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Abstract Quantitative evaluation of the spatial distribu-

tion of the erosion risk in any watershed or ecosystem is

one of the most important tools for environmentalists,

conservationists and engineers to plan natural resource

management for the sustainable environment in a long

term. This study was performed in the semi-arid catchment

of the Saraykoy II Irrigation Dam, Cankiri, located in the

transition zone between the Central Anatolia Steppe and

the Black Sea Forests of Turkey. The total area of the

catchment is 262.31 ha. The principal objectives were to

quantify both potential and actual soil erosion risks by the

Revised Universal Soil Loss Equation (RUSLE) and to

estimate the amount of sediments to be delivered from the

hillslope of the catchment to the reservoir of the dam using

the sediment delivery ratio (SDR) in combination with the

RUSLE model. All factor and sub-factor calculations

required for solving the RUSLE model and SDR in the

catchment were made spatially using DEM, GIS and

Geostatistics. As the main catchment was divided into

twenty-five sub-catchments, the predicted actual soil loss

(by the model) was 146,657.52 m3 year-1 and the weigh-

ted average of SDR estimated by areal distribution (%) of

the sub-watersheds was 0.344 for whole catchment, resul-

ted in 50,450.19 m3 year-1 sediment arriving to the res-

ervoir. Since the Dam has a total storage capacity of

509 9 103 m3, the life expectancy of the Dam is estimated

as 10.09 year. This estimation indicated that the dam has a

relatively short economic life and there is a need for water-

catchment management and soil conservation measures to

reduce erosion.
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Introduction

The transition zone between the Central Anatolia Steppe

and the Black Sea Forests in Turkey has fragile ecosystems

including semi-arid lands, such as mountain passes,

grasslands and forests together with croplands, and every

ecosystem owns its unique features and resources. As it is

in many arid, semi-arid and dry sub-humid areas, the

demand for water resources rises in the region because of

both population pressure increases and warmer tempera-

tures and drier conditions that climate change brings about.

As a result, many small dams have been recently con-

structed in the zone by the General Directorate of State

Hydraulic Works (DSI), which is Turkey’s state water

agency, having the responsibility to develop and maintain

all of water resources in the country, to balance this

increasing water requirement. The Saraykoy II Irrigation

Dam is only one of them, constructed at the lower altitude

of the Saraykoy basin in 2006.
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Since demand for water resources rises in the region, a

well organized and environmentally sound management

of the available water resources is an urgent need. In fact,

approximately 40 years ago, the Saraykoy I Irrigation

Dam was constructed at the upper part of the Saraykoy

basin. Its total catchment area was about 10.1 km2, and

unfortunately, since the dam lake was completely filled

due to the siltation by soil erosion 6 years ago, it has no

more been in use for irrigation purpose. Soil erosion is

considered one of the most important forms of land

degradation worldwide (Oldeman 1994; Angima et al.

2003; Onori et al. 2006), and for a similar fragile semi-

arid ecosystem of Indagi Mountain Pass-Cankırı, Turkey,

Ozcan et al. (2008) concluded that, rather than the topo-

graphical properties of the ecosystem, the degraded soil

chemical and physical properties resulted from the land

use conversion from either forest or grassland to the

cropland and poor management by overgrazing in the

grasslands had a greater influence on the magnitude of

soil losses. Likewise, Evrendilek et al. (2004) and Celik

(2005) reported parallel results for changes in soil organic

carbon along adjacent Mediterranean forest, grassland,

and cropland ecosystems in Turkey. Another research

performed by Basaran et al. (2008) presented the effects

of the land use changes on the soil properties that affect

the ecosystem dynamics in the Indagi Mountain Pass–

Cankiri, Turkey. Therefore, there are obvious needs for

practicable and reasonable management strategies to deal

with upland soil erosion and siltation problems in the

reservoirs of the region.

The RUSLE technology could be successfully used to

determine management strategies because it interactively

takes the principal elements of the ecosystem (climate, soil,

topography and land use/land cover) into account to

properly plan resource conservation measures (Renard

et al. 1997). Since RUSLE, by its very nature, has robust

ecosystem factor estimators, the model has been recently

combined with Geographic Information Systems (GIS) and

Geostatistics successfully to expand its applicability to

much larger scales than agricultural plots all over the world

(Molnar and Julien 1998; Millward and Mersey 1999; Van

der Kniff et al. 2000; Mati 2000; Mati and Veihe 2001;

Ouyang and Bartholic 2001; Cerri et al. 2001; Jain et al.

2001; Bartsch et al. 2002; Lufafa et al. 2003; Grimm et al.

2003; Ma et al. 2003; Martin et al. 2003; Wang et al. 2003;

Lu et al. 2004; Amore et al. 2004; Onori et al. 2006; Kouli

et al. 2009; Beskow et al. 2009).

After being a useful tool for predicting soil losses and

planning control practices in watersheds by the effective

integration of the GIS-based procedures to estimate the

factor values in a grid cell basis, either the RUSLE tech-

nology or its origin USLE has also been commonly used in

Turkey since 2000 (Ekinci 2005; Irvem et al. 2007; Tagil

2007; Karabulut and Küçükönder 2008; Efe et al. 2008a, b;

Yüksel et al. 2008; Karaburun 2009; Karaburun et al.

2009). GIS was integrated with the USLE model to predict

soil erosion and the transport of nonpoint source pollution

loads to the Gediz River, in the Aegean Sea coast of

Turkey (Fistikoglu and Harmancioglu 2002). Erdogan et al.

(2007) used the USLE/GIS technology to predict potential

soil erosion in the semi-arid Kazan watershed located in the

Central Anatolia, Turkey. Model parameters R, K, and

C were, respectively, computed from the erosivity map

(Dogan 2002), soil map and land use map of Turkey

(GDPS 1986). In this study, spatial distribution of different

erosion prone areas was identified in the watershed to take

erosion control measures in the severely affected areas.

Not only GIS, but also spatial data analysis is suc-

cessfully integrated with the RUSLE model for assessment

of erosion risk (Goovaerts 1999; Wang et al. 2001, 2002a,

b, 2003; Tran et al. 2002; Licznar and Nearing 2003;

Parysow et al. 2003; Li et al. 2006). Akyurek and Okalp

(2006) used fuzzy sets and fuzzy logic algebra in pre-

dicting the soil erosion hazard by the USLE model in the

Kocadere Creek Watershed, Izmir, Turkey. The fuzzifi-

cation of the landscape elements used in the model was

performed using a Fuzzy Semantic Import modeling

approach. By this attempt, it was concluded that the

approach was very useful to explore relationships and

incorporate uncertainty in spatial decision making

although the model provided qualitative estimations. In

another study performed in a semi-arid ecosystem of

Turkey, the soil erodibility factor of USLE was deter-

mined by the nomograph (Wischmeier et al. 1971; Renard

et al. 1997), and from those point data spatial patterns of

USLE-K were evaluated by the geostatistics (Ozcan et al.

2008). Baskan et al. (2010) conducted a research to

evaluate the use of the sequential Gaussian simulation

(SGS) for mapping the soil erodibility factor of the USLE/

RUSLE methodology in the Dalaman catchment, situated

in the West Mediterranean region of Turkey. Saygin et al.

(2011) performed a land degradation assessment by geo-

spatially modeling different soil erodibility equations in a

semi-arid catchment in Turkey.

As RUSLE estimates gross sheet and rill erosion,

accounting neither for the sediment deposition nor for

gully or channel erosion, there is a need to define the

sediment delivery ratio (SDR) for determining the

amount of sediment to be delivered to the stream system

from the drainage area above (Renard et al. 1997). It

could be possible to find numerous models to calculate

SDR (Renfro 1975; Arnold et al. 1996; Kothyari and

Jain 1997; Lu et al. 2006). Particularly, Williams and

Berndt (1972) computed sediment yield by USLE.

Indeed, they improved the model ability to estimate the

sediment yield by using a runoff factor instead of the
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rainfall factor. After their contribution, the modified

equation (MUSLE) was used by many researchers (Ba-

nasik and Walling 1996; Kinnell and Risse 1998; Tri-

pathi et al. 2001; Sadeghi et al. 2004; Sadeghi and

Mizuyama 2007). Cambazoglu and Gogus (2004)

approximated sediment yield by means of both MUSLE

and USLE in the Western Black Sea region of Turkey.

Restrepo et al. (2006) analyzed sediment load and mor-

phometric, hydrologic, and climatic variables from 32

tributary catchments in the Magdalena River, Colombia

and showed that no other catchment’s properties

explained more variation than mean annual runoff did.

On the other hand, de Vente et al. (2007) illustrated that

the relation between basin area and area-specific sedi-

ment yield showed large regional variations. To predict

annual sediment flux rates, Ricker et al. (2008) investi-

gated two sub-watersheds of the Rappahannock River,

Horsepen Run and Little Falls Run, Stafford County,

Virginia using the Revised Universal Soil Loss Equation

(RUSLE) and a SDR. Their estimates by RUSLE/SDR

were close approximations to suspended sediment sample

data in the latter case, but obviously were overestimated

for the former case, and because of the overestimation,

they suggested corrective factors be used with forested

land cover plots. Beskow et al. (2009) performed a

research to assess the applicability of the well-known

USLE model along with remote sensing and GIS tech-

niques for estimating soil loss in the Tapacurá river

catchment, Brazil. They used the watershed area to cal-

culate the SDR, which was in the order of 0.9.

In this study, a semi-arid catchment of Saraykoy II

Irrigation Dam, Cankırı, Turkey was analyzed using the

RUSLE and a SDR to estimate annual sediment flux rates.

The combined RUSLE/SDR approach was integrated not

only with GIS, but also with Geostatistics to calculate

model estimators.

Materials and methods

Site description

The catchment area of Saraykoy II Irrigation Dam covers

about 262.31 ha and is located in Cankiri, Turkey,

approximately 110 km northeast of Ankara (Fig. 1). The

study area has a terrestrial climate with minimum and

maximum temperatures of -6.2 and 25.8 �C, respectively,

and annual precipitation is about 500 mm. In the area,

elevations vary from 960 to 1,460 m above the sea level

and the slopes range from 12 to 36 %. Soils are generally

moderately deep and with a texture of sandy clay loam.

The calcareous and andesitic formations are dominant in

the northern part of the area; whereas the serpentine

formation is present in the southwestern side of the area

(Anonymous 1988).

To compensate irrigation water shortage emerged in the

catchment after the complete siltation of the Saraykoy I

Irrigation Dam with a total catchment area of 10.1 km2

which has been out of use, the Saraykoy II Irrigation Dam

was constructed at the lower altitude of Saraykoy catch-

ment in 2006. Its maximum storage volume and lake area

are 509 9 103 m3 and 4.82 9 10-2 km2, respectively.

Total collecting area of two dam catchments is approxi-

mately 12.8 km2, and the Saraykoy II Irrigation Dam only

receives sediments from the area of approximately 2.7 km2

for the first dam collects from the rest of the catchment.

The land use types broadly present in the area are grassland

in the south and forest in the north (Fig. 1).

Procedure

The combined RUSLE/SDR methodology was used for this

study to estimate sediment flux rates (t ha-1 year-1) into

the reservoir of the Saraykoy II Irrigation Dam. A SDR

value was added as a multiplier to the well-known RUSLE

(Wischmeier and Smith 1978; Renard et al. 1997) (Eq. 1).

A ¼ R� K � L� S� C � P� SDR ð1Þ

where A is the mean annual soil loss (t ha-1 year-1), R is

the rainfall erosivity factor (MJ mm ha-1 h-1 year-1), K is

the soil erodibility factor (t ha h ha-1 MJ-1 mm-1),

L is the slope length factor, S is the slope steepness factor,

C is the cover management factor, and P is the support

practice factor.

Rainfall–runoff erosivity factor (RUSLE-R)

The rainfall–runoff erosivity factor of RUSLE (RUSLE-R),

which is calculated as a product of the annual total energy

of rainstorm (E, MJ ha-1 year-1) and the maximum

30-min intensity (I30, mm h-1) (E 9 I30) (Wischmeier and

Smith 1958; Foster et al. 1981; Renard et al. 1997), was

directly taken from the study of Kaya (2008) and a scien-

tific project report (Tubitak 2009), in which the E 9 I30

values (MJ mm ha-1 h-1 year-1) were calculated either by

Eq. 2 or by Eq. 3 based on the conditions where I B 76

and I C 76 mm h-1, respectively for 252 climate stations

in the period of 1993–2007 all over Turkey.

E ¼ 0:29 1� 0:72eð�0:05IÞ
h i

ð2Þ

E ¼ 0:293 ð3Þ

By considering the effect of elevation on actual

amount of precipitation (Toy and Foster 1998) (Eq. 4),

the point data given in Table 1 were then associated with

the digital elevation model (DEM) of the catchment of
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the Saraykoy II Irrigation Dam to spatially create

RUSLE-R surface:

Rnew ¼ Rbase

Pnew

Pbase

� �1:75

ð4Þ

where Rnew is the new value for RUSLE-R at the desired

new location, Rbase is the RUSLE-R value at the base

location (948 MJ mm ha-1 h-1 year-1) (Table 1), Pnew is

the calculated annual precipitation at new location, and

Pbase is the annual precipitation at the base location

(Table 2). RUSLE-R values of unknown elevations were

computed by using DEM in Arc view 9.2 and Eq. 4, with

an assumption of a 50 mm increase in precipitation with

each 300 m increment in the altitude.

Soil erodibility factor (RUSLE-K)

The soil erodibility factor of RUSLE (RUSLE-K) was

assessed by Eq. 5 (Torri et al. 1997, 2002).

K ¼ 0:0293 0:65� DG þ 0:24D2
G

� �

� exp

(
�0:0021

OM

C
� 0:00037

OM

C

� �2

�4:02C

þ 1:72C2

)

ð5Þ

where K is the soil erodibility factor (t ha h

ha-1 MJ-1 mm-1), OM is the organic matter content

(%), C is the clay fraction (%), and DG is the decimal

logarithm of the geometric mean of soil particle size

(Eq. 6).

DG ¼
X

fi log10

ffiffiffiffiffiffiffiffiffiffiffiffi
didi�1

p� �
ð6Þ

where fi is the primary particle size fraction in percent with

sizes within di and di-1 defined by Shirazi and Boersma

(1984).

The soil samples required to solve Eq. 6 were ran-

domly taken as many as a very rough topography of the

Fig. 1 The sub-catchments together with land use types in the catchment of Saraykoy II Irrigation Dam
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catchment allowed, and it was very hard to collect soil

samples with regular intervals at a grid base and their

coordinates were determined by the Geographical Position

System (GPS). A total of 311 soil samples were collected

from two land uses, 158 samples from the grassland and

153 samples from the mixed forest, in May 2006 with

irregular intervals from the mineral soil layer of 0–10 cm.

Soil samples were analyzed for clay (C), silt (Si), and

sand (S) contents and coarse sand (CS) by wet sieving

through 0.100-mm screen openings (Soil Survey Staff

1996). The method of Nelson and Sommers (1982) was

used to determine soil organic matter (SOM). Spatial

correlation and spatial patterns of RUSLE-K were eval-

uated by the geostatistics and Arc view 9.2. Using the

same soil data set as given in Table 3; Saygin et al.

(2011) have recently compared the geostatistical perfor-

mance of the commonly used different soil erodibility

equations in the catchment of the Saraykoy II Irrigation

Dam, and concluded that the values for mean absolute

error (MAE) and mean square error (MSE) of Eq. 6

(Torri et al. 1997, 2002) were smaller than those of the

other erodibility equations developed by Wischmeier

et al. (1971), Wischmeier and Smith (1978) and Römkens

et al. (1986). Therefore, Eq. 6 was preferred to describe

the soil erodibility of the study area since its predictions

by the kriging maps were much closer to the true values.

Experimental semivariogram for the separation distance

(lag) h for the values of RUSLE-K was calculated by Eq. 7.

c � ðhÞ ¼ 1

2NðhÞ
XNðhÞ

i¼1

zðxiÞ � zðxi þ hÞ½ �2 ð7Þ

where z(xi) is the value of the calculated RUSLE-K from

the measured soil properties at spatial location xi and

N(h) is the number of RUSLE-K pairs with the separate

distance (lag) h. The data were fitted to the exponential

model for experimental semivariograms. In addition,

the empirical semivariogram was directionally estimated

at the angles of 0� (N–S), 45� (NE–SW), 90� (E–W), and

135� (SE–NW) to determine if the measured variables

had any severe anisotropy. Since this indicated no

severe anisotropy, Omni-directional semivariograms were

Table 1 The RUSLE-R values (MJ mm ha-1 h-1 year-1) and its annual distribution at the base location (Kaya 2008; Tubitak 2009)

Climate station: Cankırı (period of 1993–2007)

Months 1 2 3 4 5 6 7 8 9 10 11 12 Annual

na 0 0 0 7 15 15 13 13 14 13 0 0

RRb 0 0 0 1608 3101 1152 928 1173 2145 1555 0 0 11661

R
k

c 0 0 0 230 207 77 71 90 153 120 0 0 948

%Rd 0 0 0 24 22 8 8 10 16 13 0 0 100

%Re 0 0 0 24 46 54 62 71 87 100 100 100

Rf 0 0 0 409 283 170 140 123 450 311 0 0 450

a Numbers of years
b Total energy flux
c Average energy flux
d Average monthly percentage of energy flux
e Cumulative average monthly percentage of energy flux
f Maximum energy flux

Table 2 Monthly antecedent soil moisture subfactors (SM) of RUSLE-C calculated from precipitation and evapo-transpiration data (P–PE) of

the catchment

Month 1 2 3 4 5 6 7 8 9 10 11 12

Pa 44.2 28.9 34.3 53.5 58.1 40.7 22.3 18.9 17.2 33.6 31.2 45.8

PEb 0.00 1.6 18.2 49.8 88.1 121.7 152.1 136.5 87.2 47.4 13.6 2.0

P–PE 44.2 27.3 16.1 3.7 –30.0 –81.0 –129.8 –117.6 –70.00 –13.8 17.6 43.8

SM 1.00 0.90 0.84 0.77 0.57 0.28 0.00 0.07 0.34 0.67 0.85 1.00

a Monthly average rainfall (1993–2007)
b Monthly average evapo-transpiration (1993–2007)
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obtained using the best fitting model by the cross-valida-

tion method, and the data were modeled with isotropic

functions to determine the spatially dependent variance

within the research area (Saygin et al. 2011).

The RUSLE-K values at the observation points were

used for predicting the values of unknown points using the

ordinary kriging interpolation method by the generated

model and parameters of the semivariogram. The software

package GS?7 (Gamma Design Software) was used to

perform geostatistical computation. A map of RUSLE-K

was generated in the geostatistical tool of the Arc view 9.2

by means of the variogram models and parameters to

obtain a high quality map.

Slope length (L) and steepness (S) factor (RUSLE-LS)

The slope length factor (L) and steepness factor (S), which

are together described as the topographic factor in the

RUSLE (RUSLE-LS) in a combined manner, was com-

puted through an interaction between topography and flow

accumulation (Moore and Bruch 1986a, b). By this way,

the RUSLE-LS factor (Eq. 8) relied not only on steepness

and length of slope but also on the flow expected to occur

over land and later to concentrate on water courses of the

catchment. A slope steepness layer was derived from DEM

of the study area, and slope length was assumed to be fixed

as 15 m for each pixel (Ogawa et al. 1997).

Table 3 Pixel-based weighted average values over every sub-catchment of the RUSLE factor layers

Sub-catchment Area-weighted RUSLE predictor variables Predicted soil losses (t ha-1 year-1) SDR

No Area (ha) R K LS C A = RKLS A = ARKLSC

1 12.61 1,203.8 0.0340 19.52 0.095 798.938 75.899 0.350

2 8.42 1,210.6 0.0340 19.29 0.094 793.984 74.635 0.350

3 10.69 1,255.1 0.0326 16.21 0.095 663.253 63.009 0.366

4 22.12 1,267.7 0.0329 12.22 0.096 509.664 48.928 0.450

5 32.32 1,255.4 0.0334 13.74 0.088 576.123 50.699 0.484

6 4.55 1,142.1 0.0316 16.87 0.056 608.844 34.095 0.106

7 17.87 1,223.0 0.0341 18.85 0.065 786.126 51.098 0.506

8 13.26 1,170.7 0.0327 20.33 0.059 778.271 45.918 0.351

9 9.90 1,144.7 0.0324 18.62 0.068 690.584 46.960 0.193

10 5.85 1,121.8 0.0325 16.31 0.073 594.638 43.409 0.150

11 1.90 1,106.9 0.0299 21.90 0.034 724.809 24.644 0.106

12 13.41 1,153.7 0.0303 22.65 0.019 791.779 15.044 0.310

13 12.10 1,199.6 0.0295 22.91 0.016 810.744 12.972 0.356

14 22.25 1,126.4 0.0289 19.41 0.016 631.853 10.110 0.531

15 5.78 1,196.5 0.0301 22.53 0.017 811.41 13.794 0.150

16 5.20 1,227.9 0.0302 18.88 0.018 700.119 12.602 0.106

17 14.52 1,297.8 0.0284 15.75 0.015 580.506 8.708 0.350

18 1.75 1,268.8 0.0297 18.53 0.015 698.273 10.125 0.106

19 5.45 1,317.3 0.0282 17.86 0.015 663.461 9.687 0.139

20 5.08 1,385.4 0.0288 12.80 0.011 510.714 5.618 0.150

21 11.85 1,407.8 0.0294 15.06 0.011 623.323 6.607 0.350

22 4.07 1,385.4 0.0272 15.85 0.010 597.274 5.973 0.150

23 5.20 1,318.8 0.0280 17.64 0.011 651.382 7.426 0.150

24 6.72 1,290.4 0.0298 13.79 0.012 530.280 6.151 0.106

25 9.44 1,246.6 0.0298 20.49 0.019 761.176 14.767 0.150

R262.31 1,232.2a 0.0313a 17.48a 0.050a R16,887.526b R698.875c 0.344a

R240.41d

R50,450.19e

a Weighted average of R, K, LS, C and SDR factors estimated by areal distribution (%) of the sub-watersheds
b Predicted potential soil loss obtained from sub-catchments (t ha-1 year-1)
c predicted actual soil loss by the model (t ha-1 year-1)
d, e Predicted sediment arriving in the reservoir by the units of t ha-1 year-1 and m3 year-1, respectively
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LS ¼ vg
22:13

� �0:4

� sin h
0:0896

� �1:3

ð8Þ

where v is the flow accumulation and was derived from

DEM using a GIS accumulation algorithm, which

employs the watershed delineation tool of Arc view 9.2

(Lee 2004), g is the cell size, and h is the slope steep-

ness in degrees.

Cover management factor (RUSLE-C)

Cover management factor of the RUSLE (RUSLE-C) was

computed based on the soil-loss ratios (SLR), introduced

after Laflen et al. (1985) to the revised technology, as a

product of five subfactors representing prior land use

(PLU), surface cover (SC), crop canopy (CC), surface

roughness (SR) and soil moisture (SM) by Eq. 9.

SLR ¼ PLU� CC� SC� SR� SM ð9Þ

Since the catchment of the Saraykoy II Irrigation Dam

is chiefly composed of the land uses of grassland and

forest (Fig. 1), the annual soil-loss ratios were computed

in this research other than the seasonal soil-loss ratios

(Renard et al. 1997). The measured parameters in the

field and the estimating equations together with their

coefficients for the subfactors of PLU, CC, SC and SR

are given by Eqs. 10–14.

PLU ¼ Cf � Cb � exp ð�cur � BurÞ½ � ð10Þ

where, Bur is the mass density of live and dead roots found

in the upper centimeter of the soil (kg ha-1 m-1), Cf is a

surface soil consolidation factor, Cb is the relative

effectiveness of subsurface residue in consolidation, cuf is

the impact of soil consolidation on the effectiveness of

incorporated residue, and cur and cus are the calibration

coefficients indicating the impacts of subsurface residues.

CC ¼ 1� Fc � exp �0:1� Hð Þ ð11Þ

where Fc is the fraction of land surface covered by canopy

(%) and H (m) is the distance that raindrops fall after

striking the canopy.

SC ¼ exp �b� Sp �
0:24

Ru

� �0:08
" #

ð12Þ

Sp ¼ 1� exp �a� Bsð Þ½ � � 100 ð13Þ

where Sp (%) is the percentage of land area covered by

surface cover, which was further evaluated by the dry

weight of residues on the surface (Bs, kg ha-1) (Eq. 13),

b is an empirical coefficient that indicates the

effectiveness of surface cover in reducing soil erosion,

Ru (cm) is the surface roughness at initial conditions and

just before tillage practices, and a is the ratio of the area

covered by a piece of residue to the mass of that residue

(ha kg-1). Again, for there were no soil disturbances by

tillage practices in the research area, a roughness value

for rangeland conditions (Ru = 1.00 for mixed grass)

was assumed for both Eqs. 13 and 14.

SR ¼ exp �0:66ðRu � 0:24Þ½ � ð14Þ

Antecedent soil moisture sub-factor (SM) of RUSLE-C

was monthly attained relying on a water balance

determined by calculating the input, output, and storage

from precipitation and evapotranspiration data (P–PE)

(Table 2). A severe water conditions occurs on July in

the area, therefore this value could be taken as a ‘‘field

wilting point’’ to calculate a practical value for the lower

bound of the SM value (SM = 0) (P - PE = -129.8 mm),

indicating that no runoff and erosion are expected. As well,

since the soil is sufficiently wet on January (P–PE =

44.2 mm), a ‘‘field capacity’’ might be assumed for this

month with the value of SM = 1 as an upper bound. The

other numerical values of P–PE between the bounds were

interpolated for the SM values, and the annual average

value for SM was calculated as 0.61.

Support practice factor (RUSLE-P)

Because there were no conservation practices designed to

reduce the amount and rate of runoff and accordingly the

amount of sediment reaching the reservoir, the support

practice factor was assumed as 1 in the study area (RU-

SLE-P = 1). The soil loss was calculated for 25 sub-

catchments, delineated in Fig. 1, by the factor layers

obtained by both GIS and Geostatistics (ArcGIS 9.2 soft-

ware), and then a sum was taken to predict the gross soil

loss (At, t ha-1 year-1) (Eq. 15) from the catchment of the

Saraykoy II Irrigation Dam.

At ¼
X25

i¼1

Ai ¼ A1 þ A2 þ A3 þ A4 þ � � � þ A25 ð15Þ

where Ai is the estimated soil loss from ith sub-catchment.

All GIS calculations were implemented on a pixel-by-pixel

basis or a grid with 10 9 10 m cell in a uniform coordinate

system.

Sediment delivery ratio (SDR)

A weighted SDR value for whole-of-catchment of the

Saraykoy II Irrigation Dam area was calculated by Eqs. 16

and 17 (Ferro et al. 2001; Ferro and Minacapilli 1995,

respectively).
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SDR ¼ 1

SAð Þt

XN

i¼1

SDRi � SAið Þ

¼ 1

SAð Þt

XN

i¼1

exp �bi

lp;iffiffiffiffiffiffi
sp;i
p

" #
� SAi

 !
ð16Þ

where (SA)t is the total surface area of the catchment

(262.31 ha), N: numbers of the evaluated hydrological

units (i = 25); (SA)i is the surface area of the ith sub-

catchment (ha); SDRi is the defined SDR for each sub-

catchment; lp, i and sp, i are length and slope of the

hydraulic path found in each sub-catchment; b is the

coefficient (m-1) that is assumed constant for a given

basin. Ferro et al. (2001) suggested to the Eq. 17 for

calculating of the b coefficient.

bi ¼ 0:2802 RUSLE-Rð Þ�0:6689
i ð17Þ

where (RUSLE-R)i and bi are the rainfall erosivity factor

and the SDR coefficient value estimated for ith sub-

catchment, respectively. Since an erosivity gradient

occurred in RUSLE-R layer depending on the elevation

distribution in each sub-catchment, an areal weighted

average was computed for using in Eq. 17 by 18.

RUSLE-Rð Þi¼
Xn

k¼1

SAk � RUSLE � Rð Þk
SAi

ð18Þ

where SAk and (RUSLE-R)k are the surface area (ha) and

the erosivity value (MJ mm ha-1 h-1 year-1) of the kth

gradient class, and n is the gradient class number occurred

in ith sub-catchment. The same approach as that given by

Eq. 18 were used to calculate (RUSLE-K)i, (RUSLE-LS)i

and (RUSLE-C)i in the case that different factor classes

existed in sub-catchment level.

Finally, the spatial distributions of the potential and

actual erosion risks by the RUSLE methodology were

obtained and the sediment yield for the Dam reservoir was

calculated using Eq. 1.

Fig. 2 Spatial distributions of

the rainfall erosivity factor

(RUSLE-R) (a), the soil

erodibility factor (RUSLE-K)

(b), the slope-length factor

(RUSLE-LS) (c), and the cover

management factor

(RUSLE-C) (d)
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Results and discussion

The factor layers of the RUSLE methodology were shown

in Fig. 2 as outputs of both GIS and geostatistics, and their

pixel-based weighted average values over every sub-

catchment were given in Table 3. Within sub-catchments,

the values were between 1,106.9 and 1,407.8 MJ mm ha-1

h-1 year-1, 0.0272 and 0.0341 t ha h ha-1 MJ-1 mm-1,

12.22 and 22.91 and 0.011 and 0.095 for RUSLE-R, -K,

-LS, and -C, respectively.

The average annual RUSLE-R factor value varies from

1,068 to 1,460 MJ ha-1 mm h-1 year-1 with a mean value

of 1,232 ± 84.66 MJ ha-1 mm h-1 year-1 in the catch-

ment. South and southwest parts of the catchment had the

greater rainfall erosivity values than those in the north and

northwest parts. Figure 2a clearly shows an erosivity gra-

dient, increasing from center of the catchment either to the

northwest or to the south depending on the differences in

the elevation. Not only spatial distribution, but also tem-

poral distribution of RUSLE-R is very significant for the

semi-arid regions of Central Anatolia, where highly uneven

rainfall events happen (Bayramin et al. 2006, Ozcan et al.

2008). Therefore, the semi-arid catchment of the Saraykoy

II Irrigation Dam is in the climatically sensible transition

zone between the Central Anatolia Steppe and the Black

Sea Forests in Turkey.

Figure 3 and Table 4 show the geostatistical model and

parameters for isotropic semivariogram of RUSLE-K,

respectively. An empirical semivariogram of the RUSLE-K

factor was defined using exponential model. The nugget

effect was 0.000016 and sill value was 0.000052. The

maximum spatial correlation was found 5,097 m (Table 4).

The kriging map produced using the parameters of the

geostatistics was depicted in Fig. 2b. The map indicated

that the RUSLE-K factor varied between 0.023 and 0.037

t ha h ha-1 MJ-1 mm-1 with a mean value of

0.031 ± 0.002 t ha h ha-1 MJ-1 mm-1 in the catchment.

The spatial pattern of RUSLE-K changed with the land use

types. Especially, the higher values were in the northern

part of the catchment, where the grassland was located; and

the southern part where the deciduous, mixed and conif-

erous plantations were sited had the lower values of the

USLE-K factor. Saygin et al. (2011) explained this situa-

tion with soil organic matter content. Soils developed under

mixed forest had the higher organic matter content than

those under the grassland. The studies indicated that the

organic matter had some regulatory roles over numerous

physical soil features like bulk density, hydraulic conduc-

tivity, aggregate stability, etc., greatly affecting soil sus-

ceptibility to erosion (Cerda 1996; Wu and Tiessen 2002;

Basaran et al. 2008).

The dimensionless RUSLE-LS (Fig. 2c) was calculated

using DEM of the watershed and considering the interactions

between topography and flow accumulation (Eq. 8). The

average annual RUSLE-LS factor value was in the range of 0

and 101 with a mean value of 17.48 ± 3.05. Indeed, the

dominant classes had the values of 5 \ RUSLE-LS B 10,

10 \ RUSLE-LS B 20 and 20 \ RUSLE-LS B 50, and

their spatial coverage in the catchment were 13.37, 46.68 and

32.71 %, respectively, totaling 92.76 %. The results sug-

gested that the topography mostly favored higher erosion

rates, and particularly 32.71 % of steeper and longer slopes

was combined with the drainage pattern of the catchment

such that the accumulated water amounts with higher

velocities could occur, giving rise to greater erosion rates.

The value for the average annual RUSLE-C factor

ranges from 0.01 to 0.1 with a mean value of

0.050 ± 0.033. The highest value (low soil protection) was

in the northern part (grassland) while the southern part of

the catchment (mixed forest) had the smallest value.

The different soil loss layers of the RUSLE methodol-

ogy were shown in Fig. 4. In our study assessing the soil

Table 4 Parameters of the fitted variogram for the soil erodibility equations in the catchment area of Saraykoy II Irrigation Dam (Saygin et al.

2011)

Variable Model C0
a C0 ? Cb C0/(C0 ? C) C1

c a (m)d R2

RUSLE_K Exponential 0.000016 0.000052 31 0.000036 5,097.00 0.867

a Nugget variance
b Sill variance
c Structural variance
d Range of influence in meters

Fig. 3 Semivariogram of RUSLE-K (Saygin et al. 2011)
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erosion risk in the semi-arid catchment of the Saraykoy II

Irrigation Dam, the first approximation was made for a

potential soil loss map (Fig. 3a), which represented a

possible soil loss condition where RUSLE-C = 1. There-

fore, at any time when the protective vegetation cover is

entirely destroyed, the annual potential soil losses that

Fig. 4 Erosion risk

assessments for potential and

actual soil losses by RUSLE

(a, b, respectively) and the

sediment delivery ratios at the

sub-catchment level in the semi-

arid catchment of the Saraykoy

II Irrigation Dam

Table 5 The spatial distribution (%) of the annual actual soil losses (t ha-1 year-1) in terms of the land uses in the catchment the Saraykoy II

Irrigation Dam

Soil loss (t ha-1 year-1) Coniferousa Decideousa Grasslanda Mixeda Rivera Spatial distribution (%)b

0–5 5.76 0.74 1.68 1.64 1.37 11.19

5–10 6.89 2.04 0.53 7.71 17.16

10–20 3.91 12.13 1.81 3.63 21.47

20–50 0.42 2.23 23.96 0.01 26.62

50–100 0.02 20.92 20.93

100–200 2.45 2.45

200–375 0.17 0.17

Total 16.98 17.16 51.51 12.99 1.37 100.00

a Land uses defined in the catchment the Saraykoy II Irrigation Dam
b Spatial distribution (%) of the land uses by the annual actual soil losses
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might occur in each sub-watershed are given in Table 3,

being a sum of 16,887.5 t ha-1 year-1 for the catchment

itself (Eq. 15). Although this stands for an extreme case of

completely barren catchment, given its fragility, it is not

unusual that progressive disturbance of the vegetation

cover would cause the catchment to arrive at this stage of

vulnerability in a short span of time.

A second estimation was performed for an actual soil

loss map (Fig. 4b) with a calculated value of RUSLE-C for

each sub-watershed. An annual total value for the catch-

ment is estimated to be 698.875 t ha-1 year-1 (Table 3).

Particularly, along with the greater RUSLE-R values, the

fact that the relatively higher factor values of both RUSLE-

K and RUSLE-C occur at northern and northwest sub-

catchments (1–10) (Fig. 1) resulted in more soil losses than

those located in central and southern sub-catchments

(11–25). The former ones produced 77 % (534.649 t ha-1

year-1), while the latter 15 sub-catchments yielded 23 %

(164.226 t ha-1 year-1) of the total soil loss in the

catchment.

Besides, the spatial distribution of the annual actual soil

losses in terms of the land uses over the whole catchment is

shown in Table 5. The coverage percentages of the conif-

erous, deciduous and mixed forests are 16.98, 17.16 and

12.99 %, respectively. Given the actual soil loss classes for

erosion risk mapping, very low (B5 t ha-1 year-1), low

(5–10 t ha-1 year-1), moderate (10–20 t ha-1 year-1), high

(20–50 t ha-1 year-1) and very high ([50 t ha-1 year-1),

Table 5 shows that very few areas of the forest, particularly

71 % of the deciduous forest, totally constituting 17.16 %

of the catchment area, had moderate erosion risk. On the

other hand, the grassland with relatively higher RUSLE-C

values (Fig. 2d) showed high and very high risks (23.96

and 23.54 %, respectively). These together amounted

approximately to 92 % of the grassland, which is 51.51 %

of the total area of the catchment.

A final prediction was made to find the sediment yield at

the catchment outlet using the combined RUSLE/SDR

approach. The calculated values of SDR for each sub-

catchment by Eqs. 16 and 17 are given in Table 3 and

mapped in Fig. 4c. The SDR values ranged between 0.106

and 0.506 based on the length and slope of the hydraulic

path found in each sub-catchment. The northern part of the

catchment having the sub-catchments with the much higher

SDR values evidently contributed more sediment transport

downward. The weighted SDR value for whole-of-catch-

ment of the Saraykoy II Irrigation Dam area was 0.344,

causing about 240.41 t ha-1 year-1 inflow of sediment into

the reservoir. This value is equal to the amount of

63,061.95 t year-1 when the whole catchment area is taken

into consideration. To have sediment concentration in the

unit of ‘‘m3 year-1’’, 63,061.95 t year-1 was divided by the

average bulk density of sediments already deposited in the

reservoir (1.25 t m-3). This resulted in 50,450.19 m3

annual inflow of sediments into the reservoir. Finally, the

life expectancy of the dam is estimated as 10.09 year using

the total storage capacity of the constructed dam

(509 9 103 m3). As a result, there was a clear evidence that

a small dam to be constructed in such an ecosystem without

conservation measures of erosion and sediment controls

would not be economically viable with a rather short life

expectancy. This finding clearly indicated that there is a

need for water-catchment management and soil conserva-

tion measures to reduce erosion. Of the factor values of the

RUSLE methodology, the most decisive one affecting soil

erosion in the catchment was RUSLE-LS, which accounted

for the interaction between topography and overland flow

accumulation and averagely increased the soil losses 17.48

times (Table 3). Therefore, constructing check dams are

very important for controlling drainage and deposition

patterns of the catchment to reduce the sediment-carrying

capacity of the accumulated flows to the reservoir. In

addition, the controlled grazing to have better plant cover

might significantly mitigate the erosion risk in the grass-

land, which potentially produced greater soil losses.

Conclusion

The objective of this study was to estimate annual sedi-

ment flux rates in a semi-arid catchment of Saraykoy II

Irrigation Dam, Cankırı, Turkey and to evaluate the dam’s

economic life from the viewpoint of sustainable use of

water resources in the region. For this purpose, RUSLE/

SDR approach integrated with GIS and geostatistics was

applied. The results indicated that the dam would not be

economically sustainable if soil and water conservation

measures in the catchment are not taken. Especially, the

results on grassland showed much higher potentiality for

producing soil loss than the coniferous, deciduous and

mixed forests did. Thus, to lengthen the lifespan of the

dam, conservative practices are strongly suggested in this

fragile semi-arid ecosystem. Specifically, controlled

grazing systems would protect the natural vegetation

cover in the grassland which more significantly contrib-

uted to the soil loss in the catchment. Additionally,

reclaiming the gullies by structural measures (check

dams) together with vegetative protection (grassed

waterways) would help transporting concentrated flows at

safe energies that could not deliver sediments into the

reservoir. It is important to highlight that without taking

these management practices by policy makers and land

managers, the erosion rate would reach to a critical level

in such semi-arid catchments that its economic impacts

could affect the sustainability of local people with a

strong dependence upon the land.
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Çevresinde CBS Kullanılarak Erozyon Alanlarının Tespiti. KSÜ
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Çankiri. Turkey Environ Geol 53:1731–1741

Parysow P, Wang G, Gertner GZ, Anderson AB (2003) Spatial

uncertainty analysis for mapping soil erodibility based on joint

sequential simulation. Catena 53:65–78

Renard KG, Foster GR, Weesies GA, McCool DK, Yoder DC (1997)

Predicting soil erosion by water—a guide to conservation

planning with the Revised Universal Soil Loss Equation

(RUSLE). United States Department of Agriculture. Agricultural

Research Service (USDA-ARS) Handbook No. 703. United

States Government Printing Office. Washington, DC

Renfro WG (1975) Use of erosion equation and sediment delivery

ratios for predicting sediment yield. In: Present and prospective

technology for predicting sediment yields and sources. US

Department of Agricultural Publications. ARS-S-40, pp 33–45

Restrepo JD, Kjerfve B, Hermelin M, Restrepo JC (2006) Factors

controlling sediment yield in a major South American drainage

basin: the Magdalena River. Colomb J Hydrol 316:213–232

Ricker MC, Odhiambo BK, Church JM (2008) Spatial analysis of soil

erosion and sediment fluxes: a paired watershed study of two

Rappahannock river tributaries. Stafford County. Virginia.

Environ Manag 41:766–778
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