ethiopia. NJAS - Wageningen Journal of Life Sciences, 88, 96e104.

Beyene, A. D., & Kassie, M. (2015). Speed of adoption of improved maize varieties in
Tanzania: An application of duration analysis. Technological Forecasting and
Social Change, 96, 298e307.

Bezu, S., Kassie, G. T., Shiferaw, B., & Ricker-Gilbert, J. (2014). Impact of improved
maize adoption onwelfare of farm households in Malawi: A panel data analysis.
World Development, 59, 120e131.

Cameron, A. C, & Trivedi, P. K (2010). Microeconometrics Using Stata. Revised Edition.
College Station, TX: Stata Press.

Daryanto, S, Wang, L, & Jacinthe, P-A (2016). Global synthesis of drought effects on
maize and wheat production. PLoS ONE, 11(5), Article e0156362.

Dercon, S., & Christiaensen, L. (2011). Consumption risk, technology adoption and
poverty traps: Evidence from Ethiopia. Journal of Development Economics, 96(2),
159e173.

Doss, C. R., & Morris, M. L. (2000). How does gender affect the adoption of agri-
cultural innovations? Agricultural Economics, 25(1), 27e39.

Duflo, E., Kremer, M., & Robinson, J. (2008). How high are rates of return to fertil-
izer? Evidence from field experiments in Kenya. The American Economic Review,
98(2), 482e488.

Emmanuel, D., Owusu-Sekyere, E., Owusu, V., & Jordaan, H. (2016). Impact of
agricultural extension service on adoption of chemical fertilizer: Implications
for rice productivity and development in Ghana. NJAS - Wageningen Journal of
Life Sciences, 79, 41e49. 2016.

Gebremariam, G., & Tesfaye, W. (2018). The heterogeneous effect of shocks on
agricultural innovations adoption: Microeconometric evidence from rural
Ethiopia. Food Policy, 74, 154e161.

Goldstein, M., & Udry, C. (2014). Agricultural innovation and resource management in
Ghana final report to IFPRI under MP17 agricultural innovation and resource
management in Ghana final report to IFPRI under MP17 207. Giannini Hall
Department of Economics. January 1999.

Jaleta, M., Kassie, M., Marenya, P., Yirga, C., & Erenstein, O. (2018). Impact of
improved maize adoption on household food security of maize producing
smallholder farmers in Ethiopia. Food Security, 10, 81e93.

Kagoya, S., Paudel, K. P., & Daniel, N. L. (2018). Awareness and adoption of soil and

Table 4
Ordered probit estimates of the factors influencing the number of SAPs adopted.

Variables Coefficient Robust Std. Error. Z. Statistics

Age of Household Head 0.008*** 0.002 4.16
Female Household Head �0.308*** 0.085 �3.63
Household Size 0.016** 0.007 2.21
Land Ownership (yes¼1, no¼0) 0.004 0.025 0.18
Education(yes¼1, no¼0) �0.273*** 0.065 �4.22
Asset Cost (log) 0.047** 0.023 2.01
Experience Shock (yes¼1, no¼0) 0.094* 0.052 1.8
Extension Service (yes¼1, no¼0) 0.348*** 0.073 4.78
Distance from Market (km) �0.004*** 0.001 �5.67
Food Insecurity index 0.022*** 0.009 2.33
Annual mean temperature (00C) �0.053*** 0.007 �7.93
Annual Mean Precipitation (mm) 4.0E-4 2.0E-4 �1.45
Mean Temp. of the Wettest period (00C) 0.042* 0.006 6.86
/cut1 �3.715 0.738
/cut2 �2.163 0.733
/cut3 �0.672 0.732
Number of observations ¼2113 Wald chi2(13)¼276.75 Prob > chi2 ¼ 0.000
Log pseudolikelihood ¼ -2213.7361 Pseudo R2 ¼0.0627

*, **, and *** indicate statistical significance at p < 0.1, p < 0.05 and p < 0.01 respectively.

Z. Oyetunde-Usman, K.O. Olagunju and O.R. Ogunpaimo International Soil and Water Conservation Research 9 (2021) 241e248

247



water conservation technologies in a developing country: A case of nabajuzi
watershed in Central Uganda. Environmental Management, 61, 188e196.

Kassie, M., Teklewold, H., Jaleta, M., Marenya, P., & Erenstein, O. (2015). Under-
standing the adoption of a portfolio of sustainable intensification practices in
eastern and southern Africa. Land Use Policy, 42, 400e411.

Khonje, M., Manda, J., Alene, A. D., & Kassie, M. (2015). Analysis of adoption and
impacts of improved maize varieties in eastern Zambia. World Development, 66,
695e706.

Lawry, S., Samii, C., Hall, R., Leopold, A., Hornby, D., Mtero, F., Hall, R., Hornby, D.,
Leopold, A., Lawry, S., & Samii, C. (2014). The impact of land property rights
interventions on investment and agricultural productivity in developing
countries. https://campbellcollaboration.org/library/property-rights-interven
tions-investment-agriculture.html.

Makate, C., & Makate, M. (2019). Interceding role of institutional extension services
on the livelihood impacts of drought tolerant maize technology adoption in
Zimbabwe. Technology in Society, 56, 126e133.

Makate, C., Makate, M., Mango, N., & Siziba, S. (2019). Increasing resilience of
smallholder farmers to climate change through multiple adoption of proven
climate-smart agriculture innovations. Lessons from Southern Africa. Journal of
Environmental Management, 231, 858e868.

Muriithi, B. W., Menale, K., Diiro, G., & Muricho, G. (2018). Does gender matter in the
adoption of push-pull pest management and other sustainable agricultural
practices? Evidence from western Kenya. Food Security, 10(2), 253e272.

Ndiritu, S. W., Kassie, M., & Shiferaw, B. (2014). Are there systematic gender dif-
ferences in the adoption of sustainable agricultural intensification practices?
Evidence from Kenya. Food Policy, 49(P1), 117e127.

Nigussie, Z., Tsunekawa, A., Haregeweyn, N., Adgo, E., Nohmi, M., Tsubo, M.,
Aklog, D., Meshesha, D. T., & Abele, S. (2017). “Factors influencing small-scale
farmers’ adoption of sustainable land management technologies in north-
western Ethiopia. Land Use Policy, 67, 57e64.

Olagunju, K. O., Ogunniyi, A. I., Awotide, B. A., Adenuga, A. H., & Ashagidigbi, W. M.
(2019). Evaluating the distributional impacts of drought-tolerant maize vari-
eties on productivity and welfare outcomes: An instrumental variable quantile
treatment effects approach. Climate & Development, 1e11.

Oyetunde-usman, Z., & Olagunju, K. O. (2019). Determinants of food security and
technical efficiency among agricultural households in Nigeria. Economies, 1e13.

Peterman, A., Behrman, J., & Quisumbing, A. (2010). A review of empirical evidence on
gender differences in non-land agricultural inputs, technology, and services in
developing countries A review of empirical evidence on gender differences in non-
land agricultural inputs, technology, and services in developing countries.” ESA
Working Paper No.

Quisumbing, A. R., & Pandolfelli, L. (2010). Promising approaches to address the
needs of poor female farmers: Resources, constraints, and interventions. World
Development, 38(4), 581e592.

Simtowe, F., Amondo, E., Marenya, P., Rahut, D., Sonder, K., & Erenstein, O. (2019).
Impacts of drought-tolerant maize varieties on productivity, risk, and resource
use: Evidence from Uganda. Land Use Policy, 88, 104091.

Teklewold, H., Kassie, M., & Shiferaw, B. (2013). Adoption of multiple sustainable
agricultural practices in rural Ethiopia. Journal of Agricultural Economics, 64(3),
597e623.

Theriault, V., Smale, M., & Haider, H. (2017). How does gender affect sustainable
intensification of cereal production in the west african sahel? Evidence from
Burkina Faso. World Development, 92, 177e191.

Wainaina, P., Tongruksawattana, S., & Qaim, M. (2016). Tradeoffs and complemen-
tarities in the adoption of improved seeds, fertilizer, and natural resource
management technologies in Kenya. Agricultural Economics (United Kingdom),
47(3), 351e362.

Wossen, T., Abdoulaye, T., Alene, A., Haile, M. G., Feleke, S., Olanrewaju, A., &
Manyong, V. (2017). Impacts of extension access and cooperative membership
on technology adoption and household welfare. Journal of Rural Studies, 54,
223e233.

Wu, J., & Babcock, B. A. (1998). The Choice of Tillage, Rotation, and Soil Testing
Practices: Economic and Environmental Implications. American Journal of
Agricultural Economics, 80(3), 494e511.

Yigezu, Y. A., Mugera, A., El-Shater, T., Aw-Hassan, A., Piggin, C., Haddad, A.,
Khalil, Y., & Loss, S. (2018). Enhancing adoption of agricultural technologies
requiring high initial investment among smallholders. Technological Forecasting
and Social Change, 134, 199e206. 2018.

Zeng, D., Alwang, J., Norton, G., Jaleta, M., Shiferaw, B., & Yirga, C. (2018). Land
ownership and technology adoption revisited: Improved maize varieties in
Ethiopia. Land Use Policy, 72, 270e279.

Z. Oyetunde-Usman, K.O. Olagunju and O.R. Ogunpaimo International Soil and Water Conservation Research 9 (2021) 241e248

248



Original Research Article

Near-saturated soil hydraulic conductivity and pore characteristics as
influenced by conventional and conservation tillage practices in
North-West Himalayan region, India

Deepak Singh a, b, *, Alok Kumar Mishra b, Sridhar Patra a, Sankar Mariappan a,
Nisha Singh c

a ICAR-Indian Institute of Soil and Water Conservation, Dehradun, 248195, Uttarakhand, India
b Sam Higginbottom University of Agriculture, Technology and Sciences, Prayagraj, 211007, U.P, India
c Hemvati Nandan Bahuguna Garhwal University (A Central University), Srinagar (Garhwal), 246174, Uttarakhand, India

a r t i c l e i n f o

Article history:
Received 8 July 2020
Received in revised form
12 December 2020
Accepted 6 January 2021
Available online 13 January 2021

Keywords:
Near-saturated hydraulic conductivity
Macropores
Tillage
Flow weighted mean pore radius
Water-conducting macroporosity

a b s t r a c t

Tillage plays an important role in modifying soil hydraulic properties. The objective of the present study
was to evaluate the effect of conservation tillage practices in a maize-wheat cropping system on near-
saturated soil hydraulic properties and pore characteristics in the North-West Himalayan region, India.
Three treatments viz. conventional tillage (CT), minimum tillage (MT), and zero tillage (ZT) were eval-
uated in terms of field saturated hydraulic conductivity (ks), unsaturated hydraulic conductivity k(h), the
inverse of capillary length (a), flow-weighted mean pore radius (r0), numbers of pores per square meter
(n0) and water-conducting macroporosity (Ɛ). The above hydraulic conductivity and pore characteristics
were derived from steady-state water flux (q) measured using hood infiltrometer at 0, �1, and �3 cm
pressure head for each treatment after seven years of establishment of this tillage experiment. Results
revealed significantly (p < 0.05) higher values of ks, k(h), a, and Ɛ in ZT as compared with CT. MT had
intermediate values. Higher a values suggested a greater gravity-dominated flow under ZT and MT as
compared with CT. Analysis of r0 values indicated better connectivity of pores in ZT and MT as compared
with CT. Macropore flow suggested that on average pore radii, > 0.50 mm conducted about 63.60, 68.01,
and 75.97 % of total flow (at 0 cm pressure head) in the corresponding water-conducting macroporosity
of 0.00030, 0.00044, and 0.00069 % of soil volume under CT, MT, and ZT, respectively. Overall, zero-tillage
based agriculture system was found to improve near-saturated soil hydraulic properties.
© 2021 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

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

1. Introduction

Climate change, declining soil fertility, and soil degradation
caused by inappropriate agricultural management practices are
imposing serious threats to agricultural production leading to food
insecurity for the global growing population (Mondal et al., 2020;
Singh & Goyal, 2018). There is a need to adopt climate-resilient
sustainable and smart agricultural management practices that are
capable of addressing these problems (Baranian Kabir et al., 2017;
Eze et al., 2020; Lal, 2014). But the success of these agricultural

management practices depends on soil attributes such as soil hy-
draulic properties (SHPs) (Patra et al., 2019), organic matter (Lal
et al., 2007), and nutrient content (Robinson et al., 2019). Among
these, SHPs play a vital role to support sustainable agricultural
management practices by regulating movement and retention of
water and solute in the soil for creating optimal conditions for plant
growth and crop establishment (Chandrasekhar et al., 2018;
Weninger et al., 2019). Nevertheless, this is one of the most
important properties of soil that can be modified by tillage prac-
tices owing to vicissitudes of macro-porosity (size, continuity, and
volume) and hydraulic conductivity (Sun et al., 2018). Continual
inversion of soil under intensive conventional tillage leads to
structural degradation of soil resulting in reduced hydraulic con-
ductivity, decreased available soil water, diminished aquifer
recharge, and increased greenhouse gas emissions into the
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atmosphere (Bhatt et al., 2016; Castellini et al., 2019; Dalin et al.,
2017; Patra et al., 2019). In this context, conservation agriculture
(CA) is being recommended worldwide to increase the resiliency of
agricultural production systems. CA comprising of minimum soil
disturbance, crop residue management, and crop diversification
provide a climate-resilient and carbon smart system by improving
soil biological, chemical, and physical properties (Das et al., 2018;
Dikgwatlhe et al., 2014; Parihar et al., 2016; Villarreal et al., 2020).
Among these components of CA, conservation tillage (minimum or
zero tillage) leads to improvement in soil structure and hydraulic
conductivity by modifying soil pore size, continuity, and distribu-
tion (Eze et al., 2020; Schw€arzel et al., 2011; Schwen et al., 2011;
Sokolowski et al., 2020). Therefore, the knowledge of soil structural
characteristics considering distribution and geometry of water-
conducting porosity and near-saturated hydraulic conductivity
under different agricultural management practices may provide
insight into the resiliency of such systems.

The hydraulic properties of soil near saturation are very
important for water and solute transport processes that normally
occur with the highest rates near saturation (Bagarello et al., 2005;
Watson & Luxmoore, 1986). Field measurements of near-saturated
hydraulic conductivity are used to indirectly characterize the soil
macroporosity under different soil and land-use management
practices (Kabir et al., 2020; Kelishadi et al., 2014). A common
method to assess structure-related hydraulic properties is the
tension disc infiltrometer (Ankeny, 1992; Ankeny et al., 1991;
Reynolds et al., 1995; Reynolds & Elrick, 1991). However, this
method disturbs the soil surface to some extent possibly altering
the macropores. As macropores are responsible for more than 70%
of the water flux (Bodhinayake & Si, 2004; Patra et al., 2019), un-
disturbed measurement techniques may be more appropriate for
accurately estimating the impact of land-use and management
practices on soil macrostructure. In this context, hood infiltrometer
(a special type of tension infiltrometer developed in recent years)
(Schw€arzel & Punzel, 2007) can measure steady-state infiltration
rates under negative pressure heads (up to bubbling point (BP) of
soil) without soil disturbance and various water transmission
properties e.g. flow weighted mean pore radius, water-conducting
porosity can be derived (Patra et al., 2019; Reynolds et al., 1995;
Schw€arzel et al., 2011) from these measurements. The major
advantage of this infiltrometer is that it is an in-situ, portable and
non-destructive technique which preserves soil structural
property.

Several studies have been conducted worldwide on potential
management induced changes in SHPs particularly in relation to
tillage systems such as in Canada (Bodhinayake & Si, 2004), China
(Hu et al., 2012), Italy (Castellini et al., 2019), Germany
(Kreiselmeier et al., 2020; Schlüter et al., 2018), USA (Çerçio�glu
et al., 2019) and UK (Eze et al., 2020). However, tillage induced
changes in SHPs are site-specific (Kargas et al., 2016; Sun et al.,
2018) and dependent on climate and cultivation history (Baranian
Kabir et al., 2020; Bodhinayake & Si, 2004; Kreiselmeier et al.,
2019). Also, very few field studies (Patra et al., 2019) have been
conducted in India evaluating the effect of conservation tillage
practices on near-saturated SHPs. Therefore, the present study in-
vestigates the effect of conservation tillage practices on near-
saturated SHPs in a long term field experiment (07 years) in the
foothill of the North-West Himalayan Region of India (NWHRI). We
hypothesized that the conservation tillage practices enhance
macroporosity and increase saturated and near-saturated hydraulic
conductivity. Hence, the objective of the study was to quantify the
impact of conventional tillage (CT), minimum tillage (MT), and zero
tillage (ZT) on a) field saturated (ks) and unsaturated hydraulic
conductivity (k(h)) and b) pore characteristics including the inverse
of capillary length (a), flow-weighted mean pore radius (r0),

numbers of pores per square meter (n0), and water conducting
macroporosity (Ɛ).

2. Materials and methods

2.1. Experimental site

The experimental site is located at Selakui, ICAR-Indian Institute
of Soil and Water conservation Dehradun, Uttarakhand, India
(30�2000570 N and 77�5200070 E.) in the North-West Himalayan
foothill region. This experiment was started in 2011 to assess the
effect of tillage management practices on soil erosion and soil
organic carbon loss in maize-wheat cropping system under rainfed
condition. The experimental site is characterized by a sub-tropical
condition with strong monsoonal influence. The mean monthly
maximum and minimum temperatures were recorded as 29.2 �C
and 13.9 �C, respectively. May and January are the hottest and
coldest month respectively. The region receives an average annual
rainfall of 1615 mm of which ~81 % occurs in the monsoon season
(JuneeSeptember). Most of the monsoon months are highly humid
whereas April and May are the driest months. The soil type of
experimental site is categorized as fine mixed hyperthermic Typic
Udorthents (Singh et al., 2017; Soil Survey Staff, 2014). As per soil
taxonomy, the soil belongs to Entisols which are derived from
heavy-textured, deep alluvium, yellowish-brown to dark
yellowish-brown in colour, granular in structure with few gravels
and coarse rock fragments (< 2 %) (Bhardwaj, S. P. & Singh, P. N.,
1981). At the beginning of the field experiment, the topsoil (0e10)
layer had pH (1: 2.5, H2O) 5.4, EC 0.09 dSm-1, organic carbon 0.61 %.
The texture of the soil was sandy loamwith 54.4 % sand, 26.4 % silt,
and 19.2 % clay. The initial soil bulk density was 1.42 g cm-3.

2.1.1. Treatments
The field experiment was conducted in rainfed maize-wheat

cropping systems varying in three different tillage practices such
as conventional tillage (CT), minimum tillage (MT), and zero tillage
(ZT). These field plots were arranged in three large strips and each
strip having an area of 450 m2 (75 m � 6 m) as shown in Fig. 1. All
the activities in the CT plot were undertaken following local
farmers’ practice. In general, six passes of tractor-drawn tyne
cultivator followed by planking was carried out to till the soil for
seedbed preparation, and seeds were sown bymanual broadcasting
in both crops. In the MT plot, seedbed preparation was performed
by three passes of tyne cultivator followed by planking. Escort®
multiple crop planter was used for sowing wheat seed and for
maize manually row broadcasting was done. In the ZT plot, direct
sowing of crops was done using Escort® multiple crop planter. As
maize stubble is fed to animals in the region, only 25 cm stubble
was left on the field following farmers’ practice. An estimated
average residue of 5.09, 5.58, and 6.94 t ha-1 yr-1 from stubble,
grass, and root mass, was added to CT, MT, and ZT treatments,
respectively, in 7 years of the experiment.

2.2. Field and laboratory measurements

2.2.1. Hood infiltrometer measurements
Steady-state infiltration rates were measured in CT, MT, and ZT

plots, at pressure head 0, -1, and -3 cm in the last week of February
2018 (at the maximum crop growth stage of wheat) using a hood
infiltrometer with five replications following the procedure
described by Schw€arzel and Punzel (2007). We conducted the
infiltration experiment in actively growing wheat fields to account
for any potential effect of crop roots on near-saturated SHPs. All
infiltration experiments were conducted on visibly dry soil. The
descending order of three supply pressure head (h) was adopted
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from close to saturation down to the BP of the soil. Furthermore, the
BP of soil for every experimental location was also measured. A
hood infiltrometer is used to measure infiltration up to the BP of
soil. BP of soil is reached when the supply potential (h) inside the
hood is sufficient to draw air from the largest saturated pore and
that supply potential (h) inside the hood cannot be kept stable any
more (Schw€arzel & Punzel, 2007).

2.2.2. Soil sampling and analysis
Soil cores and excavated samples were collected from beneath

the hood after each set of infiltration experimental sites to deter-
mining the bulk density and soil aggregate mean weight diameter
in the topsoil (0e5 cm). A Core method was used to determine the
bulk density of soil using a stainless-steel core (5 cm internal
diameter and 5 cm height). Collected core samples from each
location were oven-dried at 105 �C for 24 h to obtained dry weight.
Recorded dried soil weight was dividing by core volume to find out
the bulk density of soil (Blake & Hartge, 1986).

Soil aggregate analysis was performed with wet sieve methods
using the Yoder apparatus (Yoder, 1936). Dried samples were
broken either by hand or natural failure to get a range of less than
10 mm in size. Loose pant roots, leaves, and gravel or pebbles
available in aggregate samples were carefully removed. Less than
10mm of aggregate size soil samples were passed through a 10mm
sieve and retained on an 8 mm size sieve. 100 g dry soil samples,
thus prepared, were uniformly spread to the uppermost sieves
(4 mm diameter) in a set of sieves with diameter 0.125, 0.25, 0.50,
1.0, 2.0, and 4.0 mm. The samples were kept for 25 min on the wet
sieves for capillary rewetting and thereafter, a nest of sieves was
shaken in a water drum for 30 min with the help of an electric
motor and pulley arrangement. Water stable aggregates of different
sieves were collected separately in different size range i.e.
0.0e0.125, 0.125e0.25, 0.25e0.50, 0.50e1.0, 1.0e2.0, 2.0e4.0 and
4.0e8.0 mm and oven-dried at 65e70 �C until constant weight was
achieved. Mean weight diameter (MWD) was calculated using the
formula given by Kemper and Rosenau (1986) :

Mean weight diameter ðMWDÞ¼
Pn

i¼1ðXi �WiÞPn
i¼1Wi

(1)

Where Xi is themean diameter inmm of a given sieve size,Wi is the
retainedweight (g) of aggregate on the ith sieve and n is the number
of aggregate size fraction.

Also, soil samples (0e10 cm depth) were collected from the
vicinity of each infiltration site to determine soil particle size dis-
tribution (PSD), organic carbon (SOC), and soil pH. Collected sam-
ples were air-dried, gently ground to pass through a 2 mm sieve for
further analysis. PSD was determined by a method described by
Piper (1966). Further, a textural class was determined as per the
United States Department of Agriculture (USDA) system (Soil Sur-
vey Staff, 2014). The SOC was determined using the Walkley and
Black method (Walkley & Black., 1934). Soil pH (1: 2.5, H2O) was
determined using a digital pH meter (Model: Orion 5-star Thermo
Scientific, Thermo Fisher Scientific Inc. USA).

2.3. Data analysis

The collected data from the infiltration experiment were
analyzed by the following procedure. Firstly, Wooding’s analytical
approach was performed to draw a relation between hydraulic
conductivity and pressure head (Wooding, 1968). Afterward, the
same hydraulic conductivity data was used to calculate the flow-
weighted mean pore radius following the procedure of Reynolds
et al. (1995). The water-conducting porosity was estimated using
the procedure proposed by Bodhinayake and Si (2004).

2.3.1. Calculation of saturated and near-saturated hydraulic
conductivity from infiltration experiments

The saturated and unsaturated hydraulic conductivities [(ks and
k(h) (mm hr-1), respectively)] were estimated following the pro-
cedure adopted by Ankeny et al. (1991) and Reynolds and Elrick
(1991) from the measured steady-state infiltration rates. Steady-
state unconfined infiltration rate from a circular source with a

Fig. 1. Over view of the experimental plots at ICAR-Indian Institute of Soil and Water Conservation, Research Farm, Dehradun. Treatments are conventional tillage (CT), Minimum
tillage (MT) and Zero tillage (ZT).
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constant pressure head at the soil surface, assuming an initially dry
soil, can be estimated analytically according to Wooding (1968):

q(h) ¼ k(h) [pr2 þ (4r/a)] (2)

where q(h) (mm3 hr-1) is steady-state infiltration rate, r (mm) is the
radius of the hood, k(h) (mm hr-1) is the hydraulic conductivity
corresponding to inlet matric suction h and a (mm-1) is the inverse
of capillary length. In the above equation, the first and second term
on the right-hand side stands for the flow of water caused by
gravitational force as well as capillary force and geometry of supply
source, respectively.

Based on Wooding’ solution (Wooding, 1968) from the above
equation, estimates are obtained for the parameters in Gardner’s
exponential model (Gardner, 1958) of the unsaturated hydraulic
conductivity function:

k(h) ¼ ks exp (ah) (3)

where ks (mm hr-1) is the saturated hydraulic conductivity and h
(cm) is the matric suction. Hence, Wooding’s solution has two
unknown parameters such as k(h) or ks and a. These parameters
were first calculated using multiple head method at two sets of
paired head values of 0 and -1 cm., -1 and -3 cm. The means of
predicted parameters were used as first approximations for the
best-fit predictions. The following equation was found after
substituting Eq. (3) into Eq. (2):

q(h) ¼ ks exp (ah) [pr2 þ (4r/a)] (4)

By substituting hi and hiþ1 in place of h in above equations we
get,

qi(h) ¼ ks exp (ahi) [pr2 þ (4r/a)] (5)

qiþ1(h) ¼ ks exp (ahiþ1) [pr2 þ (4r/a)] (6)

Fitting parameter a was obtained by solving the above two
equations

aði; iþ1Þ ¼

0
B@

ln
�

qi
qiþ1

�

ðhi � hiþ1Þ

1
CA (7)

A piece wise estimation was adopted for calculation of k(h) for
different pressure head i.e. 0, -1 and -3 cm as a varies due to the
variation of water potential in structured soil (Ankeny et al., 1991;
Clothier & Smettem, 1990). The following equations were used to
estimate k(h) with respect to pressure heads 0, -1 and -3 cm, rep-
resented hereafter as k(0), k(-1) and k(-3), respectively.

k(0) ¼ k(0)a (0, -1) (8)

k(-1) ¼ [k(-1)a (0, -1) þ k(-1)a (-1, -3)]/2 (9)

k(-3) ¼ k(-3)a (-1, -3) (10)

The k(0) was considered as the saturated hydraulic conductivity
(ks).

2.3.2. Soil pore characteristics

2.3.2.1. Flow weighted mean pore radius. An important soil struc-
ture parameter derived from the hood infiltration measurement is
the flow-weightedmean pore radius (r0) (mm)which represents an

effective equivalent mean pore radius that is conducting water at a
certain supply pressure head. This parameter has been used to
characterize tillage-induced changes in water-conducting macro-
pores and mesopores (Bodner et al., 2008; Patra et al., 2019;
Reynolds et al., 1995; Schwen et al., 2011). The r0 is represented as
(Reynolds & Elrick, 1991):

r0 ¼ k0=rg40 (11)

Where, s (g hr-2) is the surface tension of water, k0 (mm hr-1) is the
soil hydraulic conductivity corresponding to supply potential (h0), r
(g mm-3) is the density of water, g (mm hr-2) is the acceleration due
to gravity, and 40 (mm2 hr-1) is the matric flux potential of soil that
is measured over the pore water pressure head range, where pores
are considered to be water-conducting. Following Gardner (1958),
40 is defined by:

40 ¼
ðh0

hi

kðhÞdh (12)

where h0 (cm) is the soil surface pressure head and hi (cm) initial
pore water pressure head in the unsaturated soil.

Moreover, According to Reynolds et al. (1995), the matric flux
potential of soil is split into two parts viz. residual flux potential
ð4rÞand tension flux potential ð4tÞ. The values of 4rwere estimated
by following Wooding’s (1968) relationship:

4r ¼
h
qðhÞepr2kðhÞ

i.
Gr (13)

where, k(h) (mm hr-1) and q(h) (mm3 hr-1) is the hydraulic con-
ductivity and steady-state flow rate at the lowest supply head of the
sequence (-3 cm in our case), respectively, G is a dimensionless
shape factor (4$219) (Reynolds & Elrick, 1991) and r is the radius of
the hood. The 4t values were determined by numerically inte-
grating k(h) vs. h curve using the cubic spline technique (Iovino
et al., 2016; Patra et al., 2019) as given in the following equation,

4t ¼ 1
2

X3

i¼1

ðkiþ1 þ kiÞðhiþ1 � hiÞ; i ¼ 1; 2; 3 (14)

The number of pores per unit soil surface area (n0) was calcu-
lated by using poiseuille’s law:

n0 ¼ 8mk0
rgpr40

(15)

Where, m (g mm-1 hr-1) is the dynamic viscosity of water, in this
experiment, it was considered as 3.60 g mm-1 hr-1 at 20 �C water
temperature (Kestin et al., 1978; Marvin,1971; Nagashima,1977), k0
(mm hr-1) is the soil hydraulic conductivity corresponding to pore
radius (r0), r (g mm-3) is the density of water, g (mm hr-2) is the
acceleration due to gravity.

Furthermore, the classical capillary rise equation was used to
estimate maximum equivalent pore radius (rmax) (mm) at a specific
soil water pressure head (h) (Reynolds et al., 1995; Vomocil, 1965):

rmax ¼2scosb
rgjhj (16)

Where s (g hr-2) is the surface tension of water, b is the contact
angle between the water-air interface and the solid phase, r (g mm-

3) is the density of water, and g (mm hr-2) is the acceleration due to
gravity. The value of r was considered 0.001 g mm-3, g was 1.27 �
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1011 mm hr-2 and s was set at 9.4 � 108 g hr-2 at 20 �C water
temperature., b was assumed to be 0 (Buczko et al., 2006; Schwen
et al., 2011).

The rmax is represented as amaximum equivalent pore radius for
water storage; whereas r0 is based on the average equivalent pore
radius considering the entire range of pore sizes contribution to-
wards the water transmission. In the capillary approach, it is
assumed that the flow in pores is laminar, full of water, and not
interconnected, whereas water transmission is greatly influenced
by entrapped air bubbles, small unwetted zones, tortuosity, and
bottleneck, etc (Reynolds et al., 1995). Therefore, the index r0,
which primarily accounts for flow impedances, is preferable to rmax
in characterizing the ability of a soil to transmit water to the deeper
layers (Iovino et al., 2016; Reynolds et al., 1995).

2.3.2.2. Water-conducting porosity. To characterize the water-
conducting porosity of the soil, infiltration rate differences at two
adjacent pressure heads were required (Bodhinayake & Si, 2004;
Buczko et al., 2006; Schwen et al., 2011;Watson& Luxmoore,1986).
According to the proposed procedure of Bodhinayake et al. (2004),
water-conducting porosity was estimated from the hydraulic con-
ductivity in the pressure head interval corresponding to the two
pore radii r1 and r2 given by:

εðr1; r2Þ¼
2mrg
s2

ðhðr2Þ

hðr1Þ

dkðhÞ
dh

h2dh (17)

where, εðr1; r2Þ(mm3 mm-3) is the water-conducting porosity of
soil corresponding to the two pore radii r1 and r2, m is the dynamic
viscosity of water (g mm -1 h -1), taken here as 3.60 g mm-1 hr-1

(Kestin et al., 1978; Marvin, 1971; Nagashima, 1977).
An analytical solution of the above (17) equation was developed

by Bodhinayake et al. (2004) to calculate the water-conducting
porosity by using Gardner’s exponential relationship (Eq. (2)). The
solution is given as:

εðr1; r2Þ¼
2mrgks

s2

�
exp

��2sa
rgr2

�

�
�

4s2

ðrgr2Þ2
þ 4s2

ðrgr2aÞ
þ 2
a2

�
� exp

��2sa
rgr1

�

�
�

4s2

ðrgr1Þ2
þ 4s2

ðrgr1aÞ
þ 2
a2

��
(18)

Where, ε (r1, r2) is thewater-conducting porosity in a given pressure
head range (mm3 mm-3), and a is Gardner’s inverse capillary length
scale (mm-1).

The pore radius at 0 cm pressure head was assumed as 2.50 mm
as the same can not be derived from equation (16). This may be a
reasonable approximation to represent the macropores created by
earthworm and other soil faunas. Moreover, careful visual inspec-
tion of the infiltration surface did not reveal any bigger pores.
Bodhinayake and Si (2004) and Patra et al. (2019) have made a
similar assumption for their experiments using a tension infil-
trometer and hood infiltrometer, respectively in different agricul-
tural land uses.

2.4. Statistical analysis

Data were checked for normality using the Shapiro-Wilk test
(Alva & Estrada, 2009). Natural log-transformation was performed
for ks, k(h), and alpha values wherever necessary. One-way analysis
of variance (ANOVA) was done to test statistical significant

differences at p 0.05 among the treatment mean values for pa-
rameters such as SOC, PSD, water-conducting porosity, ks, k(h), and
alpha. Multiple comparisons of means were done by the least sig-
nificant difference test (LSD (Webster, 2007);). All statistical ana-
lyses were performed using SPSS (16) software.

3. Results and discussion

3.1. Soil physical properties

Results for PSD and SOC of the top layer of soil (0e10 cm) for
different treatments are presented in Table 1. The dominant soil
texture classes among the treatments were sandy loam. The sand,
silt, and clay fractions did not show a significant difference
(p < 0.05), suggesting that the treatments had intrinsically similar
soil texture (Table 1). Similar soil textural composition among the
treatments indicates that the changes in SHPs may be mainly
governed by tillage treatments and soil management practices. The
results revealed that the SOC was significantly affected by different
tillage practices. The values followed the trend; zero tillage
(ZT) > minimum tillage (MT) > conventional tillage (CT). The mean
SOC value was found to be significantly higher (p < 0.05) under
treatment ZT (0.858 ± 0.08 %) as compared with MT (0.748 ± 0.04)
and CT (0.706 ± 0.02). However, there was no significant difference
(p < 0.05) in SOC between CT and MT. The higher SOC content in
conservation tillage practices may be attributed to crop residue
retention and subsequent stratification of SOC (Zhao et al., 2015).
Moreover, the increased amount of SOC content in conservation
tillage practices over conventional tillage was also indicated
through the significantly lower bulk density (Fig. 2). The bulk
density differed significantly (p < 0.05) between conservation
tillage practices and conventional tillage. The CT treatment had by
far the highest bulk density (1.47 g cm-3) as compared to ZT
(1.30 g cm-3) and MT (1.36 g cm-3), whereas, ZT and MT treatments
were not statistically significant (p < 0.05) (Fig. 2). Other studies
show similar findings where a greater bulk density value in CT have
been reported as compared with ZT and MT (Alletto & Coquet,
2009; Patra et al., 2019). These variations in the bulk density are
likely because of the combined effect of soil organic carbon, inter-
aggregate pore changes, crop root density, and different tillage
management practices. Cavalieri et al. (2009) reported a similar
trend for the maize-wheat cropping system and they emphasized
that higher amounts of organic carbon resulted in smaller bulk
densities in zero tillage as compared to conventional tillage. Also,
SOC may be exposed by intensive mechanical manipulation of soil
leading to accelerated microbial decay in conventional tillage, thus
lowering the SOC. Compaction of soil by frequent use of machinery
can further contribute to higher bulk density in CT plots (Patra et al.,
2019). Further, our study area is located in a high rainfall region that
may lead to the generation of runoff causing soil erosion as well as
soil compaction more in tilled soil.

Table 1
Soil organic carbon and particle size distribution under different treatments. Sta-
tistical comparison indicates if changes among the treatments are significantly
different at p � 0.05 that is shown by different letters. Same letters are not signif-
icantly different. Values in parenthesis (±) denote the standard deviation of five
replications. Treatments are conventional tillage (CT), Minimum tillage (MT) and
Zero tillage (ZT).

Treatments Soil organic C (%) Particle size distribution (%)

Sand Silt Clay

CT 0.71 ± 0.02a 40.04 ± 12.01a 32.58 ± 8.48a 27.38 ± 6.16a
MT 0.75 ± 0.04a 39.80 ± 7.64a 33.52 ± 6.06a 26.68 ± 7.76a
ZT 0.86 ± 0.08b 39.40 ± 8.09a 35.76 ± 6.42a 24.84 ± 4.80a
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Moreover, comparisons of aggregate mean weight diameter
(AMWD), as affected by different treatments, are presented in
Fig. 3. The AMWD differed significantly among the tilled and un-
tilled treatments (p < 0.05). The AMWD values were significantly
greater in the ZT than in theMTand CT (p < 0.05) likely as a result of
higher soil organic content which may have enhanced aggregate
stability and percentage of stable aggregate (Parihar et al., 2016; Six
et al., 1999). Patra et al. (2019) also observed a positive relationship
of AMWD with soil organic content. Overall, conservation tillage
practices were found to improve the soil’s physical properties as
compared to conventional intensive tillage practices.

3.2. Saturated and near-saturated hydraulic conductivity

The saturated, (ks), and unsaturated soil hydraulic conductivity,
k(h), values derived from the measured steady-state infiltration
rates at 0, -1, and -3 cm pressure heads using Wooding’s (1968)
analytical solution for different tillage practices are presented in
Fig. 4. The mean field saturated hydraulic conductivity (k (0)) value
was the highest under ZT (46.11 mm hr-1) followed by MT

(35.25 mm hr-1), and CT (25 mm hr-1). A similar trend was also
observed for k(-1) values with the highest value in ZT (24.13mmhr-
1), followed by MT (23.75 mm hr-1) and CT (16.25 mm hr-1).
However, for k(-3) values, MT had the highest value (11.03mmhr-1)
followed by ZT (10.50 mmhr-1) and CT (9.01mmhr-1). These trends
signify differences in soil structural changes induced by the
different tillage practices in near-saturated conditions. The mean
k(0) value in ZT was significantly (p < 0.05) higher than both MT
and CT. However, mean k(-1) values in both ZT and MT were
significantly (p < 0.05) higher than CT. No significant (p < 0.05)
difference was found between CT and MT for k(0) values and be-
tween ZT and MT for k(-1) values. The k(-3) values were not sta-
tistically different (p < 0.05) for all three tillage practices. Fig. 4 also
shows that the hydraulic conductivities decreased with the in-
crease in supply pressure heads in all tillage treatments. The
sharpest drop in hydraulic conductivity was observed in ZT fol-
lowed by MT and CT. This indicated that as matric suction head
decreases the number and size of water-conducting pore reduces.
Conversely, this means that the size and continuity of pores
increased in the order ZT > MT > CT as the soil hydraulic condition
approached saturation. Similarly, Castellini and Ventrella (2012)
reported that as matric suction decreased from -2 to -10 cm the
k(h) values decreased nearly an order of magnitude. Bodner et al.
(2008) found a four-fold decrease in k(h) values when the pres-
sure head decreased from -2 to -15 cm. Patra et al. (2019) also
observed the decreasing trend of k(h) in different conservation
agricultural practices as pressure head reduced from 0 to -4 cm.

The characteristic changes in SHPs in conservation agricultural
systems may be influenced by various factors such as soil types,
crop rotation, fertilization, crop residue retention, and climatic
factors. However, in the present study, different tillage practices
(i.e. CT, MT, and ZT) were the main influencing factors (beside
marginally higher crop residue retention in MT and ZT) whereas
other factors remained the same Hence, the higher values of
saturated and near-saturated hydraulic conductivity in conserva-
tion tillage practices (i.e. ZT and MT) in our study may, thus, be
primarily attributed to higher residue retention and uncompacted
topsoil layer (avoiding extensive use of machinery) providing a
favorable condition for a better growth of soil fauna and earth-
worms leading to increased creation of soil macropores (Zhao et al.,

Fig. 2. Soil bulk density under different treatments. Statistical comparison indicates if
changes among the treatments are significantly different at p � 0.05 that is shown by
different letters. Same letters are not significantly different. Vertical bars of each col-
umn represent standard deviation of five replications. Treatments are conventional
tillage (CT), Minimum tillage (MT) and Zero tillage (ZT).

Fig. 3. Aggregate mean weight diameters (AMWD) under different treatments. Sta-
tistical comparison indicates if changes among the treatments are significantly
different at p � 0.05 that is shown by different letters. Same letters are not significantly
different. Vertical bars of each column represent standard deviation of five replica-
tions. Treatments are conventional tillage (CT), Minimum tillage (MT) and Zero tillage
(ZT).

Fig. 4. Hydraulic conductivity k(h) vs. supply pressure head (h) curves for different
treatments. Statistical comparison indicates if changes among the treatments are
significantly different at p � 0.05 that is shown by different letters. Same letters are not
significantly different. Vertical bars represent standard deviation of five replications.
Treatments are conventional tillage (CT), Minimum tillage (MT) and Zero tillage (ZT).
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2015). However, in CT the soil is subjected to intensive manipula-
tion and inversion which might have destroyed the networks and
continuity of macropores resulting in a reduction in pore size and
hydraulic conductivity (Bodhinayake et al., 2004). Additionally, our
experiment was conducted in a high rainfall zone which may
produce higher overland flow causing higher soil erosion as well as
soil compaction in intensively tilled soil thereby further decreasing
hydraulic conductivity in CT. These findings are supported by
several previous studies. Patra et al. (2019) found that ZT treatment
had a larger k(h) value at saturation with greater variation as
compared to MT and CT treatments. Kreiselmeier et al. (2020)
showed higher k(h) values in conservation tillage practices as
compared with conventional tillage.

The inverse of macroscopic capillary length (a) was derived
from the q(h) vs. h relationship (Eq. (6)). It is a shape parameter of
q(h) function which indicates the flow behavior in a porous me-
dium and measures the relative importance of capillary and grav-
itational forces (Reynolds & Elrick, 1991). Results (Fig. 5) showed
significantly (p < 0.05) larger a values in conservation tillage
practices (i.e. ZT and MT) than CT. The trend of a values among the
treatments was ZT > MT > CT (Fig. 5). This shows that the flow of
water at near saturation in ZT treatment was more controlled by
gravitational force as compared with MT and CT treatments signi-
fying the role of macropores in infiltration processes, particularly
under near-saturated conditions.

Furthermore, macropore flow or tension flux potential (ɸt) for
thewhole pressure head ranges (i.e., from 0 to�3 cm)was analyzed
to comprehend the impact of conservation tillage practices on
water flux in near-saturated condition. Values are presented in
Fig. 6. The ɸt followed a similar trend as hydraulic conductivity,
k(h), values, The highest value of ɸt was found in ZT and differed
significantly (p < 0.05) from CT. The CT treatment has by far the
lowest ɸt as compared to ZT and MT, whereas, ZT and MT treat-
ments were not significantly different. Similar trends were also
presented by other studies (Iovino et al., 2016; Schwen et al., 2011),
where a higher ɸt valuewas reported for ZTcompared to CTandMT.
These variations in the ɸt are likely because of the combined effect
of soil organic carbon and interaggregate pore leading to higher
infiltration flux in ZT. Additionally, we also observed higher
AMWDs in conservation tillage practices which might increase the
interaggregate pore space thereby contributing to higher infiltra-
tion flux as compared with CT.

3.3. Poreeconductivity relationship

The flow-weighted mean pore radius (r0) vs. pressure head (h)
relationship for different tillage practices is presented in Fig. 7. The
r0 values were highest in ZT at all pressure heads followed by MT
and CT. It can be observed that the r0 values in ZT and MT were
relatively closer to rmax values at all pressure heads. This indicated
greater connectivity of pores in conservation tillage practices as
compared with CT. Hence, trends of pore network continuity were
in the order to ZT >MT > CT. The enhanced pore connectivity in the
conservation tillage practices may be attributed to improved soil
aggregation, higher overall porosity (Schlüter et al., 2020), and a
greater number of bigger biopores created due to enhanced bio-
logical activity. The relationship between k(h) and r0 values for
different treatments are presented in Fig. 8. Results revealed that
conservation tillage treatments (ZT and MT) had higher hydraulic
conductivity, k(h), values for the corresponding flow weighted
mean pore radius (r0) values particularly at the greater end of k(h)
values than the conventional tillage treatment (CT). This may be
indicative of a higher contribution of interaggregate flow in con-
servation tillage practices (Patra et al., 2019). Consistently lower r0
values were observed at the lower end of k(h) values under CT
because of decreased size of soil pores which may be due to high

Fig. 5. Inverse of capillary length (a), mm-1 of pooled data of 0 to -3 cm of different
treatments. Statistical comparison indicates if changes among the treatments are
significantly different at p � 0.05 that is shown by different letters. Same letters are not
significantly different. Vertical bars of each column represent standard deviation of five
replications. Treatments are conventional tillage (CT), Minimum tillage (MT) and Zero
tillage (ZT).

Fig. 6. Total flux potential (ɸt) (0 to -3 cm) of different treatments. Statistical com-
parison indicates if changes among the treatments are significantly different at
p � 0.05 that is shown by different letters. Same letters are not significantly different.
Vertical bars of each column represent standard deviation of five replications. Treat-
ments are conventional tillage (CT), Minimum tillage (MT) and Zero tillage (ZT).

Fig. 7. Flow weighted mean pore radius (r0) and maximum water filled pore radius
(rmax) vs. supply pressure head (h) for different treatments. Vertical bars represent
standard deviation of flow weighted mean pore radius of five replications. Treatments
are conventional tillage (CT), Minimum tillage (MT) and Zero tillage (ZT).
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bulk density and low AMWD (cf. Figs. 2 and 3). MT showed an in-
termediate effect and values of k(h) and r0 lying between the ZTand
CT treatments.

Fig. 9 shows the relationship between the number of pores (n0)
and flow weighted mean pore radius (r0) values. In CT, the flow
occurred in the smallest pore-size range but with the greatest
number of these pores sizes (Patra et al., 2019; Schwen et al., 2011).
Soil compaction and structural breakdown lead to alteration of soil
macropore to micropore which may be the potential causes for low
numbers of macropores values in CT treatment. This implies that
the use of agricultural machinery to manipulate the soil might
destroy soil macropores in conventionally intensive tillage treat-
ment (CT) and reduced the near-saturated hydraulic conductivity of
the corresponding pore-size (Fig. 8). In ZT and MT, generally flow
occurred in the bigger pore-size resulting in higher hydraulic
conductivity.

3.4. Water conducting porosity

The impact of different tillage practices on thewater-conducting
porosity (Ɛ) in the total supply pressure head range of 0 toe 3 cm is

shown in Table 2. As mentioned earlier, the maximum pore radius
was assumed to be 2.5 mm at 0 cm pressure head to account for bio
pores formed by earthworms, dead root channels, and other soil
fauna (Bodhinayake & Si, 2004). The pore radius 1.49 and 0.50 mm
were calculated at respective pressure head such as �1 and �3 cm.
Results revealed that the water-conducting porosity ( % soil vol-
ume) of the different treatments varied from 0.00069 % in ZT to
0.00030 % in CT in the entire pore radius interval of 0.50e2.50 mm
(Table 2). The value of Ɛ in MT treatment was observed to be
0.00044 % at the same pore range, and it was significantly (p < 0.05)
lower than the ZT treatment, whereas, it was not statistically sig-
nificant (p < 0.05) as compared to CT treatment. A similar trendwas
also observed for the 0.50e1.49 mm pore radius range among all
the treatments. Water conducting porosity among the treatments
increased as follows: ZT > MT > CT. The highest Ɛ was observed in
ZT treatment which was significantly (p < 0.05) different from the
MT and CT treatments. This trend was also reflected in hydraulic
conductivity value (Fig. 4). Although the range of values observed
for water-conducting porosity in this experiment seems very small,
these values are well comparable with the values reported in other
studies. Patra et al. (2019) reported a similar trend for the maize-
wheat cropping system where the water-conducting macro-
porosity values varied between 0.00062 and 0.00017 %, in conser-
vation and conventional tillage treatments, respectively. Villarreal
et al. (2020) found water-conducting porosity varying from
0.0049 to 0.0061 % under different crop cycle. Daraghmeh et al.
(2008) observed water-conducting porosity ranging from 0.059 to
0.0027 % in a long-term wheat cropping system. Cameira et al.
(2003) observed the water-conducting porosity (pore > 0.5 mm
radius) in silty loam soil with maize-wheat crop rotation varying
from 0.009 to 0.027 % under CT and MT, respectively. The water
conductivity macroporosity values reported by Patra et al. (2019)
are closer to our reported values whereas the values reported by
Villarreal et al. (2020), Daraghmeh et al. (2008), and Cameira et al.
(2003) are in a higher side. This may be attributed to the different
methodologies adopted to estimate the water-conducting porosity
in these studies. Our study and the study by Patra et al. (2019) used
the method of Bodhinayake et al. (2004) whereas the other authors
used the method of Watson and Luxmoore (1986). Watson and
Luxmoore (1986) estimated water-conducting porosity from the
differences in infiltration rates between two pressure heads by
using the minimum equivalent pore radius assuming a single pore
size. This method is reported to overestimate the water-conducting
porosity (Bodhinayake et al., 2004; Buczko et al., 2006). However,
the method by Bodhinayake et al. (2004) considers a range of pore
sizes and is found to be more accurate.

Furthermore, the water flux transmitting through each pore
radius interval to total flow was determined as the k(h) difference
for each h range divided by the calculated k(h) at 0 cm pressure
head (h). The percentage of water flux transmitting through each

Fig. 8. Flow weighted mean pore radius (r0) vs. hydraulic conductivity k(h) for
different treatments. Statistical comparison indicates if changes among the treatments
are significantly different at p � 0.05 that is shown by different letters. Same letters are
not significantly different. Vertical bars represent standard deviation of five replica-
tions. Treatments are conventional tillage (CT), Minimum tillage (MT) and Zero tillage
(ZT).

Fig. 9. Flow weighted mean pore radius (r0) vs. number of flow weighted mean pores
(n0) for different treatments. Horizontal bars represent standard deviation of numbers
of pores values of five replications. Treatments are conventional tillage (CT), Minimum
tillage (MT) and Zero tillage (ZT).

Table 2
Estimated water conducting porosity (% soil volume) in each pore radius interval
under different treatments. Statistical comparison indicates if changes among the
treatments are significantly different at p � 0.05 that is shown by different letters.
Same letters are not significantly different. Values in parenthesis (±) denote the
standard deviation of five replications. Treatments are conventional tillage (CT),
Minimum tillage (MT) and Zero tillage (ZT).

Treatments Water conducting porosity (10-5) (% soil volume) according
to pore radius (mm)

2.50e1.49 1.49e0.50 0.50e2.50

CT 1.80 ± 0.64a 28.97 ± 10.57a 30.77 ± 10.86a
MT 2.51 ± 0.57a 41.87 ± 10.37a 44.37 ± 10.51a
ZT 4.51 ± 1.61b 65.36 ± 16.92b 69.87 ± 18.52b
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pore size class such as macropores (radius > 0.50 mm) and
meso þ micropores (radius < 0.50 mm) with respect to total flow
under different tillage practices are presented in Fig. 10. Results
revealed that although macropores comprised very little propor-
tion of the total soil volume ( to the order of 10 -4), a very large
percentage of water flux transmitted through them. This small
portion might have significantly governed the water flow behavior
such as runoff and infiltration, especially under saturated and near-
saturated conditions. The transmission of average flow through
macropores (> 0.50 mm) were about 63.30, 68.01, and 75.97 % of
total flow at 0 cm water pressure head with corresponding water-
conducting porosity of 0.00030, 0.00044, and 0.00069 % of total
soil volume in the CT, MTand ZT treatments, respectively. Thewater
flux values at smaller pore range i.e. meso þ micropores (<
0.50 mm) in CT were significantly higher than ZT, whereas, no
(p < 0.05) significant difference was observed with MT. This is due
to the use of agricultural machinery to manipulate the soil that
might have changed the soil macropore to smaller pores (i.e.
mesopore þ micropore) in conventionally intensive tillage treat-
ment (CT) (Schwen et al., 2011). But in the case of larger pore range
i.e. macropores (> 0.50 mm), the water flux values were signifi-
cantly higher in conservation agricultural treatment (ZT) than
conventional intensive tilled treatment (CT). However, no statisti-
cally significant difference was observed between ZT and MT
treatments. These estimates are well comparable with the findings
reported by previous studies for the transmission of water flux
through the different pore ranges to the total flow at near satura-
tion condition in conservation agriculture (Bodhinayake et al.,
2004; Buczko et al., 2006; Daraghmeh et al., 2008; Patra et al.,
2019). It suggests that converting conventional intensive tillage
practices to conservation agricultural practices improved the SHPs.

4. Conclusion

Tillage is an important factor affecting soil hydraulic properties.
This study evaluated the impact of three types of tillage practices
i.e. conventional intensive tillage (CT) and conservation tillage
practices (zero-tillage (ZT) and minimum tillage (MT)) on near-
saturated soil hydraulic properties in the North-Western

Himalayan region. Results showed significantly higher near-
saturated hydraulic conductivity in ZT and MT as compared with
CT. A higher number of better-connectedmacroporeswere found to
improve hydraulic conductivity in conservation tillage practices.
The greater number of biopores due to better biological activity and
improved soil aggregation were attributed to be reasons for the
higher number of macropores in conservation tillage practices.
Despite macropores comprised of very little proportion of the total
soil volume, a very large percentage of water flux transmitted
through them. The transmission of average flow through macro-
pores (> 0.50 mm) was about 63.30, 68.01, and 75.97 % of total flow
with corresponding water-conducting porosity of 0.00030,
0.00044, and 0.00069 % of total soil volume in CT, MT, and ZT
treatments, respectively. This shows the sensitivity of soil structural
changes in near-saturated conditions induced by different tillage
practices. Overall, the findings of this study confirm our hypothesis
that conservation tillage practices enhance macroporosity and in-
crease saturated and near-saturated hydraulic conductivity and
may help in reducing runoff, soil erosion in the high rainfall areas of
the North-Western Himalayan region.
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a b s t r a c t

The sustainability of prevailing maize-fallow system in rainfed ecosystems of the Eastern Himalayan
region (EHR) of India is often questioned due to poor economic return and negative impact on soil health.
Hence, the six cropping systems, maize-fallow (M-F), maize þ cowpea-rapeseed (M þ C-Rs),
maize þ cowpea-buckwheat (M þ C-Bw), maize þ cowpea-barley (M þ CeB), maize þ cowpea-garden
pea (M þ C-GP) and maize þ cowpeaerajmash (M þ C-R) in the main plot and three soil moisture
conservation measures, no-mulch (NM), maize stover mulch (MSM) and maize stover þ weed biomass
mulch (MSM þWBM) in sub-plot were evaluated for four consecutive years (2014-18) at a Research Farm
in fixed plot fashion. Results indicated that cowpea co-culture with maize and inclusion of winter crop
increased maize yield by 6.2e23.5% over M-F. Among the systems, the M þ C-GP recorded the highest
crop productivity. The residual effect of MSM þ WBM increased maize grain yield by 19.1% over NM.
Cultivation of maize þ cowpea-winter crops significantly improved the available N (3.2e12.9%), P (3.6
e12.7%), K (1.9e26.3%), organic carbon (9.2e16.8%), microbial biomass carbon-MBC (15.2e43.9%) and
dehydrogenases-DHA (17.2e42.3%) in soil at 0e15 cm depth as compared to M-F. The M þ C-GP also
recorded maximum net return (US $2460 ha�1), benefit:cost (B: C) ratio (2.86) and energy use efficiency
(7.9%). The MSM þ WBM recorded higher net return (US $1680 ha�1) and B:C ratio (2.46) over NM.
Hence, cowpea þ maize-garden pea (M þ C-GP) along with the application of MSM þ WBM is a sus-
tainable production practice to intensify the organically managed maize-fallow system in rainfed regions
of the EHR of India and other similar ecosystems.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

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

1. Introduction

The sustainability of conventional agricultural production sys-
tems in the rainfed ecosystems of the Himalayan region is threat-
ened by triple challenges of declining farm productivity and
profitability, shrinking natural resources, and energy crises (Babu,
Mohapatra, et al., 2020; Das et al., 2017; Yadav et al., 2018). The
major concern of the researchers and policymakers is that agri-
culture has to meet the twin challenges of feeding a burgeoning

population with rising food demand, and simultaneously mini-
mizing its negative global environmental impact (Babu, Singh,
et al., 2020; Tal, 2018). Therefore, conventional production sys-
tems need to shift towards eco-friendly agriculture systems that
combine low ecological footprint to produce more crops/com-
modities to ensure food, nutritional, soil, and environmental se-
curity. Organic farming in such production system that has less
negative impact on the environment, soil health, and energy con-
sumption (Ponisio et al., 2015; Reganold & Wachter, 2016; Seufert
et al., 2012). Furthermore, globally demand for organic food has
increased many folds over inorganic products (Andreotti et al.,
2018; Chen et al., 2020; Nicolopoulou et al., 2016; Willer &
Lernoud, 2019). Organic farming has the potential to provide
quality and safe food with premium price of produce as compared
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to conventional farming (Giles, 2004; Gopinath et al., 2008). Albeit,
some researchers have reported that the productivity of crops un-
der organic agriculture is lower than the conventional agriculture
(Badgley et al., 2007; De Ponti et al., 2012; Kirchmann et al., 2008),
but magnitudes of yield reduction depends on types and numbers
of crops grown, management practices and climatic conditions
(Avasthe et al., 2020; Ponisio et al., 2015; Seufert et al., 2012). At the
same time, organic production systems have the potential to
contribute to a sustainable ecosystem through better soil microbial
diversity (M€ader et al., 2002; Tsiafouli et al., 2014) and build-up of
soil organic matter (SOM) (Das et al., 2017).

Cropping system intensification allows growingmore crops on a
given piece of land over a definite period. Intensification of cereal-
based systems with legumes enhances the system productivity,
farmers’ income besides considerable improvement in soil health
in diverse climatic conditions in various regions of the world under
chemical-based conventional production system (Franzluebbers
et al., 2000; Gaba et al., 2015; Stetson et al., 2012; Tong et al.,
2017; Zuber et al., 2015). Diversification and intensification of
cereal-based production system with the inclusion of short dura-
tion crops along with conservation effective soil and crop man-
agement practices also increased the land, water, and nutrient
productivity in Indo Gangetic plains (Hazra et al., 2018; Jat et al.,
2019; Parihar et al., 2016) and coastal region of India (Manjunath
et al., 2017) under conventional management system with
assured irrigation facilities. However, such kind of information is
lacking in the domain of organicallymanaged rainfed ecosystems of
Eastern Himalayas. Although, the maize-French bean system was
reported as an energy-efficient and environmentally safe cropping
system to intensify the maize-fallow land under the inorganically
managed condition of the hilly region of Eastern India (Babu,
Mohapatra, et al., 2020). Thus, there is an urgent need for re-
designing the cropping systems to match their water re-
quirements including both legumes and manures as a realistic
approach to organic farming systems.

Eastern Himalayan Region (EHR) of India spread over 26.2 M ha
supports 49 million population. Predominantly agriculture in the
EHR of India is traditional (low use of fertilizers), subsistence
(monocropping) and rainfed (Avasthe et al., 2020; Das, Ghosh, Lal,
Saha, & Ngachan, 2017; Yadav et al., 2018). The EHR receives very
scanty rainfall during the winter season from November to
February which compels the farmers to keep the land fallow.
Escalating production costs, poor crop productivity, and soil
degradation questioned the sustainability of conventional mono-
cropped production systems (Avasthe et al., 2020; Sokolowski
et al., 2020). Traditional agriculture in the EHR is not a remunera-
tive affair hence, the livelihood security of hill farmers is under
threat (Babu, Singh, et al., 2020; Singh et al., 2016). Considering the
ecological condition, diversity, and cropping nature of the EHR, the
Government of India is promoting the EHR as an organic hub. Thus,
there is dire need to intensify the existing maize-fallow system
with cost-effective moisture conservation and fertility restorative
practices for enhancing farm productivity and profitability besides
maintaining soil health. Maize has wide adaptability under the
rainfed condition and maybe a potential crop under the organic
production system. Owing to vigorous growth pattern and wider
intra rows there lies an opportunity for inclusion of a leguminous
crop as an intercrop with maize (Saha et al., 2012). Despite that
most of the intensification strategies mainly focused on the in-
duction of winter crops in the maize-fallow system (Babu,
Mohapatra, et al., 2020). Hence, we have tested the innovative
idea of induction of legume crop with maize followed by winter
season crops along with in-situ moisture conservation measures
which was not tested earlier in the EHR. Association of cereal and
legume crops in system approach has the potential to enhance the

system productivity and improve the soil fertility (Betencourt et al.,
2012; Latati et al., 2014; Nascente & Stone, 2018). But such infor-
mation is not available for the rainfed ecosystem under organic
management in the EHR of India. Thus, systematic research is
required on the inclusion of cowpea as an intercrop under the
maize-based system in rainfed acid soils for sustainable organic
farming systems.

Cultivation of winter crop after maize harvest is difficult due to
inadequate soil moisture and satisfactory nutrition under organic
agriculture in EHR. Hence, it was assumed that suitable soil mois-
ture conservation measures can facilitate the cultivation of winter
season crops on sloping lands which may boost land productivity
and also extend the cropping duration. Extended cropping duration
can also help in reducing the loss of soil and nutrients. Hence, bio-
mulching of maize stalk and farm litter may be one of the better
options to utilize the residual soil moisture for growing second crop
during the winter season after harvest of rainy maize. Furthermore,
the use of crop residue and weed biomass as mulch not only to
conserves the soil moisture but also improves soil health. Because
of these facts and considering the cost-effectiveness, maize stover
and locally available weed biomass were evaluated for in situ SMC
under maize-based intensified systems. The present investigation
was undertaken to test the hypothesis that intercropping maize
with cowpea and subsequent cultivation of winter (second) crop on
residual soil moisture with surface retention of maize stover/weed
biomass enhances crop, water, energy productivity, economic
returns, and soil health in comparison to business as usual (maize-
fallow system) under organic management. The specific objectives
of the study were: 1) to evaluate the effect of cowpea co-culture
with maize and induction of winter crop in the maize-based sys-
tem on productivity enhancement, economic returns, energy dy-
namics over the prevailing maize-fallow system, and 2) test the
effect of various intensified systems and soil moisture conservation
practices on soil health.

2. Materials and methods

2.1. Description of experimental site

The experimental site, Research Farm of ICAR-National Organic
Farming Research Institute, Gangtok, Sikkim, India is located at
27�320 N latitude, 88�60’ E longitude at an altitude of 1350 m above
mean sea level. The experimental site received cumulative mean
annual precipitation of 2946.3 mm during 2014-18. Temperature
variation was observed across the years during experimentation;
maximum temperature (mean value of four years) was recorded in
May (28.3 �C) while the average minimum temperature was
recorded in January (7.3 �C) during the crop growing season
(Suppl. Fig. 1&2).

The experimental field was under organic management since
2003 and maize crop was sown before the study to confound the
effect of previous treatments. To assess the basal soil fertility status
of the experimental field, soil samples were randomly collected
from the experimental plots at 0e15 cm and 15e30 cm depths
before the commencement of the experiment and analyzed as per
the standard procedures. The soil of the experimental site was
sandy loam in texture, moderately deep (>50 cm depth)
(Haplumbrepts). The surface soil (0e15 cm depth) had more SOC,
available N, P and K, and lower bulk density (rb) than subsurface
soil (15e30 cm depth) (Table 3).

2.2. Experimental design and treatment details

A four year (2014-18) fixed plot field experiment was conducted
to evaluate the feasibility of growingwinter season crops after rainy
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season maize co-cultured with cowpea under organic rainfed
condition. The experiment was undertaken in a split-plot design
with six treatment combinations of cropping system viz., maize
(Zea mays)-fallow (M-F), maize þ cowpea (Vigna unguiculata)-
rapeseed (toria) (Brassica campestris var. toria) (M þ C-Rs),
maize þ cowpea-buckwheat (Fagopyrum esculentum) (M þ C-Bw),
maize þ cowpea-barley (Hordeum vulgare) (M þ CeB),
maize þ cowpea-garden pea (Pisum sativum var. Hortense) (M þ C-
GP) and maize þ cowpea-rajmash (Phaseolus vulgaris) (M þ C-R) in
main plots, along with three mulching as in-situ organic soil
moisture conservation (SMC) practices viz., no-mulch (NM), maize
stover mulch (MSM) and maize stover þ weed biomass mulch
(MSMþWBM) in sub-plots. The treatment combinations {cropping
systems ¼ 6 (assigned in main plots) and in-situ moisture conser-
vationmeasures¼ 3 (assigned in subplots) with three replications},
hence, the total number of plots was 54. The net plot size was
3.6 m � 3 m. Bunds were made between the main plots and sub-
plots. Each subplot was separated with 0.4 m bund, while each
main plot was kept at 0.5 m distance from each other. Details of the
layout plan of the experiment are shown in Fig. 1. Thirty percent of
the total maize stover harvested was used as maize stover mulch
(MSM) and applied to the winter season crops 10 days after sowing.
While fresh mixed weed biomass at the early vegetative stage was
collected from adjoining fields and applied @ 5.0 t ha�1 after 10
days of sowing winter season crops as per the treatments. The
maize crop was sown inMarch every year. While, thewinter season
crops viz., rapeseed (toria), buckwheat, barley, garden pea, and
rajmash were sown during the fourth week of September after
harvesting maize and cowpea every year. Maize crop was sown at a
spacing of 60 cm � 20 cm. Cowpea was intercropped with maize in
a 1:1 ratio (one row of cowpea planted in between two rows of
maize as an additive series). Recommended doses of N were
applied to each crop through mixed compost (MC), [MC was a

mixture of cow dung, Artemisia vulgaris, Eupatorium odoratum, and
leaves of Alnus nepalensis tree in equal proportion and allowed to
decompose in the pit for > 3 months], vermicompost (VC) and
neem cake. Recommended inputs for the growing of all the crops
were used during the entire study period (Suppl. Table 1).

2.3. Crop management

Individual plots were thoroughly tilled by a power tiller (Honda
Power Tiller FJ 500). During the entire period of experimentation
bunds between the plots were not dismantled to avoid the mixing
of the soil in different plots. Organic nutrients were applied as per
the recommended dose of N to the individual crop (Suppl. Table 1).
The nutrient composition varied among the different mulching
materials and organic inputs (Suppl. Table 2). The combination of
mixed compost (a well-decomposed mixture of dung, Artemisia
vulgaris, Eupatorium odoratum, and Alnus nepalensis leaves), VC, and
NC were used for organic nutrition. The full amount of mixed
compost (MC) was applied to flatbeds before sowing in all the
crops. VC and NC were applied in furrows opened for the sowing of
the crops. To reduce the weed problem in maize two hand weeding
at 20 and 40 days after sowing (DAS) followed by earthing up was
done. Two manual weedings were done at 20 and 40 DAS in all the
winter season crops. As a preventive measure of insect-pests and
diseases, seeds were treated before sowing with Trichoderma viride
for each crop @ 4 g kg�1. Neem oil (1500 ppm) @ 5 ml l�1 of water
was applied for management of aphids, whitefly etc. at 10 days
interval 2e3 times in the winter season crops.

2.4. Harvesting and yield measurement

Maize crop was harvested at physiological maturity during the
second week of August in all the years. The cowpea green pods

Fig. 1. Experimental layout and field photographs.
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were harvestedmanually during the fourth week of May to the first
week of June. The fresh yield of green cowpea pods was recorded
immediately after harvest and expressed in t ha�1 (tonnes
hectare�1). Maize cob was removed manually and the stover was
immediately harvested after removal of the cobs. The harvested
cobs were kept on the threshing floor for 5e6 days for sun drying.
Themaize grains from cobs were removed bymanual maize sheller.
Grain yield of maizewas recorded at 14%moisture content in all the
years and converted into t ha�1. Similarly, all winter season crops
were also harvested with iron sickle at their physiological maturity
leaving 4e5 cm stubble in the field except garden pea. Each year
green pods of garden pea were picked at 60e65 days after sowing.

At harvest the entire biomass of winter season crops was removed
from the field. After threshing and cleaning of all the winter crops,
the yield was recorded at 12% moisture level except rapeseed and
converted to t ha�1. The yield of rapeseed was reported at 8%
moisture level.

2.5. Water productivity

Water productivity was calculated by dividing grain yield
(economic productivity) obtained from different winter season
crops (kg ha�1 m�3) with their crop water requirement (ETc). The
crop water requirement value (ETc) was estimated by multiplying

Table 1
Yield of maize and intercrop (cowpea) as influenced by in-situ moisture conservation measures and cropping systems.

Maize yield (t ha�1) Intercrop (cowpea) yield (t ha�1)

Cropping system Y1 Y2 Y3 Y4 Mean Y1 Y2 Y3 Y4 Mean

Maize-fallow 3.51a 3.02def 3.05e 3.20f 3.19f e e e e e

Maize þ cowpea-rapeseed 3.65a 3.28cd 3.30d 3.43cde 3.41d 1.56a 1.49c 1.39c 1.46c 1.47c

Maize þ cowpea-buckwheat 3.63a 3.47bc 3.58c 3.62c 3.57c 1.64a 1.43cd 1.36cd 1.42cd 1.46cd

Maize þ cowpea-barley 3.55a 3.25cde 3.30d 3.47cd 3.39de 1.62a 1.42cde 1.35cde 1.41cde 1.45cde

Maize þ cowpea- garden pea 3.67a 3.95a 4.03a 4.12a 3.94a 1.57a 1.70a 1.51a 1.63a 1.60a

Maize þ cowpea-Rajmash 3.80a 3.71ab 3.88ab 3.97ab 3.84ab 1.67a 1.60ab 1.49ab 1.61ab 1.59ab

Moisture conservation measures
NM 3.61a 2.99c 3.22c 3.29c 3.28c 1.31a 1.22bc 1.14bc 1.19c 1.22c

MSM 3.61a 3.53b 3.55b 3.68b 3.59b 1.38a 1.25b 1.18ab 1.27b 1.27b

MSM þ WBM 3.68a 3.81a 3.79a 3.92a 3.80a 1.34a 1.34a 1.23a 1.31a 1.31a

NM¼ No-mulch (Control), MSM ¼maize stover mulch (30%), WBM¼weed biomass mulch (5.0 t ha�1 fresh wt. basis) Y1 ¼ 2014-15, Y2 ¼ 2015-16, Y3 ¼ 2016-17, Y4 ¼ 2017-
18, Values followed by different letters are significantly different at p < 0.05. Total plots # 54 {6(cropping sequence) � 3 (mulching) � 3 (replication)}.

Table 2
Productivity and water use efficiency of second crop as influenced by in-situ moisture conservation measures.

In- situ moisture conservation
measures

Rapeseed Buckwheat Barley Garden pea Rajmash

Seed yield (t
ha�1)

WP (kg
m�3)

Seed yield (t
ha�1)

WP (kg
m�3)

Seed yield (t
ha�1)

WP (kg
m�3)

Pod yield (t
ha�1)

WP (kg
m�3)

Grain yield (t
ha�1)

WP (kg
m�3)

NM 0.63c 0.79c 0.75c 1.23c 1.74c 1.33c 2.96c 3.86c 0.91c 1.36c

MSM 0.73b 0.94b 1.00b 1.59b 2.67b 2.04b 4.06b 4.67b 1.15b 1.64b

MSM þ WBM 0.86a 1.08a 1.11a 1.71a 3.01a 2.29a 4.53a 4.95a 1.32a 1.81a

NM¼ No-mulch (Control), MSM ¼maize stover mulch (30%), WBM ¼weed biomass mulch (5.0 t ha�1 fresh wt. basis), WP ¼water productivity, Values followed by different
letters are significantly different at p < 0.05.

Table 3
Nutrient status as influenced by cropping system and mulching (after four cropping cycle).

Treatment BD (Mg cm�3) SOC (g kg�1) Available N (kg
ha�1)

Available P (kg
ha�1)

Available K (kg
ha�1)

Microbial biomass carbon (mg
MBC g�1 soil)

Dehydrogenase activity (mg
TPF g�1 soil h�1)

0
e15 cm

15
e30 cm

0
e15 cm

15
e30 cm

0
e15 cm

15
e30 cm

0
e15 cm

15
e30 cm

0
e15 cm

15
e30 cm

Cropping system
Maize-fallow 1.34a 1.37a 11.9e 11.7e 330.3f 323.2f 16.5e 16.1cd 345.9de 338.6bc 247.4f 11.55f

Maize þ cowpea -
rapeseed

1.32b 1.35b 13.1c 12.9c 344.8d 335.9de 17.7bc 17.1ab 352.5d 329.1cdef 286.0cd 13.71d

Maize þ cowpea-
buckwheat

1.32b 1.34c 13.0d 12.8d 354.8c 349.8c 18.6a 17.7a 391.7b 359.1b 285.0cde 13.54de

Maize þ cowpea -
barley

1.32b 1.34c 13.2b 13.0b 341.0de 336.9d 17.1bcd 16.2c 334.2ef 332.4cde 295.7c 15.05c

Maize þ cowpea-
garden pea

1.29d 1.31e 13.9a 13.6a 373.1a 366.0a 18.1ab 17.1ab 436.9a 434.7a 355.9a 16.43a

Maize þ cowpea-
rajmash

1.30c 1.32d 13.2b 12.9c 362.4b 357.3b 17.8abc 17.1ab 361.6c 334.8bcd 339.8ab 15.83ab

Moisture conservation measures
NM 1.34a 1.36a 12.7c 12.5c 343.2c 337.7c 17.1c 16.4c 366.8c 349.7a 288.3c 13.63bc

MSM 1.31b 1.33b 13.1b 12.9b 352.1b 344.8b 17.8ab 17.1ab 372.2ab 357.9a 304.7ab 14.45b

MSM þ WBM 1.30c 1.32c 13.4a 13.1a 357.9a 352.1a 18.1a 17.3a 372.4a 356.7a 311.8a 14.99a

Initial soil value 1.35 1.38 12.1 11.6 322.7 311.4 16.1 15.8 338.9 327.2 196.3 9.5

NM¼ No-mulch (Control), MSM ¼ maize stover mulch (30%), WBM ¼ weed biomass mulch (5.0 t ha�1 fresh wt. basis), Values followed by different letters are significantly
different at p < 0.05. Total plots # 54 {6(cropping sequence) � 3 (mulching) � 3 (replication)}.
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reference evapotranspiration (ETo) with crop coefficient (Kc) of
individual crop (Das et al., 2017). The reference evapotranspiration
(ETo) value was obtained from pan evaporation data recorded at
IMD station situated within the Research Farm. The crop coefficient
(Kc) value was obtained by dividing growth into four equal stages
and the respective Kc value was taken from FAO-56 (Allen et al.,
2011). The summed up value of all the four stages revealed the
total water requirement (ETc) of respective crops grown during the
winter season.

2.6. Soil sampling and analysis

The soil samples were collected after completion of four crop-
ping cycles up to 0e30 cm depth (0e15 cm and 15e30 cm depth)
from each plot for analysis of physico-chemical properties. Sam-
pling was done randomly at three points from each plot and mixed
to make the composite soil sample from each depth. After pro-
cessing soil samples were stored in airtight plastic bags for analysis
of various soil chemical properties. One part from each composite
fresh soil samples from each plot was stored at freezing tempera-
ture for analyzing SMBC and dehydrogenase activity. The soil
organic carbon (SOC) of the samples was analyzed by the wet
oxidation method (Walkley & Black, 1934). The available N, P, and K
were determined as per the procedure outlined by Prasad et al.
(2006). The soil microbial biomass carbon (SMBC) was deter-
mined by the soil fumigation technique (Anderson et al., 1993). The
dehydrogenase activity (DHA) was analyzed by the procedure of
reducing 2, 3, 5-triphenyl tetrazolium chloride (Tabatabai, 1982).
For estimation of rb core of known volume (5.6 cm length and
5.1 cm diameter) was used to draw the soil samples at 0e15 cm and
15e30 cm depth from each plot. After sampling, the soil was
brought to laboratory and oven-dried at 105

�
C to get the constant

soil weight and rb was calculated as per the protocol suggested by
Blake and Hartge (1986).

2.7. Energy calculations

The energy input is dependent on direct and indirect renew-
able and non-renewable energy which consists of diesel, human,
power, and electricity, while the indirect energy contains seed,
mixed compost (MC), pesticides, and machinery (Suppl. Table 3).
The input energy was calculated by multiplying the inputs applied
and operations performed with their established energy equiva-
lents (Babu et al., 2016; Singh et al., 2016). The farm produce (seed
and straw yield) was also converted into energy in terms of energy
output (MJ) using crop yields multiplied by their energy equiva-
lents per unit. Based on the energy equivalents of the input and
output, energy use efficiency (EUE) and energy productivity (EP)
were calculated as per the equations outlined by Babu et al.
(2016).

2.8. Financial analysis

The variable and fixed (depreciation cost of machinery used and
land revenue) costs were used to calculate the cost of cultivation
which was based on the prevailing market price of organic inputs in
the locality. The gross return, the net return, and B:C ratio of
different cropping systems and SMC measures were computed
from the cost incurred for different organic inputs and the sale price
of the produce/output. The net return was calculated by deducting
the cost of cultivation from the gross return. The B:C ratio was
obtained by dividing gross return with the cost of cultivation. All
economic parameters were calculated using the formulae of Babu
et al. (2016). The sale price of various outputs was: maize grain
US $ 230 t�1, cowpea pods $ 368 t�1, rapeseed seed/toria $ 614 t�1,

buckwheat seed $ 307 t�1, barley seed $ 230 t�1, garden pea pod $
768 t�1 and rajmash $ 1075 t�1.

2.9. Statistical analysis

The multiple comparisons of different cropping systems and in-
situ moisture conservation measures were performed as per the
procedure of the split-plot design. The experimental data were
subjected to analysis of variance (ANOVA) and significance was
estimated by the test of significance (Gomez & Gomez, 1984). The
overall statistical differences among the treatments were tested
with the least significant difference (LSD) value at 5% probability
(p ¼ 0.05).

3. Results

3.1. Maize and cowpea productivity

The productivity (economic yield) of maize varied significantly
among the different cropping systems across the years except for
the year of establishment (2014). The inclusion of second crop in
place of fallow and cowpea intercrop increased averagemaize grain
yield by 6.2 and 23.5% under M þ CeB and M þ C-GP as compared
to M-F (Table 1). M þ C-GP produced significantly higher maize
grain yield than other cropping systems in the first year but from
the second year onwards it remained at par with M þ C-R. Maize
grain yield reflected a variable trend in diverse cropping systems
over the years. Maize grain yield decreased over the years under M-
F, Mþ C-Rs, Mþ C-Bw, Mþ CeB cropping sequences (Fig. 2). At the
end of the fourth year, the mean maize productivity of the previous
three years was 2.02e11.97% lower than over the first year yield
(3.5e3.7 t ha�1) under M-F, M þ C-Rs, M þ C-Bw, and M þ CeB
cropping systems. However, the magnitude of yield decline was the
highest in M-F (11.97%) and the lowest in M þ C-Bw (2.02%).
Contrarily, the three-year maize productivity under M þ C-GP and
M þ C-R was 9.9% and 1.4% higher over their respective first-year
productivity (Fig. 2). While comparing the mean yield of four
years, significantly higher maize grain yield was recorded in the
M þ C-GP cropping system (3.94 t ha�1) followed by M þ C-R
(3.84 t ha�1) than those obtained under other cropping systems
(Table 1). M þ C-GP cropping system produced 23.5, 15.5, 10.4, and
2.6% higher maize grain yield than the M-F, M þ C-Rs, M þ C-Bw,
M þ CeB, and M þ C-R systems, respectively. The intercropping of
cowpea with maize not only increased the maize grain yield but
also provided additional pod yield (1.45e1.60 t ha�1). The pod yield
of intercropped cowpea was marginally greater under M þ C-GP
(1.60 t ha�1) followed by M þ C-R (1.59 t ha�1) than other cropping

Fig. 2. Grain yield of maize (t ha�1) in different cropping systems (CS).
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systems (Table 1).
In the present study, maize stover mulch (MSM) alone and

MSM þ WBM applied during winter season had a pronounced ef-
fect on succeeding maize crop in the next season (Table 1). Of the
various mulching treatments, maize grown on residual
MSM þ WBM had 19.1% and 6.5% higher grain yield over those
under MSM and NM, respectively. Cowpea as an intercrop under
maize yielded higher under MSM þ WBM (1.31 t ha�1) when
compared to MSM (1.27 t ha�1) and NM (1.22 t ha�1).

3.2. Yield of winter season crops and water productivity

The four-year mean yield of all the winter season crops was
significantly higher under maize stover mulch þ weed biomass
mulch (MSM þ WBM) as compared to maize stover mulch (MSM)
and no mulch (NM) (Table 2). The average yield of rapeseed was
36.5 and 17.8% higher under MSM þ WBM than NM and MSM,
respectively. Similarly, buckwheat yield was 48.0 and 11.0% higher
under MSM þ WBM as compared to NM and MSM, respectively.
However, yield increment was the highest in the case of barley
(73.0 and 12.7%) and rajmash (45.1 and 14.8%) under MSM þ WBM
over NM and MSM, respectively.

The water productivity (WP) of rapeseed, buckwheat, barley,
garden pea, and rajmash was significantly (p < 0.05) influenced by
different SMC measures (Table 2). Among the winter season crops,
rapeseed had minimum WP (0.79e1.08 kg m�1) while the
maximum WP was in garden pea (3.86e4.95 kg m�1).

3.3. Soil health measurement

All the soil physical (rb), chemical (SOC, available N, P, and K)
and biological properties (MBC and DHA) had relatively higher
values after four cropping cycles when compared with the initial
soil values (Table 3). Soil properties like rb, SOC, available N, P, K,
andMBC, DHAwere significantly (p < 0.05) affected by the different
cropping systems and moisture conservation measures (mulches)
(Table 3). Available N in top 0e15 cm (373.1 kg ha�1) and 15e30 cm
(366.0 kg ha�1) under M þ C-GP was significantly greater than
other cropping systems (330.3e362.4 kg ha�1 in 0e15 cm and
323.2e357.3 kg ha�1 in 15e30 cm). Soils under maize-winter crop
systems had significantly higher amount of available N, P, K in both
the depths under study (0e15 cm and at 15e30 cm) over M-F.
Available P (18.6 kg ha�1) was significantly higher in surface
(0e15 cm) under M þ C-Bw than the M-F and M þ CeB but
remained at par with the rest of the cropping systems. Similarly, at
15e30 cm soil depth, Mþ C-Bw had higher available P as compared
with other cropping systems. M þ C-Bw had 12.7 and 9.9% higher
available P than the M-F at 0e15 and 15e30 cm soil depth,
respectively. The inclusion of legumes did not significantly influ-
ence changes in available P as compared to other crops in the
system. Soils under Mþ C-GP had significantly higher available K in
both the soil depths (436.9 and 434.7 kg ha�1 at 0e15 cm and
15e30 cm, respectively) than the rest of the systems. The lowest
amount of K was reported under M þ CeB at 0e15 cm
(334.2 kg ha�1) and M-F at 15e30 cm (329.1 kg ha�1).

The plant-available nutrients (N, P, and K) were significantly (p <
0.05) influenced by different SMC measures used in this study.
MSM þ WBM had significantly higher available N in both the soil
depths of 0e15 cm (357.9 kg ha�1) and 15e30 cm (352.1 kg ha�1)
than the soils under MSM and NM (Table 3). Plant available P and K
exhibited a trend similar to that of available N at 0e15 cm and
15e30 cm depths. Plant available P was 5.8 and 5.5% higher in soils
under MSM þ WBM and available K was 1.5 and 2.0% higher than
the soil under NM at 0e15 cm and 15e30 cm depth, respectively.
The SOC concentration was relatively higher in surface soil

(0e15 cm) as compared to the sub-surface (15e30 cm). Intensified
cropping systems (maize þ cowpea-winter crops) had significantly
higher SOC concentration at both the soil depths (0e15 cm and
15e30 cm) as compared to MF. M þ C-GP had significantly higher
SOC (13.9 g kg�1 and 13.6 g kg�1) at 0e15 cm and 15e30 cm soil
depths than other cropping systems (Table 3).

Mulching increased the SOC concentration because of the
decomposition and release of C in the soil. MSM þ WBM had 5.5
and 4.8% higher SOC at 0e15 cm and 15e30 cm soil depths than the
NM, respectively (Table 3). Similarly, MSM had 3.14 and 3.2% higher
SOC than NM at 0e15 and 15e30 cm soil depths, respectively. The
rb after completion of four cropping cycles was significantly (p <
0.05) affected by the different cropping systems. Intensified crop-
ping systems had relatively lower rb as compared toM-F. Relatively
lower rb was observed at the surface (0e15 cm) than the deeper
layer (15e30 cm). The application of different SMC measures
resulted in lower rb than NM. Soils of MSM and MSM þ WBM had
2.24 and 2.99% lower rb at 0e15 cm and 2.21 and 2.94% lower rb at
15e30 cm depth than NM (Table 3). Both MBC and DHA were
significantly higher in soils under intensified cropping systems as
compared to M-F. The M þ C-GP had significantly higher MBC
(355.9 mg g�1soil) and DHA (16.43 mg g�1soil) when compared with
all other cropping systems and M-F. The lowest MBC
(247.4 mgg�1soil) and DHA (11.55 mgg�1soil) was registered in soils
under M-F. Different SMC measures had a significant (p < 0.05)
effect on MBC and DHA after four cropping cycles. The MBC and
DHAwere significantly higher in MSM and MSM þ WBM than NM.
The soils of MSM þ WBM and MSM recorded 8.1 and 5.7% higher
MBC than NM, respectively. Similarly, the DHA value was 10.0 and
6.0% higher under MSM þ WBM and MSM than NM, respectively.

3.4. Energy dynamics

In the present study, the M-F cropping system required the
lowest energy input (10,610 MJ ha�1) while M þ C-R had the
maximum (23,066 MJ ha�1). The gross energy output was signifi-
cantly (p < 0.05) influenced by the diversification of cropping sys-
tems (Table 4). Among the systems, M þ C-GP recorded
significantly (p < 0.05) higher gross energy output
(155,962 MJha�1) over the rest of the systems. All the intensified
cropping systems had significantly (p < 0.05) higher gross energy
output than M-F. Similar trends were also noticed in net energy
output. EUE was significantly higher in M þ C-GP (7.90%) than all
other cropping systems. Energy productivity was greater with
M þ C-GP but a varied response was observed for other cropping
systems. The lowest energy productivity was under M þ C-R
(0.73 kg MJ�1) followed by M þ C-Rs.

The MSM þ WBM produced significantly higher gross energy
output (130,226 MJ ha�1) over MSM and NM (Table 4). Similar
trends were followed for net energy output. MSM þ WBM and
MSM had 25.1 and 16.6% higher net energy over NM, respectively.
The EUE also was significantly higher under MSM þ WBM (1.09%)
followed by MSM (1.04%). Energy productivity was 14.7 and 9.5%
higher in MSM þ WBM and MSM than NM, respectively.

3.5. Financial analysis

Financial analysis after four-year study (Table 5) indicated that
the highest cost was incurred in the M þ C-GP cropping system (US
$1310 ha�1) followed by M þ C-R (US $1200 ha�1). The lowest cost
was incurred in the M-F system (US $580 ha�1). However, the net
return (US $2460 ha�1) and B: C ratio (2.86) was significantly higher
with M þ C-GP followed by the M þ C-R cropping system. On the
other hand, the lowest net return (US $ 440 ha �1) and B:C ratio
(1.76) was recorded in the M-F cropping system.
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The highest cost was incurred in MSM þ WBM (US $1100ha�1)
followed by MSM (US $1080 ha�1). Gross return was significantly
higher in MSM þ WBM (US $ 2780 ha�1) followed by MSM (US $
2580 ha�1) and the lowest with NM (US $ 2250 ha�1). Similarly,
significantly higher net return was observed in MSM þ WBM (US $
1680ha�1) than MSM (US $ 1500 ha�1) and NM (US $1210 ha�1).
Benefit to cost ratio (B:C ratio) was also significantly higher in
MSM þ WBM (2.46) than MSM (2.31) and NM (2.11).

4. Discussion

4.1. Crop and water productivity

Inclusion of cowpea (legume) as intercrop and short duration
winter crops along with in-situ moisture conservation measures
significantly improved the maize productivity over the maize-
fallow system under organic management. Sustainable intensifi-
cation of the cereal-based system along with site-specific soil and
crop management practices enhances land, crop, and water pro-
ductivity under diverse agroecosystems was also reported by
Parihar et al. (2016) and Jat et al. (2019). The inclusion of cowpea as
an intercrop in maize apart from the additional economic gain has
myriad benefits such as suppression of weeds, protection of
nutrient loss due to high and intense rainfall in the hilly region,
fixing atmospheric N, and an overall improvement in soil health
(Kermah et al., 2017; Masvaya et al., 2017; Yadav et al., 2019).
Complementary resource use effect in time and space further
witnessed improvement in maize productivity with cowpea inter-
cropping (Fischer et al., 2020). In the present study, the entire

biomass of cowpeawas retained on the soil surface as in-situmulch
which on decomposition improved the overall soil health (Table 3)
resulting in further yield improvement as compared to M-F. The
inclusion of legumes in cereal-based cropping systems enhances
the productivity by improving the soil N availability through the
biological N fixation and by increasing the availability of P through
changing the soil pH in the rhizosphere (Betencourt et al., 2012;
Latati et al., 2014). Thereby, the inclusion of cowpea enhanced the
maize productivity under the intensified rainfed organic produc-
tion system.

The inclusion of legumes (cowpea, garden pea) in our study
perhaps reinforced the soil nutrients’ status and subsequently leads
to higher productivity of the succeeding crops. Under the organic
production system, there are two main ways to supply the crop N
requirements: introducing legumes in crop rotations and/or using
organic amendments (Das et al., 2017; Singh et al., 2016; Avasthe
et al., 2020). An increase in crop yield by integrating legumes in
intensified systems has been reported in many studies (Gan et al.,
2015; Gurr et al., 2016; Ghosh et al., 2020; Liu et al., 2020). Inclu-
sion of the second crop in maize monoculture resulted in higher
grain yield of preceding crops may be due to the addition of more
organic matter to the soil which possibly helped in providing
additional essential plant nutrients. Nutrients’ release pattern in
organic manures is very dynamic and slow (approximately 25e30%
of nutrient be available to the first crop) and the accumulated nu-
trients are utilized by the subsequent crops (Das et al., 2017). That
mechanism might be responsible for the higher yield of maize
following the inclusion of the second crop as compared to M-F.
Furthermore, a progressive yield decline trend in maize was

Table 4
Effect of cropping system and soil moisture conservation measures on energetics.

Treatment Energy input used (MJ
ha�1)

Gross energy out put (MJ
ha�1)

Net energy output (MJ
ha�1)

Energy use efficiency
(%)

Energy Productivity (kg
MJ�1)

Cropping system
Maize-fallow 10,610 60211f 49601f 5.67e 1.20b

Maize þ cowpea - rapeseed 18,997 111670e 92673e 5.88d 0.90e

Maize þ cowpea-
buckwheat

19,099 144407b 125308b 7.56b 0.95d

Maize þ cowpea - barley 19,766 130731c 110965c 6.61c 1.12c

Maize þ cowpea- garden
pea

19,748 155962a 136214a 7.90a 1.27a

Maize þ cowpea-rajmash 23,066 118000d 94934d 5.12f 0.73
Moisture conservation measures
NM 18,491 107716c 89225c 5.83c 0.95c

MSM 18,556 122548b 103992b 6.57b 1.04b

MSM þ WBM 18,596 130226a 111630a 6.97a 1.09a

NM¼ No-mulch (Control), MSM ¼ maize stover mulch (30%), WBM ¼ weed biomass mulch (5.0 t ha�1 fresh wt. basis), Values followed by different letters are significantly
different at p < 0.05. Total plots # 54 {6(cropping sequence) � 3 (mulching) � 3 (replication)}.

Table 5
Economics of the system (pooled over four years).

Treatment Cost of cultivation (US $ ha�1) Gross returns (US $ ha�1) Net returns (US $ ha�1) B:C ratio

Cropping system
Maize-fallow 580 1030f 440f 1.76f

Maize þ cowpea - rapeseed 1070 2290de 1230e 2.15d

Maize þ cowpea-buckwheat 1120 2360d 1240d 2.10de

Maize þ cowpea - barley 1150 2590c 1450c 2.25c

Maize þ cowpea- garden pea 1310 3770a 2460a 2.86a

Maize þ cowpea-rajmash 1200 3170b 1970b 2.63b

Moisture conservation measures
NM 1040 2250c 1210c 2.11c

MSM 1080 2580b 1500b 2.31b

MSM þ WBM 1100 2780a 1680a 2.46a

NM¼ No-mulch (Control), MSM ¼ maize stover mulch (30%), WBM ¼ weed biomass mulch (5.0 t ha�1 fresh wt. basis), $: US Dollar. Values followed by different letters are
significantly different at p < 0.05. Total plots # 54 {6(cropping sequence) � 3 (mulching) � 3 (replication)}.
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noticed in the present study, and maximum yield reduction in the
maize-fallow system over maize legume integration was recorded
in the four years of experimentation (Fig. 2). Non-addition of the
residue having poor nutrient recycling ability and exposure of crop
to intense rainfall during grand growth stage resulted in yield
penalty under the M-F system. Being nutrient exhaustive crop,
continuous cultivation of maize depleted the soil fertility from the
same soil layers year after year causing soil fertility fatigue which
perhaps caused progressive decline in maize productivity (Ghosh
et al., 2020).

Use of bio-mulches during winter season conserves soil mois-
ture and increases the productivity of winter and succeeding crops.
Application of diverse mulches provides cover to the soil surface
which regulated the soil temperature, suppressed weed growth
and conserved soil moisture for a longer period, and promoted soil
aggregation and built SOM (Yang et al., 2018; Zhou et al., 2019)
leading to higher yields.

Water productivity is the measure of performance expressed as
ratio between crop yield and the crop water requirement. The
higher water productivity under rainfed condition is the crop per-
formance (yield) indicator against drought (Das et al., 2017; Huang
et al., 2005). Bio-mulching improved the yield of winter crops
thereby increasing WP. SMC measures enhanced the WP of all the
winter season crops. In-field residue retention is an effective
practice that promotes water conservation by reducing soil water
evaporation during the summer fallow period (Wanga et al., 2018)
which can increase WP (Huang et al., 2005; Lu et al., 2015; Su et al.,
2007). In the present study 28.2e39.0% higher water productivity
was noticed in different crops over NM. This indicated that crop
residue retention is more beneficial when soil moisture and pre-
cipitation are limiting during the winter season. Hence, our study
inferred that site-specific bio-mulching is a pre-requisite for double
cropping in maize-fallow land under the rainfed ecosystems in the
EHR of India.

4.2. Soil health

Inclusion of legumes (cowpea) as intercrop in intensifiedmaize-
based cropping systems and use of bio-mulches as SMC measure
improved the soil physico-chemical and biological properties after
four years of experimentation. Intensified cropping systems
(maizeþ cowpea-winter crops) had relatively lower rb over the M-
F. Three crops in intensified cropping systems had generated more
root biomass and also the incorporation of additional organic in-
puts compared to M-F might have resulted in reduced rb in the
present study. Inclusion of legumes and other crops in monocrop-
ping systems drastically reduces the soil rb both under organic and
inorganic management practices (Grant & Lafond, 1993; Babu,
Singh, et al., 2020). Similarly, the use of bio-mulches as SMC mea-
sure reduced the soil rb as compared to NM. The application of SMC
measures improved the soil physical properties which thereby
enhanced the total soil porosity and subsequently reduced the soil
rb (Mulumba& Lal, 2008). The cultivation ofMþ C-GP andMþ C-R
cropping systems resulted in higher SOC at both the surface
(0e15 cm) and sub-surface (15e30 cm) soil layers over the M-F
system. Intensified systems produced more root biomass at both
surface and sub-surface soil resulted in higher SOC over less
intensified systems (Borase et al., 2020; Tong et al., 2017). The low
C/N ratio and higher lignopolyphenol complex of the legumes may
have resulted in rapid mineralization and the binding ability to the
soil clay complex might be the possible reason for higher SOC in
pulse-based cropping systems (Ashworth et al., 2020). Bio-
mulching possibly increased the SOC concentration by releasing C
in the soil after decomposition. The higher SOC concentration un-
der different SMC measures can be attributed to the long term

application of crop residues as organic inputs containing higher OC.
The inclusion of legumes in maize-based mono-cropping systems
under organic farming enhanced the SOC (Das et al., 2017; Marka &
Garye, 2003). The inclusion of cowpea as intercrop, garden pea, and
rajmash as winter legumes had a positive effect on available N in
the surface (0e15 cm) and sub-surface (15e30 cm) soil as
compared to M-F and other winter season crops. Mþ C-GP ascribed
higher available N (12.9%) and available K (26.3%) in the surface soil
than MF after four cropping cycles. The legumes depleted less N
from soils when compared with cereals under continuous cropping
systems as a result of biological N fixation, and the ability to
mineralize higher N content contributed to increased soil available
N (Hossain et al., 2016; Liu et al., 2020). This relates to higher soil
available N in the legumes’ embedded cropping systems relative to
maize fallow systems. M þ C-Bw had 12.7% higher residual avail-
able P in the surface soil than M-F after four cropping cycles. The
higher soil available P under M þ C-Bw might be due to the higher
solubilization potential of weakly labile P pool by buckwheat crop
under the maize-based system (Teboh & Franzen, 2011). The in-
clusion of legumes did not show significant effect on the changes in
available P as compared to other crops in the system. The plant-
available nutrients (N, P, and K) were significantly higher (p <
0.05) under SMC measures at both depths of soil. The plant-
available N, P, and K concentration under MSM þ WBM might
have been higher mainly due to the more favorable and congenial
conditions for mineralization of added biomass than NM. Generally,
organic mulches viz., maize stover and weed biomass used in the
study are rich in P and K (Suppl. Table 2) which might have led to
higher available P and K than NM.

Soil biological health is an important tool for soil microbial
enzymatic function as MBC and DHA (Borase et al., 2020). In the
present study, an increase in soil MBC activity in intensified crop-
ping sequences over M-F signified that the intercropping of le-
gumes and intensification could improve soil health. Higher DHA
activities are the indicators of a good mineralization process which
facilitates nutrients’ availability to crops (Borase et al., 2020; Monti
et al., 2019). Inclusion of pulse and winter season crop biomass may
enhance the SOC and SMBC which serves as a substrate for mi-
crobial proliferation and enhances the soil enzymatic activities. The
addition of more organic matter through root biomass by different
diversified cropping systems presumably increased microbial ac-
tivity which in turn promoted micro-aggregates to form macro-
aggregates that are particularly held by fungal hyphae, poly-
saccharides, and fibrous roots (Babu, Singh, et al., 2020; Das et al.,
2017). In the present study, SMC measures significantly increased
the MBC and DHA after four cropping cycles. Plant and weed
biomass mulching (a mixture of differently decomposable mate-
rials) improved the soil physical condition to support greater mi-
crobial biomass and faunal community structure of soil that might
have enhanced the MBC and DHA activities in soils.

4.3. Energy and financial calculations

Analysis of energy efficiency in cropping systems is an impor-
tant mechanism for achieving a green economy (Babu, Mohapatra,
et al., 2020; Yadav et al., 2018). The energy efficient system must
produce more economic output per unit energy consumed. The
M þ C-Rs had higher energy input over other systems. The highest
energy consumption in M þ C-R was due to the higher use of
organic manures, seed, machinery, and labor. MF consumed the
lowest energy since farm operations were limited to one season.
The energy consumption positively correlated with the inputs and
their corresponding energy value under the organic production
system (Babu et al., 2016). With regards to energy output, Mþ C-GP
recorded 159% and 175% higher gross and net energy over M-F.
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Variations recorded in various cropping systems were mainly due
to differences in productivity of various crops under study. Mþ C-R
had 5.8% higher energy productivity over the mono-cropping of
maize. Higher grain and biomass yields with corresponding EUE
and EP were reflected in M þ C-GP over other cropping systems.
Among the SMC measures, application of MSM þ WBM recorded
higher gross and net energy over NM. Furthermore, the combined
use of MSM and WBM resulted in 19.6% and 14.7% higher EUE and
EP over NM, respectively. The results indicated that the inclusion of
cowpea as an intercrop and the short duration winter crops with
MSM þ WBM as SMC measure was the energy-saving and
environment-friendly production system to intensify the M-F un-
der rainfed organic management in the EHR of India.

Economic analysis indicated that the cost of cultivation (COC)
was in the range of US $ 580 to 1310 ha�1 (Table 5). All the inten-
sified systems had a higher COC over the M-F system. The highest
COC was noticed with the M þ C-GP system. This was mainly
because the intensified system involved more input, labor, and
other costs for managing the crops throughout the year (Babu,
Mohapatra, et al., 2020; Yadav et al., 2013). Intensified systems
recorded two-three fold higher gross and net return over M-F.
Similarly, cropping system intensification resulted in a 62.5% higher
B: C ratio over theM-F system. In the present study, the induction of
the second crop in place of fallow in the M-F system increased crop
productivity with corresponding increase in the economic return.
Cultivation of more crops on the same piece of land in a definite
timeframe resulted in higher system productivity and profitability
of mono-cropping (Babu et al., 2016; Yadav et al., 2013). The
application of mulching increases the COC over NM. But the esca-
lated COC due to mulching was compensated by higher economic
output over the MF system. Application of MSM þ WBM recorded
16.6% higher B: C ratio over NM. Mulching improves the soil
physico-chemical and biological properties and conserves the soil
moisture which provides congenial environment for crop growth
and yield (Yadav et al., 2018) which ultimately turned into high
economic return.

5. Conclusions

The study proved the hypothesis that the inclusion of legumes
as an intercrop in maize-based cropping system and short cycle
winter crops enhances the crop, water, energy productivity, prof-
itability, and soil health as compared tomaize-fallow under organic
production systems in EHR of India.

5.1. The study supports the following conclusions

1. The inclusion of the second crop (winter season crop after
maize) and co-culture of cowpea as intercrop enhanced the
maize grain yield by 6.2e23.5% when compared with maize-
monoculture (M-F).

2. All the intensified cropping systems significantly increase the
energy return, use efficiency and productivity over the M-F
system. The system resulted in the highest energy use efficiency
(7.90%) and energy productivity (1.27 kg MJ�1). Application of
MSM andWBM significantly increased the energy use efficiency
over NM.

3. The intensified system significantly improved the SOC,MBC, and
DHA, available N and K over the M-F system besides reducing
the soil rb (4.37%). The maize þ cowpea-garden pea (M þ C-GP)
recorded three-fold higher productivity and profitability over
the M-F system.

4. Application of MSM þ WBM enhanced the productivity and
profitability of winter crops by two to three times and doubled
the water productivity besides improving soil health as

compared to NM. The residual effect of maize stover mulch and
weed biomass mulch (MSM þ WBM) enhanced maize produc-
tivity by 19.1% over NM.

Co-culture of cowpea (inter-cropping) with maize in the rainy
season and the inclusion of short duration winter garden pea along
with organic soil moisture conservation measures (MSM þ WBM)
in maize-based cropping system is the energy-efficient, economi-
cally viable and sustainable system to intensify the maize-fallow
system under organic rainfed condition. Therefore, the study sug-
gested this production system should be the focal recommendation
while designing the sustainable development policy for organic
farming under rainfed condition of the EHR of India and other
similar eco-regions.
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a b s t r a c t

Soil erosion disturbs not only the global carbon cycle, but it is a complex environmental problem.
Revegetation could reduce carbon emission by controlling soil erosion and increase carbon sequestration
and accumulation by fixing carbon in vegetation and soil. The Grain for Green Program (GFGP) of China is
the largest ecological restoration program in the world closely related to land-use/land-cover change
(LUCC). Systematically assessing the carbon sequestration benefit of GFGP is crucial for a better under-
standing of the effects of implementing GFGP and providing reasonable vegetation management.
Therefore, we selected the hilly red soil region (HRSR) of southern China as a study area, which is one of
the main ecologically vulnerable areas in China. We assessed the carbon sequestration in the GFGP area
of the HRSR using the InVEST (Integrated Valuation of Environmental Services and Tradeoffs) model
based on land-use/land-cover datasets during 2000e2015. Our results show that implementing GFGP is
conducive to the enhancement of carbon sequestration services. Total carbon sequestration showed an
increasing trend at a rate of 15.43% from 2000 to 2015. The most significant change mainly happened in
Hunan Province with the shortest implementation time. The carbon sequestration of each carbon pool
(namely aboveground biomass, belowground biomass, soil, and dead organic matter) also increased
slightly. Additionally, for carbon sequestration, unused land converted to forest land is the most effective
LUCC. This study can provide scientific support for the management and implementation of GFGP in the
HRSR of China.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

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

1. Introduction

Rapidly increasing carbon emissions caused by human activities
and land-use/land-cover change (LUCC) have led to global climate
changes, which has drawn attention internationally (Huang et al.,
2012). Carbon storage in biomass as well as in the soil will
change with LUCC (Stocker et al., 2017). In the context of the rati-
fication of the Kyoto Protocol, afforestation in cropland and unused
land have been considered effective strategies for mitigating the
greenhouse effect (Heimann & Reichstein, 2008). Revegetation can

both reduce the concentration of carbon dioxide in the atmosphere
by fixing C in soil and vegetation, and decrease carbon loss induced
by soil erosion (Borrelli et al., 2020; Deng & Shangguan, 2017).

In China, to control soil erosion, improve land quality, and
improve the ecosystem, a series of ecological restoration projects
were implemented (Delaney et al., 1998a). GFGP is the largest one
and is closely related to LUCC including the return of cultivated land
to forest land and grass, unused land afforestation and grass
planting (Song et al., 2014). Human-induces vegetation restoration
provides large potential carbon sequestration and plays a key role
in regulating the carbon cycle and mitigating climate warming
(Tang et al., 2010). Numerous studies have investigated the carbon
sequestration of the GFGP on a national scale in some typical re-
gions (such as the Loess Plateau) in China (Deng et al., 2017; Persson
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et al., 2013). Liu et al. (2014) estimated the carbon sequestration
change caused by forests converted from croplands using the in-
tegrated biosphere simulator, which is a process-based ecosystem
model. The results showed that this GFGP region could sequester
524.36 Tg C by the end of the 21st century. Wang et al. (2018)
estimated the carbon storage of GFGP forests biomass based on
empirical growth curves. The results showed the GFGP had bigger
carbon sequestration capacities and potentials and the carbon
sequestration at the initial stage of GFGP implementation is higher
than that at the later stage of GFGP implementation. Besides, some
scholars calculated NPP based on the CASA model and study the
response of GFGP on carbon sequestration (Jia et al., 2014; Wang
et al., 2020). Chang et al. (2011) found that soil organic carbon
(SOC) increased at a rate of 0.712 Tg C/year in the entire Loess
Plateau under the GFGP. Based on the general trend model of
changes in SOC after GFGP, Deng, Liu, and Shangguan (2014) pre-
dicted that SOC in the 0e100 cm soil layer would decrease in 0e5
years and then grow at a different rate. Some studies have sepa-
rately evaluated the changes in soil carbon stock or forest carbon
stock after GFGP at different scales. However, rarely studies report
total carbon stocks to change in GFGP implementation areas. Also,
few studies have compared the total carbon sequestration amounts
of different LUCC caused by GFGP.

The hilly red soil region (HRSR) of southern China is a special
ecological type area in the world. The region has superior biocli-
matic conditions and great production potential. Under the com-
bined effect of human activities and natural conditions, the
phenomenon of a “Red Desert” appears, such as in Changting
County in Fujian Province (Zhang et al., 2015). Since 2002, the GFGP
has been carried out in HRSR. However, few studies have assessed
the total carbon sequestration and analyzed the influence of
different LUCC caused by GFGP in the HRSR. Address the knowledge
gap this study aims to evaluate the total carbon sequestration from
2000 to 2015 in the HRSR based on four carbon pools. Besides, LUCC
patterns have different contributions to carbon sink growth (Deng
et al., 2014); therefore, another aim of this study is to analyze the
carbon sequestration of each LUCC caused by the GFGP. This study
could shed light on the total carbon sequestration benefits of the
GFGP in the HRSR, which is conducive to the reasonable formula-
tion and implementation of ecological restoration measures in the
region.

2. Materials and methods

2.1. Study area

The HRSR of southern China is located in the mid and lower
reaches of the Yangtze River (107�490e123�250E, 21�220e31�190N)
(Fig. 1). This region covers approximately 796,000 km2 of rugged
hilly terrain, and the altitude ranges from �210 m to 2191 m. The
region has a humid subtropical monsoon climate with an average
annual temperature of about 10 �C, and the average annual sun-
shine duration is 1489e2900 h. The annual average precipitation is
800e2500 mm, which is twice to triple the national average rain-
fall, with 70% of the rainfall occurring in the rainy season from April
to September. In some regions, the average rainfall intensity is as
high as 70e80 mm/d such as east Zhejiang Province, southwestern
Hunan Province, and southwestern Jiangxi Province (Zhang & Hu,
2019). The soil is red soil that is mainly developed from quater-
nary red clay. Red soil is texture sticky and easy to harden, which
resulting in poor water permeability (Zhao et al., 2013). Once the
vegetation is destroyed, it is will lead to serious soil erosion under
the rainstorm. The soil erosion potential in some areas is above
1000 t/km2 (Wang et al., 2020; Zhao et al., 2013). Themain land-use
types are paddy field, dry land, orchard, plantation forestry,

shrubland, grassland, and lake in the region; among them, forest
land is the largest. Because of the abundant water and heat re-
sources, the forest coverage rate reaches more than 55%. The HRSR
of southern China is an important production area for food, cash
crops, and fruit. The total farmland area is 282,400 km2, of which
178,000 km2 is sloped farmland.

Given the heavy rainstorm, hilly topography, and frequent
agricultural activities, water erosion occurs around this region. The
existing soil erosion area in HRSR area is 160,000 km2, accounting
for 12.9% of the total area. The average soil erosion modulus of the
inspection area in the southern red soil area is about
3419.8 t km�2$a�1. Compared with the Loess Plateau, the soil
erosion modulus is small. However, the thickness of the soil is only
2%e10% of the thick loess soil. That is, the red soil hilly region has a
relatively large amount of soil loss and bears shallow local erosion
(Zhao, 2013). Due to soil erosion, the vegetation has been severely
damaged, resulting in ecological environment deterioration. To
protect and improve the ecological environment, a series of
ecological restoration measures has been implemented, such as
GFGP and natural forest protection program. Following the imple-
mentation of GFGP, the regional LUCC pattern changed dramati-
cally, affecting regional ecosystem servicesdespecially carbon
sequestration.

2.2. Land-use/land-cover change (LUCC)

Since the 1980s, ten ecological restoration projects have been
carried out in the HRSR to improve ecological function (Li et al.,
2020). For example, the Soil and Water Conservation Program
(1983e2017), and the Natural Forest Protection Conservation
Project (1998e2020), and Forest Ecosystem Compensation Fund
(2001e2016), and the Grain for Green Program (1999e2020). The
Grain for Green Program is related to land-use/land-cover conver-
sion. Five types of LUCC were defined for the GFGP area (Li, 2019):
returning cultivated land to forest land, returning cultivated land to
grasslands, grasslands afforestation, unused land afforestation, and
unused land grass planting. Based on the land-use/land-cover
conversion, the GFGP area can be determined.

Land-use/land-cover data in 2000, 2005, 2010, and 2015 were
obtained from Landsat TM/ETM images with 30 m resolution. The
method we used to identify land-use/land-cover was supervised
classification and visual interpretation of human-computer inter-
action methods. According to the Chinese Academy of Sciences
Land Resource Classification System, the results are divided into six
land-use/land-cover types (cultivated land, forest, grassland, water
bodies, built-up land, and unused land) (Liu et al., 2014). In the
supervision classification process, a series of 1: 1,000,000 vegeta-
tion maps and relief maps were referenced. The GFGP area can be
identified after the layers obtained by the land-use/land-cover data
are overlapped through GIS technology.

2.3. Carbon sequestration

The InVEST (Integrated Valuation of Environmental Services and
Tradeoffs) model is a suite of integrated models used to map and
assign value to ecosystem services, which was jointly developed by
Stanford University, The Nature Conservancy, and the World
Wildlife Fund (https://naturalcapitalproject.stanford.edu/software/
invest). The InVEST model is modular and open-source software
(Delphin et al., 2013). The InVEST Carbon Storage and Sequestration
is one of the modules that can comprehensively estimate carbon
stored simply and reliably (Leh et al., 2013). In addition, the InVEST
model can simulate the impact of LUCC on terrestrial ecosystem
carbon storage spatially (Chaplin-Kramer et al., 2015). Carbon
storage in the terrestrial ecosystem consists of four carbon pools,
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which are the aboveground living biomass (Cabove), soil (Csoil),
belowground living biomass (Cbelow), and dead organic matter
(Cdead). Based on the carbon density method, the InVEST model
uses land-use/land-cover maps and the average carbon density of
four carbon pools of each land-use/land-cover type to estimates
carbon storage. The carbon density values for aboveground living
biomass and soil were derived from Liu et al. (2019) (Table 1). The
belowground living biomass is calculated based on the ratio of
aboveground vegetation to the belowground rhizome, which is 0.2
(Mokany et al., 2006); the aboveground living biomass is approxi-
mately 10 times that of dead organic matter (Delaney et al., 1998b).
In addition, the carbon densities of different Land-use types were
regarded as fixed values, ignoring their time variations.

3. Results

3.1. Spatio-temporal pattern of GFGP

From 2000 to 2015, the land-use pattern changed significantly
in the HRSR of southern China. Forest land and croplands were
always the main land-use type. The overlapped results show that,
from 2000 to 2015, the total area of the GFGP was about
2052.61 km2 in HRSR. Although the GFGP areas continue to expand,
the expansion rates are down to about 53 km2/y from a peak of
232 km2/y (Table 2). Among all LUCC, the area of grasslands being
returned to forest lands is the largest, accounting for about 69% of
the total area. The area of unused land afforestation and grass

planting is far smaller than that of others. The GFGP area is mainly
distributed in the Zhejiang and Fujian hilly regions and the Hunan
regions (Fig. 2). In addition, in terms of space, the implementation
of the project shows a trend of transition from east to west.

3.2. Carbon storage in the in HRSR due to GFGP

Carbon sequestration was estimated in the GFGP area for the
years 2000, 2005, 2010, and 2015. The carbon sequestration in the
area in which the GFGP was implemented in the HRSR changed
significantly during the period of 2000e2015. Before the GFGP
(that is the year 2000), the total carbon sequestration was
19.69 Tg C, with about three-quarters (14.76 Tg C, 74.96%) of this
being provided by grassland ecosystems. By the end of the first
round of the GFGP (that is the year 2015), the total carbon
sequestration in the actual occurrence area of GFGP was 22.73 Tg C,
an increase of 3.04 Tg C. The change of carbon sequestration per
unit area is about 0.0015 Tg C/km2. The area of high carbon
sequestration (>0.01 Tg C/km2) is constantly expanding (Fig. 3).
High carbon sequestration areas were mainly located in the Zhe-
jiang and Fujian regions in 2000, and these areas covered nearly the
entire GFGP area by 2015. Carbon sequestration changes were most
significant in central Hunan, where the carbon sequestration
change was 0.003e0.005 Tg C/km2 (Fig. 4). Carbon sequestration in
Zhejiang and Fujian, where the project has been implemented the
longest, had the least significant increase (<0.001 Tg C/km2). This
phenomenon is likely related to vegetation management, climate,

Fig. 1. The hilly red soil region (HRSR) of southern China.

Table 1
Carbon density in different land-use/land-cover types in the InVEST model (unit:
10�4 Tg C/km2).

Carbon density Aboveground Belowground Soil Dead

Croplands 26.41 5.28 43.94 2.64
Forest land 44.75 8.95 52.71 4.48
Grasslands 38.67 7.73 53.70 3.87
Unused land 9.49 1.90 50.77 0.95

(Noted: The carbon density values for aboveground living biomass and soil basted
on the result of Liu et al. (2019)).

Table 2
The area of each LUCC type in the HRSR from 2000 to 2015 (km2).

2000e2005 2005e2010 2010e2015 Total

croplands - forest land 252.96 160.2 172.97 586.13
croplands - grasslands 15.18 4.84 13.41 33.43
grasslands - forest land 878.72 463.66 77.21 1419.59
unused land- forest land 6.41 0.05 0.49 6.95
unused land- grasslands 6.14 0.25 0.12 6.51
Total 1159.41 629.00 264.20 2052.61
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and other similar factors.
The carbon sequestration of the evaluated carbon pools also

increased slightly during the period of 2000e2015 (Table 3.). The
order of carbon sequestration of the four major carbon pools of the
terrestrial ecosystem was Csoil (10.41 Tg C) > Cabove
(7.14 Tg C) > Cbelow (1.43 Tg C) > Cdead (0.71 Tg C) in 2000. The
carbon storage of the aboveground biomass increased by 2.02 Tg C,
which changed from 7.14 Tg C in 2000 to 9.16 Tg C in 2015, thereby
having the largest change. The least amount of change (0.21 Tg C) in
carbon sequestration was in dead organic matter, which increased
from 0.71 Tg C in 2000 to 0.92 Tg C in 2015. The carbon

sequestration of the belowground biomass and soil organic matter
increased 0.40 Tg C and 0.41 Tg C, respectively, during the period of
2000e2015.

3.3. Carbon sequestration among different LUCC types

The total change in carbon sequestration is distinctly different
among different LUCC types caused by the GFGP (Table 4). Among
the LUCC types, the forest land converted from croplands contrib-
utes the most to the change in carbon storage in the GFGP area,
contributing 1.91 Tg C (62.83%). The amounts from returning

Fig. 2. Spatiotemporal distribution map of the Grain for Green Program (GFGP).

Fig. 3. Spatial distribution of carbon sequestration in the GFGP area from 2000 to 2015.
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grassland to forest land, cropland to grasslands, unused land to
forest land, and unused land to grasslands are approximately
0.98 Tg C (32.24%), 0.09 Tg C (2.96%), 0.03 Tg C (0.99%), and 0.03 Tg C
(0.99%), respectively. This phenomenon may be related to the area
of each LUCC type in the GFGP region; however, the results of
carbon storage per unit area show that the order of the change in
carbon storage per unit area was: returning unused land to forest
land (0.0048 Tg C/km2) > returning unused land to grasslands
(0.0041 Tg C/km2) > returning cropland to forest land (0.0033 Tg C/
km2) > returning cropland to grasslands (0.0026 Tg C/

km2) > returning grasslands to forest land (0.0007 Tg C/km2). Ac-
cording to the above analysis, for carbon sequestration ecosystem
services, unused land afforestation and planting grass is the most
effective LUCC type caused by GFGP in the HRSR of southern China.

4. Discussions

4.1. Carbon sink contribution of GFGP

China’s GFGP has played an important role in improving the
ecological environment and increasing the carbon storage of
terrestrial ecosystems. Feng et al. (2020) suggested that the carbon
stocks in some regions are increasing, and this may be related to
environmental policies such as returning farmland to forest. It is
estimated that policies such as GFGP and straw return programs
can offset 3e5% of China’s total emissions each year (Deng et al.,
2017; Zhao et al., 2018). In our study, the total carbon sequestra-
tion in the GFGP region had a slowly increasing trend, with a
growth rate of 15.43% from 2000 to 2015. The total carbon
sequestration of the GFGP area in the HRSR of southern China was
22.73 Tg C in 2015, which was equivalent to 1.03% of China’s total
carbon emissions (calculated as 2200 Tg in the Durban Conference)

Fig. 4. Spatial distribution of the carbon sequestration changes in the GFGP area from 2000 to 2015.

Table 3
Carbon sequestration of different carbon pools in the GFGP area during the period of
2000e2015 (unit: Tg C).

Carbon pools 2000 2005 2010 2015

C_above 7.14 8.20 8.78 9.16
C_below 1.43 1.64 1.76 1.83
C_soil 10.41 10.57 10.67 10.82
C_dead 0.71 0.82 0.88 0.92
Total 19.69 21.22 22.08 22.73

(Noted: The data of 2000 represents the carbon sequestration before the GFGP
implemented).

Table 4
Total carbon sequestration calculated for each LUCC type during the period of 2000e2015.

Year Carbon sequestration croplands -forest land croplands -grasslands grasslands -forest land unused land -forest land unused land -grasslands Total

2000 Tg C 4.58 0.26 14.76 0.04 0.04 19.69
Tg C/km2 0.0078 0.0078 0.4416 0.0013 0.0012 0.0096

2005 Tg C 5.41 0.30 15.37 0.07 0.07 21.22
Tg C/km2 0.0092 0.0090 0.4597 0.0022 0.0020 0.0103

2010 Tg C 5.94 0.31 15.67 0.07 0.07 22.08
Tg C/km2 0.0101 0.0094 0.4693 0.0022 0.0020 0.0108

2015 Tg C 6.50 0.35 15.74 0.08 0.07 22.73
Tg C/km2 0.0111 0.0104 0.4709 0.0023 0.0020 0.0111

Change Tg C 1.91 (62.83%) 0.09 (2.96%) 0.98 (32.24%) 0.03 (0.99%) 0.03 (0.99%) 3.04
e

Tg C/km2 0.0033 0.0026 0.0007 0.0048 0.0041

(Noted: The data of 2000 represents the carbon sequestration before the GFGP implemented).
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in 2010. Carbon sequestration services have been enhanced after
the GFGP, which is consistent with previous research (Shi & Han,
2014; Wang et al., 2017).

GFGP increased carbon efficiency in terms of both new affor-
estation and soil conservation (Song et al., 2014). Vegetation se-
questers carbon through photosynthesis to reduce atmospheric
carbon dioxide. Deng et al. (2017) estimated that the amount of
carbon sequestered in China’s forest will be approximately equal to
the total estimated carbon emissions (2380-3300 Tg). Soil is the
largest terrestrial carbon (C) pool in the world. Every small change
in soil carbon has a profound influence on the soil-atmospheric
carbon cycle (Shi et al., 2020). In China, the average cumulative
rate of soil carbon was estimated to be 0.37 Mg ha�1$a�1 after
farmland was converted to perennial vegetation (Zhang et al.,
2010). Although this region has the largest annual rainfall erod-
ibility in China, its vegetation growth is better. Vegetation has an
obvious effect on soil protection and controls soil erosion (Chen
et al., 2020). Vannoppen et al. (2015) reported that vegetation
restoration generally reduces soil erosion by protecting the soil
surface from rain or runoff detachment, thereby increasing the soil
surface roughness and the soil permeability, and soil mass stability.
Before vegetation restoration, the average erosion intensity is
4151 t/(km2$a), then the average erosion intensity decreased to
846 t/(km2$a) (Chen et al., 2019). Vegetation restoration can reduce
carbon loss in runoff and sediment by control soil erosion. It is
estimated that vegetation restoration could reduce the annual
runoff carbon loss of the entire loess plateau by 7300 Mg (Deng
et al., 2019). Besides, Tian et al. (2018) found through meta-
analysis that after conversion of farmland to forest, the average
retention capacity of soil inorganic nitrogen increases 0.43% when
soil organic carbon increases 1%. That is, GFGP not only alleviates
climate warming but also contributes to alleviating environmental
problems (such as eutrophication of water bodies) caused by N
leaching.

4.2. Importance of LUCC on carbon storage

Carbon sequestration is an important service function of
terrestrial ecosystems. LUCC is an important factor in controlling
the terrestrial carbon cycle (Chuai et al., 2015). LUCC can affect the
material circulation and capacity flowof the ecosystem by changing
the original ecosystem structure, process and function. Since 1850,
carbon emissions from LUCC have accounted for one-third of the
global greenhouse gas emissions (Arneth et al., 2017). There is a
close relationship between carbon emissions and the use of agri-
culture, forests, and grasslands (Lai et al., 2016). Forest and grass-
lands have higher carbon storage capacity than other ecosystems
(Pagiola, 2008). By analyzing the variation of carbon storage per
unit area of the five LUCC types caused by the GFGP in the HRSR of
southern China, we found that returning unused land to forest land
had the greatest carbon sequestration potential and the conversion
of grasslands into forest land has little effect on the increase in
terrestrial ecosystem carbon storage. The conversion of other land-
use/land-cover types into ecological land will promote the accu-
mulation of carbon, which may be related to the higher soil carbon
density and vegetation carbon density of forest land (Feng et al.,
2020). When land types with lower biomass were transferred to
land types with higher biomass, carbon storage will increase. Zhao,
Huang, and Ma (2013) analyzed the carbon storage changes of
various terrestrial ecosystems in the southeastern United States
and found that the carbon sink in this region is mainly the result of
the conversion of farmland to forest. Zhu et al. (2019) found the
increase in vegetation carbon storage due to forest land expansion
from 1990 to 2010 in Zhejiang Province. LUCC affects vegetation
carbon storage by affecting net primary productivity (NPP) and the

decomposition of underground vegetation. Meanwhile, LUCC
affecting soil carbon storage by changing the soil respiration rate
that was affected by soil biochemistry and physical processed. Each
LUCC type has different effects on carbon storage. The imple-
mentation of ecological engineering projects can increase the
proportion of land-use/land-cover types with higher carbon stor-
age capacity, thus increasing regional carbon storage (Zhao et al.,
2018). In order to maintain carbon storage and reduce carbon
emissions, unused land afforestation and grass planting should be
given priority when implementing the GFGP in the study region.
China’s GFGP is likely a valid and feasible approach to mitigating
climate warming.

4.3. Effect of water resources on tree species

The GFGP has significantly changed ecosystem services. Some
scholars have shown that GFGP has increased carbon storage, but
may cause serious water resources shortage in an arid and semi-
arid area where water is scarce (Feng et al., 2016; Su &
Shangguan, 2019). The main source of soil moisture in HRSR is
Precipitation. A study of China’s precipitation from 1960 to 2014
shows that under the background of global warming, the total
precipitation in the HRSR has not changed significantly, but heavy
rain events have increased significantly (Song, 2017). Light rain
events only affect the change s in surface soil moisture and are
easily consumed by evaporation. Heavy rain events can promote
the infiltration of water into deep soil, which makes a great
contribution to soil water replenishment (Persson et al., 2013). In
the HRSR of China, rainfall is abundant, but there is a seasonal
drought problem. Forest may absorb deep soil water in the dry
season but can be replenished in the rainy season. Besides, the
depth of groundwater is 8e10 m in most parts of HRSR, so it is
almost impossible for the forest to extract groundwater. For
example, Eucalyptus is one of themain plantation types in the HRSR
of Southern China, and water consumption is large. But the tran-
spiration rate of Eucalyptus in HRSR was lower than that in other
semi-arid regions. The evapotranspiration of Eucalyptus is most
likely to be 900e1200 mm (Zhang et al., 2010). The Eucalyptus
plantations introduced will not extract groundwater in most areas
in HRSR. That is, the impact of afforestation on water resources in
the HRSR is limited (Liu et al., 2016). However, there may be a
certain impact in areas with rainfall of less than 1200 mm. For
GFGP, water balance should be considered in areas where rainfall is
less than 1200 mm.

The planting of plantations should follow the basic principles of
suitable trees and land. In an area with abundant rainfall, more
consideration should be given to the ecological benefits of vege-
tation when selecting tree species, while water consumption and
drought tolerance of trees also be considered in abundant rainfall
areas. For example, tea plants have strong water storage capacity.
Mytilaria laosensis tend to form a thicker litter layer and have better
soil and water storage capacity. Ormosia Yunnan Eusis and Michelia
macclurei had strong tolerance to poor soil and drought. These tree
species can be selected for GFGP in the HRSR of southern China
(Fang, 2002; Satyanaga et al., 2013). In addition, when imple-
menting GFGP, mixed coniferous and broad-leaved forests should
be built as far as possible to increase the complexity of vegetation
hierarchy and give full play to the role of vegetation in interception
and absorption of rainfall.

4.4. Limitation and suggestions for further studies

The GFGP is a typical LUCC process (Deng, Liu, & Shangguan,
2014). Many scholars have studied the LUCC brought by GFGP.
The series of Landsat images have been widely used in monitoring
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the LUCC caused by GFGP. For example, You et al. (2020) obtained
100 m resolution land use data based on Landsat images and
identified the spatial scope of GFGP on the Loess Plateau based on
this data. The method of extracting the GFGP range by the super-
position of multi-period land-use/land-cover data has high credi-
bility. In this paper, through the interpretation of multi-temporal
Landsat TM images, we obtained the land-use/land-cover dataset in
the HRSR of southern China. The identification accuracy of the area
in which the GFGP was implemented is influenced by the accuracy
of land-use data, the classification of land-use/land-cover types,
and the superposition method. In this paper, a grass map of 1: 100
million, a vegetation map of 1: 100, and a terrain map of 1: 100,000
were referenced for remote sensing interpretation. The overall
interpretation accuracy is greater than 85%, which has high reli-
ability. However, this paper only interprets the land-use/land-cover
types into six, which has a certain impact on the accuracy of the
identification results of the GFGP area. The acquisition of more
detailed land-use/land-cover data, such as data based on vegetation
types, can improve the accuracy of the results. Simultaneously, a
static superposition method was adopted to identify the GFGP area.
More effective methods, such as using multi-source data and
advanced algorithms (such as phenology-based algorithms) to
continuously monitor dynamic changes of land-use/land-cover
year by year, can effectively improve the accuracy (Dong et al.,
2017). On the other hand, more detailed LUCC data need to be
obtained, such as land-use data based on vegetation types. The
modeling approaches estimate carbon sequestration from GFGP by
estimating the precise locations where land conversion occurred.
This method is based on the overlap of multiple spatial datasets.
Each dataset has its own random errors, which will affect the re-
sults. The uncertainty analysis of results and the improvement of
the simulation accuracy of the model are the focus of our next
research.

This study offers a carbon sequestration analysis framework. We
analyze GDGP carbon sequestration from the LUCC perspective.
However, there are several limitations from the fact that the carbon
density values of different land-use/land-cover types obtained from
the literature review used in this paper were fixed values, ignoring
their spatial and temporal variations. The carbon density values will
change over time due to climate change, human activities, etc.
Moreover, the values vary spatially because of geographical and
climatic conditions. Therefore, the accuracy of the results can be
improved in the future by obtaining the carbon density values of
detailed land-use/land cover types and vary over time and space. At
this time, a lot of field investigation is particularly important.

5. Conclusions

Large-scale ecological restoration programs such as the GFGP
are presumed to be an effective approach to mitigating climate
change; however, few studies up to this point have assessed the
carbon sequestration benefits of the GFGP in the HRSR. Our results
show that the growth rate of total carbon sequestration is 15.43% in
the GFGP region from 2000 to 2015, which was able to offset about
1% of China’s annual carbon emissions in 2010. The carbon
sequestration per unit area increased about 0.0015 Tg C/km2. There
are five LUCC types that resulted from the implementation of the
GFGP. Among them, unused land afforestation and grass planting
are the most beneficial ways to increase the benefits of carbon
sequestration. In conclusion, the implementation of the GFGP in the
HRSR of southern China has been conducive to improving regional
climate results. Unused land afforestation and grass planting
should be the areas of focus when implementing ecological resto-
ration programs such as the GFGP.
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a b s t r a c t

Poor soil properties especially low soil organic carbon (SOC) and nutrient and water retention capacities
are major concern for sustainable agriculture in Himalayas. Field experiments were conducted to assess
the effects of six combinations of tillage [conventional tillage (CT) and no-till (NT)] and land configu-
rations [flat bed planting (FB), ridge and furrow planting (RF), and raised bed planting (RB)] on pro-
ductivity and carbon (C)-sequestration potential of maize [(Zea mays L.) for green-cob in summer]-maize
(for grains in rainy season)-field pea [(Pisum sativum L. in winter] cropping system under humid mild-
tropical climate of Tripura, India. The maize under NT-FB in 2012 and NT-RF in 2013 produced signifi-
cantly higher green cob yield than that under CT-RF. However, in rainy season, CT produced higher maize
grain yield than NT systems. Field pea seed yield was significantly the highest under NT-RB. After two
cropping cycles, NT systems had higher available N, P, K and 18.6e31.4% higher soil moisture content
after rainy season maize than CT system. The highest SOC-stock (0e30 cm) was observed under NT-FB,
whereas, SOC-sequestration rate was maximum under NT-RB (0.85 Mg ha�1 year�1). Therefore, NT based
systems can enhance the productivity and improve SOC-sequestration in cultivated soils of eastern
Himalayas. Hence, study recommended adoption of NT-RB/NT-FB to raise maize-maize-field pea system
for improving productivity, improving C- sequestration and soil properties in the eastern Himalayas and
similar eco-regions elsewhere.
© 2021 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

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

1. Introduction

Sustainable land management strategies includes conservation
effective tillage, location specific effective establishment, nutrient
and water management practices to synergize food production
with increasing population (Busari et al., 2015). Resource degra-
dation and growing environmental crises further impacted the food
and livelihood security of millions across the globe (Babu et al.,
2020). Tillage in high rainfall hilly areas disrupts macro-
aggregates, reduces water holding capacity, and promotes soil

organic carbon (SOC) and nutrient loss (Nandan et al., 2019). Tillage
regulates crop performance because it effects weed growth,
nutrient availability, water use efficiency and root growth (Das
et al., 2018; Lal, 1993). The tilling of soil with moldboard, rotary
and power tiller perturbs the soil during every growing season
(Chen et al., 2011). Tillage often has some short term benefits such
as favorable soil conditions for a good crop emergence, vigorous
seedling growth, better nutrient availability, and more crop yield
(Six et al., 1999). In long term, however, tillage causes soil crusting
and compaction, accelerates soil erosion, increases mineralization
of soil organic matter (SOM), degrades and breaks soil aggregates,
and exacerbates the losses of plant nutrients and soil organic car-
bon (SOC) (Triplett & Dick, 2008; de Moraes et al., 2015). The* Corresponding author.
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gradual decline in SOM through accelerated oxidation and in-field
burning of crop residues aggravates emission of greenhouse gases
(GHGs) and loss of essential plant available nutrients. Mechanised
preparation of seedbed also reduces soil fertility and biodiversity
(Das et al., 2013), degrades soil quality and jeopardizes sustain-
ability (Ferna’ndez et al., 2009). Thus, adoption of conservation
agriculture (CA) based practices; comprising reduced-till (RT) or
no-till (NT) along with rational retention of crop residues and
complex rotations; has been widely promoted since the 1980s
(Triplett & Dick, 2008) to increase C-sequestration in soil and help
in mitigation of climate change (UN SDG 13: Climate action) and
improve soil health and its functions (UN SDG 15: Life on land).

The adoption of CA based practices enhances the energy use
efficiency and production efficiency, and reduces the risks associ-
ated with crop production (Zentner et al., 2002); minimizes soil
perturbation, increases the SOM content and improves the quality
and health of soil (Zentner et al., 2004). In general, the yield of
several crops including major cereals, pulses, and oilseeds can be
similar or greater under CA than those under intensive tillage based
production systems (Lafond et al., 1996; Ngangom et al., 2020). A
number of field studies across the globe have indicated that
adoption of CA minimizes the fluctuations in soil temperature, re-
duces losses by soil erosion and evaporation in comparison to that
under conventional production systems (Dick et al., 1991; Wagger
& Denton, 1992). Tillage-factors affecting crop growth and soil
health are complex, and the responses of crops to tillage systems
differ among diverse agro-ecosystems. Thus, a better understand-
ing of CA performance is warranted over a wide range of soil and
environmental conditions.

About 1550 Pg (peta gram ¼ 1 billion metric ton) of global
carbon (C) reserve is held in the terrestrial soils, which is ~2-times
and 3-times of amount of C held in atmosphere (800 Pg) and in
vegetation (560 Pg), respectively (Antille et al., 2015). Due to its
large size, even a small relative changes in the SOC mass can have
great effects on atmospheric CO2 concentration (K€ochy et al., 2015).
Sequestration of C in cropland soils can be a strategy tomitigate the
spiralling concentration of atmospheric CO2 (Das et al., 2013).
Further, long-term storage of C in arable land may offset the future
increase of CO2 concentration in the atmosphere. Soil quality and
net primary productivity are mostly governed by SOC (Bruun et al.,
2015), because it improves soil aggregation and water holding ca-
pacity (WHC), enhances the supply of essential plant nutrients and
moderates the cation exchange capacity (CEC) of soils (Lal, 2008).
The effects of cropping techniques (i.e., tillage, residue manage-
ment, cropping systems) on the amounts and quality of SOM have
received the utmost attention in recent years, as SOM is one of the
fundamental indicator of soil quality (de Oliveira et al., 2015). The
degree of degradation of soil properties and changes in proportion
of SOM rely mostly on the soil management practices (de Oliveira
et al., 2015). Hence, land use management is the key factor
affecting the quantity and quality of biomass inputs and SOC con-
centration (Guzman et al., 2016).

CA practices with minimal soil perturbation and retention of
crop residues are economically and ecologically viable options
because these save energy and create favorable edaphic conditions
(Husnjak et al., 2002) for sustainable crop production and SOC
sequestration. The increase in SOC concentration under NT in
comparison to that under CT is reported worldwide (Das et al.,
2017; Lal, 2015). The planting on a raised bed under CT and NT
can reduce labor use without any yield penalty (Das et al., 2013).
The SOC is also reported to increase with the retention of crop
residues on the soil surface (Kuotsu et al., 2014). However, the rate
of SOC sequestration under diverse tillage and planting methods in
a sub-tropical agro-ecosystem has not been widely studied.

The fragile hill ecosystems of north eastern region (NER) of India

in eastern Himalayan Region is characterized by a humid sub-
tropical climate. Soils under the high precipitation (>2000 mm per
annum) region of low attitudes (<100 m ASL) of NER are predom-
inantly cultivated to rice (Oryza sativa) and are prone to several soil-
cognate limitations/constraints (Das et al., 2017). Further, excessive
tillage in hilly, high rainfall and fragile ecosystems, destroys soil
structure, disrupts the continuity of soil pores, and causes soil
acidity due to the removal of basic cations thereby degrading soil
quality (Osunbitan et al., 2005). Thus, agronomic yields of a ma-
jority of crops grown in such soils are low. Severe decline in SOC has
been a principal constraint to increasing crop yields (Braimoh &
Vlek, 2006). Hence, it is prudent to identify and adopt appro-
priate CA practices to improve and sustain soil quality. The low SOC
concentrations in soils of low altitude areas in the NER, may be due
to low biomass production of the mono-cropped rice, excessive
tillage and residue removal (Carvalho et al., 2009). Thus, main aim
of a study was to devise or refine sustainable agriculture manage-
ment practices to arrest the land degradation in the region, restore
C in soil and improve crop productivity without jeopardizing nat-
ural resource base of the north eastern Himalayan ecosystem and
significantly contribute to achieving the United Nations Sustainable
Development Goals (SDGs).

Rice monoculture is a prominent cropping system in the region
which has low agronomic productivity and frequently affected by
dry spells. However, the region receives a plenty of rain from April
to October which provides an option to replace rice with other
short duration high yielding crop and for harvesting rain water for
subsequent use. Thus, there exists a potential of increasing crop-
ping intensity and improving soil quality by replacing upland rice
with maize (Zea mays L) for production of green cob in summer
season, maize for grains during the rainy season and field pea
(Pisum sativum L.) during the winter season (Neto et al., 2010).
Therefore, resource conservation issues have drawn the attention
of researchers to devise innovative conservation-effective tillage
and crop establishment practices for increasing productivity and
improving SOC sequestration in the NER, especially in the hills. The
retention of crop residues and weed biomass on the soil surface
under NT favors the processes which improve soil quality and
enhance resource use efficiency (Das et al., 2018). Thus, effective
conservation technologies are needed to make an efficient use of
water and nutrients, improve nutrient balance and availability,
increase water infiltration rate and retention by soils (Sharma et al.,
2005).

Thus, the present study was conducted to evaluate the impact of
NT and crop establishment methods on system productivity, soil
fertility and soil C-sequestration. The studywas designed to test the
hypothesis that NT system (with or without land configuration)
sequesters more C in the soil because of a higher C-input and C
retention efficiency, and would have higher system productivity
because of better soil quality than that under CT. Another hypoth-
esis was that raised bedwould conserve the scarcewater during the
dry season (and facilitate drainage of excess water during heavy
rain) leading to better soil properties and crop growth. The specific
objectives of the study were to: 1) assess the effect of NT with and
without land configuration on system productivity (in term of
maize equivalent yield to compare the productivity among the
treatments); 2) evaluate the impact of tillage (with and without
land configuration) on SOC sequestration and C retention effi-
ciency; and 3) determine the influence of tillage and land config-
uration on soil moisture content and soil quality. The findings of the
present study may contribute towards reducing hunger through
improving crop productivity, mitigation of climate change through
C-sequestration and restoration of degraded land through soil
health improvement.
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2. Materials and method

2.1. Site description and weather conditions

The field experiments were conducted at the Agronomy Farm of
the Indian Council of Agricultural Research (ICAR) Research Com-
plex for North Eastern Hill (NEH) Region, Tripura Centre, Lembu-
cherra (23� 540 24.0200 N and 91�0 180 58.3500E, 52 m altitude above
mean sea level), Tripura (W), India during 2012e13 and 2013e14.
During the rainy season (June to October) of the previous five years
till 2011, mono-cropped rice had been cultivated in the study site
under conventional cultivation practice (3 to 4 plowing to a depth
of 15 cm, residue removal, recommended fertilizer, etc). However,
prior to the initiation of the experiment, winter pea (Novem-
bereFebruary) was grown in 2011e12 uniformly under the
different treatments for homogenization of soil properties. The
average annual rainfall of the study site (Lembucherra) is 2200mm.
However, annual rainfall received during the period of experi-
mentation in the year 2012e13 and 2013-14 was 1990.2 and
2054.8 mm, respectively. The monthly distribution of rainfall and
temperature is shown in Fig. 1. The soil (Typic Kandihumults) of the
experimental field is a sandy loam, having 48.2% sand, 5.0% silt and
46.8% clay particles. The baseline soil sample (0e15 cm) had
6.9 g kg�1 SOC determined byWalkley and Blackmethod (Nelson&
Sommers, 2005), 282.0 kg ha�1 available nitrogen (N) extracted
through alkaline potassium permanganate method (Subbiah &
Asija, 1956), 8.5 kg ha�1 phosphorus (P) determined through Bray
and Kurtz No. 1 method (Olsen & Sommers, 1982) and
285.5 kg ha�1 potassium (K) analyzed through ammonium acetate
method (Knudsen et al., 1982). The pH of the soil was 5.2 (soil and
water ratio of 1:2.5) measured by the glass electrode method
(Kalra, 1995).

2.2. Treatments and crop culture

The experiment was laid out in a Randomized Block Designwith
three replications. The gross plot size was 5� 4m2. The experiment
consisted of six combinations of tillage and establishment
methods: 1) CT-FB: conventional tillage (CT) with flat bed planting
(FB) (Two cross ploughing with power tiller to a depth of 15 cm
followed by leveling), 2) CT-RF: CT with ridge and furrow planting
(RF), 3) CT-RB: CT with raised bed planting (RB),4) NT-FB: no-till
(NT) with FB, 5) NT-RF: NT with RF, and 6) NT-RB: NT with RB. The
field layout for tillage and management practices is shown in Fig. 2.
Fixed plot was maintained for treatments during two years of the
study to evaluate cumulative effects of treatments on soil proper-
ties. Glyphosate [N-(phosphonomethyl) glycine] was applied at
5 ml l�1 to control weeds in all NT plots about a week prior to

sowing. These six treatment combination effects were assessed on
fixed plots in maize (summer)emaize (rainy season)efield pea
(winter) system.Maize in summer and rainy seasonwere cultivated
for green cob and grain (seed), respectively. Winter crop pea was
grown for grains. A fertilizer dose of 120 kg N, 27 kg P and 34 kg K
ha�1 were applied to each of summer and rainy season maize.
Whereas, a fertilizer dose of 20 kg N, 27 kg P and 34 kg K ha�1 were
applied to field pea. Half of the N and full dose of P and K was
applied at sowing in maize (summer and rainy season), and the
remaining half was applied through two splits; first half at knee
high stage and the second half at the tasseling stage. However, full
dose of N, P and K fertilizers were applied at the time of sowing for
field peas. Urea (46% N), single super phosphate (16% P205) and
muriate of potash (60% K20) were used as N, P and K sources,
respectively. The popular maize hybrid DMH-849 was sown
manually using a dibbler at 60� 30 cm spacing during summer and
rainy season under both CT and NT systems and field pea variety
TRCP-9 was sown using a manual dibbler at 30 � 10 cm spacing
after the harvest of rainy season maize on residual soil moisture.
Summer and rainy season maize were sown during 6e8 April and
7e9 July and harvested in 26e28 June and 27e29 September,
respectively. The winter crop pea was sown and harvested during
6e8 November and 22e24 February, respectively. Summer and
rainy season maize were grown entirely under rainfed conditions.
Whereas, two life-saving irrigation (3 cm each) was provided at
pre-flowering and pod filling stages in winter season pea crop. Two
hand weddings were performed at 20 and 45 days after sowing
(DAS) under CT and one hand weeding at 30 DAS under NT in all
three crops. The weed biomass under NT system was retained on
the surface and removed in case of CT. The prevalent practice fol-
lowed by the farmers is adoption of CT with removal of weeds and
placing them on field bunds or throwing it in nearby uncultivated
areas/fallow fields. The amount of crop residues produced under
different treatments were retained under NT and incorporated
under CT systems (Table 1).

2.3. Harvesting, economic yield and biomass measurement

Fresh green cobs of summer maize were harvested manually in
the standing crop, about aweek before physiological maturity. After
harvest of green cobs, maize stalks were cut and stover weight
determined after oven drying at 60 �C for 48 h. Rainy season maize
and field pea were harvested manually at about 10 and 2-cm above
the ground level, respectively. Border one rows of crops (maize,
pea) all-around the experimental plots were harvested first, and
remaining net area was harvested for assessing grain and stover
yields. Grain yield of the rainy season maize and winter field pea
were reported at 12% moisture content. Maize and field pea stover
biomass (on oven dry weight basis) was measured for every year of
the experiment. A 3.0 Mg ha�1 biomass of previous field pea crop
(grown during previous winter season before initiation of the
present study for soil homogenization) was considered as the initial
biomass contribution to the first summer maize crop (2012). The
estimated C input (ECI) was calculated by assuming the carbon
concentration of 40% (Bolinder et al., 2007).

The mean annual input of organic biomass/residues to soil from
all crops (Table 1) varied with aboveground yield responses of crops
and the tillage treatment. Hence, there was a yearly variation in the
total amount of residues added under different treatments. Cu-
mulative residue input was 39.3 Mg ha�1 in the CT-RB compared
with 37.1 Mg ha�1 for the CT-FB plots (Table 1). Thus, about
15.2e16.1 Mg C ha�1 was added to the soil (0e30 cm) through
residues incorporation/retention under different CTand NT systems
(Table 1). Total residue addition in the NT plots was higher than that
in CT plots, mainly due to a higher aboveground residue production

Fig. 1. Weather condition of the experimental site during the study period (mean data
of two years).
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and retention. The crop residue of the current season was used in
the following season. For example, crop residue of summer maize
was retained under NT and incorporated under CT in the following
season i.e., rainy season maize and likewise.

2.4. Equivalent maize grain yield (MEY)

Total crop productivity of each treatment of the system (sum-
mer maizee rainy season maize e field pea) (i.e., system produc-
tivity) was compared by computing the maize equivalent yield
(MEY) following the procedure described by De Wit (1960). The
latter was assessed from the actual yield of the crops and their

respective market price for the specific harvesting seasons (Eq (1)).

MEY
�
Mg ha�1

�
¼

Summer maize green cob yield �
market price of cobs
Market price of maize grain

þMaize grain yield

þ
Field pea seed yield �
market price of field pea seed
Market price of maize grain

(1)

where all the yields are in Mg ha�1 and market price in $ Mg�1.

Fig. 2. Treatments details with symbols and descriptions.
CT-FB: conventional tillage with flat bed planting; CT-RF: conventional tillage with ridge and furrow planting; CT-RB: conventional tillage with raised bed planting; NT-FB: No-till
with flat bed planting; NT-RF: No-till with ridge and furrow planting; NT-RB: No-till with raised bed planting

Table 1
Treatment-wise mean aboveground residue addition (Mg ha�1) over the years and cumulative aboveground residue and residue C input.

Treatment 2012e13 2013e14 Cumulative residue input to the 0
e30 cm soil layer (Mg ha�1)

Cumulative residue C input to the 0
e30 cm soil layer (Mg ha�1)

Summer
season
(maize)

Rainy
season
(maize)

Winter
season (field
pea)

Summer
season
(maize)

Rainy
season
(maize)

Winter
season (field
pea)

CT-FB 3.0 7.9 8.2 3.6 7.4 7.0 37.1 15.2
NT-FB 3.0 7.9 7.9 3.8 8.9 7.2 38.9 15.9
CT-RF 3.0 7.6 8.2 3.3 7.2 7.9 37.2 15.3
CT-RB 3.0 7.9 8.4 4.2 8.1 7.7 39.3 16.1
NT-RF 3.0 8.1 7.6 2.9 8.9 6.7 37.2 15.2
NT-RB 3.0 8.4 7.8 3.6 8.8 7.1 38.7 15.9

CT-FB: conventional tillagewith flat bed planting; CT-RF: conventional tillage with ridge and furrow planting; CT-RB: conventional tillagewith raised bed planting; NT-FB: No-
till with flat bed planting; NT-RF: No-till with ridge and furrow planting; NT-RB: No-till with raised bed planting.
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2.5. Soil sampling and analysis

Base line ten composite soil samples were obtained prior to
initiating the experiment from 0-15 and 15e30 cm soil depth for
determining soil pH, bulk density (rb), SOC and available N, P and K.
Soil samples (three samples composited into one) for moisture
content determination were collected using a soil auger from 0-
15 cm depth from each plot after harvest of each crop and deter-
mined gravimetrically. Whereas, for assessing impact of treatments
on soil physico-chemical properties, soil samples (three samples
into one composite sample) were obtained after completing two
cropping cycles at the time of harvest of field pea from each plot at
0e15 and 15e30 cm depths. Samples were drawn from centre of
two rows leaving two border rows. Samples were air dried under
laboratory conditions until constant weight, gently ground and
passed through a 2-mm sieve for chemical analysis. Soil available
nitrogen (N) was determined by alkaline potassium permanganate
method (Subbiah & Asija, 1956), P by Bray and Kurtz No. 1 method
(Olsen & Sommers, 1982) and K by ammonium acetate method
(Knudsen et al., 1982). The SOC concentration was determined by
Walkley and Black method (Nelson & Sommers, 2005) and soil pH
by the glass electrode method (Kalra, 1995).

Intact core samples (5 cm diameter and 5.3 cm length) were
obtained in triplicate for 0e15 cm and15-30 cm soil depth from all
plots at the end of the two cropping cycles (after pea harvest) using
stainless steel cylinders. The samples were oven dried at 105οC for
24 h and the rb was calculated based on oven dry weight (Eq (2)).

rb , ¼ ,Ms=Vt (2)

where, Ms is mass of oven dry soil (Mg), and Vt is total volume of
soil core (m3).

2.6. SOC stock, sequestration and carbon retention efficiency

About 1 kg of bulk soil samples composed of three sub-samples
were collected from each plot at 0e15 cm and15-30 cm depth at the
end of the experiment. Half of the bulk sample was air-dried,
crushed and sieved through a 2-mm diameter sieve and used for
SOC determination.

Total SOC stock (Mg ha�1) for 0e15 cm and 15e30 cm depth was
computed by using equations (3) and (4):

MESM
�
Mg ha�1

�
¼104m2

ha
�Minimum Bulk density ðMgÞ

m3

� Depth ðmÞ (3)

where, MESM is Minimum equivalent soil mass, minimum bulk
density of treatment CT-RB was used to calculate MESM.

SOC stock
�
Mg ha�1

�
¼MESM ðMgÞ

ha
� SOC ð%Þ

100
(4)

The SOC stocks of two layers were summed up to obtain the
profile SOC stock.

Sequestration of SOC was computed by equation (5)
(Srinivasarao et al., 2012):

C� Sequestered ,
�
Mg ,C ,ha�1 , year�1

�
, ¼ , ðSOC

, current , � , SOC , initialÞ= ,number , of,years (5)

Carbon retention efficiency (CRE) was calculated by Eq (6)
(Bhattacharyya et al., 2009b):

CRE , ð%Þ , ¼ , ðSOC , final , � , SOC , initialÞ , � 100 ,÷,ECI
(6)

The final and initial SOC stocks (Mg ha�1), and ECI is cumulative
estimated C input (Mg ha�1) were computed to assess the rate of
SOC sequestration.

2.7. Statistical analysis

Data obtained were subjected to analysis of variance (ANOVA),
to test the significance of the overall differences among treatments
by the “F’ test. When the ‘F’ value was found to be significant, the
least significant difference (LSD) at p ¼ 0.05 was computed to test
the significance of the difference between the two treatment
means (Gomez & Gomez, 1984).

3. Results

3.1. Aboveground biomass yield and plant derived C inputs to soil

The aboveground biomass was significantly (p ¼ 0.05) affected
by tillage and crop establishment methods. Summer maize under
NT-RB and NT-RF produced significantly more biomass compared
to that under CT-RB, CT-RF and CT-FB treatments (Table 2). The
maximum summer maize biomass was produced under NT-RB
(11.25 Mg ha�1) in 2012 and NT-RF (11.66 Mg ha�1) in 2013.
Rainy season maize showed different trends, the CT-RB and CT-RF
had higher aboveground biomass yield by 3.0e11.1% in 2012 and
7.0e18.9% in 2013 over the NT systems (NT-RB, NT-RF and NT-FB).
The rainy season maize biomass under CT-RB was 5.3%, 11.1% and
7.7% higher than those observed under NT-RF, NT-FB and NT-RB,
respectively in 2012. However, in 2013, the rainy season maize
grown under the CT-RF management produced 10.5%, 18.9% and
12.5 higher aboveground biomass than that under NT-RF, NT-FB
and NT-RB treatments, respectively. Field pea produced the

Table 2
Effect of tillage and crop establishment methods on crop biomass production (Grain þ stover).

Treatment Summer maize (Mg ha�1) Rainy season maize (Mg
ha�1)

Field pea (Mg ha�1)

2012 2013 2012 2013 2012e13 2013e14

CT-FB 9.6 10.2 13.6 11.1 4.9 4.9
NT-FB 10.0 11.1 13.3 11.4 4.2 4.2
CT-RF 9.0 8.9 13.7 12.6 5.2 5.3
CT-RB 9.8 10.4 14.0 12.2 3.9 3.9
NT-RF 11.1 11.7 12.6 10.6 4.7 4.7
NT-RB 11.3 11.1 13.0 11.2 4.5 4.6
SEm± 0.21 0.08 0.18 0.32 0.25 0.23
LSD (p ¼ 0.05) 0.62 0.26 0.55 0.97 0.75 0.71

CT-FB: conventional tillagewith flat bed planting; CT-RF: conventional tillage with ridge and furrow planting; CT-RB: conventional tillagewith raised bed planting; NT-FB: No-
till with flat bed planting; NT-RF: No-till with ridge and furrow planting; NT-RB: No-till with raised bed planting, LSD: Least Significant Difference.
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maximum aboveground biomass yield under CT-RF. About
15.2e16.1 Mg C ha�1 was added to the soil (0e30 cm) through
residues incorporation/retention under different CTand NT systems
(Table 1). Total residue and C addition under NT was higher than
that under CT, mainly due to higher aboveground biomass pro-
duction and addition. The highest amount of plant-derived C
(16.1 Mg C ha�1) was added under CT-RB through addition of crop
residues (Table 1).

3.2. Economic yield

The NT-RB produced significantly higher green cob yield than
those under CT-RF and CT-FB treatments. The summer maize green
cob yield did not differ significantly among NT-RB, NT-RF and NT-FB
treatments in 2012 (Fig. 3). However, the trend differed in 2013; NT-
RF produced the maximum summer maize green cob yield. The
adoption of RF planting system under CT had an adverse impact on
green cob yield. Thus, the CT-RF produced the lowest green cob
yield. In 2012, summer maize grown under NT-RB management
yielded 12.3% more green cob yield than that under CT. In 2013,
however, NT-RB produced 14.5% more green cob yield than that
under CT.

Rainy season maize grain yield was markedly influenced by
tillage and crop establishment methods, and was significantly
higher under CT-RB compared to that under other treatments
(Fig. 4). In 2012, CT-RB produced 2.2e10.4% highermaize grain yield
over other treatments. However, in 2013, CT-RF and CT-RB treat-
ments produced higher grain yields compared to those in other
treatments, and recorded 10.2e18.3% and 7.1e14.7% more yields,
respectively than that under NT-FB due to better above and below
ground growth parameters. Field pea seed yield was the highest
under NT-RB (1.11e1.13 Mg ha�1), and it was comparable to that
obtained under CT-RB (1.04e1.06 Mg ha�1) and NT-FB
(1.02e1.05 Mg ha�1), but higher than those under CT-FB, CT-RF
and NT-RF treatments (Fig. 5).

3.3. System productivity in term of maize equivalent yield

There was a significant effect of tillage and crop establishment
techniques on system productivity in term of maize equivalent
yield (MEY). The NT-RB produced the highest MEY, which did not
differ significantly than those of the productivity under NT-FB, NT-

RF and CT-RB but was significantly greater than those under CT-FB
and CT-RF management (Table 3).

3.4. Soil physicochemical properties

3.4.1. Soil moisture content
Soil moisture content after harvest of each cropwas significantly

influenced by tillage and crop establishment methods. Soil mois-
ture content decreased slightly from harvest of summer season
maize to the harvest of the winter field pea crop (Table 4) and
followed the same trend as that of the monsoon rainfall. The NT-RB
treatment had higher soil moisture content, which was similar to
those in NT-RF and NT-FB but significantly higher than those under
CT-FB and CT-RF treatments (Table 5). The amount of soil moisture
reserve after harvest of rainy season maize crop is more important
than that after the harvest of summer maize for the succeeding
field pea crop. The amount of soil moisture storage after harvest of
rainy season maize was 26.3 and 31.6% under NT-RB, followed by
that under NT-FB (21.1and 26.3%) and NT-RF (18.4 and 21.1%) but
higher than that under CT-RF during 2012 and 2013, respectively.

3.4.2. Bulk density
Tillage and crop establishmentmethods had significant effect on

rb at 0e15 and 15e30 cm soil depths (Table 5). The rb increased
with increase in soil depth for all tillage and crop establishment
methods. The lowest rb was observed under CT-RB and it was
similar to that under CT-RF. However, greater rb was observed
under NT-RB and NT-FB treatments than those under CT systems.

3.4.3. Soil pH
There was no significant effect of tillage and crop establishment

methods on soil pH after completion of two cropping cycles
(Table 5). The average value of soil pH across all treatments was
5.60 to 0e30 cm depth. Soil pH was more in 0e15 cm (5.72) than in
15e30 cm (4.72) depth.

3.4.4. Available NPK
The available N, P and K after the two cropping cycles were

significantly influenced by tillage and crop establishment methods.
Most of these nutrients were concentrated in 0e15 cm layer as
compared to 15e30 cm layer. The amounts of available NPK
(330.2e338.0 kg N ha�1, 8.9e9.2 kg P ha�1 and 328.0e330.9 kg K

Fig. 3. Effect of tillage and crop establishment methods on summer maize green cob yield (vertical bars in both the way represents LSD at 5% probability).
CT-FB: conventional tillage with flat bed planting; CT-RF: conventional tillage with ridge and furrow planting; CT-RB: conventional tillage with raised bed planting; NT-FB: No-till
with flat bed planting; NT-RF: No-till with ridge and furrow planting; NT-RB: No-till with raised bed planting
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ha�1) under NT systemswere higher in 0e15 cm compared to those
in the 15e30 cm soil depth (Table 6). In 0e15 cm depth, NT-FB, NT-
RF and NT-RB recorded significantly higher available N, P and K
compared to those under CT-FB, CT-RF and CT-RB treatments. In
15e30 cm depth, available N and P followed similar trends but
available K was higher under CT compared to that under NT
systems.

3.5. Soil organic carbon concentration, stocks, sequestration and
retention efficiency

The SOC concentration differed significantly among soil depths
(Table 5). In 0e15 cm depth, SOC concentration was higher under
NT-FB and NT-RB than those under other treatments. The NT

Fig. 4. Effect of tillage and crop establishment methods on rainy season maize grain yield (vertical bars in both the way represents LSD at 5% probability).
CT-FB: conventional tillage with flat bed planting; CT-RF: conventional tillage with ridge and furrow planting; CT-RB: conventional tillage with raised bed planting; NT-FB: No-till
with flat bed planting; NT-RF: No-till with ridge and furrow planting; NT-RB: No-till with raised bed planting

Fig. 5. Effect of tillage and crop establishment methods on field pea seed yield (vertical bars in both the way represents LSD at 5% probability).
CT-FB: conventional tillage with flat bed planting; CT-RF: conventional tillage with ridge and furrow planting; CT-RB: conventional tillage with raised bed planting; NT-FB: No-till
with flat bed planting; NT-RF: No-till with ridge and furrow planting; NT-RB: No-till with raised bed planting

Table 3
Effect of tillage and crop establishment methods on system productivity.

Treatment System productivity (MEY Mg ha�1)

2012e13 2013e14 Pooled

CT-FB 15.1 13.4 14.3
NT-FB 15.4 14.6 15.0
CT-RF 14.4 12.9 13.6
CT-RB 15.6 14.2 14.9
NT-RF 15.8 14.4 15.1
NT-RB 16.3 14.6 15.4
SEm± 0.37 0.35 0.29
LSD (p ¼ 0.05) 1.13 1.05 0.87

MEY: Maize equivalent yield, CT-FB: conventional tillage with flat bed planting; CT-
RF: conventional tillage with ridge and furrow planting; CT-RB: conventional tillage
with raised bed planting; NT-FB: No-till with flat bed planting; NT-RF: No-till with
ridge and furrow planting; NT-RB: No-till with raised bed planting, LSD: Least Sig-
nificant Difference.

Table 4
Effect of tillage and crop establishment methods on soil moisture content after
harvest of crops (0e15 cm).

Treatment Soil moisture content (%) after harvest

Summer
season maize

Rainy season
maize

Field pea (winter)

2012 2013 2012 2013 2012e13 2013e14

CT-FB 28.0 27.0 20.0 19.5 14.1 13.4
NT-FB 32.0 31.2 23.0 24.0 18.3 18.5
CT-RF 27.0 26.5 19.0 19.0 13.2 13.2
CT-RB 29.0 27.5 21.0 20.0 14.9 14.2
NT-RF 33.0 32.0 22.5 23.0 17.1 17.7
NT-RB 34.0 33.0 24.0 25.0 18.9 19.2
SEm± 1.57 1.14 0.82 0.93 0.66 0.61
LSD (p ¼ 0.05) 4.75 3.46 2.48 2.81 2.00 1.84

CT-FB: conventional tillage with flat bed planting; CT-RF: conventional tillage with
ridge and furrow planting; CT-RB: conventional tillage with raised bed planting; NT-
FB: No-till with flat bed planting; NT-RF: No-till with ridge and furrow planting; NT-
RB: No-till with raised bed planting, LSD: Least Significant Difference.
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systems restored SOC in 0e15 cm layer, while it was distributed in
ploughed layer in soil under CT management. Treatments did not
affect SOC concentration in 15e30 cm depth. There was a trend of
higher SOC concentration in 15e30 cm depth under NT than that
under other treatments.

The SOC stocks, cumulative C stocks, C sequestration rate and
cumulative C sequestration were also significantly influenced by
tillage and crop establishment methods, and followed the trend
similar to that of SOC concentration (Table 7). The highest SOC
stocks, cumulative SOC stocks, C sequestration rate and cumulative
C sequestration were observed under NT-RB and NT-FB compared
to other treatments (Table 7). The NT systems had the highest SOC
gain (0.85 Mg C ha�1 y�1) in the 0e30 cm soil depth over the
baseline. There were significant improvements in SOC stocks in the
NT-FB and NT-RB plots. The CRE under NT-FB, NT-RB and NT-RF
plots was 10.6, 10.6 and 8.3%, respectively and was significantly

higher than those under CT-FB, CT-RB and CT-RF (Fig. 6). Regression
analysis indicated that the linear relation of CRE and C sequestra-
tion rate to added cumulative C inputs were not significant at
p ¼ 0.05 (Fig. 7).

4. Discussion

4.1. Aboveground biomass yield and plant derived C inputs to soil

In general RB planting had higher net primary productivity
(aboveground biomass yield) compared to that under conventional
or FB planting. Maize and field pea responded positively to RB and
RF planting. Such trends might be due tomultiple factors, including
lower weed density, reduced competition for resources, improved
soil water regimes and better aeration and nutrient use since nu-
trients are applied near the root zone (Das et al., 2013; Saha &

Table 5
Effect of tillage and crop establishment methods on soil physico-chemical properties.

Treatment Bulk density (Mg m�3) pH SOC (g kg�1)

0e15 cm 15e30 cm 0e15 cm 15e30 cm 0e15 cm 15e30 cm

Initial 1.39 1.49 5.30 4.97 6.9 5.7
CT-FB 1.38 1.50 5.83 5.44 7.1 5.8
NT-FB 1.40 1.51 5.80 5.63 7.4 6.0
CT-RF 1.38 1.48 5.76 5.22 7.1 5.9
CT-RB 1.37 1.48 6.04 5.58 7.2 5.9
NT-RF 1.39 1.50 5.31 5.45 7.3 5.9
NT-RB 1.40 1.51 5.60 5.51 7.4 6.0
SEm± 0.004 0.010 0.27 0.16 0.04 0.05
LSD (p ¼ 0.05) 0.013 NS NS NS 0.12 NS

CT-FB: conventional tillage with flatbed planting; CT-RF: conventional tillage with ridge and furrow planting; CT-RB: conventional tillage with raised bed planting; NT-FB: No-
till with flat bed planting; NT-RF: No-till with ridge and furrow planting; NT-RB: No-till with raised bed planting, LSD: Least Significant Difference, NS: Not significant.

Table 6
Effect of tillage and crop establishment methods on available N, P and K in soil after completion of two cropping cycles (at the end of study).

Treatment Available N (kg ha�1) Available P (kg ha�1) Available K (kg ha�1)

0e15 cm 15e30 cm 0e15 cm 15e30 cm 0e15 cm 15e30 cm

Initial 282.0 208.1 8.5 7.6 285.5 332.1
CT-FB 286.0 212.4 8.6 7.9 288.0 238.3
NT-FB 330.2 252.6 9.1 8.3 330.9 231.7
CT-RF 283.0 208.2 8.7 7.9 293.5 240.6
CT-RB 294.3 218.2 8.8 8.0 296.3 243.3
NT-RF 335.2 260.1 8.9 8.4 325.1 228.4
NT-RB 338.0 261.2 9.2 8.4 328.0 233.3
SEm± 3.28 4.44 0.12 0.14 2.40 2.91
LSD (p ¼ 0.05) 9.96 13.48 0.36 0.42 7.27 8.82

CT-FB: conventional tillagewith flat bed planting; CT-RF: conventional tillage with ridge and furrow planting; CT-RB: conventional tillagewith raised bed planting; NT-FB: No-
till with flat bed planting; NT-RF: No-till with ridge and furrow planting; NT-RB: No-till with raised bed planting, LSD: Least Significant Difference.

Table 7
Effect of tillage and crop establishment methods on carbon stock and sequestration rate.

Treatment C stock (Mg ha�1) Cumulative C-stock (Mg ha�1) C-sequestration (Mg
ha�1year�1)

Cumulative C-sequestration (Mg ha�1 year�1)

0e15 cm 15e30 cm 0e15 cm 15e30 cm

Initial 14.2 12.7 26.8 e e e

CT-FB 14.6 12.9 27.5 0.21 0.11 0.32
NT-FB 15.2 13.3 28.5 0.51 0.33 0.85
CT-RF 14.6 13.1 27.7 0.21 0.22 0.43
CT-RB 14.8 13.1 27.9 0.31 0.22 0.53
NT-RF 15.0 13.1 28.1 0.41 0.22 0.63
NT-RB 15.2 13.3 28.5 0.51 0.33 0.85
SEm± 0.07 0.10 0.14 0.03 0.05 0.04
LSD (p ¼ 0.05) 0.21 0.30 0.42 0.10 0.15 0.12

CT-FB: conventional tillagewith flat bed planting; CT-RF: conventional tillage with ridge and furrow planting; CT-RB: conventional tillagewith raised bed planting; NT-FB: No-
till with flat bed planting; NT-RF: No-till with ridge and furrow planting; NT-RB: No-till with raised bed planting, LSD: Least Significant Difference.
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Ghosh, 2010). Treatments involving NT systems had higher
aboveground biomass yield of summer maize compared to those
under CT systems irrespective of the establishment methods. A
slight reduction in rainy season maize and field pea biomass yield
might have occurred due to poor crop stand under NT compared to
that under the CT planting systems. The stalk rot infestation of
maize plants was observed under NT during rainy season than that
under CT, whichmay be attributed to lowplant stand at harvest and
consequently low biomass yield under NT. In general, NT and res-
idue retention reduce early growth and increases stalk rot infes-
tation during wet season as reported by a study in Mexico
(Monneveux, Quill�erou, et al., 2006). Furthermore, high rainfall and
its uniform distribution during rainy season favour the maize

growth more under CT than that under NT. Monneveux, Quill�erou,
et al. (2006) also reported that NT is associated with less biomass
and grain yield.

4.2. Economic yield

The economic yield of crops had a variable response to different
tillage and establishment methods, because both positive and
negative effects of tillage were observed in the present study.
However, the overall impact of NT systems on cropping systemwas
positive. NT systems (NT-RB, NT-RF and NT-FB) produced higher
summer maize green cob and field pea yields than that by the CT
systems. Among the three establishment methods, there were no
significant differences in economic yield during 2012. However, in
2013, RF establishment method produced the highest summer
maize yields. This trendmay be attributed to efficient use of limited
summer rain water under RF compared with that under other
methods. These trends may be ascribed to the improvement in soil
profile moisture storage, favorable physico-chemical properties
and the available nutrient status of the soil through retention of
residues under NT systems (Awasthi et al., 2007; Olson et al., 2004).
However, the data presented here in show negative effect of NT on
the rainy season maize grain yield. The yield reduction under NT
systems (rainy seasonmaize) in the present experimentwasmainly
due to a reduction in the number of grains per cob and plants per
plot. As the maize plants under NT systemwas infested by the stalk
rot, which led to a low plant stand at harvest and lower yield than
that under the CT system.

4.3. System productivity in term of maize equivalent yield

The systemproductivitywas higher under NT (NT-RB, NT-RF and
NT-FB) as compared to that under CT systems (CT-RB, CT-RF and CT-
FB). The system productivity was higher under RB followed by that
under RF than FB, which was mainly due to efficient use of limited
water during the dry season (summer and winter) and drainage of
excess water during the rainy season leading to higher productivity
of crops in the respective season (Saha et al., 2010). Increase in
system productivity was due to higher yield of summer maize and
dry season field pea under NT than that under CT systems. Increase
in yield of summermaize and dry season field peawas attributed to
higher soil moisture content and availability of nutrients
(Monneveux, Quill�erou, et al., 2006).

4.4. Soil physical and chemical properties

Reduction in the tillage and retention of crop residue are
important strategies for some sloping lands towards soil and water
conservation and sustainability of agricultural systems (Iqbal et al.,
2011). In the present study, soil moisture content after harvest of
each crop was significantly higher under NT than that under CT
systems. The soil moisture content was higher after harvest of
summer maize, and the lowest after harvest of field pea. This trend
was due to more amount of rainfall received during the summer
maize season and no rainfall during field pea season. The highest
soil moisture content was observed under NT-RB followed by that
under NT-RF and NT-FB treatments. However, soil moisture content
under all the CT treatments was lower than those under NT sys-
tems. The soil moisture content after harvest of the rainy season
maize crop was considered more important than that after the
harvest of summer maize and field pea, and it played a significant
role in timely sowing and better germination of field pea. The
higher soil moisture content in NT systems might be due to more
infiltration of excess rainwater by retention of crop residues on soil
surface, and high water holding capacity of soil because of a higher

Fig. 6. Effect of tillage and crop establishment methods on carbon retention efficiency
(vertical bars in both the way represents LSD at 5% probability).

Fig. 7. Linear relationship of carbon retention efficiency (a) and carbon sequestration
rate (b) to cumulative carbon inputs.

G.S. Yadav, A. Das, S. Babu et al. International Soil and Water Conservation Research 9 (2021) 279e290

287



SOM content (Das et al., 2017). These results indicated that NT
systems conservemore soil moisture in the profile than CT systems;
because of residue mulch, less evaporation and increase in water
holding capacity (Das et al., 2019). The soil moisture content under
summer maize and winter field pea was greater than that under RB
than RF and FB systems. This trend was mainly due to efficient
conservation of limited water in the soil profile compared with
other systems.The greater rb under NT systems may have also
increased water storage capacity in coarser soil of a sandy loam
texture, which in association with reduced water evaporation from
the soil surface due to residue retention enhanced available water
storage (De Vita et al., 2007). Alterations of land micro relief might
have also influenced the infiltration of rain water. Soil rb increased
with increase in soil depth irrespective of tillage and crop estab-
lishment methods. All the CT systems (CT-RB, CT-RF and CT-FB) had
significantly lower rb in the 0e15 cm and 15e30 cm layers due to
loosening of the soils by tillage and the mixing of crop residues into
the plow layer (Das et al., 2013; Hussain et al., 1998). Despite the
retention of residues on soil surface and higher SOC content, NT
systems (NT-RB, NT-RF and NT-FB) had higher soil rb in the
0e15 cm than that in the 15e30 cm layer (Das et al., 2013;
Lampurlanes & Cantero-Martinez, 2003). Soil pH in 0e15 cm depth
was relatively higher under CT-RB compared to all other treat-
ments, but NT-FB had the highest soil pH in 15e30 cm layer. Low
soil pH under NTmight be due to differences in method of fertilizer
application. The N fertilizer applied under NT might have been
retained in the surface layer, which could not leach beyond 15 cm
depth. In contrast, the N fertilizer was incorporated in soil under CT,
which might be the reason for lower pH of soil under NT than that
under CT.

Comparing two tillage systems, more available N, P and K con-
centrations were observed under NT than CT system at 0e15 cm
depth (Lopez-Fando & Pardo, 2009; Mina et al., 2008). In 15e30 cm
depth, N and P had the similar trends but available K was higher
under CT compared to NT systems. Greater available soil nutrients
in the surface layers under NT than that under CT have also been
reported by others (Thomas et al., 2007; Unger et al., 1991). This
trend is apparently due to reduced mixing of fertilizer P and sub-
sequent increase in organic P compounds which is more mobile in
soil than is inorganic P (Schomberg et al., 1994). Results presented
herein also indicated greater available N, P and K under NT-RB
compared to other treatments for 0e15 cm layer which can be
attributed to higher SOM content than that in other systems.
Higher concentration of P in the 0e15 cm layer under NT might be
attributed to high SOM content and surface application of P fertil-
izers (Van et al., 2017). The SOM is an important factor affecting the
adsorptionedesorption of soil P through different mechanisms
(Yang et al., 2019). The retention of crop residue under NT increases
SOM which could efficiently enhance P availability by reducing the
strength of P adsorption and the maximum phosphate buffering
capacity and increasing the desorption of P to some extent (Yang
et al., 2019). Increase in K content in the 0e15 cm layer under NT
than CT soil is consistent with the report of Martin-Rueda et al.
(2007).

4.5. Soil organic carbon concentration, stocks, sequestration and
retention efficiency

Reducing tillage intensity and retention of crop residue are
important strategies for soil and water conservation and sustain-
ability of agricultural systems (Liu et al., 2015). Soil can be a source
or sink for C depending onmanagement strategies, and it also plays
a vital role in the global C cycle (Blakemore, 2018). These interacting
practices can alter nutrient movement and availability to the crops,
reduce water loss, decrease rate of OM decomposition, and thus,

enhance C sequestration (Iqbal et al., 2011). In the present study,
concentration of SOC decreased with the increase in soil depth.
Similar trends were reported by Choudhary et al. (2013). However,
at 0e15 cm soil depth, SOC concentration was higher under NT-RB
and NT-FB systems than that in other treatments probably due to
surface application of residue mulch and protection of the soil
surface from raindrop impact and erosion (Bhattacharyya et al.,
2013; Chivenge et al., 2007) which enhance soil C sequestration
(Lal & Kimble, 1997). However, the lowest SOC concentration was
observed under CT-FB and CT-RF treatments probably because of
higher losses by SOM decomposition (Bono et al., 2007; Rice, 2002).
Soil disturbance by tillage reduces stability of SOM and aggravates
its depletion (Ghuman & Sur, 2001; Six et al., 2000). Similar results
of higher SOC concentration in soils under NT than CT have also
been previously reported from eastern Himalayas (Das et al., 2018;
Ghosh et al., 2010) and other parts of the world (Bessam & Mrabet,
2003; Freixo et al., 2002).

The benefits of sequestering SOC to sustain crop productivity by
adopting CA have been widely reported in the temperate and sub-
temperate regions (Bhattacharyya, Tuti, Kundu, et al., 2012; Bono
et al., 2007). During last two decades, a large number of studies
have also been conducted on CA and its effect on soil health, C-
sequestration, and to sustain crop productivity in tropical Asia
including India (Bhan& Behera, 2014; Meena et al., 2015) and South
America (de Freitas & Landers, 2014; Sokolowski et al., 2020). Even
in semi-arid tropics in India a number of literatures are available on
impact of CA on carbon sequestration. However, there are only a
few studies conducted for the North Eastern Himalayan region,
which is one of the most fragile region of the world. Globally, rates
of C sequestration by different types of management range from
0.11 to 3.04 Mg C ha�1 y�1, and are influenced by the type of
cropping, management practices and climate (Conant et al., 2001).
In our study, total C sequestration rates under NT (0e30 cm soil
depth) ranged from 0.65 to 0.85 Mg ha�1 y�1 as compared to that
under CT plots where sequestration rates range from 0.32 to
0.53 Mg ha�1 y�1. Thus, conversion of CT to NT systems have po-
tential to increase SOC stock in the studied agro-ecosystem of
eastern Indian Himalayas. NT-FB system had the highest C stocks,
cumulative C stocks, C-sequestration and cumulative C-sequestra-
tion followed by NT-RB. NT had higher CRE as compared to CT
systems. CRE under the NT-FB, NT-RB and NT-RF were 10.7%, 10.7%
and 8.3%, respectively and were much higher than those observed
under CT-RF plots. Higher SOC stocks under NT than CT systems
have also been previously reported by others (Choudhary et al.,
2013; Das et al., 2017). The present study indicated the beneficial
effects of NT on improving C-reserves than CT systems and sup-
ported the hypothesis that NT systemswith adequate C input have a
large potential to reverse the process of soil degradation and
improve soil and crop productivity. Furthermore, the no significant
regression relation (linear, p ¼ 0.05) between CRE and the cumu-
lative C inputs, and C sequestration rate and the added cumulative C
inputs, indicated that tillage and land forming had more control
over CRE and C sequestration rate in this agro-ecosystem.

5. Conclusions

The data presented proved the hypothesis, and support the
following conclusions-

1). System productivity of maize-maize-field pea system was
higher under NT systems due to improvement in soil prop-
erties than that under the CT system.

2). Field pea seed yield after rainy season maize was the highest
under NT- RB due to efficient use of limited water during the
dry season and improvement in soil properties. The same
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tillage and land shaping combination also had the highest
cumulative C-sequestration rate.

3) NT systems had higher available N, P, K and 18.6e31.4%
higher soil moisture content at rainy season maize harvest
than that of CT systems

4) SOC concentration, stock and sequestrationweremore under
NT systems due to higher C input than under CT system.

Therefore, adoption of NT-RB based planting systems has the
potential to enhance the productivity, improve soil physicochem-
ical properties, and increase C stock and retention efficiency and
make production system sustainable in high rainfall areas of
studied agro-ecosystem in Eastern Indian Himalayas and similar
other agro-ecological regions to achieve Sustainable Development
Goal by 2030. The present study onmaize (summer)-maize (rainy)-
field pea (winter) systemwas conducted for two consecutive years.
Thus, a total of 6 crops were raised in 2 year. Though the period is
not enough for a consistent results, it provided a very good op-
portunity to understand the impact of tillage and establishment
practices on soil properties and productivity of the maize based
system in fragile Himalayan ecosystem. For a consistent and sta-
bilized results, a longer duration study is warranted.
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Hydrological models are effective tools for assessing the effects of soil and nutrient losses on land
degradation. SWAT (Soil and Water Assessment Tool) model is widely used to simulate soil and nutrient
losses caused by various management regimes. However, its performance of predicting nutrient loss has
not been assessed adequately on the Loess Plateau. This study proposed a modified SWAT model by
incorporating the modified Soil Conservation Service curve number method, the storm-based Chinese
soil loss equation and the nutrient loss model. The observed daily data of runoff and sediment over 16
years and the monthly soluble phosphorus (P) and nitrate losses over 9 years and 4 years, respectively at
the outlet of the upper Beiluo river (UBR) basin were used to assess the model performances. Global
sensitivity and uncertainty analyses of parameters to runoff, sediment, soluble P and nitrate in the
modified SWAT were conducted. The findings during calibration and validation showed that the modi-
fied SWAT was highly accurate in terms of model efficiency (calibration: 0.83, 0.83, 0.48, and 0.49;
validation: 0.58, 0.57, 0.53, and 0.65) for runoff, sediment, soluble P loss and nitrate loss, respectively.
High model efficiency indicated that the modified SWAT could accurately predict soil and nutrient losses
at the river basin scale for the Loess Plateau. Moreover, the temporal variations from month to year and
the spatial variations at the sub-basin scale for soil loss and the total N and P losses were analysed using
the data simulated by the modified SWAT. The results indicated that the critical loss period occurred in
July and August, and the Grain for Green project significantly affected the hydrological behaviour and
reduced the soil and nutrient losses in the UBR basin.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

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

1. Introduction

The Loess Plateau region, which has semi-humid, semi-arid, and
arid climate with heavy rainfall intensity, highly dissected topog-
raphy, sparse vegetation coverage and loose loessial soil, is one of
areas in China and the world that soil erosion is most severe, and
almost 90% of the sediments generated by this erosion flows into
the Yellow River (Fu et al., 2004; Huang et al., 2003; Huang &
Zhang, 2004). In addition to runoff and eroded surface soil, a
large amount of soil nitrogen and phosphorus, especially nitrate

and soluble phosphorus (P), are transported into the Yellow River
and finally into the marine ecosystem (Zhao et al., 2013), which
leads to soil degradation, non-point source pollution (NPS) and
water body eutrophication (Fu et al., 2011).

Due to the temporal and spatial variation in nutrient loss, it is
hard to identify and assess nutrient loss in response to hydrological
processes at the watershed scale (Zhang& Huang, 2011). Modelling
provides a useful analysis tool to assess nutrient loss and develop
best management practices, which ultimately reduces soil degra-
dation and NPS loading into water bodies (Shen et al., 2012). The
existing nutrient loss models can generally be divided into two
categories: empirical and process-based models (Bi&Wang, 2012).
The empirical models, such as the export coefficient method
(Johnes, 1996), have advantages such as ease of application and
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simple parameterization; however, these models often lack a
theoretical basis and have low accuracy (Zhang et al., 2007). In
contrast, the process-based models are efficient tools to analyse the
runoff, erosion processes and impacts of nutrient loss on water
quality (Liao & Tim, 1997). Because soil and water losses result in
soil nutrient loss, runoff and sediment are the most prominent
processes that also require precise studies to solve water quality
problems. Therefore, a number of basin-scale models have been
developed with the water, sediment, and nutrients components,
but these models differ in complexity and data entry requirements
(Borah& Bera, 2004). The annualized agricultural non-point source
(AnnAGNPS) model (Baginska et al., 2003), the Hydrological
Simulation Program-Fortran (HSPF) (Bicknell et al., 1996), the Eu-
ropean Hydrological Systemmodel (MIKE SHE) (Refsgaard& Storm,
1995), and the Soil and Water Assessment Tool (SWAT) (Abbaspour
et al., 2015; Arnold et al, 1998, 2012) are among these commonly
used models. In the Loess Plateau region, nutrient loss has been
simulated using these existing models. For example, Wu et al.
(2016) used the export coefficient model to predict the total ni-
trogen (TN) and total phosphorus (TP) load in the Beiluo river basin,
while Jia (2005) and Li et al. (2008) used the AnnAGNPS model to
simulate the respective runoff, sediment and nutrient loss from the
Zhuanyaogou and Heihe river basin. However, most of these studies
have only predicted the nutrient loss at an annual scale.

Some researchers have evaluated and reviewed different
watershed models (Borah & Bera, 2004; Gassman et al., 2007) and
have concluded that the SWAT is a widely used model for contin-
uous runoff, soil loss, and nutrient loss simulations (Behera &
Panda, 2006; Jeong et al., 2010; Pile et al., 2016; Clement &
Djebou, 2018; Ayivi & Jha, 2018; Briak et al., 2019; Guse et al.,
2019; Pandey et al., 2019; Malago’ et al., 2019; Tan et al., 2019;
Abbasi et al., 2019). The SWAT model has been tested and has
estimated nutrient loss at sites from around the world (Abbaspour
et al., 2007; Douglas-Mankin et al., 2010; Ouyang et al., 2009) as
well as in China (Yang et al., 2011). However, most of the previous
studies that have applied the SWAT model in the Loess Plateau
region mainly focused on the hydrological processes (Li et al. 2009,
2017; Yan et al., 2017; Zuo et al., 2016); few previous studies have
comprehensively evaluated the accuracy of SWAT in terms of pre-
dicting nutrient loss at the watershed scale (Qin et al., 2009). This
may reflect the weakness of SWAT in terms of its application to the
Loess Plateau, which are beyond the spatial area where the model
was originally developed (Yu et al., 2013); thus, specific improve-
ments are needed (Gassman et al., 2014).

For the direct runoff calculation module, the Soil Conservation
Service curve number (SCSeCN) method was used in the SWAT
model (SCS, 1972). However, many studies from around the world
have reported several drawbacks in this method, especially
regarding the applicability of the SCS-CN method, which needs
further improvement (Jiao et al., 2015; Mishra et al., 2007; Singh
et al., 2015). One of the main drawbacks is that the constant
initial abstraction (Ia) is used as an intrinsic parameter, which may
result in inconsistency of the soil moisture accounting (SMA)
(Michel et al., 2005). Another major limitation is that rainfall in-
tensity and duration are ignored in the SCS-CN method (King et al.,
1999). To eliminate these drawbacks, Sahu et al. (2012) derived an
enhanced SCS-CN model by incorporating storm duration, and
Singh et al. (2015) improved the method by embedding a SMA-
based function for antecedent soil moisture. More recently, Shi
et al. (2017) incorporated the antecedent moisture content pre-
diction and rainfall intensity to estimate runoff in the Loess Plateau,
which led to an improved model.

In the sediment estimation module, the Modified Universal Soil
Loss Equation (MUSLE), developed by Williams and Berndt (1977),
was adopted in the SWAT model. However, Liu et al. (2002)

reported that the systematic practices of soil conservation used in
China were distinctive to those areas where the original MUSLE
model was developed. Subsequently, according to the typical
management practices for soil conservation employed in the Loess
Plateau, Liu et al. (2002) developed the Chinese soil loss equation
(CSLE) to predict gross annual soil erosion in China (Li et al., 2012;
Wang et al., 2015; Zhu et al., 2012). However, in order to predict
storm-based soil erosion, Shi, Huang, and Barbour (2018) intro-
duced a new factor based on the CSLE, which accounted for both
rainfall and runoff characteristics; moreover, this modified method
has been validated using a series of measurements collected from
plots with different types of soil, vegetation and land use in the
Loess Plateau.

In the sediment-bound nutrient transport modules, sediment-
bound nutrient loss mainly depends on the original soil nutrient
concentration, the soil loss, and the enrichment ratio (ER);
furthermore, a logarithmic equation between ER and sediment
nutrient concentrations was developed by Menzel (1980) and
adopted in SWAT. However, Shi, Huang, and Wu (2018) found that
the soil erosion, rainfall characteristics, steepness and land-use
have significant influence on ER in loess soils; thus, a sediment-
bound nutrient loss model was developed to account for the
combined effects of these factors. For the runoff-associated
nutrient transport modules, the amount of solutes migrated into
runoff is predicted using the runoff volume, the solute concentra-
tion in the top soil of 10 mm, and an empirical coefficient (Neitsch
et al., 2011). However, Wang et al. (1999) reported that the nutrient
transport module of original SWAT was not applicable to the Loess
Plateau; thus, the authors developed the equivalent convection
model, in which the solutes transport is assumed to be dependent
on the mass transfer coefficient, km. Shi, Huang, and Wu (2018)
further modified the model by replacing km with the sediment
and runoff rates to predict the losses of soluble P and nitrate.

This study focused onwhether the integration of these modules
developed in local areas into SWAT could improve the model’s ef-
ficiency to predict runoff, soil loss and nutrient loss and identify the
critical area and period of nutrient loss at the river basin scale in the
Loess Plateau. Thus, the objectives of this study are to: (1) develop a
modified version of SWAT by embedding the modified SCS-CN,
CSLE and nutrient loss modules into the SWAT model; (2)
compare the performance of the modified and original SWAT
models in terms of predicting runoff, soil loss and runoff-associated
nutrient loss on the Loess Plateau; and (3) identify the spatial and
temporal variation of the soil and nutrient losses.

2. Materials and method

2.1. Brief description of original SWAT

SWAT is a semi-distributed, continuous watershed simulator,
which was developed to assess the impacts of management prac-
tices and climate on flows, soil loss, and nutrient loss inwatersheds.
SWAT (version 2012) was adopted within ArcGIS 10.3 in this study
(Dile et al., 2016). The major components of SWAT include hy-
drology, climate, erosion, land cover and plant, nutrients and pes-
ticides, management practices and channel process. An interface in
the ArcGIS tool to define hydrological characteristics of a watershed
and store relevant spatial and tabular data, have been provided by
SWAT, which can divide watershed into sub-basins for high-level
spatial detail simulation; moreover, based on unique combina-
tions of land cover, soil andmanagement, these sub-basins are then
further discretized into hydrological response units (HRUs).

The SWAT model comprises two phases: a land phase solved at
HRU level, and a stream phase solved at reach (sub-basin) level. The
land phase comprises the computation of HRU daily water balance,
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sediment yields and nutrient loadings. The HRU dailywater balance
considers precipitation, irrigation, evapotranspiration, surface
runoff, lateral flow, and percolation to shallow and/or deep aqui-
fers. Daily outputs of all HRUs of a sub-basin are routed through the
stream network (stream phase). The stream phase comprises the
routing runoff, sediments and nutrients in the cascading sequence
of reaches composing the stream network. The runoff, soil loss, and
nutrient loss of each sub-basin are routed to the reach and enter the
outlet of the watershed along the stream network (Neitsch et al.,
2011).

2.2. The improvements of SWAT

2.2.1. Modified surface runoff module
In the original SWAT, the SCS-CN method (SCS, 1972) was used

to simulate surface runoff, which can be expressed as follows:

Q ¼
�
Rday � Ia

�2

Rday � Ia þ S
(1)

where Rday is the daily rainfall depth (mm); Q is the daily runoff
depth (mm); Ia is an initial abstraction (mm), which is commonly
approximated as 0.2 S; and S is the potential maximum retention
(mm), which is defined by Eq. (2):

S¼25:4
�
1000
CN

�10
�

(2)

where CN is a non-dimensional value that varies from 0 to 100.
In the original SCS-CN, the incorporation of antecedent moisture

conditions (AMC) using three discrete levels caused a discontin-
uous relationship between CN and soil water content, which often
results in unreasonable abrupt spikes in the predicted runoff.
Moreover, the constant initial abstraction (Ia) is used as an intrinsic
parameter, which may result in inconsistency of the soil moisture
accounting (SMA) (Michel et al., 2005). Another major limitation is
that rainfall intensity and duration are ignored in the SCS-CN
method (King et al., 1999).

To eliminate these limitations, Shi et al. (2017)modified the SCS-
CN based on the three hypotheses: i) the runoff coefficient is equal
to the degree of saturation (Singh et al., 2015); ii) the threshold soil
moisture Sa is equal to the sum of initial soil moisture V0 and initial
abstraction Ia (Michel et al., 2005); and iii) the cumulative infil-
tration (F) is equal to the sum of the static infiltration (Fc, occurring
largely due to gravity) and dynamic infiltration (Fd, occurring
mainly due to capillarity). Therefore, the modified SCS-CNmodel of
Shi et al. (2017) was used for the runoff estimation in the modified
SWAT, which is expressed as:

Sa ¼bS ¼ V0 þ Ia (4)

where Sa is the threshold soil moisture (mm); Sb is the sum of S and
Sa (mm); Fc denote the static infiltrationwhich can be calculated by
the product of rainfall duration and the minimum infiltration rate
(fc, mm h�1); b is an empirical parameter; and V0 is soil moisture
store level of the 0e15 cm soil layer (mm) at the beginning of
simulation time-step of a continuous model, which was obtained
by the calculation of the original and modified SWAT models.

2.2.2. Modified sediment estimation module
In the original SWAT, sediment yield is estimated with the

MUSLE method which can be depicted in the following general
form (Williams, 1995):

sed¼11:8
�
Q�qpeak�areahru

�0:56�KUSLE�CUSLE�PUSLE�LSUSLE

�CFRG

(5)

where sed is the soil loss (metric tons); Q is the volume of surface
runoff (mm); qpeak is the peak flow rate (m3 s�1); areahru is the area
of an HRU (ha); and KUSLE, CUSLE, PUSLE and LSUSLE are the soil erod-
ibility (t h MJ�1 mm�1), crop management, conservation practice
and topography factors, respectively. Finally, CFRG is the coarse
fragment factor. In the MUSLE method, the systematic practices of
soil conservation were distinctive to the areas of China (Liu et al.,
2002). Subsequently, according to the typical management prac-
tices for soil conservation employed in the Loess Plateau, Liu et al.
(2002) developed the Chinese soil loss equation (CSLE) to predict
gross annual soil erosion in China. For a storm event, the soil loss is
determined from the product of the runoff amount and the bulk
sediment concentration. Kinnell (1997) reported that sediment
concentration for a storm event is dependent on the kinetic energy
per unit quantity of rain Ek (given by ER divided by rainfall amount P,
MJ ha�1 mm�1) and I30. Because both the direct runoff Q and Ek I30
exhibit a good correlation with storm-based soil loss, Shi, Huang,
and Barbour (2018) introduced the term QEkI30 as a
rainfallerunoff erosivity factor based on the CSLE, which accounted
for both rainfall and runoff characteristics to predict storm-based
soil erosion. The modified CSLE model of Shi, Huang, and Barbour
(2018) was adopted in the modified SWAT, which can be
expressed as follows:

sed¼ aðQ � Ek � I30Þb �K � L� Se �B� E� Te � areahru (6)

where Ek is the kinetic energy per unit quantity of rain (MJ
ha�1 mm�1); I30 is the maximum 30-min rainfall intensity (mm

Q ¼

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

0
�
V0 � Sa þ Fc � Rday or Rday � Fc

�

�
Rday þ V0 � Sa � Fc

��
Rday þ V0 � Fc

�

Rday þ Sþ V0 � Fc

�
Sa þ Fc � Rday <V0 < Sa&Rday > Fc

�

�
Rday � Fc

��
Rday � Fc þ V0

�

Rday � Fc þ Sb

�
Sa � V0 � Sb&Rday > Fc

�

(3)
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h�1); K, L, Se, B, E, and Te are the soil erodibility factor (t h
MJ�1 mm�1), slope length, steepness, biological control (cover),
supporting practice and tillage factor (dimensionless), respectively;
and a and b are the empirical parameters.

2.2.3. Modified nutrient transport modules
In the original SWAT, the organic N and P and the nitrate and

soluble P that are transported in the surface runoff are calculated as
(Neitsch et al., 2011; Williams & Hann, 1978):

ERi ¼0:78
�
concsed;surq

��0:2468
(7)

ORGi ¼0:001� sed
areahru

� Coni � ERi (8)

NO3;surf ¼ bNO3 � concNO3;mobile � Q (9)

Psurf ¼
Psolution � Q
rb � H0 � kd

(10)

where ERi is defined as the enrichment ratio of organic nutrient i (N
or P) (dimensionless); ORGi is the loss of organic nutrient i (kg
ha�1); Con i is the concentration of original soil nutrient i (g Mg�1);
concsed, surq is the concentration of sediment in the runoff; Psurf and
NO3,surf are the soluble phosphorus and nitrate migrated into the
runoff (kg ha�1), respectively; Psolution and concNO3,mobile are the
concentration of phosphorus and nitrate, respectively, in the mo-
bile water of the top soil of 10 mm (kg mm�1); bNO3 and kd are the
nitrate percolation and phosphorus soil partitioning coefficient (m3

mg�1), respectively; rb is the dry soil bulk density (mgm�3); and H0

is the depth of the surface soil layer (10 mm).
In the original sediment-bound nutrient transport modules, a

logarithmic equation between ER and sediment nutrient

concentrations was adopted in SWAT. However, Shi, Huang, andWu
(2018) found that the soil erosion, rainfall characteristics, steepness
and land-use have significant influence on ER in loess soils; thus, a
sediment-bound nutrient loss model was developed to account for
the combined effects of these factors.

For the original runoff-associated nutrient transport modules,
the number of solutes migrated into runoff is predicted using the
runoff volume, the solute concentration in the top soil of 10 mm,
and an empirical coefficient (Neitsch et al., 2011). However, Wang
et al. (1999) reported that the nutrient transport module of orig-
inal SWATwas not applicable to the Loess Plateau; thus, the authors
developed the equivalent convection model, in which the solutes
transport is assumed to be dependent on the mass transfer coeffi-
cient, km. Shi, Huang, andWu (2018) further modified the model by
replacing km with the sediment and runoff rates to predict the
losses of soluble P and nitrate.

In themodified SWAT, the nutrient lossmethod proposed by Shi,
Huang, and Wu (2018) was adopted and modified as follows, in
which Eq. (8) was also used for the organic N and P estimations, as
in the original SWAT, and the runoff duration was replaced by the
time of concentration for runoff tconc:

ERi ¼ ai

�
Rday � I30 �

sed
areahru

� 100
�bi

� Si � Ci (11)

NO3;surf ¼
ðtconc

0

lN

�
Q

tconc

�bN
�
cs0;N
rbH0

�
tbNdt (12)

Psurf ¼
ðtconc

0

lp

�
sed

areahru
� 100

�bp
�
cs0;P
rbH0

�
qs

ðqs þ rbkÞ
tbpdt (13)

Fig. 1. Locations (a), DEM (b), soil types (c) and land use (d) of the upper Beiluo river (UBR) basin.
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where Si and Ci are the slope and land-use factor for organic
nutrient i, respectively; cs0,p and cs0,n denote the initial concentra-
tion of solute P and nitrate within H0 (kg ha�1), respectively; qs is
the saturated soil moisture (cm3 cm�3); rb is the dry soil bulk
density (g cm�3); k is the soil adsorption rate (cm3 g�1); tconc is the
time for concentration (h); t is the runoff duration (h); ai and bi are
the empirical parameters for organic nutrient i; lP, lN, bP and bP, bN,
bN are the empirical coefficients for solute P and nitrate; and 100 is
the unit conversion factor.

2.3. Application

2.3.1. Study area
This study area is located in the upper reaches of the Beiluo river

(UBR) basin. The Beiluo river basin is a first-grade tributary of the
Weihe river basin, which is a secondary tributary of the Yellow
River. The studied UBR basin (latitude: 36�440N-37�190N; longi-
tude: 107�330E�108�320E; elevation: 1270e1889 masl), which is
monitored by the Wuqi hydrological station with an area of
3436 km2, and accounts for 12.7% of the entire Beiluo river basin
(Fig. 1). Wuqi and Dingbian counties located in the basin, where the
former covers 77%, while the latter covers 23% of the total area (Ran
et al., 2006).

The UBR basin is a typical hilly-gully area with highly dissected
topography and gully densities of 2e3 km km�2. The climate of this
region is semi-arid with a mean annual temperature and precipi-
tation of 7.5 �C and 448 mm, respectively, and 78% of this precipi-
tation falls during the flood season i.e., between May and October
(Chen et al., 2016). Loess soil is the dominate soil type, which
comprises 84.6% of the study basin. This loessial soil is the aeolian
deposit that is loosely cemented by calcium carbonate with less
than 20% clay, more than 50% silt, and 5% sand.

2.3.2. Data collection
Daily meteorological data such as solar radiation, temperature,

relative humidity and wind speed were collected from Wuqi,
Dingbian and Jingbian climate stations. The three stations are in
and around the study basin, and the data of which from 1999 to
2016 were provided by the China Meteorological Administration
(CMA). Daily precipitation records during the corresponding pe-
riods at 14 rain-gauge stations were used in this study (Fig. 1).

Digital elevation model (DEM) data, soil map (1:1000, 000) and
land-use map in 2006 in the river basin with the spatial resolution
of 30mwere collected from the National Earth System Science Data
Sharing Infrastructure (http://loess.geodata.cn/) (Fig. 1). According
to the soil types and land-use derived from the soil and land-use
maps, 23 sub-basins were classified, and 861 HRUs were dis-
cretized in this river basin. The soil property data including soil
texture, available water content, bulk density, hydraulic conduc-
tivity and organic carbon content for each soil type were provided
by the Chinese Soil Database’s website: http://vdb3.soil.csdb.cn/,
and the nitrogen and phosphorus content data were obtained from
Zhao (2017), who investigated the spatial distribution of soil nu-
trients in this basin by field sampling. The land-use was divided
into five main categories: farmland, grassland, woodland, urban
and water. The major crops in the watershed are millet, soybean
and potato. Millet, soybean and potato were planted in mid-May
and followed by a fertilizer application of 120 kg N ha�1 and
60 kg P ha�1 before harvest occurred from late September to early
October.

2.3.3. Data analysis
In this study, the performances of the models were evaluated

using the indices of the percent bias (PBIAS), Nash-Sutcliffe effi-
ciency (NSE) (Nash & Sutcliffe, 1970), P-factor and R-factor.

The P-factor is the percentage of observation bracketed by the
95% prediction uncertainty (95PPU), while the R-factor is the
average thickness of the 95PPU band divided by the standard de-
viation of the observed data. A satisfactory model performance and
efficiency was that the P-factor approaching 100% while the R-
factor approaches one (Singh et al., 2013).

The indices of NSE and PBIAS can be calculated as follows:

NSE¼1�

PN
j¼1

�
Oj � Pj

�2

PN
j¼1

�
Oj � Om

�2
(14)

PBIAS¼

0
BBBB@

PN
j¼1

�
Oj � Pj

�

PN
j¼1

Oj

1
CCCCA

� 100 (15)

where Oj and Pj are the observed and simulated values, respec-
tively; Om is the average of all observations; and n is the total
number of paired values. PBIAS is used to determine how well the
model simulates the averagemagnitudes for the output response of
interest, with small magnitude of PBIAS values are preferred.
Moriasi et al. (2015) suggested that the satisfactory performance of
the model was that NSE values for flow, sediment, nutrient loss
should be greater than 0.50, 0.45, 0.35, respectively.

2.3.4. Parameter estimations
Previous studies have shown that the SUFI-2 program

(Sequential Uncertainty Fitting, ver. 2) (Abbaspour, 2007) is very
efficient for calibration (Abbaspour et al, 2007, 2015; Arnold et al.,
2012). Therefore, SUFI-2 was used for the parameter estimations
of the original and modified SWAT models in this study. The
simulation period for the calibration of the daily runoff and soil loss
was from 2001 to 2010; moreover, the validation period was
2011e2016, and the first 2 years (1999e2000) were used as a
warm-up period. The monthly soluble P loss data from 2006 to
2010 and 2013e2016 were used for model calibration and valida-
tion, respectively. For the monthly nitrate estimation, the simula-
tion period for calibration was 2013e2014, and the validation
period was 2015e2016. The calibration of model was implemented
in the order of 1) stream flow, 2) sediment, and 3) nutrients,
because model outputs of nutrient yields were dependent on
sediment yields, and sediment yields are driven by the water bal-
ance. The sediment (or nutrient loss) calibration was implemented
by including only parameters directly related to sediment (or
nutrient) while flow (or flow and sediment) parameter values were
fixed to their calibrated value.

The calibration procedures were conducted using the Nash-
Sutcliffe Efficiency as the objective function and running model
1000 times for each iteration. After each iteration, the range of each
parameter was updated (normally narrowed down) based on both
the new parameters suggested by the SWAT-CUP tool and their
reasonable physical ranges. This procedure was repeated three to
five times until no further improvement of model performance
could be achieved.

3. Results

3.1. Parameter sensitivity analysis

Table 1 lists both the original and modified SWAT models’ sen-
sitive parameters and the final values that were optimized in the
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calibration process. Twelve, seven, five and four model parameters
were used for runoff, sediment, soluble P and nitrate calibration
and validation of original SWAT model, respectively. An additional
two parameters (b, fc) (see Eq. (4)), two parameters (a and b) (see
Eq. (6)), four parameters (lP, bP, bP, k) (see Eq. (13)) and three pa-
rameters (lN, bN, bN) (see Eq. (14)) were also used for runoff, sedi-
ment, soluble P and nitrate calibration and validation of the
modified SWAT model, respectively. Moreover, all the above pa-
rameters were applied for sensitivity analysis of the modified
SWAT.

Fig. 2 shows the parameter sensitivity analysis of the modified
SWAT model based on p-value and t-stat. The p-value determines
the significance of the sensitivity, and the value closer to zero is
more significant, while t-stat provides the extent of sensitivity.

As presented in Fig. 2, the SCS runoff curve number (CN2),
sediment routing factor (ADJ_PKR), channel re-entrained linear
parameter (SPCON), phosphorus uptake distribution parameter
(P_UPDIS), nitrate percolation coefficient (NPERCO), nitrogen up-
take distribution parameter (N_UPDIS), and the three parameters of
lN, bN, and bN in Eq. (14) are the eight most sensitive parameters
having very high t-stat with p-values close to zero (p < 0.05). The

sensitive of parameter CN2 indicated that the characteristics of the
watershed, which represented by CN2 are significantly affecting
runoff, while the sensitive of channel parameters (SPCON,
ADJ_PKR) showed that sediment transportation and deposition is
also one of the most important factors that impact on sediment
yield. The parameters of nitrate movement (NPERCO, lN, bN, bN)
have a larger influence on nitrate loss according to the sensitivity
analysis. Moreover, the plant nutrient uptake distribution param-
eter (P_UPDIS and N_UPDIS) also affect nutrient losses of soluble P
and NO3.

3.2. Calibration and validation

3.2.1. Runoff
Table 2 presents the comparative overall performance of runoff,

sediment, soluble P and nitrate losses following the evaluation
criteria obtained from the original and modified SWAT models.
Fig. 3a and b shows the time series of observed versus simulated
daily runoff for model calibration (2001e2010) and validation
(2011e2016) in the UBR basin using the original and modified
SWAT models. It can be seen from Fig. 3a that the simulated runoff

Table 1
Parameters of the two tested models that were fitted and their final calibrated values.

Variable Sensitive parameter Final parameter value

Original SWAT Modified SWAT

Parameters sensitive to streamflow Snowfall temperature, v__SFTMP.bsna �4.31 [-4.52, �2.55] �4.19 [-4.23, �2.88]
Minimum melt factor for snow, v__SMFMN.bsn 6.92 [1.08, 7.11]d 5.40 [0.26, 6.76]
Maximum melt factor for snow, v__SMFMX.bsn 8.24 [5.03, 8.63] 7.41 [4.46, 8.71]
Snowmelt base temperature, v__SMTMP.bsn 3.22 [0.22, 4.11] 3.59 [0.26, 5.43]
Baseflow alpha factor, v__ALPHA_BF.gw 0.29 [0.18, 0.38] 0.40 [0.21,0.45]
Groundwater delay time, v__GW_DELAY.gw 95.45 [41.8, 148] 191 [128, 239]
Manning’s n value for the main channel, v__CH_N2.rte 0.06 [0.05, 0.10] 0.01 [0.01, 0.02]
Effective hyd. con. in the main channel, v__CH_K2.rte 52.9 [30.3, 55.2] 44.8 [10.1, 47.9]
Curve number, r__CN2.mgtb 0.09 [-0.06, 0.18] �0.01 [-0.04, 0.01]
Soil available water storage capacity, r__SOL_AWC.sol 0.23 [0.16, 0.48] 0.51 [0.35, 0.83]
Soil hydraulic conductivity, r__SOL_K.sol 0.04 [-0.11, 0.06] �0.47 [-0.53, �0.09]
The ratio between Sa and S (b), v__BBR.bsn e 0.17 [0.16, 0.17]
The minimum infiltration rate (fc), v__F0C.bsn e 2.56 [2.10, 3.12]

Parameters sensitive to sediment Sediment routing factor, v__ADJ_PKR.bsn 1.45 [1.31, 1.54] 1.79 [1.77, 1.82]
Channel re-entrained exponent parameter, v__SPEXP.bsn 1.69 [1.35, 2.00] 1.56 [1.50, 1.88]
Channel re-entrained linear parameter, v__SPCON.bsn 0.06 [0.05, 0.07] 0.05 [0.04, 0.05]
Channel erodibility factor, v__CH_COV1.rte 0.10 [0.06, 0.35] 0.19 [0.09, 0.49]
Channel cover factor, v__CH_COV2.rte 0.56 [0.37, 0.66] 0.59 [0.52, 0.95]
Water erosion factor, v__USLE_C.crop_AGRRc 0.22 [0.20, 0.32] 0.24 [0.22, 0.35]
Water erosion factor, v__USLE_C.crop_PAST 0.01 [0.01, 0.08] 0.01 [0.01, 0.08]
water erosion factor, v__USLE_C.crop_FRST 0.01 [0.01, 0.30] 0.01 [0.01, 0.42]
Soil erodibility factor, r__USLE_K.sol 0.31 [0.02, 0.88] 0.35 [0.19, 0.60]
The linear parameter (a), v__SED0A.bsn e 1.05 [0.97, 1.15]
The exponent parameter (b), v__SED0B.bsn e 0.87 [0.81, 0.94]

Parameters sensitive to soluble P Phosphorus availability index, v__PSP.bsn 0.47 [0.44, 0.49] 0.46 [0.40, 0.53]
P percolation coefficient, v__PPERCO.bsn 15.6 [15.0, 16.0] 14.9 [13.9, 15.6]
P soil partitioning coefficient, v__PHOSKD.bsn 155 [113, 174] 164 [131, 199]
P uptake distribution parameter, v__P_UPDIS.bsn 52.3 [43.1, 66.9] 78.5 [69.6, 86.9]
Soluble P in groundwater, v__GWSOLP.gw 0.42 [0.28, 3.30] 0.56 [0.35, 4.90]
The linear parameters of soluble P (lP), v__LAM_P.bsn e 0.06 [0.05, 0.07]
The exponent parameters (bP), v__BETA_P.bsn e 0.69 [0.64, 0.75]
The empirical parameters (bP), v__BB_P.bsn e �1.51 [-1.58, �1.49]
The soil adsorption rate (k), v__SORB_P.bsn e 13.3 [13.1, 15.5]

Parameters sensitive to nitrate Nitrogen in rain, v__RCN.bsn 2.80 [2.78, 2.83] 3.03 [1.92, 4.37]
Nitrogen uptake distribution parameter, v__N_UPDIS.bsn 5.35 [1.10, 6.09] 5.94 [4.74, 8.81]
NO3 in groundwater, v__SHALLST_N.gw 0.04 [0.01, 0.05] 0.04 [0.03, 0.06]
Nitrate percolation coefficient, v__NPERCO.bsn 0.35 [0.27, 0.68] 0.80 [0.72, 0.85]
The linear parameters of NO3 (lN), v__LAM_N.bsn e 0.75 [0.69, 0.89]
The exponent parameters of NO3 (bN), v__BETA_N.bsn e 1.02 [0.88, 1.14]
The empirical parameters of NO3 (bN), v__BB_N.bsn e �0.22 [-0.25, �0.19]

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

a given range.
c AGRR ¼ agricultural, PAST ¼ pasture, FRST ¼ forest.
d Refers to Best fitted [Min, Max] of the calibrated parameter values.
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did not match the trend of the measured runoff very well, as the
magnitudes of the simulated runoff were lower than those of their
measured counterparts during the peak events. However, the
graphical representation of Fig. 3b indicates that the temporal
variation in the runoff simulated by the modified SWAT model was
more closely matched with the observed values than those

simulated by the original SWAT model. Moreover, the modified
SWAT shows less uncertainty than the original SWAT, with 75% and
85% of the measured data bracketed by the 95PPU and the R-factor
values of 0.90 and 1.59 during the discharge calibration and vali-
dation, respectively. Table 2 also shows that the performance of the
modified SWAT model yielded a higher NSE value of 0.83 and a
lower PBIAS value of 4.1% than those of the original SWAT model
(NSE ¼ 0.69, PBIAS ¼ 9.4%) for calibration; additionally, the modi-
fied SWAT model continued to outperform the original SWAT
model during validation period, with the NSE values of 0.58 vs. 0.11
and PBIAS values of 12.2% vs. 27.1%, respectively.

3.2.2. Sediment
The observed and predicted sediment values from the two

tested models are presented and graphically compared in Fig. 3c
and d. Fig. 3c shows that the sediment values are under-predicted
by the original SWAT model during the calibration and validation,
and most peak events were underestimated. Nevertheless, the
predictions of sediment during the whole periods obtained from
the modified SWAT model were in good agreement with its
measured counterparts (Fig. 3c). High NSE values (0.83 and 0.60)
further indicate that the modified SWATmodel simulated sediment
well within the acceptable level of accuracy. Similar to the
discharge, the sediment simulation of the modified SWAT also
shows fewer uncertainties with higher P-factor values (0.58 and
0.60) and closer R-factor values to one (0.88 and 1.38) as compared
to the original SWAT (P-factor ¼ 0.15 and 0.08, R-factor ¼ 0.66 and
1.94, respectively) in the calibration and validation periods
(Table 2). Thus, the modified SWAT model adequately captured the
characteristics of the watershed interactions with rains.

3.2.3. Soluble P
The comparisons between themeasured and predicted soluble P

loss for the original and modified SWAT models are presented in
Fig. 4a and b. Fig. 4a shows that the soluble P was under-predicted
by the original SWAT model in most years except 2013. The
modified SWAT model exhibited a much better match between the
estimated and observed soluble P values than the original SWAT
model, with high NSE values (0.48 and 0.53, respectively) for the
calibration and validation periods, respectively (Table 2). Moreover,
the uncertainty results of modified SWAT were also better than the
original model with more measured data bracketed (the P-factor
values were 0.48 vs. 0.23 for calibration and 0.40 vs. 0.24 for vali-
dation, respectively), and most of the data missing the 95PPU band
were from the small soluble P points, while all the peaks were
bracketed.

3.3. Nitrate

The time series of the measured and simulated nitrate values for
the two tested models are compared graphically in Fig. 4c and d.
The simulated results in Fig. 4c indicate that the nitrate was well-
predicted by the original SWAT model in the years 2013 and
2016, but there were great differences between the estimated and
observed values in 2014 and 2015. However, the statistical test
results revealed better agreement between the measured and the
estimated nitrate for the modified SWAT model than in that of the
original SWAT model; moreover, the NSE values were 0.49 vs. 0.41
for calibration and 0.65 vs. �0.22 for validation, respectively
(Table 2). Similar to the other variables, the nitrate simulation of the
modified SWAT is also better than original SWAT with small un-
certainties, while bracketing 58% of the data for calibration and 67%
for validation (Fig. 4c).

Fig. 2. Global sensitivity analyses of parameters to (a) runoff, (b) sediment, (c) soluble
P and (d) nitrate in the modified SWAT.
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3.4. Temporal and spatial patterns of sediment and nutrient loss

3.4.1. Temporal variations of sediment and nutrient loss
The temporal distribution of the average monthly sediment and

nutrient loss of TN and TP simulated by the modified SWAT are
presented in Fig. 5a. From Fig. 5a, the critical period of sediment
and TN and TP nutrient losses occurred in July and August. The
sediment in July and August accounted for 76.7% of the average
annual sediment. The TN and TP nutrient losses in July and August
were more than 76% and 87% of the total nutrient loss, respectively.
This result indicated that more attention should be focused on July
and August in terms of efforts to reduce sediment and nutrient loss.

Fig. 5b shows the average annual sediment and TN and TP
nutrient losses as well as the component proportion of the average
annual TN and TP losses. The annual sediment from the UBR basin
showed great variability, ranging from 0.18 to 34.55 million tons,
with an average value of 7.92 million tons; moreover, this value
sharply decreased by 77.7% compared with the average annual
sediment of 1980e2000 (i.e., 35.52 million tons) (Zhang et al.,
2018). The sediment in 2001 was the highest of all annual soil
losses, which might be due to a major flooding period with the
maximum daily stream flow of 425 m3 s�1. The annual yield of TN
and TP also had a similar variability; specifically, TN ranged from
244.50 to 6593.26 t with an average value of 1789.75 t, and TP
varied from 12.58 to 2766.20 t with an annual mean of 678.31 t.

Therefore, the maximum annual TN and TP loads were 27 and 220
times the minimum ones, respectively. In addition, the nitrate loss,
which accounted for 23% of the TN loss, was the major source of the
inorganic N loss; furthermore, soluble P accounted for only 1% of
the TP. However, the organic N and P accounted for 71% and 99% of
the average annual TN and TP, respectively. These results indicated
that the organic N and P in the UBR basin were the dominant
mechanism of total nutrient loss. This result was supported by
Ernstberger et al. (2004), who claimed that, although the regulation
measures of inorganic nutrients are concerned, the TN and TP
flowing into streams were dominated by the organic forms.

3.4.2. Spatial variations in soil loss and nutrient loss
By using the simulated results of the modified SWAT model, the

critical areas of significant sediment and nutrient loss can be
identified according to the average annual sediment and nutrient
loss for the whole period within each sub-basin. Fig. 6 shows the
spatial distributions of surface runoff, sediment and nutrient losses
at the sub-basin scales of the UBR basin. The rate of sediment
ranged from 5.3 to 19.4 t ha�1, and the nutrient TN and TP loss rates
varied in the range of 2.9e16.6 kg ha�1 and 1.2e5.6 kg ha�1,
respectively (Fig. 6). Among the 23 sub-basins within the water-
shed, the numbers 1, 2, 4, 7, 8, 9, 12 and 16 were identified as
severely eroded areas (i.e., up to 11 t ha�1).

From the spatial variations in sediment and nutrient loss, the

Table 2
Performance of the two tested models for the calibration and validation datasets of the upper Beiluo river (UBR) basin.

Variable Period Original SWAT Modified SWAT

P-factor R-factor NSE PBIAS P-factor R-factor NSE PBIAS

Calibration

Streamflow 2001e2010 0.45 0.91 0.69 9.4% 0.75 0.90 0.83 4.1%
Sediment 2001e2010 0.15 0.66 0.74 49.8% 0.58 0.88 0.83 19.5%
Soluble P 2006e2010 0.23 0.95 �0.74 81.9% 0.48 1.16 0.48 46.4%
Nitrate 2013e2014 0.42 1.30 0.41 1.3% 0.58 1.30 0.49 1.1%
Validation
Streamflow 2001e2010 0.47 2.02 0.11 27.1% 0.85 1.59 0.58 12.2%
Sediment 2001e2010 0.08 1.94 �0.08 10.1% 0.60 1.38 0.60 14.3%
Soluble P 2006e2010 0.24 1.64 0.01 71.0% 0.40 1.21 0.53 44.6%
Nitrate 2015e2016 0.38 1.21 �0.22 16.9% 0.67 1.19 0.65 15.2%

Fig. 3. Time series of observed versus simulated daily discharge using (a) original SWAT and (b) modified SWAT, and observed versus simulated daily sediment using (c) original
SWAT and (d) modified SWAT for model calibration (2001e2010) and validation (2011e2016) in the upper Beiluo river (UBR) basin.
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most severe soil erosion and nutrient loss were distributed in the
upper sub-basins of the UBR basin. The main reasons are:(1) These
sub-basins are located in the upper reaches of the basin with steep
slopes, while downstream areas are mostly flat, which results in
less soil erosion and nutrient loss; and (2) these sub-basins that
have farmland as the main land-use type are located in the north-
western part of the UBR basin which belongs the area of Dingbian
County, while the Grain for Green project was launched in Wuqi
County in 1999, which led to significant decreases in farmland
(22.8%) and increases inwoodland and grassland (22.6%) relative to
the values in 1990 (Miao et al., 2012; Yan et al., 2017). These results
indicated the Grain for Green project significantly affected the hy-
drological behaviour and reduced the soil erosion and nutrient loss
in the UBR basin.

4. Discussion

Although the original SWAT model exhibited good performance
in simulating runoff and sediment of calibration, it still lacked ac-
curacy to simulate runoff and sediment of validation. In addition,
the original SWAT model could not estimate the soluble P and ni-
trate losses during both the overall periods within an acceptable
level of accuracy. However, the results showed that the modified
SWAT model was highly accurate in terms of its NSE values (cali-
bration: 0.83, 0.83, 0.48, and 0.49; validation: 0.58, 0.57, 0.53, and
0.65) for runoff, sediment, nitrate loss and soluble P loss of cali-
bration and validation. The good performance of the modified
SWAT model indicates that it could accurately estimated runoff,
sediment, soluble P loss and nitrate loss using the optimized (i.e.,
calibration) parameters in the UBR basin.

4.1. Comparison of runoff simulation between the original and
modified SWAT

In the CN methodology of the original SWAT, S and Ia are
updated at the beginning of each simulation time-step in response
to rainfall amount, simulated surface runoff, evapotranspiration
and soil moisture from the entire soil profile at the previous time-
step. Such updating of S and Ia enables the use of CN method in a
continuous SWAT model, without violating the integrity of its basic
assumptions. Despite of the regular updating at each time-step, the
lumped insertion of S and Ia in calculating runoff (Eq. (1) and (2))
does not allow the method to account for the variation of soil
moisture during an event and over a continuous period. Moreover,
it is more appropriate to update the S values based on soil water
content in the topmost soil layer, which would more closely reflect
surface saturation condition during heavy rainfall periods (Qiu
et al., 2012). This lacking can be addressed by incorporating the
direct contribution of antecedent soil moisture amount of top
15 cm soil layer into Eq. (1). The modified SWAT is incorporated by
replacing Eq. (1) with Eqs. (3) and (4) in the sub-routine for runoff
volume estimation. The sub-routine that calculates retention
parameter at individual time-steps and updates CN based on the
antecedent moisture conditions is kept unaltered. This can remove
the inconsistency associated with the updating process of S based
on daily root-zone soil moisture in a continuous simulation of
SWAT model (Gassman et al., 2007). The SMA-based SWAT
configuration consistently produces improved goodness-of-fit
scores and less uncertain outputs with respect to streamflow dur-
ing both calibration and validation.

Another reason for the discrepancy is that the simulated runoff
of the original SWAT is not sensitive to rainfall duration. Given the

Fig. 4. Time series of observed versus simulated monthly soluble P using (a) original SWAT and (b) modified SWAT, and observed versus simulated monthly nitrate using (c) original
SWAT and (d) modified SWAT for model calibration and validation in the upper Beiluo river (UBR) basin.
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same amount of rainfall, the original SWAT produces the same
amount of runoff regardless of event duration or the distribution of
rainfall intensity during the rainfall event. Many studies show that
storm duration plays is a key role in the watershed’s hydrological
processes of both runoff generation and prediction (Fang et al.,
2008; Reaney et al., 2010). Shi and Wang (2020) has tested the
effect of storm duration on runoff prediction of SCS-CN method by
dividing storm events of the Loess Plateau into three regimes based
on rainfall depth and duration and found that the effect of storm
duration decreased in the order: rainfall regime 3 (low intensity
and long duration) > rainfall regime 2 (middle intensity andmiddle
duration) > rainfall regime 1 (heavy intensity and short duration).
The original SCS-CN method often under-predicted runoff for most
of storm events in rainfall regime 1 and over-predicted runoff for
most storm events in rainfall regime 3. The modified CN method
incorporating storm duration improved runoff predictions for all
rainfall regimes. In this study, the calibrated models are also
compared over the period 2001e2016 at three different flow re-
gimes using flow duration curve (FDC) analysis (Fig. 7). These re-
gimes consist of high, mid and low flows with 0.0e0.1, 0.1e0.6 and
0.6e1.0 exceedance probability, respectively. The results showed
the modified SWAT had better agreement with the observed data
than the original SWAT model for all flow regimes.

4.2. Comparison of sediment and nutrient loss predictions between
the original and modified SWAT

Sediment and nutrient loss presented great variability during
the past 16 years, and the critical period appeared to occur in July
and August (Fig. 5). The results were consistent with the fact that

heavy storm events mainly occurred during the rainy season and
fluctuated from year to year in the UBR basin, and the periods of
large sediment and nutrient loss were found to agree with those of
peak flow (Zhang et al., 2018). Thus, accurate model simulations of
sediment and nutrient loss are largely dependent on accurate
simulations of stream flow and peak flows. The original SWAT
model has been tested to underestimate high flows in this study,
which led to underestimations of sediment and nutrient loss.
Improving the accuracy of peak flow estimations is an ongoing
challenge for SWAT developers (Arnold et al., 2012; Gassman et al.,
2007; Moriasi et al., 2015). However, the modified SWAT exhibits a
better match with the observed data for all flow regimes when
embedding the modified SCS-CN method in the SWAT model,
which could improve model simulations of sediment and nutrient
loss during high flow events.

The quality and reliability of the sediment simulations were not
only directly linked to the runoff simulations but were also very
sensitive to the rainfall characteristic. For rainfall erosion, it consists
of the processes of soil materials detachment and transport. It is
found that raindrop impact plays an important role in both pro-
cesses, which not only contributes to soil detachment but also
causes runoff disturbance, thereby largely contributing to sediment
transport (Kinnell, 2010; Zheng, 1998). However, the rainfall char-
acteristics, such as rainfall energy and maximum 30-min intensity
I30, are ignored in the MUSLE method (Eq. (3)) in the original SWAT
model. Because of these limitations, some peaks in sediment
simulated by the original SWAT model did not match their
measured counterparts. In contrast, the product of Ek and I30 was
used in the modified CSLE model to represent the influence of
rainfall impact on soil particle detachment and transport.

Fig. 5. The temporal distribution of (a) multi-year average monthly and (b) yearly sediment and nutrient loss total N and P, and the component proportion of annual average total N
and P loss (pie chart) in the upper Beiluo river (UBR) basin.
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Moreover, the equation for Ek calculation was developed using the
measured rainfall data of the Loess Plateau, which can accurately
characterise the rainfall energy of this region. These factors showed
the modified SWAT model can reasonably predict sediment.

For nutrient loss estimation, the original SWATmodel accounted
for only a single parameter, i.e., nitrate percolation coefficient or
phosphorus soil partitioning coefficient, to predict nitrate loss or
soluble P loss in surface runoff. Themodel might be applicable to an
area with little or no soil erosion, but it is not applicable for the
severely erodible region of the Loess Plateau (Wang et al., 1999). To
consider the effect of soil erosion on nutrient transport, Gao et al.
(2004) introduced a raindrop-induced water transfer rate er in
the nutrient loss model. However, studies have shown that more
severely erosion leads a greater interaction between the soil par-
ticle and runoff; thus, more solutes of the soil are removed to
overland flow (Sharpley, 2002). Therefore, considering that solute
loss has a greater relationship with sediment and runoff, the
runoff-associated nutrient loss module in the modified SWAT
model uses the sediment and runoff rates instead of the rainfall
impact to account for variations in the solute loss (Schiettecatte
et al., 2008). These factors ensure the accuracy of modified SWAT
model in estimating nutrient losses associated with runoff.

4.3. Limitations and future research

The modified SWAT model was useful for predicting runoff,
sediment and nutrient loss at the basin scale in the Loess Plateau;
furthermore, the temporal and spatial variation of the sediment
and nutrient loss estimated by the modified SWAT model could be
used to analyse the dynamic changes that reflect the trends of the
sediment and nutrient loss. However, the modified SWAT still has
several limitations:

1) CN2 from the handbook tables can accurately predict the runoff
of traditional agricultural basins in the United States which was
obtained and organized from the monitored rainfall-runoff
events of 150 watersheds across a wide range of terrain, soil,
land use and management conditions, but when applied to
other countries and regions, it may lead to the unreliability of
actual flood parameters. Lian et al. (2020) adjusted CN2 values
for 55 study sites in China with available observed rainfall-
runoff event data and concluded that only one-third of the
study sites could use the SCS handbook table to achieve a
satisfactory (±5%) CN2 value. Therefore, it is necessary to verify
the local application of CN method to reduce the uncertainty of
modelling results and promote the more widely use of this
method in practice.

2) The modified SWAT model was developed based on the mea-
surement of the Loess Plateau. The model is suitable for regions
with similar arid, semi-arid and semi-humid climate if the
measured data are available to calibrate the parameters. Since
the characteristics and processes of runoff, erosion and nutrient
loss in humid regions are different from those in this paper, the
modified SWATmodel needs to be further verifiedwhen applied
to humid regions.

5. Conclusions

In this study, the modifications of the SWAT model were pro-
posed by incorporating the modified SCS-CN, CSLE and nutrient
loss methods. The reliability of modified SWAT model was tested
against the original SWAT model in terms of predicting runoff,
sediment, soluble P loss and nitrate loss in the UBR basin of the
Loess Plateau. The following conclusions are drawn:

Fig. 6. The spatial distribution of (a) the sub-basins, the annual average of (b) surface runoff, (c) sediment yield, nutrient loss of (d) NO3, (e) organic N, (f) total N, (g) soluble P, (h)
organic P and (i) total P at sub-basin scale of the upper Beiluo river (UBR) basin.
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1) The modified SWAT model improved runoff predictions and
yielded a higher NSE value of 0.83 and 0.58 than those of the
original SWAT model (NSE ¼ 0.69 and 0.11) for calibration and
validation, respectively.

2) The sediment values are under-predicted by the original SWAT
model during the calibration and validation, and most peak
events were underestimated. Nevertheless, the predictions of
sediment during the whole periods obtained from the modified
SWAT model were in good agreement with its measured
counterparts. High NSE values (0.83 and 0.60) further indicated
that the modified SWAT model simulated sediment well within
the acceptable level of accuracy.

3) The soluble P was under-predicted by the original SWAT model
in most years except 2013. The modified SWAT model exhibited
a much better match between the estimated and observed
soluble P values than the original SWAT model, with high NSE
values (0.48 and 0.53, respectively) for the calibration and
validation periods, respectively.

4) The nitrate was well-predicted by the original SWAT model in
the years 2013 and 2016, but there were great differences be-
tween the estimated and observed values in 2014 and 2015.

However, the statistical test results revealed better agreement
between the measured and estimated nitrate values for the
modified SWATmodel than the original SWATmodel; moreover,
the NSE values were 0.49 vs. 0.41 for calibration and 0.65
vs. �0.22 for validation, respectively.

5) The critical periods of sediment and TN and TP nutrient loss
occurred in July and August. This result indicated that more
attention should be focused on July and August in terms of ef-
forts to reduce sediment and nutrient loss. The organic N and P
accounted for 71% and 99% of the average annual TN and TP,
respectively, which indicated that the organic N and P in the
UBR basin were the dominant mechanism of total nutrient loss.
From the spatial variations in sediment and nutrient losses, the
most severe soil erosion and nutrient losses were distributed in
the upper sub-basins of the UBR basin, which indicated the
Grain for Green project significantly affected the hydrological
behaviour and reduced the soil erosion and nutrient loss in the
UBR basin.

In general, the original SWAT underestimated runoff, sediment
and nutrient loss for some high-flow events. The main reasons
could be attributed to its dependence on many semi-empirical
equations (such as SCS-CN, MUSLE and nutrient transport mod-
ules) and some fitted parameters based on the field data measured
in some specific areas. When the original SWAT model was used to
different climatic regions, these semi-empirical equations and
fitted parameters would limit the accurateness of SWAT to track
specific peak runoff, sediment and nutrient loss due to the differ-
ences in land management practices, geomorphological features
and soil textures. In this study, some of semi-empirical equations
and parameters were modified based on large field measurements
conducted in the Loess Plateau. The modified SWAT model
improved the predictions of surface runoff, sediment, and nutrient
loss for the studied basin. This study expended the application of
original SWAT model in the Loess Plateau and similar regions. The
modified SWAT model can be used as a decision-making manage-
ment tool to design appropriate management strategies for stake-
holders to reduce runoff and soil loss in the studied region; the
model can also be used for fertilizer management in agricultural
fields to reduce NPS pollution.

Data availability statement

Data available on request due to privacy/ethical restrictions.

Conflict of interest statement

Authors declare no conflict of interest.

Acknowledgements

This research was supported by the Strategic Priority Research
Program of Chinese Academy of Sciences , China (No.
XDB40000000) and the National Natural Science Foundation of
China, China (No. 41571130082).

References

Abbasi, Y., Mannaerts, C. M., & Makau, W. (2019). Modeling pesticide and sediment
transport in the Malewa River Basin (Kenya) using SWAT. Water, 11(1), 87.

Abbaspour, K. C. (2007). User manual for SWAT-CUP SWAT calibration and uncertainty
analysis programs. Eawag, Dübendorf, Switzerland: Swiss Federal Institute of
Aquatic Science and Technology.

Abbaspour, K. C., Rouholahnejad, E., Vaghefi, S., Srinivasan, R., Yang, H., & Kløve, B.
(2015). A continental-scale hydrology and water quality model for Europe:
Calibration and uncertainty of a high-resolution large-scale SWAT model.
Journal of Hydrology, 524, 733e752.

Fig. 7. Flow duration curve comparison of streamflow at three different flow regimes
(a) 0.0e0.1: high flow; (b) 0.1e0.6: moist and mid flow; (c) 0.6e1.0: dry and low flow
of the upper Beiluo river (UBR) basin.

W. Shi and M. Huang International Soil and Water Conservation Research 9 (2021) 291e304

302



Abbaspour, K. C., Yang, J., Maximov, I., Siber, R., Bogner, K., Mieleitner, J., …

Srinivasan, R. (2007). Modelling hydrology and water quality in the prealpine/
alpine Thur watershed using SWAT. Journal of Hydrology, 333, 413e430. https://
doi.org/10.1016/j.jhydrol. 2006.09.014

Arnold, J. G., Moriasi, D. N., Gassman, P. W., Abbaspour, K. C., White, M. J.,
Srinivasan, R., … Jha, M. K. (2012). Swat: Model use, calibration, and validation.
Transactions of the ASABE, 55, 1491e1508.

Arnold, J. G., Srinivasan, R., Muttiah, R. S., & Williams, J. (1998). Large area hydro-
logic modeling and assessment part I: Model development. Journal of the
American Water Resources Association, 34, 73e89. https://doi.org/10.1111/j.1752-
1688.1998.tb05961.x

Ayivi, F., & Jha, M. K. (2018). Estimation of water balance and water yield in the
Reedy Fork-Buffalo Creek Watershed in North Carolina using SWAT. Interna-
tional Soil and Water Conservation Research, 6(3), 203e213.

Baginska, B., Milne-Home, W., & Cornish, P. S. (2003). Modelling nutrient transport
in currency creek, NSW with AnnAGNPS and PEST. Environmental Modelling &
Software, 18, 801e808. https://doi.org/10.1016/S1364-8152(03)00079-3

Behera, S., & Panda, R. (2006). Evaluation of management alternatives for an agri-
cultural watershed in a sub-humid subtropical region using a physical process
based model. Agriculture, Ecosystems & Environment, 113, 62e72. https://doi.org/
10.1016/j.agee.2005.08.032

Bicknell, B. R., Imhoff, J. C., Kittle, J. L., Donigian, A. S., & Johanson, R. C. (1996).
Hydrological simulation programefortran, user’s manual for release 11. Athens,
Ga: U.S. EPA Environmental Research Lab.

Bi, X., & Wang, X. Y. (2012). Analysis of non-point source pollution load in Dongting
Lake watershed based on export coefficient model. Yangtze River, 43, 74e77.
https://doi.org/10.3969/j.issn.1001-4179.2012.11.019

Borah, D. K., & Bera, M. (2004). Watershed-scale hydrologic and nonpointsource
pollution models: Reviews of application. Transactions of the ASAE, 47, 789e803.
https://doi.org/10.13031/2013.16110

Briak, H., Mrabet, R., Moussadek, R., & Aboumaria, A. (2019). Use of a calibrated
SWAT model to evaluate the effects of agricultural BMPs on sediments of the
Kalaya river basin (North of Morocco). International Soil and Water Conservation
Research, 7(2), 176e183.

Clement, D., & Djebou, S. (2018). Assessment of sediment inflow to a reservoir using
the SWAT model under undammed conditions: A case study for the somerville
reservoir, Texas, USA. International Soil and Water Conservation Research, 6(3),
222e229.

Dile, Y. T., Daggupati, P., George, C., Srinivasan, R., & Arnold, J. (2016). Introducing a
new open source GIS user interface for the SWAT model. Environmental
Modelling & Software, 85, 129e138.

Douglas-Mankin, K. R., Srinivasan, R., & Arnold, J. (2010). Soil and water assessment
tool (SWAT) model: Current developments and applications. Transactions of the
ASABE, 53, 1423e1431. https://doi.org/10.13031/2013.34915

Ernstberger, H., Edwards, A. C., & Balls, P. W. (2004). The distribution of phosphorus
between soluble and particulate phases for seven Scottish East Coast rivers.
Biogeochemistry, 67, 93e111. https://doi.org/10.1023/B:
BIOG.0000015319.82299.83

Fu, B. J., Liu, Y., He, C. S., & Wu, B. F. (2011). Assessing the soil erosion control service
of ecosystems change in the Loess Plateau of China. Ecological Complexity, 8,
284e293. https://doi.org/10.1016/j.ecocom.2011.07.003

Fu, B. J., Meng, Q. H., Qiu, Y., Zhao, W. W., Zhang, Q. J., & Davidson, D. A. (2004).
Effects of land use on soil erosion and nitrogen loss in the hilly area of the Loess
Plateau, China. Land Degradation & Development, 15, 87e96. https://doi.org/
10.1002/ldr.572

Gao, B., Walter, M. T., Steenhuis, T. S., Horgarth, W. L., & Parlange, J. Y. (2004).
Rainfall induced chemical transport from soil to runoff: Theory and experi-
ments. Journal of Hydrology, 295, 291e304. https://doi.org/10.1016/
j.jhydrol.2004.03.026

Gassman, P. W., Reyes, M. R., Green, C. H., & Arnold, J. G. (2007). The soil and water
assessment tool: Historical development, applications, and future research di-
rections. Transactions of the ASABE, 50, 1211e1250. https://doi.org/10.13031/
2013.23637

Gassman, P. W., Sadeghi, A. M., & Srinivasan, R. (2014). Applications of the SWAT
model special section: Overview and insights. Journal of Environmental Quality,
43, 1e8. https://doi.org/10.2134/jeq2013.11.0466

Guse, B., Pfannerstill, M., Kiesel, J., Strauch, M., Volk, M., & Fohrer, N. (2019). Ana-
lysing spatio-temporal process and parameter dynamics in models to charac-
terise contrasting catchments. Journal of Hydrology, 570, 863e874.

Huang, M., & Zhang, L. (2004). Hydrological responses to soil conservation practices
in a catchment of the Loess Plateau, China. Hydrological Processes, 18(10),
1885e1898.

Huang, M., Zhang, L., & Gallichand, J. (2003). Runoff responses to afforestation in
watershed of the Loess Plateau, China. Hydrological Processes, 17(3), 2599e2609.

Jeong, J., Kannan, N., Arnold, J., Glick, R., Gosselink, L., & Srinivasan, R. (2010).
Development and integration of sub-hourly rainfall-runoff modeling capability
within a watershed model. Water Resources Management, 24, 4505e4527.
https://doi.org/10.1007/s11269-010-9670-4

Jia, N. (2005). Quantitative evaluation of soil erosion and nutrient loss for small
watershed of Loess Plateau based on AnnAGNPS model. Beijing, China: China
Agriculture University. https://doi.org/10.7666/d.y835095. Ph.D. Dissertation.

Jiao, P., Xu, D., Wang, S., Yu, Y., & Han, S. (2015). Improved SCS-CN method based on
storage and depletion of antecedent daily precipitation. Water Resources Man-
agement, 29, 4753e4765. https://doi.org/10.1007/s11269-015-1088-6

Johnes, P. J. (1996). Evaluation and management of the impact of land use change on

the nitrogen and phosphorus load delivered to surface waters: The export co-
efficient modeling approach. Journal of Hydrology, 183, 323e333. https://
doi.org/10.1016/0022-1694(95)02951-6

King, K., Arnold, J., & Bingner, R. (1999). Comparison of Green-Ampt and curve
number methods on Goodwin Creek watershed using SWAT. Transactions of the
ASAE, 42, 919e925. https://doi.org/10.13031/2013.13272

Kinnell, P. I. A. (1997). Runoff ratio as a factor in the empirical modelling of soil
erosion by individual rainstorms. Australian Journal of Soil Research, 35, 1e13.
https://doi.org/10.1071/s95085

Kinnell, P. I. A. (2010). Event soil loss, runoff and the universal soil loss equation
family of models: A review. Journal of Hydrology, 385, 384e397. https://doi.org/
10.1016/j.jhydrol.2010.01.024

Lian, H., Yen, H., Huang, C., Feng, Q., Qin, L., Bashir, M. A.,… Liu, H. (2020). CN-China:
Revised runoff curve number by using rainfall-runoff events data in China.
Water Research, 177, Article 115767. https://doi.org/10.1016/j.watres.2020.115767

Liao, H. H., & Tim, U. (1997). An interactive modeling environment for non-point
source pollution control. Journal of the American Water Resources Association,
33, 591e603. https://doi.org/10.1111/j.1752-1688.1997.tb03534.x

Li, Z. G., Fu, S. H., & Liu, B. Y. (2012). Sampling program of water erosion inventory in
the first national water resource survey. Science of Soil and Water Conservation,
10, 77e81. https://doi.org/10.16843/j.sswc.2012.01.013

Li, J., Li, H., Li, Y., & Xu, Y. (2008). Simulation on non-point source pollution in Heihe
river watershed of Shaanxi based on AnnAGNPS model. Journal of Soil and Water
Conservation, 22, 81e88. https://doi.org/10.13870/j .cnki .stbcxb.2008.06.014

Li, Z., Liu, W. Z., Zhang, X. C., & Zheng, F. L. (2009). Impacts of land use change and
climate variability on hydrology in an agricultural catchment on the Loess
Plateau of China. Journal of Hydrology, 377, 35e42. https://doi.org/10.1016/
j.jhydrol.2009.08.007

Li, E., Mu, X., Zhao, G., Gao, P., & Sun, W. (2017). Effects of check dams on runoff and
sediment load in a semi-arid river basin of the Yellow River. Stochastic Envi-
ronmental Research and Risk Assessment, 31, 1791e1803. https://doi.org/10.1007/
s00477-016-1333-4

Liu, B. Y., Zhang, K., & Xie, Y. (2002). An empirical soil loss equation. In Proceedings
process of soil erosion and its environment effect(vol II) (pp. 21e25), 12th inter-
national soil conservation organization conference.

Malago, A., Bouraoui, F., Pastori, M., & Gelati, E. (2019). Modelling nitrate reduction
strategies from diffuse sources in the Po River Basin. Water, 11(5), 1030.

Menzel, R. G. (1980). Enrichment ratios for water quality modelling. In W. Knisel
(Ed.), Creams: A field-scale model for chemicals, runoff, and erosion from agri-
cultural management systems (Vol. 26). USDA Conservation Research Report.

Miao, C. Y., Yang, L., Chen, X. H., & Gao, Y. (2012). The vegetation cover dynamics
(1982e2006) in different erosion regions of the Yellow river basin, China. Land
Degradation & Development, 23, 62e71. https://doi.org/10.1002/ldr.1050

Mishra, S. K., Pandey, R. P., Jain, M. K., & Singh, V. P. (2007). A rain duration and
modified AMC-dependent SCS-CN procedure for long duration rainfall-runoff
events. Water Resources Management, 22, 861e876. https://doi.org/10.1007/
s11269-007-9196-6

Moriasi, D. N., Gitau, M. W., Pai, N., & Daggupati, P. (2015). Hydrologic and water
quality models: Performance measures and evaluation criteria. Transactions of
the ASABE, 58, 1763e1785. https://doi.org/10.13031/trans.58.10715

Nash, J. E., & Sutcliffe, J. E. (1970). River flow forecasting through conceptual models:
Part I- A discussion of principles. Journal of Hydrology, 10, 282e290. https://
doi.org/10.1016/0022-1694(70) 90255-6

Neitsch, S. L., Arnold, J. G., Kiniry, J. R., & Williams, J. R. (2011). Soil and water
assessment tool theoretical documentation version 2009. College Station, TX:
Texas A&M University System. https://doi.org/10.1016/j.scitotenv.2015.11.063.
Texas Water Resources Institute Technical Report No. 406.

Ouyang, W., Wang, X. L., Hao, F. H., & Srinivasan, R. (2009). Temporal-spatial dy-
namics of vegetation variation on non-point source nutrient pollution. Ecolog-
ical Modelling, 220, 2702e2713. https://doi.org/10.1016/
j.ecolmodel.2009.06.039

Pandey, B. K., Khare, D., Kawasaki, A., & Mishra, P. K. (2019). Climate change impact
assessment on blue and green water by coupling of representative CMIP5
climate models with physical based hydrological model. Water Resources
Management, 33, 141e158.

Qin, Y. M., Xu, Y. L., & Li, H. E. (2009). SWAT model of non-point source pollution
under different land use scenarios in the Heihe river basin. Acta Scientiae Cir-
cumstantiae, 29, 440e448. https://doi.org/10.13671/j.hjkxxb.2009.02.026

Qiu, L. J., Zheng, F. L., & Yin, R. S. (2012). SWAT-based runoff and sediment simu-
lation in a small watershed, the loessial hilly-gullied region of China: Capabil-
ities and challenges. International Journal of Sediment Research, 27, 226e234.
https://doi.org/10.1016/S1001-6279(12)60030-4

Ran, D. C., Liu, B., & Wang, H. (2006). Water and sediment variation and ecological
protection measures of typical tributaries in the middle reach of the Yellow River.
Zhengzhou: The Yellow River Water Conservancy Press.

Refsgaard, J. C., & Storm, B. (1995). Mike SHE. In V. P. Singh (Ed.), Computer models of
watershed hydrology. Colorado, USA: Water Resources Publications.

Sahu, R. K., Mishra, S. K., & Eldho, T. I. (2012). Improved storm duration and ante-
cedent moisture condition coupled SCS-CN concept-based model. Journal of
Hydrologic Engineering, 17, 1173e1179. https://doi.org/10.1061/(ASCE)HE.1943-
5584.0000443

Schiettecatte, W., Gabriels, D., Cornelis, W. M., & Hofman, G. (2008). Enrichment of
organic carbon in sediment transport by interrill and rill erosion processes. Soil
Science Society of America Journal, 72, 50e55. https://doi.org/10.2136/
sssaj2007.0201

W. Shi and M. Huang International Soil and Water Conservation Research 9 (2021) 291e304

303



SCS. (1972). National engineering handbook, section 4. Washington, D.C: Soil Con-
servation Service USDA.

Sharpley, A. N., Kleinman, P. J. A., McDowell, R. W., Gitau, M., & Bryant, R. B. (2002).
Modeling phosphorus transport in agricultural watersheds: Processes and
possibilities. Journal of Soil and Water Conservation, 57, 425e439.

Shi, Z. H., Fang, N. F., Wu, F. Z., Wang, L., Yue, B. J., & Wu, G. L. (2012). Soil erosion
processes and sediment sorting associated with transport mechanisms on steep
slopes. Journal of Hydrology, 454, 123e130. https://doi.org/10.1016/
j.jhydrol.2012.06.004

Shi, W. H., Huang, M. B., & Barbour, S. L. (2018a). Storm-based CSLE that in-
corporates the estimated runoff for soil loss prediction on the Chinese Loess
Plateau. Soil and Tillage Research, 180, 137e147. https://doi.org/10.1016/
j.still.2018.03.001

Shi, W. H., Huang, M. B., Gongadze, K., & Wu, L. H. (2017). A modified SCS-CN
method incorporating storm duration and antecedent soil moisture estima-
tion for runoff prediction. Water Resources Management, 31, 1713e1727. https://
doi.org/10.1007/s11269-017-1610-0

Shi, W. H., Huang, M. B., & Wu, L. H. (2018b). Prediction of storm-based nutrient loss
incorporating the estimated runoff and soil loss at a slope scale on the Loess
Plateau, China. Land Degradation & Development, 29, 2899e2910. https://
doi.org/10.1002/ldr.3028

Shi, W., & Wang, N. (2020). An improved SCS-CN method incorporating slope, soil
moisture, and storm duration factors for runoff prediction. Water, 12, 1335.
https://doi.org/10.3390/w12051335

Singh, V., Bankar, N., Salunk, S. S., Bera, A. K., & Sharma, J. R. (2013). Hydrological
stream flow modelling on tungabhadra catchment: Parameterization and un-
certainty analysis using SWAT CUP. Current Science, 104(9), 1187e1199.

Singh, P. K., Mishra, S. K., Berndtsson, R., Jain, M. K., & Pandey, R. P. (2015). Devel-
opment of a modified SMA based MSCS-CN model for runoff estimation. Water
Resources Management, 29, 4111e4127. https://doi.org/10.1007/s11269-015-
1048-1

Tan, M. L., Gassman, P. W., Srinivasan, R., Arnold, J. G., & Yang, X. (2019). A review of
SWAT studies in Southeast Asia: Applications, challenges and future directions.
Water, 11(5), 914.

Wang, Q. J., Shao, M. A., Li, Z. B., Lei, T. W., & Lv, D. Q. (1999). Analysis of simulating
methods for soil solute transport with runoff in loess plateau. Research of Soil
and Water Conservation, 6, 67e71. https://doi.org/10.3969/j.issn.1005-
3409.1999.02.014

Wang, K., Xia, Y., Ma, J., & Qu, C. (2015). Quantitative assessment of soil erosion in
Gushanchuan watershed based on CSLE and high-resolution aerial images.
Research of Soil and Water Conservation, 1, 26e32. https://doi.org/10.13869/
j.cnki.rswc.2015.01.006

Williams, J. R. (1995). The EPIC model. In V. P. Singh (Ed.), Computer models of
watershed hydrology. Colorado, USA: Water Resources Publications.

Williams, J., & Berndt, H. (1977). Sediment yield prediction based on watershed

hydrology. Transactions of the ASAE, 20, 1100e1104. https://doi.org/10.13031/
2013.35710

Williams, J. R., & Hann, R. W. (1978). Optimal operation of large agricultural water-
sheds with water quality constraints. Texas: Texas Water Resources Institute.
Texas Water Resources Institute, Technical Report No. 96.

Wu, L., Li, P., & Ma, X. Y. (2016). Estimating nonpoint source pollution load using
four modified export coefficient models in a large easily eroded watershed of
the loess hillyegully region, China. Environmental Earth Sciences, 75, 1056.
https://doi.org/10.1007/s12665-016-5857-1

Yang, S., Dong, G., Zheng, D., Xiao, H., Gao, Y., & Lang, Y. (2011). Coupling Xinanjiang
model and SWAT to simulate agricultural non-point source pollution in Songtao
watershed of Hainan, China. Ecological Modeling, 222, 3701e3717. https://
doi.org/10.1016/j.ecolmodel.2011.09.004

Yan, R., Zhang, X., Yan, S., Zhang, J., & Chen, H. (2017). Spatial patterns of hydro-
logical responses to land use/cover change in a catchment on the loess plateau,
China. Ecological Indicators, 92, 151e160. https://doi.org/10.1016/
j.ecolind.2017.04.013

Zhang, Q. L., Chen, Y. X., Yu, Q. G., Deng, H., & Tian, P. (2007). A review on non-point
source pollution models. Chinese Journal of Applied Ecology, 18, 1886e1890.

Zhang, H., & Huang, G. H. (2011). Assessment of non-point source pollution using a
spatial multicriteria analysis approach. Ecological Modelling, 222, 313e321.
https://doi.org/10.1016/j.ecolmodel.2009.12.011

Zhang, X., Lin, P., Chen, H., Yan, R., Zhang, J., Yu, Y., & Lei, S. (2018). Understanding
land use and cover change impacts on run-off and sediment load at flood events
on the Loess Plateau, China. Hydrological Processes, 32, 576e589. https://doi.org/
10.1002/hyp.11444

Zhao, W. H. (2017). Spatial differences of vegetation characteristics and soil nutrients
response in a hilly-gully catchment of the Loess Plateau. China: Northwest A&F
University. M.A. Thesis. Yangling.

Zhao, G., Mu, X., Wen, Z., Wang, F., & Gao, P. (2013). Soil erosion, conservation, and
eco-environment changes in the Loess Plateau of China. Land Degradation &
Development, 24, 499e510. https://doi.org/10.1002/ldr.2246

Zheng, F. L. (1998). Study on interrill erosion and rill erosion slope farmland of loess
area. Acta Pedologica Sinica, 35, 95e103. https://doi.org/10.11766/
trxb199604210114

Zhu, Y., Zhang, W. B., Liu, S. H., Yin, B., & Xie, Y. (2012). A batch computation method
of soil erosion modulus in the Frist National Water Conservancy Survey-Design
and application of water erosion modulus calculator based on CSLE and GIS.
Bulletin of Soil and Water Conservation, 32, 291e295. https://doi.org/10.13961/
j.cnki.stbctb.2012.05.054

Zuo, D. P., Xu, Z. X., Yao, W. Y., Jin, S. Y., Xiao, P. Q., & Ran, D. C. (2016). Assessing the
effects of changes in land use and climate on runoff and sediment yields from a
watershed in the Loess Plateau of China. The Science of the Total Environment,
544, 238e250. https://doi.org/10.1016/j.scitotenv.2015.11.060

W. Shi and M. Huang International Soil and Water Conservation Research 9 (2021) 291e304

304



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 
conf ict of interest including any f nancial, personal or other 
relationships with other people or organizations within three 
years of beginning the submitted work that could inappropriately 
inf uence, or be perceived to inf uence, their work. See also 
http://www.elsevier.com/conf ictsof 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 conf 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 conf 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 conf 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 f nancial support for 
the conduct of the research and/or preparation of the article and to 
brief 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 f les. The system automatically 
converts source f 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 f les are converted to PDF at submission for 
the review process, these source f les are needed for further processing 
after acceptance. All correspondence, including notif 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 off 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 f gures may be presented with captions within the main 
body of the manuscript; if so, f gures should additionally be uploaded 
as high resolution f les.

PREPARATION

Use of wordprocessing software 
It is important that the f 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 f les of f gures, tables and 
text graphics will be required whether or not you embed your 
f 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 f 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/f nd/
authorsview.authors/latex-ees-supported. 

The Elsevier “elsarticle” LaTeX style f le package (including detailed 
instructions for LaTeX preparation) can be obtained from the 
Quickguide: http://www.elsevier.com/latex. It consists of the 
f le: elsarticle.cls, complete user documentation for the class f le, 
bibliographic style f les in various styles, and template f les for a quick 
start.

Article structure 
Subdivision - numbered sections 
Divide your article into clearly def 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 suff cient detail to allow the work to be reproduced. Methods 
already published should be indicated by a reference: only relevant 
modif 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 signif 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 identif 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 f 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’ aff liation addresses (where the actual 
work was done) below the names. Indicate all aff 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 aff 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, 
aff liation address. Superscript Arabic numerals are used for such 
footnotes.

Abstract 
A concise and factual abstract is required. The abstract should state 
brief 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 def ned at their f rst mention in the abstract 
itself.

Keywords 
Authors are invited to submit keywords associated with their paper. 

Abbreviations 
Def ne abbreviations that are not standard in this f eld in a footnote 
to be placed on the f rst page of the article. Such abbreviations that 
are unavoidable in the abstract must be def ned at their f 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 f les. 
• Provide captions to illustrations separately. 
• Produce images near to the desired size of the printed version. 
• Submit each f gure as a separate f 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 
f 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 Off ce application 
(Word, PowerPoint, Excel) then please supply “as is”. 

Please do not: 
• Supply f les that are optimised for screen use (like GIF, BMP, PICT, 

WPG); the resolution is too low; 
• Supply f les that are too low in resolution; 
• Submit graphics that are disproportionately large for the content.

Color artwork 
Please make sure that artwork f les are in an acceptable format 
(TIFF, EPS or MS Off ce f les) and with the correct resolution. 
If, together with your accepted article, you submit usable color f gures 
then Elsevier will ensure, at no additional charge, that these f 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 f gure. A caption should comprise a brief title (not 
on the f 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 f rst alphabetically and then further 
sorted chronologically if necessary. More than one reference from the 
same author(s) in the same year must be identif 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 f 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 f les have been uploaded 
• Keywords 
• All f 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 f 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 
f 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 Identif 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 f 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 f 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 
f 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 f gures. 
Signif 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 
f 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 f 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.




	cover-outside
	cover-inside
	01-80000232
	02-fm2
	03-fm3
	04-fm4
	05-256
	GIS-based soil maps as tools to evaluate land capability and suitability in a coastal reclaimed area (Ravenna, northern Italy)
	1. Introduction
	2. Materials and methods
	2.1. Study area
	2.2. Land units map
	2.3. Soil map
	2.3.1. Soil sampling
	2.3.2. Physical and chemical soil characterization
	2.3.3. Soil cartographic units

	2.4. Available water capacity and salinity maps
	2.5. Land capability and suitability maps
	2.6. QGIS software

	3. Results and discussion
	3.1. Land units map
	3.2. Soil map
	3.2.1. Soil physico-chemical data
	3.2.2. Soil classification and cartographic units

	3.3. Soil salinity and available water capacity
	3.4. Land capability and suitability maps

	4. Conclusion
	Declaration of competing interest
	Acknowledgement
	Appendix A. Supplementary data
	References


	06-249
	Event-based hydrology and sedimentation in paired watersheds under commercial eucalyptus and grasslands in the Brazilian Pa ...
	1. Introduction
	2. Material and methods
	2.1. Paired watersheds
	2.2. Hydrology and erosion monitoring at watershed scale
	2.2.1. Sediment concentration and sediment yield

	2.3. Hydrological and sedimentological modeling

	3. Results
	3.1. Rainfall hydrosedimentological events used for calibration
	3.1.1. Forest watershed events
	3.1.2. Grassland watershed events
	3.1.3. Forest watershed versus grassland watershed

	3.2. Rainfall hydrosedimentological events used for model validation
	3.2.1. Forest watershed events
	3.2.2. Grassland watershed events
	3.2.3. Forest watershed versus grassland watershed

	3.3. Hydrosedimentologic modeling
	3.3.1. Model calibration
	3.3.2. Uncalibrated rainfall events
	3.3.3. Model validation


	4. Discussion
	4.1. Hydrosedimentological events
	4.2. Hydrosedimentological modeling with the LISEM
	4.2.1. Calibration
	4.2.2. Validation

	4.3. Implications for land management

	5. Conclusions
	Acknowledgments
	References


	07-240
	Changes of soil quality induced by different vegetation restoration in the collapsing gully erosion areas of southern China
	1. Introduction
	2. Materials and methods
	2.1. Study sites
	2.2. Soil sampling and laboratory analysis
	2.3. Assessment of soil quality index
	2.4. Statistical analysis

	3. Results
	3.1. Soil physicochemical indicators under different vegetation restoration types
	3.2. Evaluation of saturated hydraulic conductivity
	3.3. Effects of soil physical properties on saturated hydraulic conductivity
	3.4. Evaluation of SQI

	4. Discussion
	4.1. Changes of soil properties under different vegetation types
	4.2. Evaluation of SQI and indicators
	4.3. Effects of vegetation types on soil quality

	5. Conclusion
	Declaration of competing interest
	Acknowledgments
	References


	08-257
	New approach for obtaining the C-factor of RUSLE considering the seasonal effect of rainfalls on vegetation cover
	1. Introduction
	2. Material and methods
	2.1. Seasonality-conditioning variables (pptx and Lv)
	2.2. C factor rescaled (Cr2)
	2.3. Modification of NDVI
	2.4. C-PC factor
	2.5. Study area
	2.6. Difference in soil cover and comparison of results

	3. Results and discussion
	4. Conclusions
	Declaration of competing interest
	Acknowledgments
	References


	09-246
	Factor influencing land degradation sensitivity and desertification in a drought prone watershed in Thailand
	1. Introduction
	2. Methodology
	2.1. Study area description
	2.2. Factor analysis and identify factors contributing to land degradation and desertification
	2.3. Environmental sensitivity areas to degradation in the lam Ta kong watershed
	2.4. Computational procedure of triangular fuzzy number and fuzzy analytical hierarchy process
	2.5. Analysis of factors influencing vulnerability to land degradation and desertification risk

	3. Results and discussions
	3.1. Areas sensitive to land degradation in lam Ta kong watershed
	3.2. Critical factor affecting land degradation in lam Ta kong watershed
	3.3. The land degradation risk factors contributing to the level of desertification risk area

	Funding
	Acknowledgement
	References


	10-250
	Wear of the working parts of agricultural tools in the context of the mass of chemical elements introduced into soil during ...
	1. Introduction
	2. Materials and methods
	3. Results
	3.1. Mass wear intensity of tested elements
	3.2. Chemical elements introduced into the soil as a result of wear of steel used in the working elements
	3.3. Chemical elements introduced into the soil as a result of the wear of materials used for reinforcement working elements

	4. Discussion
	5. Conclusions
	Appendix A. Supplementary data
	References


	11-248
	Determinants of adoption of multiple sustainable agricultural practices among smallholder farmers in Nigeria
	1. Introduction
	2. Review of empirical studies
	3. Data and econometric framework
	3.1. Data source
	3.2. Econometric framework
	3.2.1. The Multivariate Probit Model
	3.2.2. The ordered probit model


	4. Results and discussions
	4.1. Descriptive statistics
	4.2. Complements and substitutes of sustainable agricultural practices
	4.3. Multivariate Probit Model estimates of the factors influencing adoption of multiple SAPs among agricultural households
	4.4. Ordered probit estimates of the factors influencing the number of SAPs adopted among agricultural households

	5. Conclusion and policy implications
	Declaration of competing interest
	References


	12-260
	Near-saturated soil hydraulic conductivity and pore characteristics as influenced by conventional and conservation tillage  ...
	1. Introduction
	2. Materials and methods
	2.1. Experimental site
	2.1.1. Treatments

	2.2. Field and laboratory measurements
	2.2.1. Hood infiltrometer measurements
	2.2.2. Soil sampling and analysis

	2.3. Data analysis
	2.3.1. Calculation of saturated and near-saturated hydraulic conductivity from infiltration experiments
	2.3.2. Soil pore characteristics
	2.3.2.1. Flow weighted mean pore radius
	2.3.2.2. Water-conducting porosity


	2.4. Statistical analysis

	3. Results and discussion
	3.1. Soil physical properties
	3.2. Saturated and near-saturated hydraulic conductivity
	3.3. Pore–conductivity relationship
	3.4. Water conducting porosity

	4. Conclusion
	Declaration of competing interest
	Acknowledgments
	References


	13-252
	Crop productivity, soil health, and energy dynamics of Indian Himalayan intensified organic maize-based systems
	1. Introduction
	2. Materials and methods
	2.1. Description of experimental site
	2.2. Experimental design and treatment details
	2.3. Crop management
	2.4. Harvesting and yield measurement
	2.5. Water productivity
	2.6. Soil sampling and analysis
	2.7. Energy calculations
	2.8. Financial analysis
	2.9. Statistical analysis

	3. Results
	3.1. Maize and cowpea productivity
	3.2. Yield of winter season crops and water productivity
	3.3. Soil health measurement
	3.4. Energy dynamics
	3.5. Financial analysis

	4. Discussion
	4.1. Crop and water productivity
	4.2. Soil health
	4.3. Energy and financial calculations

	5. Conclusions
	5.1. The study supports the following conclusions

	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References


	14-254
	Carbon sequestration benefits of the grain for Green Program in the hilly red soil region of southern China
	1. Introduction
	2. Materials and methods
	2.1. Study area
	2.2. Land-use/land-cover change (LUCC)
	2.3. Carbon sequestration

	3. Results
	3.1. Spatio-temporal pattern of GFGP
	3.2. Carbon storage in the in HRSR due to GFGP
	3.3. Carbon sequestration among different LUCC types

	4. Discussions
	4.1. Carbon sink contribution of GFGP
	4.2. Importance of LUCC on carbon storage
	4.3. Effect of water resources on tree species
	4.4. Limitation and suggestions for further studies

	5. Conclusions
	Declaration of competing interest
	Acknowledgements
	References


	15-259
	Potential of conservation tillage and altered land configuration to improve soil properties, carbon sequestration and produ ...
	1. Introduction
	2. Materials and method
	2.1. Site description and weather conditions
	2.2. Treatments and crop culture
	2.3. Harvesting, economic yield and biomass measurement
	2.4. Equivalent maize grain yield (MEY)
	2.5. Soil sampling and analysis
	2.6. SOC stock, sequestration and carbon retention efficiency
	2.7. Statistical analysis

	3. Results
	3.1. Aboveground biomass yield and plant derived C inputs to soil
	3.2. Economic yield
	3.3. System productivity in term of maize equivalent yield
	3.4. Soil physicochemical properties
	3.4.1. Soil moisture content
	3.4.2. Bulk density
	3.4.3. Soil pH
	3.4.4. Available NPK

	3.5. Soil organic carbon concentration, stocks, sequestration and retention efficiency

	4. Discussion
	4.1. Aboveground biomass yield and plant derived C inputs to soil
	4.2. Economic yield
	4.3. System productivity in term of maize equivalent yield
	4.4. Soil physical and chemical properties
	4.5. Soil organic carbon concentration, stocks, sequestration and retention efficiency

	5. Conclusions
	Note
	Acknowledgements
	References


	16-258
	Predictions of soil and nutrient losses using a modified SWAT model in a large hilly-gully watershed of the Chinese Loess P ...
	1. Introduction
	2. Materials and method
	2.1. Brief description of original SWAT
	2.2. The improvements of SWAT
	2.2.1. Modified surface runoff module
	2.2.2. Modified sediment estimation module
	2.2.3. Modified nutrient transport modules

	2.3. Application
	2.3.1. Study area
	2.3.2. Data collection
	2.3.3. Data analysis
	2.3.4. Parameter estimations


	3. Results
	3.1. Parameter sensitivity analysis
	3.2. Calibration and validation
	3.2.1. Runoff
	3.2.2. Sediment
	3.2.3. Soluble P

	3.3. Nitrate
	3.4. Temporal and spatial patterns of sediment and nutrient loss
	3.4.1. Temporal variations of sediment and nutrient loss
	3.4.2. Spatial variations in soil loss and nutrient loss


	4. Discussion
	4.1. Comparison of runoff simulation between the original and modified SWAT
	4.2. Comparison of sediment and nutrient loss predictions between the original and modified SWAT
	4.3. Limitations and future research

	5. Conclusions
	Data availability statement
	Conflict of interest statement
	Acknowledgements
	References


	17-bm1
	18-blank1



