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Abstract

The number of studies using prediction models on measuring soil loss and/or sediment yield has been

continuously increasing since these models are considered timely and cost-effective. Similarly, in this study,

we used the GeoWEPP model to determine how much soil is being lost and the amount of sediment being
yielded from Godrahav Creek Watershed (GCW) located in northeastern Turkey. Because the watershed
is large (5,298.21 ha) and has mountainous and steep terrain, it was subdivided into smaller hydrological

units (SHUs) so that the model can run easily and give detailed findings. The results revealed that out of

18,596.8 t of soil loss generated from both hillslopes and channels within the whole GCW, approximately

9,854.8 t y! reached Borcka Dam reservoir as sediment. The model also predicted annual average soil loss

and sediment yield as 1.73 t ha'y! and 1,86 t ha'y"!, respectively. In addition, with a sediment delivery

ratio (SDR) of 0.530, the results indicated that almost half of the detached soil particles were carried away

as sediment. Despite the dominant vegetation coverage, relatively high SDR and soil loss — particularly in

certain SHUs — can be associated with steep terrain and conversion of natural lands in the watershed.
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Introduction

Natural vegetation cover, specifically forests and
grasslands, are undoubtly the most effective and cheapest
way to prevent detachment of topsoil in lands against the
physical forces of water (runoff). It is a well-known fact
that soil erosion and associated sedimentation processes
are natural phenomena in both forming and changing
general landscapes around us. However, inappropriate

*e-mail: mozalp@artvin.edu.tr

management practices, illegal logging, conversion, and
overuse of forest and grasslands have caused the delicate
balance among soil, water, and plants to be broken in these
natural ecosystems both in Turkey and the world. This,
in turn, has resulted in several ongoing environmental
problems, including accelerated soil erosion and increased
sedimentation rate that have already reached serious
levels in some regions of the world. Moreover, when
human-induced improper practices occur, especially in
mountainous watersheds, the negative outcomes become
even worse since these watersheds generally have steep
terrain.
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In Turkey, human activities including illegal logging,
forest openings, and conversion to agricultural areas —
especially in mountainous forest watersheds with steep
terrain — are still present mostly due to improper land use
management, cadastral issues, and lack of inspection [1],
causing not only soil degradation [2] but also accumulation
of sediments — particularly in the reservoirs of large dams,
disturbing their capacity and functions [3].

Coruh River Watershed (CRW), where large dam
projects are currently being implemented [4-5], contains
areas at high risk of erosion due to its steep terrain,
weak vegetation cover (specifically in the middle and
upper sections of the basin), and restrictive climate
characteristics in some sections [6]. The reservoir of
Borcka Dam, one of several large dams being built within
CRW, has been affected by this problem since there have
been several sediment deposits observed due to the great
amount of material entering the reservoir [7]. Sediments
settling to the bottom of dam reservoirs reduce capacities
of reservoirs and impair their functions. Reports have
revealed that about half of the worldwide storage capacities
in the world’s reservoirs might be lost by 2100 due to the
high sedimentation rates of 31 km? (0.52%), filling up the
reservoirs annualy and threatening the sustainability of
water supply and energy production [8].

The fact that determining and interpereting soil loss
and sedimentation of an area requires analyzing many
factors is making such efforts difficult and both time-
and money-consuming. Thus, recently, several prediction
models have been developed and universally applied on
estimating and/or predicting soil loss/sediment yeild of an
area [9-13], including scenarios used to compare present
and prehistoric times [14-15]. However, previous studies
[12, 14] indicated that, especially in large watersheds, these
prediction models may not properly measure soil loss and/
or sediment amounts in some cases. They reported that
programs of the models are sometimes facing difficulty to
run and analyze the entered data for the whole watershed.
Therefore, we used an approach of spatially dividing a
large watershed into smaller hydrological units (SHUs) so
that the GeoWEPP model can easily run and predict the
quantities and severity of soil loss and sediment yield. In
general, soil erosion models can be divided into empirical
and physically based models. While former ones generally
establish relationships among runoff, sediment yield and
precipitation, plants, and soil and land use types, the latter
ones can describe the physical mechanism of soil loss
and sediment yield; thus, it is claimed that the physical-
based models are more preferred in recent studies [12].
For similar reasons, one of the most-used physical-based
models, the WEPP (Water Erosion Prediction Project),
was also chosen for this research.

The WEPP is a continuous simulation model that can
predict the spatial and temporal distribution of large-scale
net soil loss and sedimentation, taking characteristics such
as positional changes in topography, surface roughness,
soil characteristics, hydrology, and land use into account.
It predicts where and when soil loss and sedimentation
occur in a precipitation basin or on sloped land, and is

an effective method for the identification of places where
soil protection measures need to be taken, as well as for
identifying the most suitable measures [12, 16]. It also
estimates soil loss along a hillslope or across a watershed
as well as on a continuous time basis. Moreover, the
model reveals results regarding runoff amounts based on
storm events and texture fractions and amount of organic
matter in sediments lost from watersheds. In this study,
the WEPP model was integrated with ArcGIS 10.2 and
TOPAZ software to develop the GeoWEPP interface [9,
17], preferred particularly in large precipitation basins
for better management of complex data. The TOPAZ tool
generates hillslope profiles by parameterizing topographic
data using a given digital elevation model (DEM) [9].
The WEPP model requires four input files, including
slope (generated from DEM data), climate, soil, and
management files.

The main objective of this study was to apply the
GeoWEPP model for the first time to Godrahav Creek
Watershed, one of the main tributaries of the CRW to predict
soil loss and sediment yield amounts. More specifically,
we aimed to: a) predict the amount of precipitation in the
watershed and surface runoff in the hillslopes, b) calculate
soil loss from the hillslopes and in the drainage channels
of the study area, and c) find out sediment delivery ratio
(SDR) and sediment yield reaching from the GCW to
Borcka Dam reservoir in order to evaluate the factors
affecting soil loss and sediment yield at the watershed
scale. Results from this study will help quantify the
current rate of soil erosion within the GCW and determine
hot-spot areas in respect to accelerated erosion, as well as
the amount of sediments filling the reservoir.

Material and Methods

Godrahav Creek Watershed is located within the
borders of the province of Artvin, in the Eastern Black
Sea region of Turkey at a site called Sacinka, which
is part of the Karcal Mountains and located between
coordinates 41°12°35” to 41°14°15” North and 41°51°27”
to 41°51°18” East (Fig. 1). The study site has a total
surface area of 5,298.21 hectares and an altitude that varies
between 200 and 3,450 m. In terms of climate, Artvin
and its vicinity are located in a transitional zone. Artvin
contains Black Sea coastal (oceanic), Black Sea interior
(semi-continental), and Eastern Anatolian (continental)
climate belts. According to the Artvin Meteorology
Station, the average temperature in Artvin for the last 59
years (1954-2013) was 12.2°C and the average annual
precipitation was 698.7 mm. As for 2013 alone, the year
when the study was completed, the GeoWEPP model
predicted that the whole study area of the GCW had
735.80 mm precipitation while it was about 660 mm
according to the Artvin Meteorology Station. Artvin is
located within the Northern Anatolian orogenic belt.
Brown forest soil and non-calcareous brown forest soil
has been observed in the study site. Brown forest soil
and non-calcareous brown forest soil in Coruh Basin
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Fig. 1. Location, land use types and soil sampling points of the Godrahav Creek Watershed (GCW).

is mostly located on steep slopes. Most of this soil is
subject to heavy, or very heavy, erosion. Brown forest
soil, found close to the city center of Artvin and extending
northeast toward the study site, was mostly formed on
metamorphic rocks and Jurassic-Cretaceous limestone.
Non-calcareous brown forest soil is found under a forest
cover dominated by spruce, beech, and fir trees, consisting
of Upper Cretaceous basaltic, andesitic, and dacitic lavas,
tuffs and agglomerates, and Eocene andesites, basalts,
and trachytes. In terms of vegetation cover and flora,
Artvin is part of the Colchis section of the Euro-Siberian
region. Forest vegetation in the region mostly consists of
broad-leaved species and coniferous taxa in some parts,
depending on altitude.

Research and Laboratory Methods, Creation
of GeoWEPP files

To generate the necessary bases that are required to
conduct the study we used topographic maps with a scale
of 1:25,000 (sections F47-b3, F47-b4, F47-cl, F47-c2), a
geological map with a scale of 1:25,000, and forest stand
maps of the Artvin Regional Directorate of Forestry. Using
these maps, river networks, digital elevation models, slope
classes, aspect maps, and land use maps were created.
In addition, the Godrahav Watershed was divided into
sub-watersheds using the Archydro module of ArcGIS.
ArcGIS/ArcInfo 10.2 software (Environmental System

Research Institute-ESRI, Redlands, California) was used
to computerize, store, process, analyse, and access these
data.

Following the division of the study area into three sub-
watersheds, soil sampling points were selected on the basis
of bedrock, land use, slope, and aspect characteristics. A
total of 120 soil samples were collected (using Eijelkamp
100 cm?® rings), 60 of them disturbed and 60 undisturbed,
from 60 separate points in study parcels selected from
forest, meadow, and agricultural lands (30 from forest,
24 from agricultural, and six from meadow land), from
depths of 0-10 cm and 10-30 cm. Because forested land
makes up 77.88%, agricultural land makes up 12.25%,
and meadows make up 6.11% of the basin, an effort was
made for the soil samples to reflect land use patterns.

The soil samples were first dried for analysis, and their
textures examined using Bouyoucos’s hydrometer method
and texture triangle [18]. The amount of organic matter in
the soil samples was measured using Walkley-Black’s wet
incineration method with 0.5 gr samples filtered through a
2 mm sieve [19].

Data Files Needed for the WEPP Model

The input parameters for the WEPP erosion model
are slope, soil, cropping/management, and climate files.
The slope file shows the topography of the watershed or
slope, and is created on the basis of the digital elevation
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model generated from the contour map using GIS. The
soil file was created using sand and clay ratios, texture
classification and organic matter content, measured in
laboratory analyses, and soil depth measured on the
field. Cation-exchange capacity and albedo, calculated
using the formulae and indicators identified in the
WEPP user manual, and hydraulic conductivity, shearing
resistance, erodibility, stoniness, and levels of saturation,
calculated by WEPP on the basis of existing data, are
the other soil characteristics used to complete the soil
file. The management file was created by identifying
land use patterns, using the forest stand maps in a GIS
environment, and was defined as forest, agricultural, or
meadow for each OFE, following the integration of the
digital elevation model (DEM) of the watershed with
TOPAZ. The GeoWEPP program also needs land cover
(landcove) and land cover definer (landcovdb) files to
process cropping/management data. The landcove file was
created using the forest stand maps for the area, and land
uses in different sections were defined. The Landcovdb
file was created using the bases in the database of the
WEPP model. Finally, the climate file was created using
average daily precipitation values for the last 13 years, and
the highest precipitation values observed in standard units
of time (30 minutes and six hours). The average maximum
temperature, average minimum temperature, average daily
humidity, average daily global solar radiation, average
hourly wind speed and direction, and monthly number of
directions were taken from the climate data for 2013 and
used in the model. The file with the extension “par,” which
contains the required average climate data, was converted
into the “cli” format used by GeoWEPP, using the “add
climate location” function of the WEPP program.

Geological and Topographic Features
of Godrahav Watershed

Geology: Four different types of bedrock groups were
identified in the study area: basalt, rhyodacite, granite, and
limestone. Basalt bedrock dominates the area, making up
63.3% of the watershed, while granite, rhyodacite, and
limestone made up 16.01%, 15.66%, and 4.98% of the
watershed, respectively.

Land use: Examination of land use in the study area
showed that forests made up 77.88% of the watershed,
most of which is classified as productive forests with a

high percentage of canopy closure/cover (Fig. 1). The
classification between unproductive and productive forests
used in this study was based on their canopy cover. We
used this difference to indicate that in productive forests
— with a high density of trees and limited human impact —
soil loss is expected to be within the natural amount (less
than 1 t/ha/yr), while in unproductive forests — usually
with less coverage and some degree of human impact —
soil loss can be high. In the Godrahav Creek Watershed,
there are some portions of coppice forests that can also be
characterized as unproductive forests. The watershed also
contains about 12.25% of land used for local agricultural
purposes. There are also little over 6% meadows generally
found in the high altitudes of the research area, while the
least land use type belongs to the settlements with only
3.75% of the whole GCW (Table 1).

Slope: As in most of the Eastern Black Sea region
and Artvin, the study area also contains very steep terrain
[6]. After examining the watershed in terms of soil
classification by slope factor, it was found that as much
as 87.82% of the watershed area had slopes steeper than
30%, and only 4.25% of the area had a slope of 20% or
less (Table 2).

Aspect: Finally, the study area was also examined in
terms of aspect and it was found that most of the watershed
had a sunny aspect with 63.71% while the shadow aspects
made up about 36.29%.

Hydrological Subdivison of the Godrahav
Creek Watershed

The river class map of the area was created by
digitizing the topographical map of the Godrahav Creek
Watershed, and the study area was first divided into
three sub-watersheds based on bedrock, land use, slope,
and aspect characteristics using the ArcHydro module
integrated into ArcGIS. However, the sub-watersheds
were still too large (total surface area of 1%, 2" and
31 gub-watersheds were 1,413.27 ha, 936.54 ha, and
2,948.4 ha, respectively) to be properly run with the
GeoWEPP program as our attempts failed several times.
Therefore, as applied in previous studies [11, 20-21], in
order to both run the program easily and obtain detailed
data on soil loss and sediment yield in the GCW, all
three sub-watersheds were further sub-divided into
smaller hydrological units (SHUs) using the hydrologic

Table 1. Areal (ha) and percentile (%) distribution of land use types within the GCW.

Sub-watersheds Productive ForeStsUnproductive Meadows Agriculture Settlements Total
1 860.4 373.50 144.72 34.65 - 1,413.27

2 698.94 102.78 90.99 43.83 - 936.54
3 1,480.59 607.50 88.11 570.42 198.9 2,945.52
Total (ha) 3,039.93 1,083.78 323.82 648.9 198.9 5,295.33
Ratio 57.41 % 20.47 % 6.12% 1225 % 3.75% 100.00 %
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Table 2. Areal and percentile slope classification based on the three land use types in the Godrahav Creek Watershed.
Slope Classifications
Sub-watersheds Agriculture (% 0-20) Forests and meadows (% 20-100) Total
Area (ha) Ratio (%) Area (ha) Ratio (%) Area (ha) Ratio (%)
1 98.73 6.99 1,314.54 93.01 1,413.27 100.00
2 128.61 13.73 807.93 86.27 936.54 100.00
3 794.34 26.94 2,154.06 73.06 2,948.40 100.00
Total 1,021.68 19.28 4,276.53 80.72 5,298.21 100.00

modeling tools in ArcGIS Spatial Analyst. The hydrologic
tools allowed us to determine flow direction, delineate
watersheds, and create stream networks. After the
hydrologic tool subdivided the watershed into SHUs, we
redesigned them based on land use types (forest, meadow,
agriculture) so that each subdivided SHU has only one.
However, due to diversity of land use types in the study
area, there were only a few SHUs that were made up with
only one single land use type. Since the GeoWEPP does
not give any results based on land use types, this approach
allowed us to associate the prediction outcomes directly to
land use types of each SHU. As an example, Fig. 2 shows
how the 3™ sub-watershed looks after further dividing it
into 16 SHUs.

In this subdivision approach, we believe that running
each SHU with GeoWEPP resulted in better and more
detailed soil loss and sediment yield data [22] since we
could enter detailed soil, land cover, and management
data for each SHU specifically compared to entering one
large data set (e.g., climate) for the whole study area. In
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Fig. 2. The map showing the division of GCW into three sub-
watersheds by ArcHydro software and further subdivision of 3™
sub-watershed into 16 SHUs by the ArcGIS Spatial Analyst.

addition, this method allowed us to better evaluate the
areas experiencing soil loss and sediment amounts as we
can easily see some basic characteristics (land use, soil
properties, slope, elevation, and bedrock type, etc.) of
each SHU.

Results and Discussion

Evaluation, Sensitivity Analysis, and Calibration
of GeoWEPP Model

One of the biggest challenges for applying models
for the first time on a study area is the lack of measured
data to test a model’s performance through evaluation and
calibration [23]. For the present study, since there was not
any measured runoff data available, we used only annual
sediment measurements done by the General Directoriate
of State Hydraulic Affairs (DSI) for the Deviskel Watershed
between 1988 and 2001 using monthly sampling and
filtering. The Deviskel Watershed, approximately
17,877 ha in size and 27 km long, is located between
the coordinates of 41°22°44”-41°16’3” north and
41°40°46”-42°0°2” east. One of the main reasons for
choosing the Deviskel Watershed as a model for this
watershed was its close proximity to the Godrahav
Creek Watershed (GCW), the selected watershed for this
study. Therefore, there are many similarities, including
topograpy, vegetation cover, and land use types between
the model watershed and the actual study area, indicating
that the Deviskel Watershed can be characterized as a good
representation of the research area in respect to calibrating
the GeoWEPP model. Another major limitation for this
study was that the performance of the model was assessed
with the data gathered at the watershed level because
unlike GeoWEPP, there was no runoff, discharge, and
sediment data available at the sub-watershed level [14,
23].

In respect to model evaluation, observed (O) and
predicted (P) annual sediment values were compared by
using the percent deviation (Dv) [24], Nash and Sutcliffe
(1970) simulation coefficient (ENS), and the coefficient of
determination (R?) [20, 23, 25]. The deviation of sediment
values, Dv, given by the following equation is one criterion
for goodness-of-fit:
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r, (0i=Pi)

Dv (%) = [—5 oD
1=0

] x 100

...where O, is the measured annual sediment and P, is
the model computed annual sediment for this study. The
smaller the value of Dv, the better the model results.
Dv would equal zero for a perfect model. According to
Donigian and Rao (1990), annual simulation results are
very good when percentage error (Dv) is less than 10,
good when it is between 10 and 15, and fair when it is
between 15 and 25. Another goodness-of-fit criterion is
Nash—Sutcliffe coefficient or coefficient of simulation
efficiency (ENS) [26] formulated as:

?:1(01’ B Pi)z

ENS =1-—
iLo(0i —0)2

...where O, is the measured annual sediment, P, is the
model predicted annual sediment, and 1is the average
annual measured sediment amount. The ENS values result
in between 0 and 1, but the performance of the model is
considered satisfactory if the resultant value is higher than
0.4 [27].

The performance and the accuracy of GeoWEPP
was assessed by comparing the observed annual average
sediment amounts measured by the State Hydraulic
Affairs (SHA) of the Republic of Turkey for 14 years
(between 1988 and 2001) to those predicted by the
GeoWEPP model for the same years. Out of these 14
years, we selected 10 (1988-94, 1996, 1999, and 2000)
that had all the monthly measurements done by the
SHA in order to make the comparison properly with the
predicted values. Initial analyses of model performance
were out of the acceptable ranges set by Dv, NSE, and R?
due to underprediction of the GeoWEPP model. Literature
suggest that several key soil characteristics including
effective hydraulic conductivity (K ), rill erodibility (K ),
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Fig. 3. The coefficient of determination (R2) for the average
annual sediment yield between the observed and the GeoWEPP’s
predicted values.

interrill erodibility (K7), and critical shear stress (1) can
be calibrated by £10, £25, or +50 in order to reduce the
differences occuring between observed and predicted
values in the cases of under/over prediction of the model
[21, 23, 28-30]. In particular, the majority of these studies
suggested that especially K and Ki are highly sensitive
to soil loss and sediment yield among others; thus, in
this study the values of these two soil features were first
changed during the calibration process. Using a trial-and-
error approach, it was determined that a +50% increase
in values of both K, and Ki resulted in the best fit for
GeoWEPP’s prediction of annual sediment yield for this
study. The outcomes of the criterion for goodness-of-fit
also proved this since the Dv and ENS were estimated
to be 1528 and 0.877, respectively. According to
literature [27], these values seem to be within the
acceptable range, indicating that the GeoWEPP model can
be applied to the selected area of this study. In addition,
the results of the coefficient of determination (R?) with
0.93 (Fig. 3) was also in agreement with the outcomes of
Dv and ENS.

Table 3. Estimated runoff, soil loss, and sediment yield amounts from the first sub-watershed of the GCW.

Land use types Avg. Ann. Avgé. lgnn.
Soil lost . . sediment ¢
Soil lost from | Sediment . delivery
Ago- | Runoff from . discharge Area ;
SHUs | Forest | Meadow | “8 . channels Delivery per unit
ric. (mm) hillslopes . from (ha)
(%) (%) by (tyr) (t/yr) Ratio outlet area of
(%) (tiyr) watershed
y (t/ha/yr)
1 91.5 8.5 - 128.35 160.4 140.5 0.565 170.1 260.83 0.7
2 74.1 259 - 126.86 640.5 193.2 0.278 232.0 179.56 1.3
3 84.8 15.2 - 126.47 649.7 788.9 0.262 376.4 264.15 1.4
4 99.9 0.1 - 127.74 54.3 113.7 0.965 162.0 377.51 0.4
5 100 - - 128.60 18.2 253 1.005 43.7 110.78 0.4
6 79.2 5 15.8 | 106.24 2,061.8 586.3 0.180 476.7 220.44 22
Total 3,584.9 1,847.9 1,460.9 1,413.27
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Table 4. Estimated runoff, soil loss, and sediment yield amounts from the second sub-watershed of the GCW.
Land use types Soil lost Soil lost Sediment Avg.. Ann. Avg.. Ann.
SHUS ] from from Delive sediment Area Sediment
Foorest MeildOW A%I‘IC. Runoff | pijjgiopes channels Ratiory discharge (ha) yield
G | O | O | (mm) (tyr) (Wyn) (Wyn) (thalyr)
1 98.1 1.9 - 127.24 19.8 77.9 0.990 96.7 251.27 0.4
2 95.1 4.9 - 122.15 34.8 60.5 1.001 95.4 208.03 0.5
3 82.3 12.4 53 123.34 987.2 551.5 0.376 578.4 320.11 1.8
4 72.9 10.2 16.8 122.98 49.9 38.8 0.715 63.4 157.13 04
Total 1,091.7 728.7 833.9 936.54

Predicted Sediment Yields in the Godrahav
Creek Watershed

Following the creation of the four input files required
by the GeoWEPP model and their input into the program,
the predicted values for soil loss and sediment yield for
each SHU and consequently for the whole of the GCW
were calculated. In addition, it should be noted that the
process of subdividing large watersheds into smaller SHUs
should be implemented in similar studies since it helps the
GeoWEPP program to run better, as in the present study.
With the subdivision process, the first sub-watershed was
divided into six SHUs and the results revealed that the

total amount of soil loss was 5,432.8 t while sediment
generated from the whole of the first sub-watershed was
predicted to be 1,460.9 t y! (Table 3). In detail, the sixth
SHU produced the most soil loss and sediment amounts
among others, most probably due to consisting of the only
agricultural area (15% of the total areal coverage) within
the first subwatershed. As for the second sub-watershed,
divided into four SHUs, the total soil loss was about
1,820.4 t y!, whereas the total average annual sediment
discharge was estimated as 833.9 t y! (Table 4). Finally,
the model predicted that the highest soil loss among all
three sub-watersheds occurred from the third one with
11,343.6 t annually, an expected outcome since this is

Table 5. Estimated runoff, soil loss, and sediment yield amounts from the third sub-watershed of the GCW.

il 1 il 1 . Avg. Ann. Avg. Ann.
SHUS Land use types Runoff S;ror?lSt S(;‘rorESt Sdee(ﬁ\lz?;t sed;/r%lent dis- Area SZ(%.iment
Forest | Meadow | Agric. (mm) hillslopes | channels atio charge from outlet| (ha) yield
(%) (%) (%) (t/yr) (t/yr) (t/yr) (t/ha/yr)
1 89.4 10.6 - 140.36 - 26.2 0.957 25.1 167.56 0.2
2 100.0 - - 141.10 - 26.3 1.001 26.3 106.55 0.3
3 88.3 11.7 - 137.94 92.5 63.0 0.543 84.5 162.41 0.5
4 94.1 33 2.6 139.84 - 10.8 1.000 10.8 91.28 0.1
5 82.8 17.1 0.1 139.27 105.4 60.7 0.335 55.7 92.27 0.6
6 91.8 - 8.2 133.45 734.1 426.9 0.401 465.2 194.96 2.4
7 84.3 - 15.7 121.95 - 21.7 1.000 21.7 117.49 0.2
8 92.9 - 7.1 138.50 0.8 5.9 1.000 6.7 40.98 0.2
9 924 3.6 4.0 140.30 1.7 85.2 1.001 87.0 294.61 0.3
10 75.1 - 24.9 104.66 1,298.1 251.6 0.424 657.1 196.20 33
11 53.9 - 46.1 223.26 0.9 5.1 1.688 10.1 40.17 0.3
12 70.9 - 29.1 215.10 26.1 278.1 0.895 272.2 113.56 2.4
13 44.0 0.1 55.9 58.60 367.3 2,308.9 0.641 1,716.3 424.68 4.0
14 69.2 - 30.8 114.07 151.9 974.7 1.004 1,130.8 194.28 5.8
15 75.8 - 24.2 206.91 26.9 420.2 0.995 445.0 111.84 4.0
16 68.4 - 31.6 76.40 1,383.3 84.1 0.378 5553 149.72 3.7
17 25.1 - 74.9 6.81 17.9 14.8 1.004 32.8 58.37 0.6
18 62.9 0.2 36.9 170.79 181.3 1,891.2 0.944 1,957.4 391.47 5.0
Total 4,388.2 | 6,9554 7,560.0 2,948.40
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Table 6. Estimated soil loss and sediment yield values among three sub-watersheds of the GCW.

Total soil lost | Total soil lost Average‘ T9tal Average S edi- Avg. ann.
. Area annual soil sediment ment delivery sediment
Sub-watersheds from hillslopes | from channels . .
(tiyr) (tiyr) (ha) loss amounts ratio yield
y y (t/halyr) (t/yr) (SDR) (t/ha/yr)
1 3,584.9 1,847.9 1,413.27 2.54 1,460.9 0.267 1.03
2 1,091.7 728.7 936.54 1.17 833.9 0.458 0.89
3 4,388.2 6,955.4 2,948.40 1.49 7,560.0 0.666 2.56
Total 9,064.8 9,532.0 5,298.21 1.73* 9,854.8 0.530%* 1.86%**
(The whole GCW) U U " ’ T ’ ’

*estimated by dividing the total soil loss from hillslopes to the total area of the whole watershed
**estimated by dividing the total sediment amount to the total soil lost from both hillslopes and channels of the whole watershed
*#*estimated by dividing the predicted total sediment amount to the total area of the whole watershed

the largest sub-watershed in respect to both size (with 16
SHUs) and agricultural land use (Table 5).

In the whole of GCW, covering a total area of
5,298.21 ha, the total soil loss generated from both the
hillslopes (9,064.8 t) and the channels (9,532 t) was
estimated to be 18,586.8 t (Table 6). Out of this total soil
detached within the watershed, approximately 9,854.8 t
of it was carried as total sediment yield. In other words,
with the SDR (sediment delivery ratio) of 0.530, it can be
conluded that almost half of the detached particles were
carried away and either deposited within the watershed or
reached the reservoir of Borcka Dam.

When looking at the annual average amounts per unit
area, the model predicted both soil loss and sediment
yield as 1.73 tha'y ' and 1,86 t ha'y!, respectively (Table
6). Parallel results of soil loss and sediment yields were
reported by other studies that also took place in watersheds
with similar features (e.g., mountanious, hilly, steep
terrain). For example, two pieces of research initiated
in the same mountanious and mostly forested Kasilian
Watershed in Iran [11] found that the average erosion rate
was 1.2 t ha'ly!, while Meghdadi [31], on the other hand,
reported a higher average soil loss rate of 1.88 t ha'ly'.

Overall, the distribution of soil loss amounts within
the GCW can be seen in Fig. 4a, revealing that the whole
watershed experiences some degree of soil erosion even
though approximately 84% of the GCW is covered with
natural vegetation (forests and meadows). In addition,
as the map shows (Fig. 4b), it is clear and also expected
that most of the areas with high soil loss amounts (more
than 4 t ha'y ") were within the disturbed and/or converted
natural lands (forests and meadows) that are currently
being used for the purposes of agriculture or settlements.
As literature has stated, the degradation of both forests and
grasslands mostly due to illegal logging, opennings, forest
roads, and overgrazing has been known as a common
practice in the region [1]. A similar outcome has been
reported by Saghafian et al. [11] as they concluded that
converting natural land use into other uses, particularly
dry-farming, played the dominant factor in increasing the
amount of sediment load within the Kasilian Watershed
in Iran. In another study, the results of a GeoWEPP-

applied experiment on a hilly watershed in southern
China indicated that land use type changing from forest to
agriculture caused sediment amount to increase by 42.6%
[32]. Morover, in a research investigating how soil loss and
sediment yields were affected by the land-use/land-cover
scenarios using a GeoWEPP model, Maalim et al. [14]
found that the average annual sediment yields increased
from 0.13 t/ha to 2.15 t/ha for current agricultural lands
and pre-settlement land-use/land-cover, respectively,
within the Le Sueur Watershed in Minnesota.

The importance of natural land use and/or better
vegetation cover on lowering soil loss can also be
seen from the results of similar research conducted in
watersheds with less vegetation cover in Turkey using the
WEPP model. For example, sediment yields per unit area
were found to be 7.42 tha'y! [33] and 8.66 t ha''y! [34] in
Kahramanmaras-Ayvali Dam Watershed and Giimiishane-
Torul Dam Watershed, respectively. Both watersheds
resulted in higher sediment yields than the present study,
mostly due to weak plant coverage caused by the semi-
arid climate conditions of the region.

Evaluating Soil Loss and Sediment Yields
within the GCW

When the sediment yields per unit area were exa-
mined at the level of three subwatersheds, we found
that the third subwatershed had the highest amount with
2.56 t ha'ly! followed by first and second subwatersheds
with 1.03 t ha''y! and 0.89 t ha''y"!, respectively. As for
the annual average soil loss amounts, the results indicated
that the highest soil loss (2.54 t ha''y™") was observed from
the first subwatershed, followed by the third and second
with 1.49 t ha''y! and 1.17 t ha'y", respectively. One of
the reasons for this outcome can be associated with the
fact that the lands used for agriculture and settlement
makes up about 26% in the third sub-watershed, which
is the highest compared to 7% and 14% for the first
and second sub-watersheds, respectively (Table 1). In
addition, this outcome can also be associated with the
fact that the third subwatershed consisting of the lowest
forest area, possibly leading to more soil loss from the
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Fig. 4. The distribution of annual soil loss amounts a) and the land use types experiencing soil erosion above 4 t/ha/yr b) within the whole

GCW.

hillslopes. In fact, since 85% of the GCW is covered
with both forests and grasslands, considered as the major
factor in limiting soil loss especially from hillslopes
[14, 35-36], it was unexpected to see the certain SHUs
(for example SHUs of 6, 10, 12, 13, 14, 15, 16, and 18
within the third subwatershed; Table 5) to have higher
sediment yields than the threshold value of 1 t ha'ly'.
One of the reasons can be given as the fact that most
of the sediment (about 61%) produced within the third
watershed originated from the channels and as it can be
seen in Fig. 2 that the third watershed makes up the mid-
and lower portions of the GCW, indicating that there are
larger channels carrying high volumes of running waters
to cause more soil loss and sediment yield. This can be
seen from the fact that some of the largest soil loss —
especially for certain SHUs such as 12, 13, 14, 15, and 18
— occurred from the channels compared to the hillslopes

of the third sub-watershed according to the results of the
GeoWEPP model.

The results indicated that 4.73% of the study areca
experienced sediment deposition while the rest of the
watershed showed some degree of soil loss (Table 7).
For the present study, it was determined that the majority
of the watershed (about 86%) demonstrated soil loss of
lower than the threshold value of 1 t ha'y”!, which is set
as the default tolerable soil loss amount by the WEPP
program. On the other hand, the rest of the area, making
up approximately 9% of the whole GCW, had the soil loss
amounts higher than 1 tha'y"!, an amount that is considered
to be natural/geologic erosion by most researchers in the
field. In respect to evaluating erosion processes in the
study area, we set the limit of 1 t ha'y! as T-value since
we have considered the impact of soil erosion/sediment
production particularly on the quality of natural waters

Table 7. Annual soil loss rates (t’/ha/yr) and deposition amounts based on land use types in the Godrahav Creek Watershed.

Annual soil loss rate Land use type (%)
(Vhalyr) Meadow | Agriculture Settlement Unprod. forest Prod. forest Total
0-1 3.62 7.16 1.93 18.84 54.13 85.68
1-2 0.51 0.87 0.11 0.26 0.51 2.26
2-3 0.33 0.54 0.07 0.10 0.18 1.22
3-4 0.26 0.33 0.06 0.04 0.07 0.76
4> 1.32 3.07 0.26 0.15 0.55 5.35
Deposition 0.16 0.34 0.02 1.14 3.07 4.73
Total 6.20 12.31 2.45 20.53 58.51 100
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in the watershed. This approach has been used as an
important criteria for setting a T-value by similar literature
[35] because of the fact that some of the detached soil
particles may reach aquatic ecosystems, causing both
physical and chemical contamination. In this context, we
can state that close to 10% of the watershed experiences
soil loss over 1 t ha'y! (Table 7), indicating possible water
pollution for some of the riverine systems in the research
area. In addition, the average annual soil loss (1.74 tha'y™)
and sediment yield (1.86 t ha'y') predicted by the
model is also a little over “the tolerable soil erosion (T)” of
1.4.tha'y! based on “soil formation rates” set by Verheijen
et al. [35] after detailed evaluation of scientific studies for
determining T rates in Europe. However, various studies
accept different threshold T-values, including Pandey et
al. [23] recommending no need for imposing soil control
measures for subwatersheds unless they produce soil loss
amounts higher than 2.5 t ha'y!. In this case, it sould be
noted that the first sub-watershed should be paid attention
in respect to soil erosion control efforts as it generated soil
loss of 2.54.

As for the average sediment delivery ratio (SDR), it
was estimated that for the whole GCW the SDR was about
0.580, higher than what [37] reported (SDR: 0.40) in a
small watershed in the Sichuan Hilly Basin of China, but
a little lower than what [14] found (SDR: 0.84) in the Le
Sueur Watershed of Minnesota. The SDR estimated in this
study clearly means that little over the half of the detached
particles from the hillslopes of the upper section of the
watershed is carried away to the drainage channels and
consequently to the reservoir of Borcka Dam. The main
reason for this high SDR can be easily associated with
the steep terrain of the watershed, since slopes steeper
than 30% made up as much as 87.82% of the watershed
while only 4.25% of the watershed area was classified as
cultivable land (Table 2). Literature proves that steeper
slopes can be clearly associated with significantly higher
levels of surface runoff and soil loss. For example, in a
study examining the effects of soil detachment and slope
in a watershed on the Greek island of Lesvos [38], the
main factor affecting sediment loss was found to be slopes
steeper than 40% while the effects of land use, although
they changed soil and vegetation characteristics, were
negligible.

Conclusions

Forest and grassland ecosystems have been facing
serious perturbations mainly by human-induced practices,
leading to many environmental problems, including
accelerated soil loss and associated sedimentation, and
they have already reached serious levels, especially
in certain regions of the world. In fact, both of these
processes are considered major environmental problems
in Turkey and more specifically, they are responsible
for several reservoirs of dams being filled in less time
than expected. Similarly, the reservoir of Borcka Dam,
one of several large dams being built within the Coruh

River Watershed in Artvin, Turkey, has been affected by
the sedimentation problem. However, in order to take
necessary precautions against these problems, sufficient
scientific data regarding the quantities and severity of
soil loss and sediment yield within the Borcka Dam
Watershed must be obtained. Therefore, in this study,
one of the tributary watersheds flowing into Borcka
Reservoir, the Godrahav Creeck Watershed (GCW), was
chosen as the study area in order to predict soil loss and
sediment yield within the watershed using the GeoWEPP
model as well as GIS techniques. For the purposes of an
ecasier run of the program and detailed results, the GCW
was first divided into three subwatersheds and further 28
SHUs.

The results revealed that the total soil loss generated
from both the hillslopes (9,064.8 t) and the channels
(9,532 t) was estimated to be 18,586.8 t, indicating that
almost the same amount of soil is being detached from
two sources. Overall, out of this total soil detached within
the watershed, approximately 9,854.8 t of it was carried as
sediment yield, meaning that the SDR (sediment delivery
ratio) is equal to 0.530 and almost half of the detached
particles were carried away and either deposited within
the watershed or ended up in the reservoir. In addition,
the annual average amounts of soil loss and sediment
yield per unit area were predicted to be 1.73 t ha¥! and
1.86 tha'¥!, respectively, by the GeoWEPP model. Finally,
it can be concluded that most of the watershed (85%) is
experiencing soil loss of less than the generally accepted
T-value of 1 t/ha/yr mostly due to abundant natural forest
and grasslands, suggesting no need for any precautions to
prevent soil erosion. However, the GeoWEPP model has
also revealed that close to 10% of the whole watershed
have higher than 1 t/ha/yr soil loss amounts, requiring
detailed investigation in order to decide whether to apply
any soil erosion control efforts. Moreover, it is also
important to note that similar research should be repeated
for other sub-watersheds surrounding Borcka Dam in
order to determine which SHUs are adding higher-than-
acceptable amounts of sediments into the reservoir so
that the necessary precautions for maintaining a longer
lifespan for such facilities can be considered.
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