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Abstract

This study was carried out in order to assess physicochemical properties of soil and to develop a predictive soil erosion
hazard zonation map based on the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST)—sediment delivery
ratio model (SDR) of the Moneragala District which has been recognized as a highly spreading district of chronic kidney
disease of uncertain etiology (CKDu) in Sri Lanka. A total of 68 soil samples were purposely collected from cultivation
areas from CKDu prevalence and non-prevalence areas representing the entire district in three soil depths of 0-7, 7-14,
14-21 cm using a soil core sampler for the analyses of moisture content and bulk density. Another subset of soil samples
was collected from the depths of 0-15, 15-30, 30-45 cm for the analysis of pH, electrical conductivity (EC), soil texture,
major cations, and heavy metals. According to the results, the soil textural triangle shows that the study area consisted of
11 types of soils and the topsoil layer consisted of mainly 4 soil types as sandy loam soil, sandy clay loam soil, loamy sandy
soil, and sandy soil, whereas 52 of the soil samples have belonged to the group of sandy loam. Furthermore, the results
disclosed that with the increasing depth, the soil pH and EC are increased, the moisture content is decreased, and bulk
density is gradually increased. Fe and Mg were found to be the dominant cations in the study area, whereas Cu, Ni, Zn,
and Pb were within the tolerable limits, whereas Cd exceeded acceptable levels. Moreover, according to the developed
soil erosion hazard zonation map, the predicted mean annual soil loss rate in the study area is 27.8 t/ha/yr and a total
of 3.7 t/ha/yr sediment is exported to the stream by erosion. Moreover, the overall study gives an insight that there is
no distinct relationship between the spatial distribution of physicochemical properties and the prevalence of CKDu in
the Moneragala District. Moreover, the number of CKDu patients recorded is high in the southern part of the study area
where soil erosion is found to be low due to its flat low elevated topography where 71% of groundwater quality is poor.
However, the ultimate outcomes of this study possibly would be directly used for soil and water conservation (SWC)
programs in the Monaragala District.
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1 Introduction

Land degradation is characterized by three main aspects
as physical degradation, chemical degradation, and
biological degradation [1]. Physical degradation occurs
due to soil erosion and deposition; chemical degrada-
tion occurs due to contamination of high amount of
toxic trace elements, toxic pesticide residues, nitrates,
and phosphates. Biological degradation occurs due to
organic matter (OM) declination [1]. Soil quality and ero-
sion have threatened the fate of human societies and
achieving sustainable development goals which ensure
the wellbeing of human and the environment [2, 3]. The
productive capacity of the soil is generally associated
with the chemical properties of the soil [4]. Soil erosion
is caused by natural agents and anthropogenic activities
[5] and it occurs due to water and wind [6, 7]. Climatic
variations, high erosive rainfalls, and high erodible soil
types are leading natural causative agents for soil ero-
sion [8, 9]. Rate of soil erosion is induced by anthropo-
genic activities viz. urbanization, improper land manage-
ment practices, intensive agricultural practices on steep
slopes, and deforestation [10-12]. Soil erosion by water
can be considered as one of the most prominent factors
of land degradation in Sri Lanka that leads to distress
the natural ecosystems and agriculture [13, 14]. Further-
more, surface mining, urbanization, and construction
activities are causative land-use practices that accelerate
the natural soil erosion rates [15-17]. The main reason
for the accelerated soil erosion is enhancing pressure on
fragile ecosystems and lands due to the high increase in
population density [16, 18]. As consequences of induced
soil erosion, it removes highly nutritious topsoil that
negatively affects the productivity of agricultural lands
[19]. However, assessing soil erosion rates is a challenge
since the field-based direct and indirect methods of soil
erosion assessments are complex and time-consuming
[20]. Thus, various soil erosion modeling approaches
have been introduced by many researchers to carry out
a predictive assessment of soil erosion rates under dif-
ferent conditions [21, 22]. In Sri Lanka, several research
studies have been conducted to estimate soil loss rates
using various methods [13] by showing that soil erosion
is one of the most challenging environmental issues in
Sri Lanka [23-27] Furthermore, it has been predictable
that approximately 44% of farming areas in the coun-
try are vulnerable to the high soil erosion [28]. Thus, the
assessment of erosion hazards with the quality of soil in
those areas in Sri Lanka is vital.

In many countries including Sri Lanka, Geographic
Information System (GIS)-based soil erosion modeling
has been conducted [29, 30] using several approaches
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[31]. Universal Soil Loss Equation (USLE) and its deriva-
tive forms viz. Revised Universal Soil Loss Equation
(RUSLE) and InVEST SDR model are the most prominent
methods that have been applied in Sri Lanka to predict
soil loss rates [23-27]. According to Borselli et al. [32],
USLE/ RUSLE-based predictions of soil erosion rates may
produce overestimated values of soil erosion rates due
to exclusion of the amount of eroded soil reaching catch-
ment outlets [33] further suggested that the integration
of the USLE/ RUSLE model with the Sediment delivery
ratio at each pixel would be more accurate predictions
of soil erosion. Hence, in order to formulate soil erosion
hazard map and calculate mean annual soil loss rates in
the Moneragala District, USLE-based InVEST-SDR model
was used. The InVEST SDR model has been initiated and
developed up to the current modifications by Stanford
University—USA, the Nature Conservancy (TNC), and the
World Wildlife Fund (WWF), working together with many
other organizations [34]. The InVEST-SDR model first
calculates the quantity of soil that is eroded from each
pixel using the RUSLE equation. Thereafter, the Sediment
delivery ratio (SDR) of each pixel is calculated. However,
Monaragala District was selected for the study since it is
one of the most important districts in terms of its hydro-
logical contribution, agriculture, and high prevalence
of Chronic Kidney Disease of uncertain etiology (CKDu).
This study was conducted to assess the physicochemi-
cal properties of soil and to model soil erosion related
hazards in the Monaragala District and the findings of
this study could be used for formulating soil and water
conservation (SWC) policies to combat the present soil
erosion in the Monaragala District.

2 Methodology
2.1 Background of the study area

Monaragala District is located in the Uva province in Sri
Lanka with a geographical area of 5,587 km?. It lies at the
northern latitudes 6.17" and 7.28" and eastern longitudes
80.50" and 81.35". It is the second-largest district in Sri
Lanka with three electoral, namely Monaragala, Bibile,
Wellawaya, and 9 Assistant Government Agent (AGA) divi-
sions, namely Bibile, Medagama, Madulla, Badalkubura,
Monaragala, Siyambalanduwa, Buttala, Thanamalwila,
and Wellawaya (Fig. 1). Also, this land belongs to both dry
zone and intermediate zone showing low rainfall and high
ambient temperature.

Geologically, the southeastern part of the study area
consists of augen gneiss, granitic gneiss with charnock-
itic appearance. Major structural trends within the area
are discontinuous and complex. The boundary zone is
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Fig. 1 a Map showing 25 administrative districts in Sri Lanka; b Map showing the Moneragala District

a complex of imbricate, shear, and thrust slices of both
Highland Complex (HC) granulites and Vijayan Complex
(VC) amphibolite-grade rocks. West of Monaragala District,
mylonites vary from protomylonite and coarse-grained
augen gneiss to fine-grained ultramylonite. The associa-
tion of strongly mylonitic rocks along the inferred HC-VC
boundary indicates that this is a major tectonic boundary
of crustal-scale [35].

Topographically Monaragala District is in a transitional
zone from central highland to flat lowland. Concerning the
landscape, three terrain types can be identified as highly
mountainous terrain, hilly, steep and rolling terrain and
undulating and flat terrain with an elevation between 550
and 1400, 160 to 550, and below 150 m, respectively [36].
Based on the topographical and climatic variation, various
types of soils can be identified in the Monaragala District.
Mainly there are two soil groups namely Reddish Brown
Earth (RBE) and Red Yellow Podzolic (RYP) soils in Monara-
gala District. The RBEs are present in dry and semi-dry
intermediate areas, while RYP soils are found in wet and
semi-wet intermediate areas (Fig. 2). There are seven river
basins drain in the Monaragala District originated from the
west-central high lands and flow toward the eastern and
southern areas of Sri Lanka. Several drainage basins are
covering 80% of the land area of the district namely as
Hedaoya, Walawe, Kirindioya, Kiribbanoya, Wilaoya, Manik-
ganga, and Malalaoya. Only the Walawe river basin is both
monsoonal basins [37]. All these river basins have annual
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Fig.2 Map showing variability of soil types in the Moneragala Dis-
trict
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flows with fluctuation levels and volumes depending on
the seasonal rains. The dry zone environment of Monara-
gala District is determined by the seasonal spell of rains,
resulting in two rainy seasons namely “Maha” (main) rain
season and “Yala” (minor) rain season. The total rainfall of
the district ranges from 1328 to 1821 mm in a year. Over
84% of rain is received during the seven months of Octo-
ber to January and March to May inclusive. Corresponding
to these rainy seasons there are another long and short dry
seasons (June-September, and February-March). The low
rainfall during these periods and reduction of rainfall in
the upper catchment areas will result in frequent drought
conditions in a major part of the irrigated area in the
Monaragala District. Most of the people in the Monaragala
District are engaged in agriculture as their major occupa-
tion. Paddy is the main cultivation crop in the area, while
vegetables, maize, banana, sugarcane, and several grains
are also cultivated in different zones. The natural condi-
tion of soil can be changed due to agricultural practices
and inputs. In permanent agricultural lands, the soil will be
very poor in nutrients [38]. Fertilization is the most com-
mon application used by the farmers to overcome this
issue.

2.2 Soil sampling, processing, and storage
procedure

Totally 68 soil samples were collected from recently culti-
vated (September 2017-November 2018) home gardens,
Chena cultivations, and paddy fields representing the
entire district (Fig. 3). GPS coordinates of each sampling
location were recorded using the handheld GPS device.
Two subsets of soil samples were collected from each of
the locations representing three different soil depths (0-7,
7-14, 14-21 cm). One subset of undisturbed soil samples
was collected in order to determine soil moisture content
and soil bulk density. Other subsets of disturbed soil sam-
ples were collected to determine soil pH, EC, texture, and
heavy metals. The collected soil samples were stored in
tightly sealed polythene bags until laboratory analyses
were conducted.

2.3 Chemical analysis

After bringing soil samples into the laboratory, samples
were prepared for both wet and dry soil analysis. All visible
litter, stones, and coarse roots were removed. Homogene-
ous soil samples were prepared after sieving through a
2-mm sieve. Field-fresh soil samples were used to analyze
pH and conductivity using a pH/EC/ORP multiparameter.
The rest of the soils were air-dried and ground to a pow-
der of less than 0.15 mm and stored in labeled zip lock
bags for dry soil analyses as explained by [39]. Soil samples
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Fig. 3 Map showing the soil sampling locations

were manually digested as explained by [40]. About 5 g of
sieved and dried soil samples was thoroughly ground and
approximately about 1 g of the ground soil samples were
placed in a 100-ml beaker for further process. Thereafter,
15 ml of tri-acid (HNO;:H,SO,:HCI—5:1:1) were added and
the content heated gently at low heat on a hot plate for
2 h at 80 °C until a transparent solution was obtained. After
cooling, the digested sample was filtered using syringe
filters. Then, it was diluted to 50 mL by adding deionized
water. Soil samples collected from the first layer were used
for the chemical analyses. Major elements (Na, K, Mg, Ca)
and trace elements (Fe, Ni, Zn, Mn, Cu, Pb, Cd) of sample
extractions were measured using Atomic Absorption Spec-
trophotometer (AAS) (Varian 240FS). The texture of the soil
is determined from the relative composition of sand, silt,
and clay in the sample using Granulometry by shaker and
hydrometric method.

2.4 Soil erosion assessment

In order to assess and map soil erosion in the Moneragala
District, a newly introduced and data-intensive INVEST SDR
model was applied [41]. As explained by Sharp et al. [41],
the InVEST-SDR model uses Universal Soil Loss Equation
(USLE) (Eq. 1) in a GIS environment [42], to identify soil
loss and amount of sediment that is delivered to down-
stream. For this purpose, digital elevation model (DEM),
rainfall data, soil types map, land use land cover (LULC)
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map, and watershed polygon map were used as key data.
Thereafter, as required by the InVEST SDR model software,
rainfall-runoff erosivity factor (R) map, soil erodibility (K)
map were prepared. Furthermore, crop management fac-
tor (C) and support practice factor (P) values for each land
use type were obtained by referring to the previously pub-
lished literature [13, 43].

USLE=RXKXLSXCXxXP (1)

where R is the rainfall erosivity factor (MJ mm (ha hr)™"
which quantifies the effect of rainfall on the soil erosion
[44]. K is the soil erodibility factor (t ha hr (MJ ha mm)™)
which expresses the susceptibility of soil toward erosion
process [45]. LS is a slope length-gradient factor (unit-
less) which represents the effect of the slope’s length and
steepness on soil erosion [42]. Cis a crop management
factor (unitless) which is the weighted average of soil loss
ratio for a given condition at a given time to that of the
unit plot [19]. P is the support practice factor (unitless)
which is defined as the ratio of soil loss under a specific
soil conservation practice [44].

2.4.1 Digital elevation model (DEM)

By using the United States Geological Survey (USGS) Earth
Explore, the relevant 30 m x 30 m grids covering whole
Moneragala District were downloaded and merged
together to obtain the DEM of the Moneragala District.

2.4.2 Rainfall-runoff erosivity factor (R) map

Monthly rainfall data of 30 years (1986-2016) have been
collected from the rain gauging stations of the Monera-
gala District. Thereafter, the mean annual rainfall map was
prepared by using the Inverse distance weighting (IDW)
Interpolation method in ArcGIS 10.4 mapping software.
Ultimately, it was converted into the R factor map using
the correlation regression method developed for Sri Lanka
by [46] and it was finally converted into a raster map using
the Feature to raster tool in ArcGIS.

2.4.3 Soil erodibility factor (K) map

After obtaining the soil map of the study area, K factor
values for each soil type were obtained by referring to the
previously published literature [47, 48]. Thereafter, those
values were assigned for each soil type and K factor map
was prepared as a raster map.

2.4.4 Land use land cover (LULC) map with C and P factors

After obtaining the LULC map of the study area, C and P
factor values were obtained referring to the previously

published literature [47, 48]. Ultimately, a biophysical table
containing C and P factor values for each LULC type was
formulated as input data for running the model [41].

2.4.5 Watershed map

By using the DEM of the study area, flow directions and
flow accumulation grids were prepared using ArcGIS and it
was then converted into a watershed map using the pour
point method and Watershed Tool in ArcGIS.

After obtaining all the input map layers and data lay-
ers, they were finally integrated by the InVEST SDR model
software in order to generate a soil erosion hazard map
of the Moneragala District in Sri Lanka. For each cell, the
model calculates the quantity of eroded sediment and
then it calculated the sediment delivery ratio. The output
from this model comprises the sediment load delivered
to the stream and the amount of sediment eroded in the
catchment at an annual scale.

3 Results and discussion

The analytical data for the samples are presented in
Table 1.The overall pH values of layer 1 range from 5.04 to
8.75, layer 2 ranged from 5.04 to 9.41 and layer 3 ranged
from 5.43 to 9.63, which indicated that the pH is increased
with the depth of the soil layer. Soil pH values specify the
alkalinity or acidity condition of the soil based on a scale of
1-14.The mean pH values of all three layers of soils and pH
values of 80% of total soils were below 7.00 showing the
acidic condition of the soil in the Monaragala District. Soil
pH affects all biological, chemical, and physical properties
of soil [49]. Soil pH may also affect the solubility of salts
which directly relate to the EC of soil [50]. As explained by
[51], the slightly acidic (6.00-7.00) soil is the most favora-
ble soil for the paddy cultivation which is extensively
practiced in the Moneragala District. The alkaline soil is
unfavorable for paddy cultivation, because the availability
of micronutrients (Zn, Cu, Mg, P) is reduced by alkalinity.
Although the mean pH of the study area is below 7.00,
pH of all the soil samples in this study ranged from 5.04
to 9.63 which reveals that the quality of soil ranged from
acidic to basic where the addition of lime into the soil is
recommended to improve the acidity of the soil for paddy
cultivation [51].

Soil EC is the measurement of soluble salt ions in the
soil. It associates directly with several soil characteris-
tics viz. soil texture, cation exchange capacity (CEC), soil
organic matter content, and salinity [52]. The EC values of
the soil samples examine in this study ranged from 11.52
to 613.6 uS/cm in layer 1, 8.69-393.9 pS/cm in layer 2,
and 7.63-549.7 uS/cm in layer 3. The most recommended
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Table 1 Physicochemical

. ) Physicochemical parameters Layer No. Mean SD Minimum Maximum
properties of soil samples

pH* Layer 1 6.52 0.67 5.04 8.75
Layer 2 6.59 0.74 5.04 9.41
Layer 3 6.66 0.76 543 9.63

EC* (uS/cm) Layer 1 63.40 79.18 11.52 613.6
Layer 2 63.37 77.2 8.69 393.9
Layer 3 65.54 101.2 7.63 549.7

Moisture content** (%) Layer 1 19.13 15.54 1.97 87.93
Layer 2 18.09 11.4 1.73 52.50
Layer 3 17.70 12.15 1.95 67.59

Bulk density** (g/cm3) Layer 1 1.32 0.28 0.56 1.99
Layer 2 1.35 0.25 0.90 1.93
Layer 3 1.37 0.28 0.77 2.15

“pH, EC: layer 1—(0-15 cm), layer 2—(15-30 cm), layer 3—(30-45 cm);**Moisture content, Bulk density:
layer 1—(0-7 cm), layer 2—(7-14 cm), layer 3—(14-21 cm)

value of soil of EC for cultivation purposes is < 1.0 dS/m
[50] and the EC values of the study area can be recom-
mended for paddy cultivation.

Bulk density can be defined as the soil dry weight
of a unit volume. It is generally expected to less than
the particle density of soil and it is more likely directly
related to the soil texture [53]. Sandy soils generally
have higher bulk density than fine-textured soil. As
shown in Table 1, the bulk density of the soils studied
in this study was found to have the range from 0.56 to
2.15 g cm.The bulk density of layer 1 ranged from 0.56
to 1.99 g cm™3, layer 2 ranged from 0.90 to 1.93 g cm™
and layer 3 ranged from 0.77 to 2.15 g cm™>. As explained
by [51], the most favorable range of bulk density val-
ues for better paddy cultivation is 1.23 to 1.50 g cm™.
Thus, the recorded mean bulk density (~ 1.35 g cm™) of
the study area shows the suitability of the soil for paddy
cultivation.

Moreover, since the study area located in a range of alti-
tudes (Fig. 4), the spatial distribution maps of soil proper-
ties were prepared for soil pH, EC, moisture content, and
bulk density using IDW Interpolation tool in ArcGIS 10.4
(Figs. 5, 6, 7, 8). However, it is visually apparent that there is
no significant correlation between the spatial distributions
of pH, EC, and bulk density with the elevation.

As far as the soil texture concerned, soil texture shows
the proportional abundance of particles of various sizes,
such as sand, silt, and clay in the soil. The texture of soil
determines the water-holding capacity, permeability, and
workability of soil which affects plant growth (Food and
Agriculture Organization of the United Nations). According
to the soil textural triangle introduced by [54], there are 12
types of soils. Loam soil is considered as the ideal soil for
agricultural practices since it is a more or less similar mix of
sand, silt, and clay. Further, loamy soil has a comparatively
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Fig.4 Digital elevation model of the Moneragala District

high water-holding capacity and sufficient aeration that
influence the root growth of plants.

According to the soil textural analysis of soil samples
collected from the topsoil layer (in the depth of 0-15 cm),
the soil consisted of mainly 4 soil types as sandy loam,
sandy clay loam, loamy sand, and sand (Fig. 9). The major-
ity of the soil samples (52%) belonged to the group of
sandy loam.

The cation composition of soil samples collected
from the topsoil layer of the study area is summarized



SN Applied Sciences (2020) 2:2175 | https://doi.org/10.1007/542452-020-03926-1

Research Article

81°00'E 81°200°E 81°400'E 81°00'E 81°200'E 81°400'E 81°00'E 81°200°E 81°400°E
N N N
Layer 1 A Layer 2 A Layer 3 A
7920'0"N L7oooon 7°20'0"NA F7°200'N  702000'n | 70200'N
7°0'0"N F7°00"N 7°0'0"N- F7°0'0"N 7°00"N L 7o00"N
6°40'0"N [F6°400'N  6°40'0"N{ 6°400'N  o40'0"N L6°40'0"N
0l .
6°20'0"N| [[6°200"N  6°20'0"N [F6°200'N  6°20'0"N] -6°20'0"N
0510 20 30 40
o —m Kot (@) T loreters (b) e e Kiometers (©
o I- "y o .v " o, lv o L] T T
81°0'0"E 81°20'0"E 81°400"E 81°00"E 81°200"E 81°40'0"E 81°00"E 81°200"E 81°400"E
Blss-57 [ Jes-66 [72-75
[ ]s57-60 [ ]es-69 [ ]75-78
[ leo-e3 [[e9-72 [ |78-81
Fig.5 Map showing the variability of soil pH in the Moneragala District
81°00°E 81°200°E 81°400°E 81°00°E 81°200°E 81°400'E 81°00'E 81°200° 81°400'E
N
Layer 1 A Layer 2 )N\ }N\
7°20'0"N+ [7°200°N  7°20'0"N-| [F7°200"N 7°20'0"N-| [F7°20'0"N
7°0'0"N- F7°0'0'N 7°00"N 7°00"N 7°0'0"N F7°00"N
6°40'0"N- [6°400"N  6°40'0"N-{ [6°400'N  6°40'0"N- [-6°40'0"N
6°200"N Leeooorn  6°200°NH Fe2o0'N  6°20'0°N- 6°20'0"N
0510 20 30 40 0510 20 S0 40
o e Kiometers (a) S —— lometers (b) EC——m—loreters ©
T T T 0" PO - 400"
81°00°E 81°200E 81°400°E 81°00"E 81°20'0"E 81°40'0"E 81°00°E 81°200'E 81°40'0"E

Electrical Conductivity (EC)

B 5-90 [ |240-315
[ Joeo-165 [ ]315-300
[ ]1e5-240 [[7]300-465

[ 465 - 540
[ ]s40-615
[ ]e15-690

Fig. 6 Map showing the variability of soil EC in the Moneragala District

in Table 2. The concentration of Na ranged from 62.5
to 3230.0 mg/Kg (Mean=522.5 mg/Kg), the con-
centration of K ranged from 5.4 to 1840.0 mg/Kg
(Mean =609.0 mg/Kg), the concentration of Mg ranged
from 9.8 to 12,690.0 mg/Kg Mean =1809.0 mg/Kg), the

concentration of Ca ranged from 11.5 to 650.0 mg/Kg
(Mean =73.0 mg/Kg), whereas the mean concentra-
tions of Fe, Cr, Mn, Zn, and Cu were recorded as 1390.0,
10.0, 20.0, 10.0, and 0.13 mg/Kg. It has been reported
that paddy farming soil in CKDu endemic area is rich
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Fig. 8 Map showing the variability of soil bulk density in the Moneragala District

with Ca, Mg, Fe, Cr, Ni, Co, and other metals [55, 56]. In
this study, Fe and Mg were the dominant cations, while
cations were varied as Fe > Mg >K>Ca>Pb>Na>Mn>
Zn > Ni> Cu > Cd. The concentrations of Cu, Ni, Zn, and
Pb were within the tolerable limits, while Cd exceeded
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the acceptable limits. This might be occurred due to
the excessive applications of agricultural fertilizers viz.
Ammonium Sulfate [(NH,),SO,,] Urea (CH,N,0), Ammo-
nium Phosphate [[(NH,);PO,], and Potassium Chloride
(KCl) which enhance the mobility of trace heavy metals
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Table2 Summary of total

100

)C‘%% -] - @ iy k)

(v ] ] (#] o
Percent Sand

. Cation (mg/kg) Control (ppm) Mean Minimum Maximum SD Standard
metal contents of soil samples levels
(MPL)

Cu 0.001 5.42 1.15 19.15 3.12 100°

Fe ND 2020.18 640.00 3670.00 726.60 -

Ni ND 8.82 5.20 15.60 2.46 60°

Zn ND 15.42 8.60 34.00 4.42 300°

Mn ND 17.44 1.00 46.70 8.40 -

Pb ND 64.66 17.00 91.50 15.42 100?

cd ND 3.03 1.70 3.65 040  06°

Na 7.60 48.52 13.70 427.95 76.20 -

K 0.601 398.95 53.90 1169.95 263.20 -

Mg 1.122 1322.53 277.95 2677.15 610.00 -

Ca ND 88.48 22.45 321.85 54.60 -

ND Not Detected

Chary et al. [59], PSEPAC limits [60]

Table 3 Major cation and heavy metal composition in paddy soils

in dry zone [61]

Cation (mg/kg) Min Max Mean

Na 62.5 3230.0 5225
K 54 1840.0 609.0
Mg 9.8 12,690.0 1809.0
Ca 11.5 650.0 73.0
Fe 1390.0 36,700.0 17,386.0
Cr 10.0 30.0 23.0
Mn 20.0 820.0 283.0
Zn 10.0 480.0 114.0
Cu 0.13 40.0 21.0

[57]. However, when it compared the spatial distribu-
tion of heavy metals in topsoil with the CKDu preva-
lence in the Monaragala District, there was no distinct

relationship between them. [55] has analyzed metal con-
centrations in surface soil samples collected randomly
from 0 to 20 cm depth from the paddy fields, vegetable
plots, and home gardens (Table 3). Similarly, Fe and Mg
were the dominant cations in dry zone paddy soils of
their study. However, it has been mentioned that the Cd
levels in all studied geo-environmental media are within
acceptable limits in their study.

Based on several findings, Chandrajith et al. [58] have
mentioned that the Triple Super Phosphate (TSP) in Sri
Lanka is contaminated with significant amounts of Cd, Cr,
Ni, and Pb. Therefore, the application of TSP in agriculture
may cause to increase the metal concentrations in soil.
When there are toxic metals in elevated levels on the top-
soil layer, they may easily later leach into the groundwater.
Further, these toxic metals may accumulate in food crops
and enter into living systems leading to various health
problems.
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4 Prediction of soil erosion hazard

Soil erosion prediction map (RKLS), total soil loss map
(USLE), sediment retention map, and sediment export
map are the major outcomes obtained from the InVEST
SDR model. Table 4 shows the numerical outputs of the
INVEST SDR model. As explained by [41], the RKLS is cal-
culated by only considering rainfall-runoff erosivity fac-
tor, soil erodibility factor, and slope length-gradient factor
excluding crop management factor and support practice
factor which are directly related to the current land-use
scenarios. Therefore it can be considered as equivalent to
soil loss in bare soil. According to the RKLS map (Fig. 10a),
the mean soil erosion potential of the study area is 937.9
t/ha/yr.The USLE map (Fig. 10b) predicts the total amount
of soil loss occurred by incorporating the C and P factors
following the Universal Soil Loss Equation. According to
the results, the mean annual soil loss of the Moneragala
District is 27.8 t/ha/yr.

According to Fig. 5, Bibila, Medagama, Madulla, and
Badalkumbura area showed a high rate of soil erosion than
the other areas in the Monaragala District. Also, previous
studies have mentioned that Madagama, Bibila, Alupotha,
Idambuwa areas in the Moneragala District are fallen into
extremely higher erosion hazards category, which is nearly
9% of the total land area of the district. Reddish Brown
Earths and Immature Brown Loams are the predominant
soils in these areas which are somewhat vulnerable to
erosion. However, most of these areas consist of home
gardens, shrubs, and open forest areas and this land uses
may have lessened the impact of soil erosion. Most of the
Chena cultivations in these areas belong to the high ero-
sion hazard category of lands. However, low and moderate
erosion hazard categories are high in Moneragala District
due to the combined effect of forest cover, protected wild-
life areas coupled with moderate terrain conditions [12].

Soil loss is a phenomenon that happens naturally
and that can be accepted under certain limits. The tol-
erable soil loss rate is referred to as allowable soil loss
(T) and the amount of soil loss that can occur is less
than or equal to the natural soil formation rate [62].
However, the T value may differ from place to place. A
research that was recently conducted in more or less

Table 4 Numerical outcomes of the InVEST SDR model (t/ha/yr)

Map Min Max Mean SD
Soil loss (USLE) 0 21,3545 27.8 157.4
Soil loss (RKLS) 0 372,148.3 937.9 3005.5
Sediment retention 0 199,445.4 226.2 980.9
Sediment export 0 8013.6 37 29.5
SN Applied Sciences
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similar geographical regions has established a permis-
sible rate of soil erosion, ranging from 5 to 10 t/ha/yr
[63]. Moreover, by using the method of cosmogenic
nuclides ('°B), Hewawasam et al. [64] estimated that
the natural soil generation rate in the Upper Mahaweli
Watershed in Sri Lanka ranged from 0.13 to 0.30 t/ha/
yr. The current soil loss rate in the Monaragala District is
roughly 93-214 times faster than the natural soil gener-
ation rate, according to the current study. This is due to
clearance of forest covers, improper land management
practices, and replacing paddy cultivations with some
soil erosion induced cash crops, viz. tomato, cucumber,
pumpkin, brinjal, maize, sugar cane, etc. in order to for-
mulate soil and water conservation programs and poli-
cies in the Moneragala District, these findings can be
taken as baseline information.

Mainly it can be believed that soil erosion is higher in
upper areas in the district and this eroded soil may be
deposited in lower areas in the southern part of the dis-
trict. Spatial distribution of CKDu patients is higher in the
southern part may be correlated with the higher deposi-
tion of dissolved solids in groundwater in the district. The
groundwater quality is poor (71%) in the southern part
of the district due to the accumulation of total dissolved
solids due to rapid soil erosion in the upper part of the
district.

5 Conclusions and recommendations

pH, EC, and bulk density of soil were increased with
the depth of the soil layer, while moisture content was
decreased and there was no significant difference in any
parameter between different layers. The soil texture of
the area was categorized into four groups as sandy loam,
sandy clay loam, loamy sand, and sand. The majority of
the soil samples (52%) belonged to the group of sandy
loam. According to the mean values, Fe and Mg were the
dominant cations in the top layer of soil in the study area.
Considering toxic heavy metal concentrations, Cu, Ni, Zn,
and Pb were within the tolerable limits, while Cd exceeded.
When it compared to the spatial distribution of heavy met-
als in topsoil with the CKDu prevalence in the Monaragala
District, there was no distinct relationship between them.
Furthermore, the mean annual soil loss in the study area is
27.8 t/ha/yr and if farmers ignore the proper crop manage-
ment and soil conservation practices, potential soil loss
would reach 937.9 t/ha/yr. However, the sediment delivery
amount to the stream is approximately of 3.7 t/ha/y. The
soil erosion is high in the upper part of the district and
higher deposition of eroded soil in the lower part (south-
ern part) of the district had been directly correlated with
poor groundwater quality in the southern part. Also, the
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Fig. 10 a Map showing the soil erosion potential (RKLS); b Map showing the total soil loss (USLE); ¢ Map showing the sediment retention; d

Map showing the sediment export

number of CKDu patients recorded is high in the south-
ern part, while soil erosion is low due to flat lowland and

where 71% of groundwater quality is poor
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