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Abstract: Tidal creeks play a critical role in delivering water, suspended sediments, and nutrients
to coastal wetlands, so it is important to understand the characteristics of the tidal creek system to
guide the development and sustainable utilization of coastal wetlands. Using the coastal wetlands of
the Liao River Estuary (LRE) as a study area, this study accurately divided the tidal flat based on
the principle of tidal correction, extracted the linear features of tidal creeks using high-resolution
remote sensing (RS) data, and then classified the tidal creeks on a tidal flat using the tidal creek
ordering algorithm. Our study aimed to quantify the morphological characteristics of tidal creeks
and qualitatively evaluate the parameters of the tidal creek network in the study area. The study
results show obvious spatial heterogeneity in the order and the average length of tidal creeks in
the coastal wetlands of the LRE. With the increase in the order of tidal creeks, the average length
of tidal creeks increased exponentially and the number of tidal creeks decreased exponentially in
the study area. The total density of tidal creeks was related to the beach surface elevation gradient,
and the density and frequency of tidal creeks reduced substantially with an increase in the order
of tidal creeks. The sinuosity ratio of tidal creeks declined sharply with a fall in the beach surface
elevation gradient. The average bifurcation ratio of tidal creeks in the upper intertidal zone was
higher than that in other zones, indicating that the tidal creeks in the upper intertidal zone were
erratic. In addition, the hydrological connectivity of the tidal creek network in the upper intertidal
zone and the development of the tidal creek system in the supratidal zone were the highest in the
LRE. The study results help understand the spatial variations in tidal creek morphology under the
influence of tidal hydrodynamics.

Keywords: Liao river estuary; tidal flat zonation; morphological parameters of tidal creeks; network
connectivity; spatial variations; high-resolution remote sensing imagery

1. Introduction

As the most vulnerable and economically important ecosystem in the world, coastal
wetlands can provide sufficient nutrients and organic matter for marine animals and salt
marsh plants living on a tidal flat, also playing a crucial role in ecological protection,
biodiversity maintenance, flood prevention, and water purification [1-3]. One of the most
active micro-geomorphology units of the tidal flat, tidal creeks are widely distributed in the
coastal wetlands and connect to a bay or an estuary to transport nutrients, deliver sediments,
and help in vegetation colonization and diffusion [4,5]. As a transmission medium, tidal
creeks can effectively promote the diffusion of salt marsh vegetation seeds and the saline
and freshwater interactions within the tidal creek network regulate the spatial distribution
and survival rate of salt marsh plants [6]. The morphological characteristics of tidal
creeks are obviously different under the influence of hydrodynamics and anthropogenic
activities [7]. Vijay et al. [8] revealed that the creek width was reduced due to urbanization.

Land 2022, 11, 1707. https:/ /doi.org/10.3390/land11101707

https:/ /www.mdpi.com/journal /land


https://doi.org/10.3390/land11101707
https://doi.org/10.3390/land11101707
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/land
https://www.mdpi.com
https://orcid.org/0000-0001-5974-7369
https://doi.org/10.3390/land11101707
https://www.mdpi.com/journal/land
https://www.mdpi.com/article/10.3390/land11101707?type=check_update&version=2

Land 2022, 11,1707

20f17

Park et al. [9] demonstrated that the length, number and direction of tidal creeks changed
obviously over the period of a reclamation project. Commonly, the tidal hydrodynamics
of tidal creeks lead to channel migration, headward erosion, and siltation, which can
destabilize a tidal flat [10,11]; the spatial morphology of tidal creeks changes frequently
with the increase in tidal hydrodynamics [12]. The spatial variation in tidal creeks on a tidal
flat helps better understand the development mechanism of tidal creeks, and the related
data can be applied to managing coastal wetlands.

A key challenge in studying the spatial variation in tidal creeks is to extract their linear
features over a large region. In recent years, RS technology has shown to be an effective
tool for extracting these data [13,14]. There are three methods for extracting the tidal creek
system based on RS technology: the automatic method, the semi-automatic method, and
visual interpretation. In the automatic method, the eight-direction flow accumulation
model [15] or the thresholding method [16] is used to extract the tidal creek network from
a digital elevation model or high-resolution airborne LiDAR [17,18]. This method can be
effective when the surface elevation gradients in the study areas are steep [19]. The visual
interpretation method has high precision in extracting the linear features of narrow tidal
creeks, but it is time consuming and laborious, making it unsuitable for extracting tidal
creek networks in large coastal wetlands [20]. The semi-automatic method, combining
automatic technology with visual interpretation, is widely used to extract linear features of
tidal creeks from RS images [21]. For example, Eom et al. [22] extracted linear features of
tidal creeks from remote sensing imagery of the tidal flat of Geunso Bay, Korea, using a
semi-automatic method of image enhancement and visual interpretation.

Quantitative analysis of the morphological characteristics of tidal creeks may help
understand the intensity of tidal hydrodynamics and evaluate the evolution patterns of
tidal creeks on tidal flats. Traditionally, methods, such as field investigation [23,24] and
hydrological experiments [25,26] have been used to measure the morphological characteris-
tics of tidal creeks. However, it is difficult to obtain the morphological characteristics of
tidal creeks in large coastal wetlands via field investigation. The hydrological experiment
method uses a small-scale laboratory to investigate the morphology process in a tidal
creek system but cannot identify the evolution patterns of tidal creeks under a complex
hydrodynamic environment. With the development of RS technology, high-resolution RS
images may help understand the spatial variations in tidal creek morphology on a tidal
flat. For instance, Xie et al. [12] explored the spatial-temporal changes in the tidal creek
morphology of the Yellow River Delta under a long time series. Zhao et al. [27] quantita-
tively analyzed the spatial morphological differences in tidal creeks along the central coast
of Jiangsu, China. Previous studies have tended to focus on extracting the morphological
characteristics of tidal creeks, including the order [28], the length [29], the width [30,31],
the density [13], and the sinuosity ratio [32]. However, relatively fewer studies have been
conducted to analyze the fractal dimension and connectivity of tidal creeks, which reflect
the complexity and the hydrological connectivity of the tidal creek system, respectively.

The coastal wetlands with high hydrological connectivity are an important habitat for
marine animals and salt marshes [33,34]. Since the tidal creek network is remarkably similar
to the river channel network, some studies have introduced the characteristic indexes of
network circuitry (o), the edge—node ratio (3), and network connectivity (y) to assess the
structural connectivity of the tidal creek network in the coastal wetlands of river deltas [35].
For example, Yu et al. [5] quantitatively analyzed the spatial-temporal changes in the
connectivity indexes of the tidal creek network of the Yellow River Estuary. Feng et al. [36]
calculated the hydrological connectivity of different zones on the basis of the hydraulic
resistance and graph theory and showed that the hydrological connectivity of the tidal
flat was significantly increased in regions where the main streams of the Yellow River and
tidal creeks were concentrated. The parameters of a tidal creek network are important for
monitoring the hydrological connectivity of tidal zones and making decisions for protecting
tidal flat resources.
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As one of the ecologically important estuaries in China, the LRE is formed by the
sedimentation of four rivers flowing into Liaodong Bay. Since the LRE is a tide-dominated
estuary, tidal hydrodynamic differences on the tidal flats result in spatial variations in the
tidal creek morphology. However, there are few quantitative studies on these variations.
The objectives of this study were to: (1) use the tidal creek ordering algorithm to classify
tidal creeks from high-resolution RS imagery of the coastal wetlands of the LRE, (2) calculate
the six morphological parameters of tidal creeks and two sets of parameters of tidal creek
network properties, and (3) quantitatively analyze the morphological characteristics of
tidal creeks and qualitatively evaluate the complexity and hydrological connectivity of the
tidal creek network on the overall and zonal scale.

2. Materials and Methods
2.1. Study Area

The coastal wetland of the LRE (40°43'54"~40°57'13" N, 121°31'55"~121°57'0" E)
lies in the north of Liaodong Bay, located in the northernmost estuary wetland of China
(Figure 1). This area represents a typical coastal ecosystem that is influenced by freshwater
influx from the Liao River, the Daliao River, the Daling River, and the Xiaoling River, as
well as saline water influx from Liaodong Bay [37]. Tides adjacent to this tidal wetland
are semi-diurnal, with two high tides and two low tides each day. The mean tidal range is
2.7 m, and the maximum tidal range is 4 m. The salt marshes of Suaeda salsa (S. salsa) and
Phragmites australis (P. autralis) grow on the tidal flats, presenting rare landscapes of “red
beaches” and “green carpets” in the summer and autumn [38].
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Figure 1. (a) The location and (b) the study area in the coastal wetlands of the Liao River Estuary.

2.2. Datasets

The complex environmental conditions in coastal wetlands do not allow traditional
field surveys. With the development of the RS technology, it has been widely used to
map wetland vegetation types and detect historical changes in ecosystem cover, as well
as investigate the wetland degradation status. The Landsat 8 Operational Land Imager
(OLI) images used in this study were downloaded from the Chinese Academy of Sciences
(http:/ /www.gscloud.cn, accessed on 10 January 2022). The spatial resolution of the
images was 30 m and orbit number 120/32. Guided by the tide table for Laobeihe, our
study selected images in low-tide periods on 29 May 2021 and 20 October 2021 for the
tidal flat zonation. Moreover, to extract the linear features of tidal creeks in the LRE, our
study collected Jilin1-KF01A images from 14 August 2021 and 13 November 2021. The
images by the Jilin1-KFO1A commercial satellite, constructed and managed by Chang
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Guang Satellite Technology Co., Ltd., Changchun, China (CGSTL), had a higher spatial
resolution, of 0.8 m [39]. The initial Landsat-8 OLI and Jilin1-KFO1A images were an L1T
standard data product and underwent radiation correction, geometric correction, and
terrain correction. Subsequent RS images were pre-processed via radiometric calibration
and atmospheric correction.

2.3. Methods
2.3.1. The Instantaneous Waterline Extraction

A silt coast is a large silt-muddy beach created by the action of river sedimentation
and seawater erosion. In the LRE, the tidal flat is a typical mudflat with a gentle slope,
and the coastline is indistinguishable because of the mixing of water and suspended
sediments [40]. To use the instantaneous waterline for the accurate zonation of tidal flats,
our study displayed a false color image by using the 5, 4, and 3 bands of Landsat-8 OLI
images, which can significantly distinguish the objects of water, a tidal flat, and vegetation
(Figure 2a). In the false color image, the red, dark-green, black, and bright-green areas
represent vegetation, tidal flat, aquaculture pond, and water, respectively. To classify
the water and land, a maximum likelihood classification method combined with a visual
interpretation was conducted according to the color differences of the objects (Figure 2b),
and then classical Canny edge detection was used to extract the instantaneous waterline
in the study area. The mudflat waterline extracted by the algorithm is consistent with the
original image. Thus, our study successfully extracted the instantaneous waterline of the
silt-muddy beach in the LRE [41].

(b)

— The instantaneous waterline

Figure 2. Sketch of the instantaneous waterline inverted by remote sensing images. ((a): The false
color image, (b): Classification map, and (c): Waterline overlay image).

2.3.2. Tidal Flat Zonation

The morphological characteristics of tidal creeks in each tidal zone may differ due
to the difference in hydrodynamic intensities and sedimentation in these regions. There-
fore, the accurate zonation of tidal flats is important for the morphological study of tidal
creeks. Previous studies have been carried out on the zonation of tidal flats using sediment
characteristics [42], biological distribution [43], and spectral reflectance [28] but relied on
subjective inferences. Therefore, our study further improved the zonation method of a
tidal flat on the basis of the principle of tidal correction [44], as shown in Figure 3. The
specific steps of tidal correction in the coastal wetlands of the LRE are as follows: (1) our
study calculated the tidal information at the scene center time of the RS images using the
tide gauge data (see Table 1); the tide levels (/) of RS images received on 29 May 2021 and
20 October 2021 were 1.449 m and 1.265 m, respectively and the tide level difference (Ah)
between the two images was 0.185 m. (2) The shoreline of the study area was divided into
three sections due to the intricate terrains of the coastal wetlands in the LRE, as shown in
Figure 4. Our study selected the instantaneous waterline (29 May 2021) as the baseline of
the tide correction model, set the vertical line from the baseline to another instantaneous
waterline every 300 m as the division line, and then calculated the average length of the
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division line in each shoreline to obtain the distance of two instantaneous waterlines in the
same region (Al). (3) Our study calculated the slope of each shoreline (¢) and the correction
distance of the high tide (Ly;g;,) and the low tide (Ljy,) using Equations (1) and (2). Our
study obtained the positions of theoretical high tide and low tide by constructing buffer
zones based on the correction distance and then conducted a field investigation to assist in
the zonation of the tidal flat.

Figure 3. Principle of tidal correction.

Table 1. Tidal information calculated by the remote sensing images at the scene center time.

High Tide Low Tide Tidal Information
Image Data Data Source - " " - - . : iti
Time Tidal Level/m Time Tidal Level/m  Image Time TidalLevel/m Tidal Condition
29 May 2021 Landsat8 OLI ~ 08:08 3.30 14:11 0.44 10:35 1.449 Ebb tide
200dober Landsats OLI  06:01 3.60 12:25 0.72 10:35 1265 Ebb tide

Note: The vertical datum at the Laobeihe tide gauge station is 209 m below the local mean sea level.

° Discrete points of waterline on 2¢

— Division line b
— The instantaneous waterline on 20 October 20
— The instantaneous waterline on 29 May 2021

Figure 4. Tidal correction schematic diagram using instantaneous water edges.

The formulas for calculating these parameters are as follows:
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where /1 is the tidal level at the scene center time, 0 is the slope of each shoreline, Ly, is
the correction distance of the high tide, L;,, is the correction distance of the low tide, Hjy,
stands for the low tide data of the day, AH is the tide range of the day, ¢ is the scene center
time of the RS images, T}y, is the time of low tide that same day when T}, is the time of
high tide, Ah is the tidal level difference between two images at the scene center time, Al
is the instantaneous waterline distance between two images at the scene center time, and
hyign refers to the mean high tide data that same year when £, stands for the mean low
tide data.

2.3.3. Tidal Creek Extraction

To analyze the morphological characteristics of tidal creeks, our study adopted the
semi-automatic method to extract the linear features of tidal creeks on the basis of the high-
resolution RS imagery of Jilin1-KF01A. The detailed steps of the method are as follows:
(1) To enhance the linear features of narrow tidal creeks, a convolution combined with
a noise reduction was used. (2) To extract the linear features of tidal creeks from high-
resolution imagery, an object-based support vector machine was applied. (3) To correct and
improve the accuracy of tidal creek extraction, manual intervention and post-processing
techniques were used. In this study, the tidal creek extraction accuracy was verified by
referring to the Google Earth images in the adjacent period combined with a field survey,
and the overall extraction accuracy exceeded 90%. Figure 5 shows the overlay map of tidal
creek extraction and tidal zone division. In the study area, to analyze the differences in the
morphology characteristics of tidal creeks, our study divided the tidal flat into three typical
zones: the supratidal zone, the upper intertidal zone, and the middle intertidal zone.

N

— Tidal creeks
Water
~The supratidal zone
T8 The upper intertidal zone 0 25 5km
“IThe middle intertidal zone | | |

Figure 5. The overlay map of tidal creek extraction and tidal zone division.
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2.3.4. Parameterization of the Tidal Creek Morphology

Our method involved two parts: tidal creek ordering and the extraction of morpholog-
ical characteristics. In this study, to automatically classify the tidal creeks in the LRE, the
Horton-Strahler method [45] was combined with the automatic classification algorithm for
tidal creek ordering provided by Gong et al. [6]. Specific steps for tidal creek ordering in
the coastal wetlands of the LRE are as follows: (1) our study extracted the centerline of tidal
creeks and then created the node layers containing both intersection points and suspension
points by constructing the centerline network data set in ArcGIS (accessed on 10 January
2022). (2) Our study developed an automatic classification algorithm for tree-shaped and
island-shaped tidal creeks. The tree-shaped tidal creek was a line segment system with
suspension points and intersection points (Figure 6a). For example, order 1 tidal creeks
were the line segments connected with the suspension points after the suspension points
located at the end of the flow direction were deleted. Our study deleted the line segments
and nodes of order 1 tidal creeks, repeated the above steps and then updated the order
of tidal creeks until the suspension points were no longer created. (3) As a line segment
system without suspension points, the order of the island-shaped tidal creek is equal to
the order of tidal creeks that flow into the island-shaped tidal creek when tidal creeks that
flow into the island-shaped tidal creek have the same order (Figure 6b). However, the
island-shaped tidal creek is equal to tidal creeks of the highest order that flow into the
island-shaped tidal creek when tidal creeks that flow into the island-shaped tidal creek
have different orders (Figure 6b). In addition, our study selected the parameters of length,
density, number, frequency, sinuosity ratio, and bifurcation ratio to describe the morpholog-
ical characteristics of tidal creeks and selected fractal dimension and network connectivity
to demonstrate the properties of the tidal creek network in the LRE. Table 2 provides the
formulas for calculating the parameters.

(a) /() (©)

Figure 6. Flow chart of tidal creek ordering. ((a): The tree-shaped tidal creek and (b,c): The island-
shaped tidal creek).
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Table 2. Morphological parameters of tidal creeks in the LRE and the formulas for calculating
the parameters.

Parameter Abbreviation Formula Description
Length [6] L — —
Number [45] n — —
Density [46] D D= % The total length of tidal creeks per unit area on the tidal flat
The total number of tidal creeks per unit area on the
_Ln p
Frequency [45] f f=4 tidal flat
. . . The ratio of the length of the tidal creeks to the straight
— L g g
Sinuosity ratio [4] ¢ C=17 length of the tidal creeks
. . . oy The ratio of the number of order w tidal creeks to the
Bifurcation ratio [47] Rb Rb = M1 number of order w + 1 tidal creeks
Fractal dimension [48] F F=—lim I”IIX g‘” The slope of InN(a) and In 1/a
a—0
n—vil The ratio of the actual number of loops to the maximum
& = 5 number of possible loops
Network connectivity [49] p p .
g1 The average creek number of connections per node in
p T the network

N " The ratio of the actual number of tidal creeks to the
maximum number of possible tidal creeks

Note: L is the centerline length of the tidal creeks (km), XL is the total length of the tidal creeks (km), A is the
area of the tidal flat (km?), n is the number of tidal creeks, 2 is the total number of tidal creeks, L’ is the straight
length of the tidal creeks (km), 1, is the number of order w tidal creeks, 1,11 is the number of order w + 1 tidal
creeks, N(a) is the number of non-empty boxes that completely cover the entire figure using the square box, a is
the length of the square box, and v is the number of nodes and v > 3.

3. Results and Analysis
3.1. Morphological Characteristics of Tidal Creeks

In the tidal flat of estuary deltas, the morphological characteristics of tidal creeks are
quite different because of the topographic elevation change. To demonstrate the differences
in the morphological characteristics of the tidal flats of the LRE in detail, our study divided
them into several typical areas. Figure 7 shows the order of the tidal creeks in the three
regions. In the LRE, the Yuanyang island (Figure 7A), the south of the East Bank (Figure 7B),
and the middle of the West Bank (Figure 7C) represent the supratidal zone (a), the upper
intertidal zone (b), and the middle intertidal zone (c), respectively. In this region of the
Yuanyang island, the tidal creeks are densely distributed in the tidal flat, with a high ratio
of tidal creek branches for orders 1 to 3, and the main tidal creeks, for orders 4 and 5,
present a short-branched type. In the south of the East Bank of the LRE, order 6 tidal creeks
are also present. The main tidal creeks for orders 4 and 5 are in high ratio, and most of
them are distributed on the tidal flat in an island shape. In the middle of the West Bank
of the LRE, the tidal creek branches are short and sparsely distributed but the main tidal
creeks are relatively long because of the influence of tidal hydrodynamics. In the study
area, most of the tidal creeks have developed in the shape of a “tidal tree”, where the tidal
creek branches are concentrated near the mean high-tide level in a dendritic pattern and
the main tidal creeks are perpendicular to the shoreline and disappear near the average
low-tide level in a pattern similar to the main trunk of a tree. According to the principles of
genetic classification proposed by Shao et al. [50], the tidal creeks on a tidal flat of the LRE
are scoured by the tidal currents.

The average length of tidal creeks reflects the dynamic status of the tidal flat, and the
number of tidal creeks shows the density of the tidal creeks. Figure 8a shows the average
length and number of tidal creeks for orders 1 to 6 in the three tidal zones. In the supratidal
zone, the average lengths of tidal creek branches for orders 1 to 3 are 0.061 km, 0.14 km,
and 0.239 km, respectively, the longest in the LRE. In the upper intertidal zone, the average
length of tidal creeks for orders 1 to 5 gradually increases but the average length of order
6 tidal creeks (creeks of the highest order) declines significantly. In the middle intertidal
zone, tidal creeks of the highest order are those of order 6, and the average lengths of tidal
creeks for orders 5 and 6 are 1.21 km and 2.142 km, respectively, making them the longest
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in the LRE. The average length of the tidal creeks for orders 1 to 6 gradually increases in
the middle intertidal zone. Our study found that tidal creeks are mainly concentrated in
the upper intertidal zone (7037 in total), accounting for 50% of the total number of tidal
creeks in the LRE. In the middle intertidal zone, the number of tidal creeks of orders 5 and
6 accounts for 58% of the total number of tidal creeks of the same level in this region. In the
middle intertidal zone, the number of tidal creeks decreases significantly with an increase
in the order of tidal creeks. In the study area, the average length and number of the main
tidal creeks for orders 5 and 6 exhibit increasing trends with a declining beach surface
elevation gradient. Figure 8b shows the fitting analysis between the average length, the
number, and the order of tidal creeks in the coastal wetlands of the LRE. With an increase
in the order of the tidal creeks, the average length of tidal creeks in the study area increases
exponentially, but the number of tidal creeks decreases exponentially (R? > 0.99). Our result
is consistent with the law of river length provided by Horton, indicating that the average
length and number of tidal creeks show an exponential function with increasing order [45].

N

A

Jh

— Order 1
~— Order 2

Order 3
— Order 4
— Order §
— Order 6

[ The supratidal zone
@ The upper intertidal zone
[ 1The middle intertidal zone

0 25 5km
L |

Figure 7. Distribution of tidal creeks in the coastal wetlands of the Liao River Estuary. ((a): the
supratidal zone; (b): the upper intertidal zone; (c): the middle intertidal zone).

The density and frequency of tidal creeks are important factors for evaluating the
morphological characteristics of a tidal flat. Figure 9a shows the density and frequency
of tidal creeks for orders 1 to 6 in each tidal zone. The density of tidal creeks for orders
1 to 3 in the supratidal zone is higher than that in other zones, where the highest value
is 6.507 km/km? of order 1 tidal creeks. The density of order 1 tidal creeks in the upper
intertidal zone is 4.354 km/km?, and the density of tidal creeks for orders 1 to 3 in the
middle intertidal zone is lower than that in other zones. The frequency of tidal creeks for
orders 1 to 6 in the upper intertidal zone is higher than that in other zones, the highest
value being 152.6 for order 1 tidal creeks. However, the frequency of tidal creeks for orders
1 to 6 in the middle intertidal zone is generally lower than that in other zones. In addition,
the density and frequency of tidal creeks in the three tidal zones decrease with increasing
order. Figure 9b shows the spatial distribution of the total density of tidal creeks in the LRE.
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The total density of tidal creeks ranges from 0 to 18.43 km/km?. The total densities of tidal
creeks in the supratidal zone, the upper intertidal zone, and the middle intertidal zone are
14.22 km/km?2, 11.61 km/km?, and 2.32 km/km?, respectively. The coastal wetlands of
the LRE have a wide bell-like mouth, and the terrain is high in the north and low in the
south. It is mainly composed of beaches on both banks, an island, multiple shoals, and
open waters. On both banks of the study area, the total density of tidal creeks decreased
dramatically from north to south, and the total density of tidal creeks inshore is higher than
that offshore. Overall, the density of tidal creeks decreases significantly with a declining
beach surface elevation gradient.
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Figure 8. (a) Average length-number boxplot and (b) fitting analysis of tidal creeks of different orders
in the coastal wetlands of the Liao River Estuary (L,: average length of tidal creeks; n: number of
tidal creeks; A: the supratidal zone; B: the upper intertidal zone; C: the middle intertidal zone).
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Figure 9. Statistics of (a) density and frequency of tidal creeks of different orders and (b) total density
of tidal creeks in the coastal wetlands of the Liao River Estuary. (A: the supratidal zone; B: the upper
intertidal zone; C: the middle intertidal zone).

The sinuosity ratio of tidal creeks represents how much a tidal creek meanders, and
the bifurcation ratio of tidal creeks reflects the stability of a tidal creek. Figure 10 shows
the sinuosity ratio and the bifurcation ratio of tidal creeks for orders 1 to 6 in each tidal
zone. In the supratidal zone, the sinuosity ratios of tidal creeks for orders 1 to 6 are higher
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than those in other zones, where the highest value is 1.423 for order 4 tidal creeks. In the
middle intertidal zone, the sinuosity ratios of tidal creeks of orders 1 to 6 are generally
the lowest, where the minimum value is approximately equal to 1 for order 6 tidal creeks.
Therefore, the sinuosity ratios of the tidal creeks in the three zones can be ordered as
follows: the supratidal zone > the upper intertidal zone > the middle intertidal zone. In
the study area, the bifurcation ratio for order 6 tidal creeks in the upper intertidal zone
is the highest (Rb = 9.33), while the bifurcation ratio for order 5 tidal creeks in the middle
intertidal zone is the lowest (Rb = 2.24). According to the average bifurcation ratio for a
river system obtained by arithmetically averaging the order-by-order ratios proposed by
Strahler et al. [47], our study calculated the average bifurcation ratios of tidal creeks in
the supratidal zone, the upper intertidal zone, and the middle intertidal zone. The values
obtained were 3.42, 3.54, and 3.43, respectively, which can be ordered as follows: the upper
intertidal zone > the middle intertidal zone > the supratidal zone. In the study area, the
sinuosity ratios of tidal creeks for orders 1 to 3 gradually increase and reach the highest
value in tidal creeks for orders 3 and 4. Then, the sinuosity ratios of tidal creeks of orders
5 and 6 decrease sharply, reaching a value close to 1.
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Figure 10. Statistics of sinuosity ratios and bifurcation ratios of tidal creeks of different orders in the
coastal wetlands of the Liao River Estuary. (A: the supratidal zone; B: the upper intertidal zone; C:

the middle intertidal zone).

3.2. Properties of a Tidal Creek Network

Connectivity parameters (x, 3, and y) reflect the hydrological connectivity of the tidal
creek system. The value ranges of «, 3, and y are 0~1, 0~3, and 0~1, respectively. An «
value of 0 means a tidal creek network without island-shaped tidal creeks, whereas an
o value of 1 means a tidal creek network with the maximum number of island-shaped
tidal creeks. More connections per node in a creek in the network means a 3 value closer
to 3. When v is equal to 0, it means that none of the nodes are connected, a y value
close to 1/3 means that the tidal creek network has a tree-like shape, whereas a y value
equal to 1 means that each node in the tidal creek network is connected to the others. Each
node of a tidal creek network has better connectivity when the y value is closer to 1 [5]. The
fractal dimension (F) represents the complexity of a tidal creek system, with values ranging
from 1 to 2. An F value greater than 1 indicates that the tidal creek network is self-similar.
A larger F value indicates that the complexity of the tidal creek network is greater. A delta
with F close to 1 has a tidal creek of a simple pattern (low density). A delta with F close
to 2 would have a tidal creek network that is space filling (high density) [48].
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Figure 11 gives the connectivity and fractal dimension of the tidal creek network
in each tidal zone in the LRE. In the supratidal zone, the connectivity of the tidal creek
network is the lowest but the fractal dimension of the tidal creek network is the highest
(F =1.56). In the upper intertidal zone, the connectivity of the tidal creek network is the
highest (the values of «, 3, and vy are 0.49, 1.98, and 0.66, respectively) and the fractal
dimension of the tidal creek network is equal to 1.51. In the middle intertidal zone, the
connectivity of the tidal creek network is higher than that in the supratidal zone but lower
than that in the upper intertidal zone. The fractal dimension of the tidal creek network is
the lowest (F = 1.3) in the middle intertidal zone, suggesting that the fractal dimension of
the tidal creek network decreases significantly with a declining beach surface elevation
gradient. Overall, in the coastal wetlands of the LRE, the tidal creek system in the upper
intertidal zone has the strongest hydrological connectivity but the tidal creek system in the
supratidal zone is the most complex.

Fractal dimension (F) gamma index of connectivity (y)
beta index of connectivity (3) alpha index of comectivity (a)
35
3.04
0.644 0.661 0.653
254
2.0
1.54 1.93 1.98 1.96
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‘The tidal flat zonation

Figure 11. Statistics of connectivity and fractal dimension of tidal creek networks in the coastal
wetlands of the Liao River Estuary. (A: the supratidal zone; B: the upper intertidal zone; C: the middle
intertidal zone).

4. Discussion
4.1. Analysis of the Morphological Characteristics of Tidal Creeks

Similar to the Yellow River Estuary [6], our study area was also dominated by erosion,
and the degree of beach surface erosion imparted by the tidal current is controlled by the
beach surface elevation gradient [51]. In the initial stage of the tidal creek development,
most of the tidal creeks extended rapidly on the tidal flat through traceable erosion, resulting
in a tree-like shape that eventually resulted in a stable tidal creek network. Moreover, the
acceleration of sediment deposition in the runoff process improved the growth of tidal
creeks [52]. In the supratidal zone and the upper intertidal zone of the LRE, the average
length of tidal creeks increased with increasing order, except in the case of the highest order,
which was mainly due to the instability and the width limits of the tidal flat [27,53]. Tidal
creeks of the highest order in the upper and middle intertidal zones were those of order 6,
while the tidal creeks in the supratidal zone were only developed up to order 5, and most
of them were tidal creek branches for orders 1 to 3. This is because the terminal tidal creeks
extend rapidly under the influence of traceable erosion, resulting in a high ratio of the tidal
creek branches for orders 1 to 3 in the supratidal zone [26]. The average length and number
of tidal creeks for orders 5 and 6 in the middle intertidal zone were the highest in the
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LRE, perhaps because the high-intensity tidal hydrodynamics may help in developing the
main tidal creeks offshore. Overall, the order and average length of tidal creeks in coastal
wetlands of the LRE demonstrated significant spatial heterogeneity. The total density of
tidal creeks declined dramatically with a falling beach surface elevation gradient, consistent
with the conclusions of Strahler et al. [54]. The main reason is as follows: under the action
of high-intensity hydrodynamics, it was difficult for the offshore tidal creeks in the middle
intertidal zone to construct a stable branching tidal creek network, resulting in the lowest
density and frequency of tidal creeks for orders 1 to 3 in the LRE. The tidal hydrodynamic
weakened as the beach surface elevation gradient rose, promoting the development of tidal
creek branches, resulting in a significant increase in the density of tidal creek branches
in the supratidal zone. Therefore, the density of tidal creeks was determined by the tidal
hydrodynamic. The frequent inundation in the upper intertidal zone by tidal currents
also advanced the transformation process between tidal creek branches and main tidal
creeks [55]; as a result, the frequency of tidal creeks in the upper intertidal zone was higher
than that in other zones. The meandering evolution of a tidal creek is regulated by the flow
path during flood and ebb tides, and the sinuosity ratio of tidal creeks of different orders in
the LRE can be ordered as follows: orders 3 and 4 > orders 1 and 2 > orders 5 and 6. The
main reasons are as follows: With the influence of seawater erosion and sediment siltation
and the instability and low curvature of tidal creeks for orders 1 and 2, they were easily
transformed into tidal creeks for orders 3 and 4, with relative stability. With increasing
two-direction flow velocity, the sinuosity ratios of tidal creeks for orders 3 and 4 increased
significantly, transforming them into main tidal creeks for orders 5 and 6. The tidal creeks
for orders 5 and 6 display the phenomenon of “curving cut-off”, probably because the tidal
currents in the tidal creek increased dramatically during storm surges and rainstorms. This
higher flow results in tidal creek cutting, bending, and straightening, which ultimately
reduces its sinuosity ratio to a value close to 1 [6,56]. In addition, the sinuosity ratios of tidal
creek zones decreased dramatically from the supratidal zone to the upper intertidal zone,
to the middle intertidal zone, consistent with the conclusion proposed by Marani et al. [57]
that the sinuosity ratio of offshore tidal creeks is lower than that of inshore ones. The lower
sinuosity ratio of tidal creeks in the middle intertidal zone was caused by the increase in
the number of tidal creeks for orders 5 and 6 and the high-intensity offshore tidal currents.
With the frequent conversions of tidal creeks between low-order ones and high-order ones,
the average bifurcation ratio of the tidal creeks in the upper intertidal zone was higher than
that in other zones, indicating that the tidal creeks in the upper intertidal zone are quite
erratic. As a result, the sinuosity ratio and the bifurcation ratio of tidal creeks were mainly
regulated by the hydrodynamic intensity.

4.2. Evaluation of the Complexity and Hydrological Connectivity of the Tidal Creek Network

Similar to the average bifurcation ratio of tidal creeks, the hydrological connectivity
of tidal creek networks in the three tidal zones can be ordered as follows: the supratidal
zone < the middle intertidal zone < the upper intertidal zone. This is mainly because the
upper intertidal zone is frequently inundated by tidal currents, promoting the development
of the island-shaped tidal creeks and resulting in the strongest hydrological connectivity of
the tidal creek network in this zone. Similar to the findings of Yu et al. [20], the connectivity
indices in the Yellow River Estuary were determined by the number of island-shaped
tidal creeks and the ratios of the nodes connected in a tidal creek network. Therefore, the
hydrological connectivity of the tidal creek network in LRE was positively correlated with
both the average bifurcation ratio of the tidal creeks and the number of island-shaped tidal
creeks. The fractal dimension of the tidal creek network in three tidal zones can be ordered
as follows: the supratidal zone > the upper intertidal zone > the middle intertidal zone. This
suggests that the complexity of the offshore tidal creek system was inferior to that of the
inshore one. However, the F value of the tidal creek network in the middle intertidal zone
was only 1.3, which does not conform to the standard proposed by LaBarbera et al., that
the typical fractal dimension of the hydrographic net should be between 1.5 and 2.0 [58].
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This is because the tidal creeks in the middle intertidal zone were seriously scoured by the
seawater, making it impossible for the creeks to develop a complex tidal channel network.
Similar to the fractal dimension of the tidal creek network, the sinuosity ratio of tidal creeks
and the total density of tidal creeks in the three tidal zones can be ordered as follows: the
supratidal zone > the upper intertidal zone > the middle intertidal zone. Our study can
conclude that the fractal dimension of the tidal creek network in the LRE was regulated
by the sinuosity ratio and total density of tidal creeks, which is consistent with Eom’s
supposition [22,59]. Overall, the hydrological connectivity of the tidal creek network was
gradually enhanced with an increasing average bifurcation ratio of tidal creeks and the
number of island-shaped tidal creeks. The complexity of the tidal creek system steadily
grew with an increasing sinuosity ratio and total density of tidal creeks.

5. Conclusions

Our study proposed an integral framework for tidal flat zonation, tidal creek extraction,
and morphological characteristic evaluation in the coastal wetlands using high-resolution
RS data. Using the automatic framework algorithm, our study quantitatively analyzed the
variation in tidal creek morphology and qualitatively evaluated the hydrological connec-
tivity and complexity of the tidal creek system in three tidal zones of the coastal wetlands
in LRE.

(1) The tidal creeks on the tidal flat of the LRE were scoured by tidal currents. The main
tidal creeks and tributaries of the tidal flat were linked together in the shape of a “tidal
tree.” The tidal creek branches were concentrated near the mean high-tide level in a
dendritic pattern, and the main tidal creeks were perpendicular to the shoreline and
disappeared near the average low-tide level in a pattern similar to the main trunk of
a tree.

(2) In the study area, there was obvious spatial heterogeneity in the order and average
length of the tidal creeks. The level of tidal creeks in the upper and middle intertidal
zones was higher than in the supratidal zone. In the study area, with an increase in
the order of tidal creeks, the average length of tidal creeks increased exponentially but
the number of tidal creeks decreased exponentially (R? > 0.99). The total density of
tidal creeks declined dramatically with a decreasing beach surface elevation gradient.
In addition, as the hydrodynamic intensities on the tidal flat differed, the sinuosity
ratio of offshore tidal creeks was lower than that of inshore ones and the average
bifurcation ratio of the tidal creeks in the upper intertidal zone (Rb = 3.54) was the
highest in the LRE.

(3) In the coastal wetlands of the LRE, the properties of the tidal creek network and the
morphological characteristics of tidal creeks were interconnected. The connectivity of
the tidal creek network was positively correlated with the average bifurcation ratio of
tidal creeks and the number of island-shaped tidal creeks. The fractal dimension of
the tidal creek network was regulated by the sinuosity ratio and total density of tidal
creeks. In the study area, the tidal creek network in the upper intertidal zone had the
strongest hydrological connectivity and the tidal creek system in the supratidal zone
was the most complex, with an F value of 1.56.

We believe that the framework approach taken in this study could help in the improve-
ment and semi-automatic interpretation of morphological characteristics and hydrological
connectivity of tidal creek networks. Although the results pertain to a specific geographical
area, the extraction method and analytical procedures are potentially applicable to other
tidal wetlands and could help to understand the relationship between the tidal creek system
and tidal hydrodynamics. In the future, we will explore the interaction between tidal creeks,
vegetation, and hydrodynamics.
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