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Abstract

In this study, the pattern of the approximately 1,300-km-long Kizilirmak River was recreated in a geo-
graphic information system (GIS) environment using data obtained from Landsat TM/ETM+/OLI satellite
images from 1987, 2000, and 2013. The temporal changes in the sinuosity and braiding characteristics of the
river were determined for the periods 1987-2000 and 2000-13. The right and left shorelines of the Kizilirmak
River and the shorelines of islands and bars within the river channel were extracted automatically from the
satellite images by integrating the normalized difference water index (NDWI) and modified normalized dif-
ference water index (MNDWI). The data required for measuring the sinuosity and braiding characteristics
were obtained by evaluating the shorelines in the GIS environment. The braiding index (BI), braid-channel
ratio (B), and braiding ratio (BR) were used to determine the braiding of the river, and the sinuosity index was
used to determine the sinuosity of the river. The Kizilirmak River was divided into 21 analyzed sections based
on the locations of dams. The sinuosity decreased in 15 sections in 1987-2000 and 2000-13. The BI, B, and
BR values decreased in 11 sections in 1987-2000 and in 9 sections in 2000-13. Sinuosity and braiding both
decreased in most of the sections downstream of dams; these sections were often subject to uncontrolled sand
and gravel extractions.
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Introduction

The complex structure of rivers and increasing interest
in quantitatively representing this complex structure have
motivated the study of river patterns, which has become an
important subject in river science [1]. The pattern of a
riverbed is an important indicator of the river’s energy and
environmental conditions and the local climate and tecton-
ism. It is important to determine changes in riverbeds when
conducting fluvial geomorphological and paleogeographi-
cal studies and flood prevention studies that consider river
management and riverbed control for settlement and agri-

*e-mail: dozturk@omu.edu.tr

culture and recreation activities [2-4]. In this context, it is
important to monitor shore zones and morphological
changes in rivers for environmental protection, planning,
and sustainable development [5, 6].

The pattern of a river is an indicator of the physio-
graphic characteristics of an area and can differ depending
on geological development, riverbed slope, sediment load,
and time [7-12]. Although numerous classification schemes
have been presented in the literature, rivers are generally
classified as straight, sinuous, or multi-channel (branched)
[7, 13]. Sinuous rivers are classified as regular or irregular,
and a river can exhibit both sinuous and multi-channel char-
acteristics [7, 14]. Some rivers have more than one channel,
which occurs when channels separate and rejoin again.
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This type of channel is thought to occur in areas of rivers
that have variable flow conditions or excessive sediment
load, and/or when the river passes through erodible forma-
tions [15]. Multi-channel rivers are classified as two types:
braided and anastomosing. Braided rivers feature sand and
gravel bars within the channel, and anastomosing river
channels are separated by islands [11]. However, when
rivers are evaluated topologically, both forms may be
referred to as braided structures [16].

Rivers generally exhibit sinuous characteristics when
the bed slope, flow rate, and erosion are low and exhibit
braided characteristics when the bed slope and flow rate
increase [8, 17]. Anastomosing rivers are generally
observed where banks are stable with plant cover, which
prevents lateral migration [11]. However, the banks of
braided rivers have eroded characteristics [8].

Sinuosity and braiding were defined in the literature to
analyze river patterns, which are also referred to as river
planforms [1, 18]. The sinuosity and braiding of a river
result from hydraulic factors and the topography of the
drainage basin. Therefore, any changes in the topographic,
hydraulic, and hydrological conditions would alter the sin-
uosity and braiding of the river channel [19-21].

The data required for determining the river planform
and for calculating the sinuosity and braiding values can
be obtained using ground surveys, Global Navigation
Satellite System (GNSS) measurements, maps, aerial
photogrammetry, and remote sensing methods [1, 18, 22-
24]. However, remote sensing is generally an optimal
method because it can be used to view the same area on
different dates and to obtain measurements in different
sections of the electromagnetic spectrum and is fast and
economical [5, 25, 26]. Although remote sensing is com-
monly used to determine shorelines and analyze shore-
line changes [27-31], the use of remote sensing for ana-
lyzing the river planform and its changes is limited in the
literature [32, 33].

In this study, the entire Kizilirmak River was studied.
The Kizilirmak River is approximately 1,300 km long and
is located in Turkey. The changes in the planform charac-
teristics of the river were analyzed. The Kizilirmak River
exhibited rapid planform changes [3, 34] due to changes in
natural conditions and human activities, including the con-
struction of 11 dams, sand and gravel acquisition from the
riverbed, and river improvement studies [35-41]. These
changes have also introduced important changes in the
river’s ecological balance, residential and agricultural areas
in the riverside, estuary, and Kizilirmak Delta coast [35,
41]. However, few studies have been published regarding
the planform characteristics and the changes in the plan-
form characteristics of the Kizilirmak River. In the few
studies that have been performed, only a small section of
the Kizilirmak River was examined [3, 42, 43]. In this
study, the changes in the sinuosity and braiding characteris-
tics of the Kizilirmak River over 26 years (between 1987
and 2013) were determined using image-processing tech-
niques and GIS analyses based on Landsat TM/ETM+/OLI
satellite images from 1987, 2000, and 2013, and the causes
and effects of the changes are discussed.

Study Area

The Kizilirmak River (Fig. 1) is the longest river that
originates and ends in Turkey [44, 45]. The river is named
after the red sandy and clayey sediment that is found in the
riverbed. The river developed during the Tertiary period
[46, 47] and is approximately 1,300 km long [44].

The river originates at the southern slopes of Kizildag,
which is located in Sivas. The river flows west and south-
west before flowing in an arc-shape. The river flows west
and passes through Lake Tuz in the southwest before turn-
ing toward the north and northeast. In this section, Delice
Stream, which is one of the largest tributaries, connects to
the Kizilirmak River, which continues to flow toward the
northwest. After this section, Devrez Stream connects with
the Kizilirmak River. The Kizilirmak River flows into the
Black Sea at Bafra Cape [46, 47]. Along the river’s course,
the river passes through Sivas, Kayseri, Nevsehir, Kirsehir,
Kirikkale, Ankara, Cankiri, Corum, and Samsun, and gains
water from various streams [44]. The route of the river is
determined by active fault zones that largely formed during
the neotectonic period [48]. The river, which is fed by rain
and snow water, has an irregular regime [44].
In addition, the water level of the river is low between July
and February, surges rapidly in March, and reaches its peak
in April. The average flow rate of the river was 184 m*/s
between 1972 and 2007. During this period, the lowest flow
rate was 18.4 m’/s, and the highest flow rate was 1,673 m/s.
The Kizilirmak is diminished during the summer and reach-
es its lowest level in August [47]. Kizilirmak is also referred
to as “Halys,” which means ‘salty river’ in antiquity.
The water of the Kizilirmak River, which generally flows
from gypsum-bearing land, is salty and brackish [45]. Over
thousands of years, the sediments carried by the Kizilirmak
River have formed the Kizilirmak Delta [35, 49], which is
internationally important and protected by the Ramsar con-
tract [40, 50, 51]. The drainage area of the Kizilirmak River
is 78,180 km? [52], with 11 dams on the primary stem of the
river (Fig. 1) [53].

Data and Methods

To determine the temporal changes in the sinuosity and
braiding characteristics of the Kizilirmak River, Landsat
satellite images from 1987, 2000, and 2013 were used, and
the changes in the characteristics from 1987 to 2000 and
from 2000 to 2013 were determined. To determine the
braiding of the river, we used the:

i) braiding index (BI) [23],
i) braid-channel ratio (B) [18],
iii) braiding ratio (BR) [3].

To determine the sinuosity of the river, the sinuosity
index [18] was used. The methodology used in this study is
presented in Fig. 2. To determine the sinuosity and braiding
of the Kizilirmak River, the right and left bank shorelines of
the Kizilirmak River and the shorelines of the bars and
islands within the river channel were extracted. Then the
shorelines were evaluated using GIS, and the sinuosity and
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braiding parameters were calculated. Finally, any changes in
these parameters were analyzed. To process the satellite
images, the software ENVI 5.1 (Exelis, Herndon, VA) was
used. In addition, to extract the shorelines, determine the
morphological indexes, and conduct a change analysis,
ArcGIS 10.0 software (Esri, Redlands, CA) was used. The
data used in this study are explained in the “Data” section,
the preprocesses applied to the satellite images are explained
in “Image Preprocessing;” the extraction of shorelines from
the satellite images are presented in “Determination of
Shorelines;” and the determination of sinuosity and braiding
is explained in detail in “Determination of the Sinuosity and
Braiding Characteristics of the Kizilirmak River.”

Data

To determine the sinuosity and braiding characteristic
changes in the Kizilirmak River, Landsat-5 TM images

from 1987, Landsat-7 ETM+ from 2000, and Landsat-8
OLI images from 2013 [54] were used. Overall, 27 images
were used (nine images for each analysis year: Path/Row:
174/32, 174/33, 175/32, 175/33, 176/31, 176/32, 176/33,
177/32, and 177/33). Because the shoreline can exhibit sea-
sonal variations, images from the same time of year were
used [55]. The summer (or the periods close to summer)
was suitable due to the atmospheric conditions [56].

Image Preprocessing

Landsat OLI images from 2013 were rectified using
1/25,000- and 1/100,000-scale topographic maps, and the
images from 2000 and 1987 were registered image-to-
image using the 2013 image. During these processes, the
mean square error was maintained at less than 0.5 pixels.
Because we used images from different sensors, digital
numbers recorded by the Landsat TM, ETM+ and OLI sen-
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Fig.

. The Kizilirmak River study area [53]. The lower figure shows the locations of the dams on the river.
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Fig. 2. Workflow chart that shows the main steps of the study. In the model, shorelines that were obtained by integrating the normal-
ized difference water index (NDWI) and modified normalized difference water index (MNDWI) are transformed into vector form.

Using the shorelines and the centerlines obtained from the shorelines, morphological analyses were conducted and changes were deter-
mined.
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sors were transformed into top of atmosphere (TOA)
reflectance values. This normalization process substantially
removes variations between the images from sensor differ-
ences, the Earth-sun distance and the solar zenith angle [57-
60]. The dark object subtraction (DOS) [61] model was
applied to data that were converted to the TOA reflectance
values for radiometric correction. The DOS model is one of
the best methods for radiometric correction in change-
detection studies. It is an entirely image-based method and
does not require field measurements [62, 63].

Determination of Shorelines

To extract the shorelines, the NDWI (Eq. 1) [64] and
the MNDWI (Eq. 2) [65] were used according to the
workflow model presented in Fig. 2. The threshold values
were applied to the NDWI and MNDWI images using
control pixels from the images, and binary images were

obtained by assigning values of 1 for land and 0 for water.
The binary coded images were combined using the
“AND” logical operator. Thus, the results of the NDWI
index, which uses green and near-infrared (NIR) bands,
and the MNDWTI index, which uses green and mid-
infrared (MIR) bands, were integrated. The SWIR 1 bands
of Landsat were used for MIR. Next, a raster-vector trans-
formation was applied, and the shorelines (now in vector
form) were edited using visual interpretation with various
band combinations while making any necessary correc-
tions. In the narrow river sections, the distinctiveness of
the shorelines decreased, particularly in the images in
which the river level was low, and the shorelines obtained
from these sections required more editing. The edited
shorelines were transformed into polygons and transferred
to a database. Fig. 3 shows nearly 18 km of shorelines in
vector form from a section in the river mouth in 1987,
2000, and 2013.
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Fig. 3. Shorelines in vector form from a small section near the river mouth obtained from satellite images for 1987, 2000, and 2013.
The change in braiding is distinct in the section shown in the figure. Cross-sections A, B, C, D, and E generated perpendicular along
the centerline of the river at the same x, y positions reveal the dramatic changes in the river form over the years.
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NDWTI = (Green — NIR)/(Green + NIR) )
MNDWI = (Green — MIR)/(Green + MIR)  (2)

Centerlines were created from river channels in poly-
gon form. The most important characteristic of the river
centerlines is that the results do not change with changes in
the water levels [18]. Therefore, the season in which the
satellite image was collected should not create problems
when measuring the centerline.

Determination of the Sinuosity and Braiding
Characteristics of the Kizilirmak River

Numerous dams were built on the Kizilirmak River
between 1987 and 2013. Braiding values are 0 in the
reservoir area after the construction of a dam. For this rea-
son, to perform the analysis more accurately and to inves-
tigate the downstream effects of dams on sinuosity and
braiding, the river was analyzed in 21 sections according
to the dam reservoirs for 1987, 2000, and 2013 (Fig. 4).
The sections were numbered, with 1 corresponding to the

600000 700000

upstream section and increasing toward the river mouth.
The dams included in the sections and the years of con-
struction are:

Section 2 — Imranli (2002),

Section 4 — Yamula (2005),

Section 6 — Bayramhacili (2011),

Section 8 — Gulsehir (2012),

Section 10 — Hirfanli (1959),

Section 11 — Kesikkopru (1966),

Section 13 — Kapulukaya (1989),

Section 15 — Obruk (2007),

Section 17 — Boyabat (2012),

Section 19 — Altinkaya (1987),

Section 20 — Derbent (1990) [53].

The sections corresponding to the dams in the analysis
years are presented in Table 1.

To determine the sinuosity and braiding characteristics
of the Kizilirmak River, the sinuosity index and three dif-
ferent braiding values were used. The sinuosity and braid-
ing characteristics were used to define the channel pattern
in the single channel and the multi-channel river structures
[66].
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Table 1. The existence of dams in 1987, 2000, and 2013 in the analysis sections (the presence of a dam reservoir in a section is indi-

cated with an x).

Section No.
Year
1 2 3 4 5 6 7 8 9 10 (11 | 12 | 13 | 14 | 15 | 16 | 17 | 18 | 19 | 20 | 21
1987 X X X
2000 X X X X X
2013 X X X X X X X X X X X

The sinuosity index of a river is the ratio of the river’s
length measured along the thalweg line of the river to the
horizontal distance between the start and end points of the
channel in a reach of the river [67]. However, the thalweg
line is related to the hydrography of the river and requires
bathymetric measurements [66]. The sinuosity index,
which was modified by Friend and Sinha [18], can be cal-
culated by ratioing the centerline length of a major channel
to the horizontal distance between the start and end points
in the analyzed reach of the river (Eq. 3) [18]. Rivers with
a sinuosity index of less than 1.5 are referred to as sinuous,
whereas rivers with a sinuosity index above 1.5 are referred
to as meandering [68]:

L

Cmax

L,

S= 3)

..where L, ... is the thalweg line or centerline length of the
major channel between the start and end points, and L, is
the horizontal distance between the start and end points.

In topographic maps, rivers are shown as single or dual
lines depending on the scale of the map and the width of the
river. In the GIS layer structure, rivers are shown as either
lines or polygons (in wide rivers and large-scaled studies).
To determine the river centerline from the river data that are
represented as dual lines or as polygonal structures in the
topographic maps in the GIS environment and to measure
the river length accordingly, specific processes are required.

These processes are more complex in rivers that have
more than one branch (rivers may transition between mor-
phologies with single and multiple channels). In this case, it
is important to determine the major channel [22]. In this
study, the method suggested by Friend and Sinha [18] was
used to determine the major channel centerlines from the
rivers in polygon form, and the widest channel was accept-
ed as the major channel in situations with multiple channels.

Braiding involves separating the river channel into
more than one smaller channel and the reconnection of the
separated channels [69]. Braided river channels are separat-
ed by islands and bars and exhibit multiple and complex
channel structures [70]. Various parameters are defined for
river braiding. The B [23], B [18], and BR [3] indexes used
in this study are summarized below.

BI is the ratio of the total length of the islands and bars
in an examination section of the river to the horizontal dis-
tance between the start and end points of the channel in the

section. Because most islands or bars (parallel to channel
belt) are significantly greater in length than width, the total
bank length is approximated by doubling the island or bar
length [18, 23]. Therefore, BI, originally proposed by Brice
[23], was calculated as the ratio of twice the total length of
the island and bars to the centerline of the riverbanks

(Eq. 4) [1]:

BI =2(SL)/L, @
...where Y L, is the total length of all islands and bars in the
examination section of the river and L, is the centerline
length between the banks of the channel belts in the exam-
ination section.

B was calculated by taking the ratios of the lengths of

all channels in the section to the length of the widest chan-
nel (Eq. 5) [1, 18]:

/L

¢ max

B=L Q)

ctot

Here, L,,, is the sum of the centerline lengths of all seg-
ments in the examination section of the river and L., is the
centerline length of the widest channel in the section [18].

BR was calculated as the ratio of the total area of the
islands and bars in the examination section of the river to
the total channel area (Eq. 6) [3].

BR=A, /A, (©)

Here, A4,, is the total area of the islands and bars in the
analyzed section of the river and 4, is the total channel area
in the section.

In this study, the centerline between the right and left
riverbanks was created for BI, and the centerline of the
widest river channel was created to calculate B and the sin-
uosity index. To accomplish this goal, points were created
at 10-m intervals on the shorelines in the GIS environment,
and Thiessen polygons were created. A Thiessen polygon is
a region surrounded by an embedded series of perpendicu-
lar bisectors, each located midway between the point under
consideration and each of its neighbors [71]. Centerlines
were calculated from the Thiessen polygons and were
transferred to the database. These processes were repeated
consecutively for 1987, 2000, and 2013. Moreover, the
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Table 2. The degrees of sinuosity and braiding.

Degree Sinuosity Braiding and anastomosing
0 - <5%
1 1-1.05 5-34%
2 1.06-1.25 35-65 %
3 >1.26 >65 %

areas of islands and bars and the lengths of the islands and
bars parallel to the river shore (L;) were calculated and
transferred to the database as an attribute. The numbers of
the sections to which these areas belonged were assigned to
all data as an attribute, and the analyses were performed
individually for each of the 21 sections.

To determine the sinuosity, points were created at 3-km
intervals on the centerline of the major channel to represent
the sinuous characteristics of the river [72]. In addition, the
start and end points of the dam reservoirs were marked.

The sinuosity was calculated for each piece, and the aver-
age values were calculated separately for each section.

The scale in Table 2 was used to determine the degrees
of sinuosity and braiding. Braiding is a function of the rel-
ative abundances of bars and islands [73]. The degree of
braiding is expressed quantitatively as the percentage of the
channel length that contains islands or bars [74]. Thus, the
half-values of the BI were calculated, and the degrees of
braiding were evaluated. The sinuosity index was used
directly for the degree of sinuosity.

Results

The centerline lengths of the widest channel and the
channel centerline lengths of the Kizilirmak River for 1987,
2000, and 2013, which were analyzed in 21 sections, are
provided in Table 3. The total length of the centerline of the
widest channel was 1,316.053 km in 1987, 1,313.438 km in
2000, and 1,292.462 km in 2013. The total length of the
channel centerline was 1,302.230 in 1987, 1,301.541 in

Table 3. Change in the channel lengths for each section according to year.

Centerline lengths of the widest channel (km) Centerline lengths (km)
Section No.
1987 2000 2013 1987 2000 2013
Section 1 19.263 19.097 19.165 19.263 19.097 19.067
Section 2 7.985 7.920 7.591 7.985 7.920 7.591
Section 3 359.675 359.691 356.290 355.887 356.250 354313
Section 4 54.167 53.758 43.028 53.561 53.166 43.662
Section 5 23.814 23.813 23.752 23.752 23.827 23.585
Section 6 24.145 24.237 23.985 24.145 24.240 23.985
Section 7 44.541 44.528 43.183 43.881 44.010 42.945
Section 8 6.508 6.835 6.228 6.464 6.730 6.228
Section 9 64.903 66.054 66.062 62.863 64.484 64.454
Section 10 70.964 71.276 71.727 70.964 71.276 71.727
Section 11 23.500 23.733 23.361 23.500 23.733 23.361
Section 12 40.812 40.647 40.537 40.318 39.765 39.943
Section 13 24.283 24.114 23.975 24.127 24.114 23.975
Section 14 203.670 205.684 209.286 201.201 202.170 203.202
Section 15 34.283 34.019 32482 33.341 33.666 32422
Section 16 98.168 98.670 99.230 97.904 98.679 98.802
Section 17 58.934 58.758 52.968 58.831 58.592 52.968
Section 18 11.345 11.021 11.247 11.164 10.791 10.998
Section 19 82.381 80.792 79.525 82.381 80.605 79.525
Section 20 23.450 22.674 22.638 23413 22.674 22.638
Section 21 39.262 36.117 36.202 37.285 35.752 35.578
Total 1,316.053 1,313.438 1,292.462 1,302.230 1,301.541 1,280.969
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Table 4. Brief statistical values of the sinuosity index for the Kizilirmak River in 1987, 2000, and 2013.
Sinuosity
S‘;flgf’n 1987 2000 2013

Mean Max Min Mean Max Min Mean Max Min
Section 1 1.131 1.204 1.063 1.119 1.163 1.049 1.126 1.199 1.042
Section 2 1.220 1.399 1.093 1.201 1.241 1.169 1.159 1.217 1.045
Section 3 1.338 2.714 1.042 1.355 2.843 1.049 1.322 2.980 1.038
Section 4 1.313 1.646 1.030 1.297 1.625 1.026 1.167 1.468 1.016
Section 5 1.277 1.424 1.122 1.306 1.776 1.073 1.277 1.453 1.127
Section 6 1.163 1.233 1.089 1.156 1.262 1.084 1.123 1.242 1.036
Section 7 1.464 3.303 1.036 1.354 2.761 1.020 1.313 2.655 1.020
Section 8 1.240 1.417 1.063 1.201 1.423 1.056 1.091 1.119 1.046
Section 9 1.143 1.370 1.030 1.184 1.498 1.052 1.163 1.308 1.025
Section 10 1.117 1.532 1.006 1.106 1.694 1.011 1.122 1.521 1.006
Section 11 1.251 1.539 1.048 1.248 1.662 1.038 1.245 1.506 1.049
Section 12 1.455 2.134 1.052 1.419 2.111 1.070 1.451 2.149 1.061
Section 13 1.229 1.653 1.030 1.148 1.300 1.034 1.145 1.354 1.015
Section 14 1.237 1.954 1.040 1.242 2.162 1.027 1.263 1.698 1.028
Section 15 1.191 1.381 1.033 1.200 1.478 1.047 1.096 1.229 1.028
Section 16 1.194 1.496 1.032 1.221 1.807 1.027 1.249 2.084 1.022
Section 17 1.259 1.871 1.079 1.247 1.860 1.087 1.108 1.401 1.022
Section 18 1.182 1.321 1.096 1.159 1.420 1.013 1.205 1.519 1.045
Section 19 1.218 2.706 1.020 1.176 2.548 1.023 1.110 1.277 1.020
Section 20 1.290 1.496 1.055 1.225 1.423 1.025 1.221 1.386 1.020
Section 21 1.207 1.737 1.014 1.138 1.556 1.020 1.134 1.535 1.017

2000, and 1,280.969 km in 2013. From Table 3, it is clear
that the changes in the channel lengths between 2000 and
2013 were greater than the changes that occurred between
1987 and 2000.

The main statistical information regarding the sinuosity
indexes for 1987, 2000, and 2013 is presented in Table 4.
The highest average sinuosity was observed in the 7 sec-
tion, with a value of 1.464 in 1987. In the 12" section, val-
ues of 1.419 and 1.451 were observed in 2000 and 2013,
respectively. The lowest average sinuosity was observed in
the 10" section, with a value of 1.117 in 1987 and 1.106 in
2000. In the 8" section, a value of 1.091 was observed in
2013.

The degree of sinuosity was determined for the 21 sec-
tions using the scale in Table 2. In 1987, sections 1, 2, 6, 8,
9,10, 11, 13, 14, 15, 16, 18, 19, and 21 exhibited 2*-degree
sinuosity characteristics, whereas sections 3, 4, 5,7, 12, 17,
and 20 exhibited 3"-degree sinuosity characteristics.
In 2000, sections 1, 2, 6, 8, 9, 10, 11, 13, 14, 15, 16, 17,
18, 19, 20 and 21 exhibited 2™-degree sinuosity character-

istics, and sections 3, 4, 5, 7, and 12 exhibited 3“-degree
sinuosity characteristics. In 2013, sections 1, 2, 4, 6, 8, 9,
10, 11, 13, 15, 16, 17, 18, 19, 20, and 21 exhibited 2"-
degree sinuosity characteristics, and sections 3, 5, 7, 12,
and 14 exhibited 3%-degree sinuosity characteristics.
Information regarding the total number of islands and bars
and their areas is provided in Table 5. In 1987, the total
number of islands and bars was 384, and the total area of
the islands and bars was 2,023.457 ha. In 2000, the total
number of islands and bars was 329, and the total area of
the islands and bars was 1,368.320 ha. In 2013, a total of
272 islands and bars were identified, with a total area of
1,252.334 ha. According to Table 5, 55 islands and bars
were lost between 1987 and 2000. When sections 13 and
20 were excluded due to the construction of dams in these
sections after 1987, 43 islands and bars were lost during
this period. Between 2000 and 2013, 57 islands and bars
were lost. When sections 2, 4, 6, 8, 15, and 17 were
excluded during this period (dams were built in these sec-
tions after 2000), 26 islands and bars were lost. The great-
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Table 5. Number of islands and bars and the areas of islands and bars in the Kizilirmak River in 1987, 2000, and 2013.

Total number of Total area of Total number of Total area of Total number of Total area of
Section No. islands and bars | islands and bars | islands and bars | islands and bars | islands and bars | islands and bars
(1987) (ha) (1987) (2000) (ha) (2000) (2013) (ha) (2013)
Section 1 0 0.000 0 0.000 2 2441
Section 2 0 0.000 0 0.000 0 0.000
Section 3 78 397.677 68 308.503 50 80.697
Section 4 14 36.228 11 26.509 0 0.000
Section 5 1 3.119 1 1.796 2 10.847
Section 6 0 0.000 2 1.646 0 0.000
Section 7 19 41.197 14 34.184 9 25.505
Section 8 5 21.054 3 14.453 0 0.000
Section 9 74 613.117 44 260.764 36 332.981
Section 10 0 0.000 0 0.000 0 0.000
Section 11 0 0.000 0 0.000 0 0.000
Section 12 18 53.908 24 61.881 23 66.753
Section 13 6 7.909 0 0.000 0 0.000
Section 14 100 420.587 113 414.482 106 613.459
Section 15 13 41.743 12 43.189 0 0.000
Section 16 11 21.767 3 5.900 6 8.248
Section 17 2 6.419 3 5.502 0 0.000
Section 18 3 12.532 3 10.117 2 8.478
Section 19 0 0.000 0 0.000 0 0.000
Section 20 6 65.432 0 0.000 0 0.000
Section 21 34 280.768 28 179.394 36 102.925
Total 384 2,023.457 329 1,368.320 272 1,252.334

est changes in the total area of the islands and bars
occurred in sections 3, 9, 14, and 21. The total areas of the
islands and bars decreased in sections 3, 9, and 21, and
increased in section 14 between 1987 and 2013.

In Table 6, the BI, B, and BR values are provided for
1987, 2000, and 2013 (the braiding value is 0 in sections
that include dams, including sections 10, 11, 19 in 1987;
sections 10, 11, 13, 19, 20 in 2000; and sections 2, 4, 6, 8,
10, 11,13, 15,17, 19, and 20 in 2013). The sections with no
islands and bars have a braiding value of 0, excluding the
dam reservoir areas of 1, 2, and 6 in 1987, and 1 and 2 in
2000.

The degrees of braiding were determined for the 21 sec-
tions using the scale in Table 2. In 1987, sections 5, 16, and
17 had a degree of 0, sections 3, 4, 7, 8, 12, 13, 14, 15, 18,
and 20 exhibited 1st-degree braiding characteristics, and
sections 9 and 21 exhibited 2nd-degree braiding character-
istics. In 2000, sections 5, 6, 16, and 17 had a degree of 0,
sections 3,4, 7, 8,9, 12, 14, 15, and 18 exhibited 1-degree
braiding characteristics, and section 21 exhibited 2™-degree
braiding characteristics. In 2013, sections 1, 3, 5, and 16

had a degree of 0, and sections 7, 9, 12, 14, 18, and 21
exhibited 1%-degree braiding characteristics.

Considering sections 1, 3, 5,7,9, 12, 14, 16, 18, and 21
together to determine the total effects of changes on the
river revealed that the average sinuosity index was stable
between 1987 and 2000 and between 2000 and 2013.
However, the B/ braiding index gradually decreased. The
weighted averages were calculated for the average sinuosi-
ty and average braiding. For the average values, the center-
line lengths of the sections were accepted as weights.
According to this method, the average sinuosity values
were 1.283, 1.287, and 1.279 in 1987, 2000, and 2013,
respectively, and the average B/ values were 0.324, 0.252,
and 0.216 in 1987, 2000, and 2013, respectively.

Discussion

According to Fig. 5, which illustrates changes in the sin-
uosity index, an increase in sinuosity occurred in sections 3,
5,9, 14, 15, and 16 (a total of six sections) and a decrease
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Table 6. Braiding values of the Kizilirmak River in 1987, 2000, and 2013 (B/, B, and BR).

Section BI = 2(2Li)/Lr B = Lctot /Lcmax BR = Abi /Atc
No. 1987 2000 2013 1987 2000 2013 1987 2000 2013
Section 1 0.000 0.000 0.048 0.000 0.000 0.066 0.000 0.000 0.039
Section 2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Section 3 0.180 0.155 0.073 0.233 0.202 0.104 0.163 0.121 0.040
Section 4 0.167 0.123 0.000 0.220 0.176 0.000 0.102 0.076 0.000
Section 5 0.043 0.027 0.084 0.053 0.035 0.114 0.023 0.013 0.075
Section 6 0.000 0.030 0.000 0.000 0.046 0.000 0.000 0.013 0.000
Section 7 0.256 0.193 0.133 0.350 0.276 0.171 0.130 0.108 0.080
Section 8 0.594 0.399 0.000 0.801 0.523 0.000 0.311 0.266 0.000
Section 9 1.352 0.659 0.623 1.465 0.772 0.782 0471 0.355 0.386
Section 10 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Section 11 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Section 12 0.290 0.356 0.366 0.403 0.492 0.504 0.134 0.135 0.183
Section 13 0.103 0.000 0.000 0.158 0.000 0.000 0.033 0.000 0.000
Section 14 0.348 0.355 0.390 0.510 0.510 0.528 0.177 0.190 0.283
Section 15 0.218 0.226 0.000 0.336 0.333 0.000 0.129 0.148 0.000
Section 16 0.059 0.016 0.021 0.085 0.023 0.038 0.033 0.011 0.015
Section 17 0.030 0.026 0.000 0.039 0.039 0.000 0.018 0.015 0.000
Section 18 0.191 0.170 0.145 0.269 0.246 0.193 0.159 0.138 0.105
Section 19 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Section 20 0.360 0.000 0.000 0.453 0.000 0.000 0.265 0.000 0.000
Section 21 1.033 0.827 0.579 1.164 0.946 0.812 0.406 0.324 0.228
occurred in the other sections between 1987 and 2000. (-0.110). The greatest increase between 2000 and 2013
Furthermore, an increase occurred in sections 1, 10, 12, 14, occurred in section 18 (0.046), and the greatest decrease
16, and 18 (a total of six sections) and a decrease occurred occurred in section 17 (-0.139). Fig. 5 also shows that the
in the other sections between 2000 and 2013. The greatest changes in the sinuosity index between 2000 and 2013 were
increase between 1987 and 2000 occurred in section 9 greater than the changes that occurred between 1987 and
(0.041), and the greatest decrease occurred in section 7 2000.
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Fig. 5. Graph of the sinuosity index changes for 1987-2000 and 2000-13.




2106

Ozturk D., Sesli F. A.

Between 1987 and 2000, an increase in the B/, B, and
BR values in sections 6 and 12 occurred. However, the BI,
B, and BR values decreased in sections 3, 4, 5, 7, 8, 9, 13,
16, 18, 20, and 21 (Fig. 6). In section 15, the Bl and BR
braiding values increased, and the B value decreased.
The BI and BR values increased in section 14 and decreased
in section 17. However, the B value did not change in sec-
tions 14 and 17.

Between 2000 and 2013, the BI, B, and BR values in
sections 1, 5, 12, 14, and 16 increased (a total of five sec-
tions), and the BI, B, and BR values in sections 3, 4, 6, 7, 8,
15,17, 18, and 21 decreased. In section 9, the B and BR val-
ues increased, and the Bl value decreased (Fig. 6).

The braiding values of sections 1 and 2 were both 0 in
1987 and 2000. Because dams were constructed in sections
10, 11, and 19 in 1987, 2000, and 2013, their braiding val-
ues were 0. In addition, because dams were built after 1987
in sections 13 and 20, the braiding values of these sections

were 0 in 2000 and 2013. Because dams were built after
2000 in sections 2, 4, 6, 8, 15, and 17, their braiding values
were 0 in 2013.

The maximum changes in B/ between 1987 and 2000
occurred in sections 9, 20, and 21. Between 2000 and 2013,
the maximum changes occurred in sections 8, 21, and 15.
The maximum changes in B between 1987 and 2000
occurred in sections 9, 20, and 8. Between 2000 and 2013,
the maximum changes occurred in sections 8, 15, and 4.
The maximum changes in BR between 1987 and 2000
occurred in sections 20, 9, and 21. In addition, between
2000 and 2013, the maximum changes occurred in sections
8, 15, and 21 (Fig. 6). The maximum changes were in the
direction of decreased braiding.

Fig. 7 presents a comparison of B/, B, and BR. Similar
results were obtained for B/ and B. Furthermore, the results
of all three indexes (BI, B, BR) were generally consistent
with each other. The interval scale (the difference between
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the minimum and maximum values) was 1.322 for B/, 1.424
for B, and 0.452 for BR in 1987; 0.811 for BI, 0.923 for B,
and 0.344 for BR in 2000; and 0.602 for B, 0.774 for B, and
0.370 for BR in 2013 (“0” braiding values were excluded
from this assessment). These values indicate that the interval
scale for B is wider than those for B/ and BR (Table 6).

To determine the relationship between the sinuosity and
braiding changes, comparisons were made for 1987-2000
and 2000-13 (because the braiding value is 0 in sections
where there are dams, these sections were excluded from
these comparisons). Sections 1, 2, 3,4, 5,6,7,8,9, 12, 14,
15, 16, 17, 18, and 21 were evaluated for changes between
1987 and 2000, and sections 1, 3,5, 7,9, 12, 14, 16, 18, and
21 were evaluated for changes from 2000 to 2013.

The changes in the sinuosity and B/ braiding indexes
between 1987 and 2000 and between 2000 and 2013 are
presented in Fig. 8.

According to Fig. 8, the sinuosity increased and braid-
ing decreased in sections 3, 5, 9, and 16, and the sinuosity
decreased and braiding increased in sections 6 and 12
between 1987 and 2000. The sinuosity and braiding both
increased in sections 14 and 15, and the sinuosity and braid-
ing both decreased in sections 4, 7, 8, 17, 18, and 21.
Between 2000 and 2013, the sinuosity increased and braid-
ing decreased in section 18, and the sinuosity decreased and
braiding increased in section 5. Both sinuosity and braiding
increased in sections 1, 12, 14, and 16, and both sinuosity
and braiding decreased in sections 3, 7, 9, and 21.
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According to these results, the sections of the
Kizilirmak River experienced different change trends
between 1987 and 2000 and between 2000 and 2013. In
addition to the changes that resulted from natural changes,
a great deal of human intervention occurred on the
Kizilirmak. The integrated effects of natural changes and
changes due to human activities, including the construc-
tion of 11 dams, sand and gravel acquisition from the
riverbed, and river improvements, altered the planform
characteristics of the Kizilirmak River. Alluvial material
carried by rivers is very important for shaping the forma-
tion of riverbeds, islands, and bars [3]. After the construc-
tion of the dams, the flow rate of the Kizilirmak River
decreased, and sediment flow was interrupted. The amount
of sediment carried by the Kizilirmak River was 23.1 mil-
lion tons/year before the dams were constructed.
This amount decreased to 18 million tons/year after the
construction of the Hirfanli Dam (1959), and dropped to
0.46 million tons/year after the construction of the
Altinkaya (1987) and Derbent (1990) Dams [35].
The changes in the sediment amount and the flow rate
affected the riverbed slope [3, 75]. In addition, uncon-
trolled sand and gravel extractions from the riverbed

0,200

caused deep excavations in the riverbed. Accordingly, the
thalweg elevations decreased in those regions (the
Kizilirmak River experienced a decline of up to 10 m in
the elevation of the thalweg). Consequently, the river equi-
librium profile changed, and morphological changes in the
river occurred [41, 76]. In addition, the riverbed arrange-
ments changed the river planform [34].

Sinuosity and braiding both decreased in most of the
sections downstream of the dams (Section 21 for 1987-
2000; Sections 3, 7, 9, and 21 for 2000-13). The interrup-
tion of sediment flow after dam construction greatly pre-
vented the formation of new islands and bars, and current
islands and bars shrunk or were lost. Although an increase
in the sinuosity was expected in the downstream sections of
the dams depending on the decrease in the flow rate and
riverbed slope, many of the downstream sections exhibited
a decrease in sinuosity. This effect proved that other factors
—including sand and gravel extraction and riverbed regula-
tions — affect the river planform.

Several studies have reported results similar to our find-
ings. Zeybek et al. [41] stated that the Kizilirmak riverbed
changed at the estuary of the river and in the southern part
of it. The river had numerous short curves in 1956, but
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fewer, larger radius curves today. Zeybek et al. also indicat-
ed that an island (2.5 ha) at approximately 150 m south of
the estuary of the river was lost. Sertel et al. [77] demon-
strated that while the Kizilirmak River had a wide and
curvilinear form in 1987, the river form changed and
became narrow and linear in form in 2004 downstream of
the Derbent Dam. The Scientific and Technological
Research Council of Turkey [76] stated that extraction of
sand and gravel caused the changes in the Kizilirmak
riverbed and deterioration of the flow system, and the river-
banks began to flatten because of the bank erosion. The area
examined in Zeybek et al. and Sertel et al. corresponds to
Section 21 in our study. In our study, decreases in sinuosity
and braiding were observed in this section, consistent with
the studies mentioned above.

Because most of the sand and gravel extraction activi-
ties were illegal and uncontrolled, it was not possible to
make a determination based on the spatial data for those
regions. In addition, clear information on the number,
reserves, and production of sand and gravel quarries in
Turkey is unfortunately not available [76]. However, the
negative impacts of dozens of sand and gravel quarries on
the Kizilirmak River have been described in many studies
[35, 37, 39, 41, 76, 77]. Among these studies, Ayan [37]
stated that the total material extracted from a 16-km-long
section downstream of Derbent Dam (in Section 21 in this
study) was approximately 17,600,000 m* (up to 2002). The
value of a small section of the river provides an important
clue about sand and gravel extraction throughout the river.

The factors that caused the changes in the sinuosity and
braiding of the river also affect the sea coast and whole
ecosystem. Because of dams and sand and gravel extraction
activities, the amount of sediment carried by the river to the
sea decreased, and deterioration around estuaries and
coastal erosion occurred [31, 35, 37]. In the section where
the river flows into the Kizilirmak, Bafra Delta Plain was
covered by the sea, and a large amount of fertile soil was
lost. Extracting uncontrolled and excessive amounts of
sand and gravel from the riverbed threatened dams and
bridges [37]. After the danger experienced with the
Altinkaya and Derbent Dams, sand and gravel extraction in
the Kizilirmak Delta and near dams and bridges throughout
the river was prohibited in 2002.

In addition, uncontrolled sand and gravel extraction dis-
turbed water flow and direction. Increasing the water flow
rate caused material transport and filling of the dam reser-
voir, thus shortening the lives of the dams. The deteriora-
tion of the riverbed also caused flooding problems in some
residential areas; consequently, several flood protection
structures and riverbed arrangements have been construct-
ed in some areas [34]. The reduction and disruption of grav-
el in the river (fish spawning grounds) disrupted the fish
habitat and all aquatic organisms [76, 77]. Thus, the
changes in the river affect not only the river but also all
environmental conditions and disrupt ecological life.

Although sand and gravel extraction from the riverbed in
the Kizilirmak Delta has been prohibited, illegal sand and
gravel extraction from the delta coast and riverbed has con-
tinued [36, 37, 76]. Most sand and gravel extraction is cur-

rently concentrated around Nevsehir, Kayseri, and Kirsehir.
A large portion of the sand and gravel needs of Turkey are
met from the Kizilirmak riverbed. Consequently, necessary
measures should be taken to prevent the collection of sand
and gravel. Unlicensed and uncontrolled extraction should
be avoided, and the amount of sand and gravel removed
should be regulated. Sand and gravel extraction should be
allowed up to a certain level below the river bed or thalweg,
or up to a safe percentage of sediments carried by the river
[76].

The results of this study are in agreement with the
results of the study conducted by Gorendagli [3] on the
Kizilirmak River. In the study conducted by Gorendagli —
which was performed using maps and aerial photographs of
a section of the Kizilirmak River between the Sarihidir and
Ciftedam districts (connected to Avanos and Nevsehir) —
the sinuosity value was 1.1 and the BR value was 0.10 in
1954; the sinuosity value was 1.1 and the BR value was
0.03 in 2009. In this study, section 7 generally corresponds
to the study area of Gorendagli [3]. The BR value in section
7 was 0.13 in 1987, 0.11 in 2000, and 0.08 in 2013.
The average sinuosity values in section 7 were 1.46 in
1987, 1.35 in 2000, and 1.31 in 2013. Thus, both studies
indicate that sinuosity and braiding decreased in section 7
of the Kizilirmak River. Based on the comparisons made
with the study using aerial photographs and maps, the
Landsat TM/ETM+/OLI images have great potential for
determining sinuosity and braiding. However, Landsat
images are subject to a mixed pixel problem, which nega-
tively affects the analysis [78]; the use of higher-resolution
satellite images will increase the accuracy of the results.

Conclusions

Sinuosity and braiding can differ for each river.
Similarly, sinuosity and braiding may exhibit different char-
acteristics in different sections of a river. Natural and man-
made factors cause changes in the sinuosity and braiding
characteristics of a river over time. The Kizilirmak River
has experienced important hydromorphological changes
due to natural conditions and human intervention over time.
In this study, short-term changes in the Kizilirmak River
were examined using Landsat TM/ETM+/OLI satellite
images from 1987, 2000, and 2013. The study area was
analyzed by dividing the river into 21 sections. An increase
in the sinuosity index occurred in sections 3, 5, 9, 14, 15,
and 16, and a decrease in the other sections occurred in the
1987-2000 period. The sinuosity increased in sections 1,
10, 12, 14, 16, and 18 and decreased in the other sections in
the 2000-13 period. In this study, three different braiding
parameters were evaluated. The BI, B, and BR values
increased in sections 6 and 12 and decreased in sections 3,
4,5,7,8,9,13, 16, 18, 20, and 21 in the 1987-2000 period.
The BI, B, and BR values increased in sections 1, 5, 12, 14,
and 16, and decreased in sections 3, 4, 6, 7, 8, 15, 17, 18,
and 21 in the 2000-13 period.

The results of this study indicate that the changes in the
hydrological and riverbed topographic conditions caused
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the pattern changes in the 1987-2000 and 2000-13 periods.
Dams and the extraction of sand and gravel have very
important effects on river flow regimes and sediment trans-
port. As a natural consequence of uncontrolled dam con-
struction and sand and gravel extraction, the flow and pat-
tern of the river changed. Coasts and ecosystems were
affected by these changes. Nature is the common heritage
of humanity, and compensation for environmental damage
is difficult. Therefore, the construction of dams and the
extraction of sand and gravel from the riverbed should be
conducted using planned scientific methods.

In this study, the use of remote sensing and GIS provid-
ed many advantages. GIS allowed the data to be analyzed
rapidly and accurately, and the data analysis results could
be stored digitally for future studies. The Kizilirmak River
is a long river. However, the entire river was analyzed with-
in the scope of this study. It is impossible to evaluate such
a large area using traditional methods due to the expense
and large amounts of time required. Considering the size of
the study area, the spatial resolution of the Landsat images
was sufficient. This mid-resolution study, which covers a
large area, has gathered primary information for determin-
ing critical areas in further studies. The progressive evalua-
tion of one site instead of generating data at high cost for
the entire area of large sites would be a more effective
approach. In other words, initial general studies to evaluate
the entire area should be followed by high-resolution stud-
ies of areas that require more detailed study.

This study is important for presenting the planform
characteristics of the Kizilirmak River and the potential of
Landsat images for determining the sinuosity and braiding
characteristics of rivers. In developing countries, the defi-
ciencies and insufficiencies of spatial data are an important
problem. Satellite images provide an important alternative,
both economically and rapidly and for generating data.

The results of this study can be used to predict potential
future changes and to evaluate the current conditions of the
Kizilirmak River. The factors that have caused changes in
the river channel planform over the 26-year study period
may lead to significant long-term changes. Therefore,
revealing current changes and investigating their causes are
advantageous when planning and managing river and envi-
ronmental conditions.
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