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The amount of transported material from a hillslope or channel, mirrors the watershed health, which
needs to be quantified. However, the contribution of different sediment sources to sediment load has not
been adequately studied. In this study, 24 samples of suspended load, bed load and channel material
were taken bi-weekly for a period of one year from the Kojour River of the Educational and Research
Forest Watershed of Tarbiat Modares University in Iran. The suspended sediment concentration and
particle-size distribution were determined. The total sediment load was then partitioned into bed load,
wash load and suspended bed material load based on three criteria: (i) the upper limit of 63 micron, (ii)
the Einstein method, and (iii) the lower limit of sediment particles in the channel material. The results
suggested a significant contribution of wash load compared to suspended bed material and bed loads ratio
of 96.8, 2.65 and 0.55%, respectively. The ratio of suspended bed material load to wash load varied from
13.12% (the maximum) in winter to 11.02, 2.70 and 0.91% in autumn, spring and summer, respectively.
The results also showed the effects of flow discharge on different components of sediment loads. While,
the flow discharge significantly affected bed load and wash load with respective correlation coefficients
(r) of 0.520 and 0.464 < r < 0.535 for three methods with significant level (p) between 0.007 and 0.022.
It had little influence on suspended bed material load (-0.243 < r < 0.277 with 0.190 < p < 0.253).

1. Introduction also transported along with fine sediments (Graf
et al. 1991; Miller 1997; Sadeghi et al. 2012).
The evaluation of soil erosion and sediment yield
processes is, therefore, essential for better under-

standing of watershed fluvial systems and to adopt

Every year, large amount of materials are
washed from the surface watersheds and deposited
behind dams, and inside craters, seas and oceans

(Lefrangois et al. 2007; Singh et al. 2008). This
leads to reduction in storage capacity of dams,
increases flood risk, deteriorates water quality and
ultimately results in dereliction of productive farm
lands. Fine sediments play an important role in
many river systems and their concentration affects
the water quality (Novotny 1980; Milhous 1998).
In addition, heavy metals and other pollutants are

suitable management methods. The accurate esti-
mation and prediction of sediments carried by the
flow is also very important in water management
projects (Hergault et al. 2010). Since, soil erosion
and sediment production cycle is a complex natural
process and is influenced by many factors, under-
standing the governing condition is essential for
better management of the watersheds.
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In rivers, the sediment particles move in the form
of bed load or suspended load. The nature of
particle movement depends on size, shape and spe-
cific weight of particles, and flow velocity and tur-
bulence (Vanoni 1975). Moreover, depending upon
the sources, sediments are divided into wash and
bed material loads (Poplawski et al. 1989; Julien
2009; Wilcock et al. 2009). The sediment particles
in wash loads are generally finer than those in bed
material loads. The wash load is controlled by sur-
face characteristics of watershed and contains fine
particles that rarely exist in the river bed. These
fine particles washed from watershed surface are
always transported in suspension form (Poplawski
et al. 1989; Yang and Simoes 2005; Wilcock
et al. 2009). The wash load concentration at any
reach of a river depends on frequency of fine sed-
iment in neighbouring upland areas of waterways
network, hydraulic features of splash and ground
flow (Yuill and Gasparini 2011). The bed material
load is mainly influenced by hydraulic characteris-
tics of channel (e.g., slope, discharge and hydraulic
power) and contains particles originated from the
channel bed (Wilcock et al. 2009). In other words,
wash load mainly depends on hydrologic condi-
tions of the watershed, whereas bed material load
often depends on hydraulic characteristics of river
channel network.

Although the separation of sediments to bed and
suspended loads has been conducted in previous
studies (e.g., Walling et al. 2000), sediment classi-
fication from the origin has rarely been taken into
account. Belperio (1979) calculated the total sed-
iment load in Burdekin River in Australia. The
mean annual wash load was estimated as 3.0 mil-
lion tons of silt and clay by using a wash load rat-
ing curves. The mean annual bed material load was
also calculated by theoretical bed load equation
together with hydraulic parameters and found to
be 0.45 million tons of sand. Poplawski et al. (1989)
reported that more than 85% of the constituent
particles of suspended load in the Flinder River,
Australia, form particles with diameter smaller
than 0.15 mm. It showed that most of the sus-
pended sediments have been originated from the
upland areas of the watershed and therefore con-
stituted wash loads. Walling et al. (2000) studied
the characteristics of suspended sediment in the
Tweed and the Humber watersheds during 1994
1998. They found that more than 95% of particles
were smaller than 63 microns. In addition, studying
sediment particle size variation during storm events
showed a pulse of coarse sediment on the rising
limb of the hydrograph that may reflect the remo-
bilization of coarse channel bed sediment as flow
velocity and shear stress increase. Finer sediment
was transported subsequently during the hydro-
graph peak and on the falling limb. Periago and
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Soto (2004) examined the factors affecting wash
load transport in a head water catchment of 10.4 ha
areas in NW Spain that produce maize and pasture
using non-tillage methods. The results showed that
the suspended sediment load decreased over suc-
cessive floods to an extent independent of rainfall
intensity. In addition, amount of wash load trans-
port depends on surface run-off variation. Usually,
amount of wash load increases in rainfall events
occurring after dry periods. Yang and Simoes
(2005) studied wash and bed material load trans-
port in Yellow River in China by analysing 1160
samples collected from nine gauging stations along
the middle and lower Yellow River by using unit
stream power formula and the modified unit stream
power formula. The results showed that two for-
mulae could predict the wash load, bed mate-
rial load and total sediment load. Moreover, the
results showed that the capacity of bed material
load transport was controlled by hydraulic conditions
and amount of wash load. Yuill and Gasparini
(2011) also revealed that, in a watershed in
southern Arizona, the wash load concentration
could be predicted by rainfall better than water
discharge. Gellis (2013) studied the significant
characteristics controlling the variability in storm
generated suspended sediment loads and concen-
trations in four watersheds with different land uses
in humid-tropical Puerto Rico. Results showed that
the flow and rainfall between storm events affected
sediment loads and concentrations. In watersheds
with limited sediment availability (forest and pas-
ture), the previous storm events supplied sediment
to the channel. Besides that, sediment availability,
expressed as sediment concentration per unit dis-
charge, increased with human disturbance in the
four study watersheds. Dai and Lu (2014) also crit-
ically reviewed spatial and temporal variations in
grain size and rating curves, as well as the morpho-
dynamic response of the channel and delta of the
Yangtze River, China. They concluded that sedi-
ment supply, transport, mobilization and deposi-
tion in the Yangtze River were complicated by the
heterogeneous nature of its morphology, climate
and the progressive intensification of human activ-
ities. Singh et al. (2014) reported the highest rate
of sediment loads in monsoon season followed
by pre- and post-monsoon seasons in Gangotri
glacier valley in the Uttarkashi district of Uttarak-
hand State, central Himalaya. Recently, Smith and
Wilcock (2015) applied sediment accumulation in
ponds and reservoirs to examine upland sediment
sources and sinks in the Piedmont physiographic
region of Maryland, USA. They reported that, if
valley-bottom rates of sedimentation exceed ero-
sion, then the proportion of watershed sediment
delivery derived from stream banks is necessarily
small.
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Reviewing the literatures showed that the sep-
aration of wash and suspended bed material load
from total sediment load has been rarely taken
into account throughout the globe. There is lit-
tle information about the percentage of wash load
in total sediment load in many watersheds world-
wide. Therefore, studying the temporal variability
of wash and bed material loads in Kojour River
in the Educational and Research Forest Water-
shed of Tarbiat Modares University (TMU) was
formulated to identify sediment sources, i.e., main
river or watershed upland area in northern Iran.
This study was planned to divide the entire sed-
iment load at the main outlet of the watershed
into bed material and wash load by three methods.
This kind of division (based on origin of sediment)
and use of three methods together, is the nov-
elty of the work. The study was conducted in the
above-mentioned watershed due to easy accessibil-
ity of the study area and existing supplementary
information and data.

2. Materials and methods

2.1 Study site

The study was conducted in Kojour River in the
Educational and Research Forest Watershed of
TMU located in southeast of Nowshahr City in
Mazandaran Province, Iran, lying between Caspian
Sea from north and Alborz Mountain range from
the south as shown in figure 1. The watershed con-
stitutes an area of about 500 km?. Elevation ranges
from approx. 150 to 2650 m above mean sea level
(Sadeghi and Saeidi 2010). Based on former stud-
ies (e.g., Sadeghi and Saeidi 2010), the watershed
is deeply incised with a dominant hillslope gradi-
ent of 25-60%. More than 90% of geology forma-
tions belong to second geological era. Soil in the
watershed is brown forest soil, which is classified
as Pesdogelly with loamy sand texture (Sadeghi
and Saeidi 2010). According to the data collected
from the nearest climatologic station of Nowshahr,
the annual average precipitation of 1977-2007 was
1287.8 mm with the maximum and the minimum
average monthly precipitation of 229.9 and 46.6
mm in October and July, respectively. The rainfall
amount has oscillatory reducing mode from coast-
line to upstream of the watershed. In the highlands
and in Kojour (upstream area), based on the sta-
tistical period of 2006—2008, the annual average
precipitation reduces to approx. 313 mm. Around
75% of the lower part of the watershed area is
native deciduous forest, with the remainder devel-
oped mainly for livestock grazing in uplands. Land
covers comprise Fagus orientalis, Alnus sp., Acer
valetinum, Tillia begonifolia, Acer cappadocicum,
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Parrotia persica and Diospyrus lotus. The average
density cover in forest and rangeland areas is about
75 and 50%, respectively.

2.2 Sediment sampling

To separate the wash load from the total sediment
load, 24 suspended samples, bed load and channel
materials were taken bi-weekly for a period of one
year during June 2012-May 2013 from the main
outlet at the Kojour River (figure 1). The flume
gauges the watershed run-off and is used by local
farmers to divert the flow to an earth fill dam con-
structed just few hundred metres below the main
outlet. Only during severe floods (not occurred in
the last 10 years and including the study period),
water passes from the lower adjacent part of the
flume. The suspended sediment samples were col-
lected by deep integration method (Edwards and
Glysson 1999). The duration of suspended sedi-
ment collection was controlled by the capacity of
the sampler. The bed load sediment measurement
was conducted by using a bed load trap (figure 2)
especially designed, based on the dimensions of the
flume and the changes recorded in the discharge
at the outlet of the study watershed (Kheirfam
and Sadeghi 2013). The bed load samplings were
being prolonged for 20-30 min according to flow
discharge with shorter periods for the lower flow
discharges. The duration of bed load sampling was
also controlled by the endurance of the sampler,
since it was a tedious and hard work. The mean
accuracy of the measurement was estimated to be
more than 95% (Kheirfam and Sadeghi 2013) by
comparing the results of sampling and collection of
the entire output run-off from the flume to a big
barrel 250 litre) for four other separate study cases.
At the same time, the samples of bed material loads
were taken by Van-Vin Grap from three points,
i.e., one from the bottom and two from the sides
of river channel at the upper vicinity of the flume.
The weight of bed material of the channel was
approx. 1 kg, depends on the capacity of the
available grap. The flow discharges were then
simultaneously measured through reading the
flume scale and applying governing relationship
between scale level and flow discharge for the flume
under consideration.

2.3 Sediment analyses

The suspended sediment concentration was deter-
mined using the decantation and drying method
(Sadeghi et al. 2008). The particle size distribu-
tion analyses were conducted by laser scattering
particle size distribution HORIBA LA-950.
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Figure 1. General view of the Educational and Research Forest Watershed of Tarbiat Modares University and sampling

location at main outlet, Iran.

Figure 2. Bed load trap designed and constructed for the study.

2.4 Data analyses and separation of sediments

The data bank was developed in Excel 2010 software
package. The suspended and channel particle size
distribution curves and corresponding statistical
analyses were also provided for the entire samples
in the environment of the same software package

and the other related analyses were conducted in
IBM SPSS Statistics 19.

The entire samples were analyzed and corre-
sponding particle size distribution curves were
developed. The particle size distribution curves of
suspended sediment were then compared with that
of channel bed materials to separate wash and bed
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material loads. Three criteria of hydraulic engi-
neers (Woo et al. 1986; Kuhnle 2013), Einstein
method (Einstein 1950; Julien 2009) and lower
limit of sediment particles in channel material
(Poplawski et al. 1989) were used for the sediment
load separation. In hydraulic and sediment trans-
port engineering, the diameter limit of 63 microns
(boundary between sand and silt) was considered
as border between wash load and bed material load
(Woo et al. 1986; Kuhnle 2013). In other words,
the sediment particles larger than 63 microns in
diameter were supposed as bed material load and
particles smaller than 63 microns were considered
as wash load. In Einstein method, 10% of smallest
sediment particles of channel material were con-
sidered as wash load and the other particles were
considered as bed material load (Einstein 1950;
Julien 2009). In lower limit of sediment particles
in channel bed material method, part of suspended
sediments that did not exist in channel material
were considered as wash load and other particles
were supposed as bed material load (Poplawski
et al. 1989).

3. Results

The present study was conducted in the Educa-
tional and Research Forest Watershed of Tarbiat
Modares University, Iran, in order to find out the
partial contribution of different types of sediment
loads in total sediment load reached the main out-
let of the watershed. The study was conducted
as per methodology explained above. The sus-
pended and channel sediment curves for all sam-
ples collected during the study period are shown in
figure 3 and corresponding descriptive results are
represented in tables 1-3.

4. Discussion

4.1 Interpretation of results of wash and bed
material loads separation

4.1.1 Hydraulic engineers method

In this method, constant upper diameter of 63
micron (Kuhnle 2013) was considered as a bound-
ary between silt (wash load) and sand (suspended
bed material load). The results showed that the
wash load concentration decreased from autumn
to spring, summer and then winter with respec-
tive values of 0.80, 0.590, 0.261 and 0.163 g 171.
The suspended bed material load concentration
also decreased from autumn to spring, winter and
then summer with respective values of 0.025, 0.002,
0.001 and 0.0003 g 17!. The maximum amount of
suspended bed material load to wash load ratio
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was also in autumn and consequently declined from
winter to spring and summer with respective values
of 5.82, 2.26, 0.12 and 0.09%. The mean concen-
tration of wash load, suspended bed material load
and suspended bed material to wash load ratio for
the entire samples taken during the study period
were 0.454 and 0.007 g 17! and 2.26%, respectively
(table 3). Also the average amount of wash and sus-
pended bed material load were 4712 and 46 t y~!,
respectively. This ratio was very different from the
figures reported by Belperio (1979) for Burdekin
River in Australia, Poplawski et al. (1989) in
Flinder River in Australia and also Walling et al.
(2000) in the Tweed and the Humber watersheds
in UK due to differences in climatic and hydrologic
conditions and watershed physical characteristics
as suggested by Dai and Lu (2014) and Singh et al.
(2014). It is believed that most of the suspended
sediments have been originated from upland areas
of the watershed and therefore constituted wash
loads.

4.1.2 Einstein method

According to channel sediment granulometry made
for any sampling day, different limits were con-
sidered as boundary between wash and suspended
bed material load (Einstein 1950; Julien 2009).
This border switched to fine particles for July and
August samples that occurred on account of non-
existence of rainfall and kept up base flow, ulti-
mately led to depositing fine sediment in the river
channel. This border then shifted to bigger particle
on 5 September 2012 because of rainfall after a
dry period and there was a reducing trend until 17
October 2012 (table 1 and figure 3). Overall, this
border had different limits depending upon rainfall
and time of sampling. In samples collected at the
time of rainfall occurrence and river flow turbu-
lence, this border had bigger limit than those col-
lected during falling limb of hydrograph and in dry
days as reported by Walling et al. (2000). However,
in some samples, this pattern was not accurately
followed due to differences in spatial distribution
of rainfall and other special conditions in upland
watershed. A similar finding has been reported by
Gellis (2013) in four watersheds with different land
uses in humid-tropical areas of Puerto Rico.

The results showed that the wash load concen-
tration decreased from autumn to spring, summer
and then winter with respective values of 0.815,
0.542, 0.261 and 0.162 g 17! and the suspended bed
material load concentration decreased from spring
to autumn, winter and then summer with respec-
tive values of 0.012, 0.011, 0.003 and 0.000 g 1.
The maximum amount of suspended bed material
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Figure 3. Suspended and channel sediment particle size distribution curves for samples taken from mean outlet of the
Educational and Research Forest Watershed of Tarbiat Modares University, Iran.
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Figure 3. (Continued.)



Table 1. Results of separation of wash and suspended bed material loads and bed load in Kojour River, Iran.

0T¢T

Lower limit of particles in channel

Hydraulic engineers’ method Einstein’s method material method
Suspended sediment Suspended sediment Suspended sediment
Bed load concentration (g 171) concentration (g 171) concentration (g 171)
concentration ~ Boundary®  Wash Bed Boundary®  Wash Bed Boundary®  Wash Bed
Sample Date (g171) (micron) load material (micron) load material (micron) load material
1 14/06/2012 0.00057 0.181 0.000 180 0.181 0.000 0.1807 0.0003
2 03/07/2012 0.00170 0.363 0.002 103 0.365 0.000 0.3480 0.0170
3 18/07/2012 0.00106 0.383 0.000 92 0.383 0.000 0.3830 0.0000
4 31/07/2012 0.00075 0.119 0.000 45 0.119 0.000 0.1190 0.0000
5 16/08/2012 0.00062 0.097 0.000 43 0.097 0.000 0.0969 0.0001
6 05/09/2012 0.00278 0.123 0.000 57 0.123 0.000 0.1229 0.0001
7 19/09/2012 0.00115 0.482 0.000 47 0.482 0.000 0.4800 0.0020
8 02/10/2012 0.00154 0.119 0.000 39 0.119 0.000 0.1189 0.0001
9 17/10/2012 0.00004 0.406 0.000 36 0.406 0.000 0.4059 0.0001
10 30/10/2012 0.00230 0.400 0.083 95 0.430 0.053 0.3460 0.1370
11 18/11/2012 0.02811 3.072 0.000 34 3.072 0.000 3.0720 0.0000
12 28/11/2012 0.00165 63 0.465 0.066 190 0.515 0.016 25 0.4200 0.1110
13 16/12/2012 0.00034 0.347 0.000 125 0.347 0.000 0.3470 0.0000
14 01/01/2013 0.00156 0.315 0.000 150 0.315 0.000 0.3150 0.0000
15 13/01/2013 0.00119 0.174 0.000 285 0.174 0.000 0.1739 0.0001
16 31/01/2013 0.00110 0.153 0.000 130 0.153 0.000 0.1520 0.0010
17 12/02/2013 0.00009 0.124 0.000 155 0.124 0.000 0.1230 0.0010
18 04,/03/2013 0.00005 0.156 0.000 300 0.156 0.000 0.1559 0.0001
19 16/03/2013 0.00004 0.059 0.008 49 0.051 0.016 0.0370 0.0300
20 30/03/2013 0.00063 0.116 0.000 74 0.116 0.000 0.1160 0.0000
21 17/04/2013 0.00030 0.044 0.000 180 0.044 0.000 0.0439 0.0001
22 28/04/2013 0.00029 0.038 0.000 295 0.038 0.000 0.0378 0.0002
23 13/05/2013 0.00023 0.024 0.001 165 0.025 0.000 0.0230 0.0020
24 22/05/2013 0.01928 2.910 0.010 40 2.850 0.070 2.7400 0.1800
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2Boundary between wash and bed material loads.



Table 2. Results of separation wash and suspended bed material loads and bed load in Kojour River, Iran.

Suspended sediment load-total sediment load ratio (%)

Lower limit of particles in

Soft information of Bed load—total Hydraulic engineers’ method  Einstein’s method  channel material method
general condition in Discharge sediment load Wash Bed Wash Bed Wash Bed
Sample Date sampling days 1/s) ratio (%) load material load material load material
1 14/06/2012  Sunny 190 0.31 99.69 0.00 99.69 0.00 99.53 0.16
2 03/07/2012  Cloudy — light rainfall 123 0.46 99.07 0.47 99.54 0.00 94.86 4.68
3 18/07/2012  Cloudy 135 0.28 99.72 0.00 99.72 0.00 99.72 0.00
4 31/07/2012  Sunny 93 0.62 99.38 0.00 99.38 0.00 99.38 0.00
5 16/08/2012  Sunny 85 0.64 99.36 0.00 99.36 0.00 99.29 0.07
6 05/09/2012  Rainfall on past day after dry period 145 2.21 97.79 0.00 97.79 0.00 97.77 0.02
7 19/09/2012  Cloudy 130 0.24 99.76 0.00 99.76 0.00 99.35 0.41
8 02/10/2012  Sunny 95 1.28 98.72 0.00 98.72 0.00 98.69 0.03
9 17/10/2012  Sunny — Rainfall on past days 130 0.01 99.99 0.00 99.99 0.00 99.98 0.01
10 30/10/2012  Local sand harvesting from river 205 0.47 83.40 16.13 88.80 10.73 71.40 28.13
11 18/11/2012  Flood 490 0.91 99.09 0.00 99.09 0.00 99.09 0.00
12 28/11/2012  Rainfall 185 0.31 87.40 12.29 96.70 2.99 78.93 20.74
13 16/12/2012  Light rainfall 170 0.10 99.90 0.00 99.90 0.00 99.90 0.00
14 01/01/2013  Cloudy 235 0.49 99.51 0.00 99.51 0.00 99.51 0.00
15 13/01/2013  Cloudy 160 0.68 99.32 0.00 99.32 0.00 99.24 0.08
16 31/01/2013  Cloudy 140 0.72 99.28 0.00 99.28 0.00 98.69 0.59
17 12/02/2013  Sunny 120 0.07 99.93 0.00 99.93 0.00 99.43 0.50
18 04/03/2013  Cloudy 130 0.03 99.97 0.00 99.97 0.00 99.96 0.01
19 16/03/2013  Rainfall 130 0.06 87.62 12.32 75.69 24.25 55.26 44.68
20 30/03/2013  Cloudy 145 0.54 99.46 0.00 99.46 0.00 99.46 0.00
21 17/04/2013  Light rainfall 240 0.67 99.33 0.00 99.33 0.00 99.31 0.02
22 28/04/2013  Sunny 270 0.77 99.33 0.00 99.23 0.00 98.78 0.45
23 13/05/2013  Sunny 185 0.74 98.93 0.33 99.26 0.00 91.81 7.45
24 22/05/2013  Flood 450 0.65 99.10 0.25 96.90 0.45 99.16 0.19
Average - - 182.54 0.55 97.71 1.74 97.85 1.60 94.94 4.51
S.D. - - 100.34 0.48 0.794 0.020 0.790 0.018 0.776 0.050
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Table 3. Statistical variables of wash and suspended bed material loads at different time periods.

]!

Wash load* (g171) Suspended bed material load* (g 171) Suspended bed material load—wash load ratio® (%)
Hydraulic Lower limit of Hydraulic Lower limit of Hydraulic Lower limit of
Statistical engineers’ FEinstein’s particles in channel engineers’ Einstein’s particles in channel engineers’ Einstein’s particles in channel

Time period variable ~ method method material method method method material method method method material method
Spring (N=6)  Min 0.038 0.025 0.023 0.0000 0.000 0.000 0.00 0.00 0.00

Max 2.910 2.850 2.740 0.0100 0.070 0.180 0.40 2.46 8.69

Mean 0.590 0.542 0.523 0.0020 0.012 0.030 0.12 0.41 2.70
Summer (N=6) Min 0.097 0.097 0.097 0.0000 0.000 0.000 0.000 0.000 0.000

Max 0.482 0.482 0.480 0.0020 0.000 0.017 0.22 0.00 4.88

Mean 0.261 0.261 0.258 0.0003 0.000 0.003 0.09 0.00 0.91
Autumn (N=6) Min 0.119 0.119 0.1189 0.0000 0.000 0.000 0.00 0.00 0.00

Max 3.072 3.072 3.072 0.0830 0.053 0.137 20.75 12.32 39.59

Mean 0.801 0.815 0.784 0.0250 0.011 0.041 5.82 2.57 11.02
Winter (N=6) Min 0.059 0.051 0.037 0.0000 0.000 0.000 0.00 0.00 0.00

Max 0.315 0.315 0.315 0.0080 0.016 0.030 13.56 31.37 81.08

Mean 0.163 0.162 0.159 0.0010 0.003 0.005 2.26 5.23 13.78
Year (N=24) Min 0.038 0.025 0.023 0.0000 0.000 0.000 0.00 0.00 0.00

Max 3.072 3.072 3.072 0.0830 0.070 0.180 13.56 31.37 81.08

Mean 0.454 0.445 0.431 0.0070 0.006 0.020 2.26 2.05 7.10
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*All figures have been calculated based on the entire data collected for the study scale.
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load to wash load ratio was also in winter and con-
sequently declined from autumn to spring and sum-
mer with respective values of 5.23, 2.57, 0.41 and
0.00%. The mean concentration of wash load, sus-
pended bed material load and suspended bed mate-
rial to wash load ratio for the entire samples taken
during the study period were 0.445 and 0.006 g 17!
and 2.05%, respectively (table 3). Different ratios
with temporal variations have also been implied
by Belperio (1979), Poplawski et al. (1989) and
Walling et al. (2000) among wash, suspended and
bed loads.

4.1.3 Lower limit of particles in channel
material method

According to the granulometric analyses of col-
lected samples, the particles finer than 25 micron
did not constitute more than 1% in all the samples
collected from channel material of Kojour River,
but suspended sediment particles existed in bulk.
Therefore, the diameter of 25 micron was consid-
ered as boundary between wash and suspended bed
material loads in this method. Whereas, Poplawski
et al. (1989) estimated this border as 150 micron
in Flinder River in Australia. Based on the results
obtained through applying this approach, the
wash load concentration decreased from autumn
to spring, summer and then winter with respec-
tive values of 0.784, 0.523, 0.258 and 0.129 g 171,
The suspended bed material load concentration
also decreased from autumn to spring, winter and
then summer with respective values of 0.041, 0.030,
0.005 and 0.003 g 1=!. The maximum amount of
suspended bed material load to wash load ratio
was also in winter and consequently declined from
autumn to spring and summer with respective val-
ues of 13.78, 11.02, 2.7 and 0.91%. Temporal vari-
ations of sediment loads have been reported by
Belperio (1979), Poplawski et al. (1989), Walling
et al. (2000) and Dai and Lu (2014) from different
parts of the world. The mean concentration of wash
load, suspended bed material load and suspended
bed material to wash load ratio for the entire sam-
ples taken during the study period were 0.431 and
0.02 g 17! and 7.1%, respectively (table 3).

4.2 Comparison of results of load separation

The results showed that more than 98% of sus-
pended sediment particles have diameter less than
63 micron. It agrees with Walling et al. (2000)
who reported that approx. more than 95% of load
particles in Humber and Tweed Rivers in UK
were smaller than 63 microns. Decreasing pattern
of sediment concentration in winter and spring
proceeded from reducing sediment load released
from surface watershed to the drainage networks
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on account of the elapse of long period from the
onset of rainfall. It corresponded with the results of
Periago and Soto (2004), Gellis (2013) and Dai and
Lu (2014) who reported reducing sediment load
after consecutive floods. In addition, growing plant
cover lead to reduced soil erosion and sediment
production in surface watershed. The result also
showed that the maximum concentration of wash
load occurred in autumn attributed to erosive rain-
falls occurred in autumn in Iran. This was in
same line with the findings reported by Yuill
and Gasparini (2011) emphasizing larger effects of
rainfall than run-off on wash load concentration.
In the first sample after dry period of summer
on September 5, 2012, suspended bed material load
concentration did not rise, but bed load concen-
tration greatly did. This was probably related to
one day lag between sample collection and rain-
fall, but samples on 3 July, 28 November, 16 March
and 22 May 2012 were collected during rainfall on
the study area or just after a short time of rain-
fall event. On 30 October 2012, the sample was
collected after local sand and gravel harvesting
from river bed led to a rising pattern in suspended
bed material load concentration. So that, increas-
ing stream power in rainfall events and increas-
ing suspended sediment concentration, caused the
water density to be increased and caused further
bed material transport. It agreed with Walling
et al. (2000) who believed that the transporta-
tion of bed material loads has been influenced by
increasing water velocity and shear stress during
rainfall events and flood periods. Accordingly, the
relationships between suspended (SSC, g 17') and
bed (BLC, g 17!) loads with discharge (Q, 1 s7)
have been regressed in equations (1) and (2):

SSC=1.264 Q — 3.488
BLC=1.960 Q — 7.490

r=0.472, p = 0.020,
r = 0.520, p = 0.009.

The result of correlation between discharge and
wash and suspended bed material loads and the
result of one-way ANOVA to compare calculated
wash load from different methods have also been
represented in tables 4 and 5, respectively.

According to results of table 4, discharge was
an important factor on wash load concentration
in all three methods. It was significant at 0.01
level for hydraulic engineers’ method and was sig-
nificant at 0.05 level for Einstein and lower limit
of particles in channel material methods. It is in
agreement with Wilcock et al. (2009), but con-
tradicts Yuill and Gasparini (2011). In addition,
calculated suspended bed material load concentra-
tion did not have significant correlation with dis-
charge as mentioned by Yuill and Gasparini (2011).
The results further showed that the suspended
bed material load had complex characteristics
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Table 4. Results of correlation between discharge and sediment loads from different methods (N=24).

Suspended bed

Method Discharge Wash load material load
Hydraulic engineers Pearson correlation 1 0.535"* —0.174
Sig. (2-tailed) 0.007 0.417
Einstein Discharge Pearson correlation 1 0.470* —0.243
Sig. (2-tailed) 0.020 0.253
Lower limit of particles Pearson correlation 1 0.464* 0.277
in channel material Sig. (2-tailed) 0.022 0.190

*

and ** denote correlation is significant at 0.05 and 0.01 levels (2-tailed), respectively.

Table 5. Result of one way ANOVA to compare calculated wash load in different methods.

Sum of Degree of Mean Significant
squares freedom square F-value level
Between groups 0.043 2 0.022 0.088 0.916
Within groups 17.111 69 0.248
Total 17.154 71

compared to wash and bed loads and therefore
discharge alone is not enough to control it.
Anecdotal evidences from observed data and soft
information collected during samplings suggested
a recognized contribution of human interference to
stream sediment. This agreed with Gellis (2013)
and Dai and Lu (2014) who reported that the
sediment availability increased after human dis-
turbance and disagreed Yang and Simoes (2005)
who reported that the bed material load trans-
port capacity was only related to hydraulic condi-
tions and amount of wash load. In addition, the
bed load transportation mainly was controlled by
stream power, which itself was influenced by flow
discharge. The results of the ANOVA analyses
also showed that the calculated wash loads from
all three methods were not significantly different
(p = 0.916).

5. Conclusions

The results of this study demonstrated that dur-
ing one year sampling (2011-2012), the wash load,
suspended bed material and bed loads, respec-
tively contributed 96.8, 2.65 and 0.55% of the total
load reaching the main outlet of the Educational
and Research Forest Watershed of Tarbiat Modares
University, Iran. The wash load had the maxi-
mum contribution (about 97%) in sediment yield,
though it varied from time to time. It can be con-
cluded that the watershed surface had more role in
the generation of total sediment load reaching the
main outlet of the study watershed. In addition,
the results showed that the discharge had different
effects on different components of sediment loads.

Bed load and wash load were correlated with dis-
charge, but the suspended bed material load had
little correlation with it.

The authors hope that this study will encour-
age other researchers and watershed administra-
tors to conduct similar in-depth studies for longer
periods to identify sources of sediment loads. This
will improve the understanding of fluvial behaviour
leading to better management of watersheds.
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