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Abstract: Vegetation dynamics on mid-channel bars (MCBs) is essential for supporting ecosystem
functions and associated services in river systems, especially in dammed large rivers. Generally, there
are two possible changing patterns that vegetation of MCBs downstream a dam would experience.
On one hand, the vegetation area may shrink because of a decrease in the MCB area in the post-dam
period, which has been observed in many rivers around the world. On the other hand, the MCB
vegetation area may expand because flood disturbances would be weakened by dam operation.
However, little evidence has been reported to clarify such confusion. Therefore, vegetation dynamics
of MCBs in the mid-lower Yangtze River downstream the Three Gorges Dam (TGD; the world’s
largest dam) is selected as a case study to address the issue. Using long-term (1987–2017) Landsat
archive images, this study reveals the spatiotemporal variations of vegetation area change intensities
(VACIs; indicated by dynamic trends) on MCBs in the mid-lower Yangtze River. Results show that an
overall VACI in the post-dam period (2003–2017) is about three times faster than that in the pre-dam
period (1987–2002). In other words, the rate of vegetation colonization accelerated after the TGD
operation began in 2003. Moreover, the VACIs in the post-dam period are size dependent, where
large size MCBs are likely to gain higher VACIs: Small-sized MCBs (0.33 km2/yr), medium-sized
MCBs (1.23 km2/yr), large-sized MCBs (1.49 km2/yr). In addition, VACIs of individual MCBs in the
post-dam period are distance dependent, where the further a MCB was from the TGD, the higher
the VACI. It is also suggested that the weakened flood disturbances in the post-dam could explain
the rapid vegetation growth and colonization. This work is not only beneficial for managing and
protecting MCBs downstream the TGD after its operation, but is also helpful in understanding
vegetation dynamics of MCBs in other dammed river systems around the world.

Keywords: Three Gorges Dam; flood disturbances; remote sensing monitoring; vegetation colonization;
sandbars

1. Introduction

Mid-channel bars (MCBs) are elevated regions of sediment (such as sand or gravel)
that has been deposited by water flow [1]. They are commonly present in various sized
rivers around the world [2,3]. As a typical fluvial landform, MCBs are often focused on by
engineering projects, such as maintaining channel stability and navigation safety [4,5]. In
recent decades the ecological functions of MCBs have been gradually recognized thanks to
their characteristics of isolation and edge effects [6,7]. For example, they can function as
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spawning habitats for endangered species [8] and provide stepping stones for migratory
birds [9].

Vegetation (referring here to natural vegetation, including trees, shrubs, grasses etc.,
which is not disturbed by human activities) plays a key role in maintaining MCBs’ ecologi-
cal functions [10,11]. Vegetation can increase sediment deposition by reducing overflow
rate, which in turn could expand or elevate MCBs [12], while the roots of vegetation can
stabilize MCBs by reducing soil erosion during floods [13]. Therefore, understanding
vegetation dynamic patterns in MCBs is important for predicting MCB evolutions in river
systems. This is particularly important for rivers where sediment regimes have been
heavily altered by anthropogenic activities such as damming [14,15].

Constructing dams is a typical way to regulate rivers to meet many needs of human
well-being [16], such as flood control, power generation, waterway dredging, and agricul-
tural irrigation [17,18]. There are 58,713 river dams worldwide [19] and their ecological
impacts have attracted people’s attention in recent decades [20,21]. Dams isolate rivers
from floodplains and wetlands and cause significant changes to downstream riparian
habitats (including MCBs) by altering hydrological regimes [22–24]. In the Colorado River,
the annual flood peak was greatly reduced and the sediment regime was changed due to
the construction of canyon dams [25]. As a result, riparian vegetation expanded rapidly in
the dams downstream and swamps formed in the lower reach [26–28]. Further studies have
shown that the regulation of dams could significantly change vegetation dynamics in the
downstream riparian zones [29–31]. For MCBs, however, the responses of vegetation dy-
namics to dam operation becomes complicated because the shape and area of MCBs [32] are
often impacted by dam operations as well. This is especially the case for MCBs downstream
of large dams; however, few studies on the relevant topic have been reported.

The Three Gorges Dam (TGD) in the upper reaches of the Yangtze River is the largest
dam in the world [33]. It provides important services such as flood control, electricity
generation, and shipping [34]. Nevertheless, its ecological impacts, such as downstream
MCBs’ dynamics, have received much attention in recent years [35]. Before the closure
of the TGD in 2003 [36], the dynamics of downstream MCBs were generally governed
by natural hydrological regimes. However, the hydrological regimes were altered after
the closure of the TGD, which caused significant changes to the morphological dynamics
of MCBs [37,38]. Take area as an example; most MCBs (of middle and small sizes) were
detected experiencing decreasing trends after dam operation began in 2003 [39].

Two possible changing patterns that vegetation of MCBs downstream a dam would be
expected to follow are: (1) The vegetation area may shrink [3,40]; according to the classical
species–area relationship, the reduction of the MCB area could result in vegetation decreas-
ing [41,42]; (2) the MCB vegetation area may expand because flood disturbances (in terms
of flooding time and frequency) would be weakened by dam operation [43–45]. Yet, little
evidence has been reported to date on this. Therefore, this work tries to clarify these uncer-
tainties. More specifically, the goals of this study are: (1) Explicating the spatiotemporal
vegetation dynamics for MCBs of downstream TGD during pre-dam (1987–2002) and post-
dam (2003–2017) periods, and (2) exploring potential impact factors of the dam operation
on such vegetation dynamics. The results are expected to be helpful in understanding
the dynamics of downstream MCBs and developing MCB protection measurements and
management for both local and global applications.

2. Materials and Methods
2.1. Study Area

The study area consists of MCBs downstream of the TGD located at the junction of the
upper and middle reaches of the Yangtze River (Figure 1). The Yangtze River is the third
longest river in the world. It originates in the Qinghai-Tibet Plateau and flows eastward to
the East China Sea; the main stream is 6387 km long [46]. The downstream of the TGD flows
through six provinces (Hubei, Hunan, Jiangxi, Anhui, Jiangsu, and Shanghai) and three
provincial capitals (Wuhan (WH), Nanjing (NJ), and Shanghai City (SH)) all with dense
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population and fast economic growth [47]. Yichang (YC), Hankou (HK), and Datong (DT)
are the key gauging stations in the study area and Chenglinji (CLJ), Jiujiang (JJ), and the
estuary of the Yangtze River (EST) are important nodes when describing the study area, as
seen in Figure 1. The climate of the study area is characterized by hot and humid summers
with annual average temperature between 14 °C–18 °C and annual average precipitation
between 1000 mm–1400 mm [37]. It is a typical braided river and hosts hundreds of MCBs
which play an important role in maintaining river system biodiversity and river channel
stability [34,48].
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Dam, Yichang, Chenglingji, Hankou, Wuhan, Jiujiang, Datong, Nanjing, Yangtze River Estuary, and Shanghai, respectively.

2.2. Data Sources and Processing Methods
2.2.1. Data Sources

In order to obtain the long-term vegetation dataset of MCBs, Landsat series images
from 1987 to 2017 were used as the data source to extract vegetation patches. The Landsat
series images consist of Landsat-5 TM (1987–2011), Landsat-7 ETM+SLC-ON (1999–2003),
Landsat-7 ETM+SLC-OFF (2009–2012), and Landsat-8 OLI (2013–2017). The image spatial
resolution is 30 m. The product level of these images is level-2, which means images have
been processed with atmospheric correction and geometric correction. Since each pixel
value represents surface reflectance, the images are suitable for long-term comparative
research. All images were ordered from the Earth Explorer of the United States Geological
Survey (USGS) (https://earthexplorer.usgs.gov/, accessed on 18 October 2021) and down-
loaded from the USGS’s Earth Resources Observation and Science (EROS) Center Science

https://earthexplorer.usgs.gov/
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Processing Architecture on Demand Interface (https://espa.cr.usgs.gov/, accessed on 18
October 2021).

Since vegetation in the MCBs is focused, the MCB polygon vector dataset generated
in a previous study [38] was used to clip the spatial extent of the area for extracting veg-
etation. Moreover, some high spatial resolution images (3 m) obtained from the Planet
Scope satellite constellation were collected. These images were employed to extract veg-
etation patches using visual interpretation to assess the accuracy of vegetation extracted
from Landsat images using an automatic method as described in the following section.
Therefore, the high spatial resolution images and the corresponding Landsat images were
carefully selected to make sure they are spatially and temporally matched within eight
days (see Table 1).

Table 1. High spatial resolution images and corresponding matched Landsat images selected for
accuracy assessment.

High Spatial Resolution Images Landsat Images

Source Acquisition Date Sensor Path Row Acquisition Date

PlanetScope 10 December 2013 Landsat 8 119 038 10 December 2013
PlanetScope 1 April 2016 Landsat 8 120 038 28 March 2016
PlanetScope 19 December 2017 Landsat 8 121 039 19 December 2017
PlanetScope 1 March 2016 Landsat 8 123 039 1 March 2016
PlanetScope 15 January 2014 Landsat 8 123 040 23 January 2014
PlanetScope 21 March 2015 Landsat 8 124 039 22 March 2015
PlanetScope 4 December 2016 Landsat 8 124 039 5 December 2016
PlanetScope 31 December 2015 Landsat 8 125 039 26 December 2015

2.2.2. Extracting Vegetation Patches

As mentioned above, the vegetation patches of MCBs were extracted from Landsat
images. This process is detailed in the following steps (Figure 2).

• Step 1: Selecting Landsat images

Firstly, candidate images should meet two criteria: (1) Image acquisition dates were
in the dry season (i.e., November to March) to reduce the area variation of MCBs caused
by water level fluctuation [49,50]; and (2) cloud covers of images were less than 10%.
Secondly, if several candidate images were selected in the same year, they were further
screened manually by experts to make sure that only the image with the best vegetation
growth condition was selected. Ultimately, 236 Landsat images were selected for extracting
vegetation patches (see Supplementary Table S1).

• Step 2: Clipping images

The MCB vector polygon was used to clip the focused area from Landsat images
of this study to reduce the computational burden under ArcGIS environment (version:
10.4.0.5524).

• Step 3: Extracting vegetation patches

Firstly, the image segmentation tool in ArcGIS environment was used to segment
clipped Landsat images. The parameters of the segmentation procedure were determined
by the trial-and-error approach. The segmentation procedure is detailed as follows: (1)
We used the “Segment Mean Shift” tool in ArcGIS environment to segment the image,
and the segmentation parameters were determined after many experiments (i.e., Spectral
Detail: 15, Spatial Detail: 15, Minimum Segment Size in Pixels: 10 and Band Indexes: (band
SWIR1, band NIR, and band Red)), and then converted the segmented raster data into
vector format, i.e., segmented patches. Secondly, according to prior knowledge and visual
interpretation, the segmented patches were classified manually into three types: Natural
vegetation (i.e., trees, shrubs, and grasses, as defined in the introduction section), artificial
vegetation (e.g., crops and plantations), and non-vegetation (e.g., sand land, water, built-up

https://espa.cr.usgs.gov/
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land, roads, etc.). Thirdly, the connected patches classified as the same type were merged.
Finally, the boundaries of processed patches were further inspected and adjusted manually
by comparing them to the corresponding raw images to improve the final classification
accuracy.

• Step 4: Accuracy assessment

As this study focused on dynamics of the natural vegetation in MCBs, the classified
artificial vegetation patches were excluded in the accuracy assessment. We randomly
selected 18 MCBs with different sizes and distribution locations along the downstream
channel of the TGR. The classified natural vegetation patches (obtained from Landsat
images) on these MCBs were extracted. The validation dataset (“true” natural vegetation
patches) was obtained through visual interpretation from spatially and temporally matched
high spatial resolution images (i.e., Planet Scope images). The area of MCBs and the area of
the total natural vegetation were calculated for accuracy assessment.
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2.2.3. Data Analysis Methods

This study attempts to: (1) Indicate temporal dynamics of natural vegetation patches
in MCBs of downstream TGD; and (2) explore their potential impacting factors. To this
end, two analysis methods were adopted.

(1) Characterizing temporal dynamics of natural vegetation



Remote Sens. 2021, 13, 4190 6 of 14

To detect temporal dynamics of natural vegetation area change intensities (VACIs,
indicated by dynamic trends), a least square linear regression model was applied.

y = a + bt + ε (1)

where y is the dependent variable representing the time series of the vegetation area and t is
an independent variable representing years; a is the regression intercept; b is the regression
trend (VACI); and ε is the error term of the regression. The significance of b was tested by
F-test at a significance level of 95%.

To evaluate the effect of dam closure on vegetation dynamics, the difference between
VACIs in pre-dam (1987–2002) and post-dam (2003–2017) periods was determined, see
Equation (2).

DVACI = bPost-dam − bPre-dam (2)

where DVACI is an indicator of the dam closure effect on vegetation dynamics.
(2) Exploring the impact of potential factors on vegetation dynamics
The development of MCBs is usually scale dependent, which means the vegetation

dynamics on different sizes of MCBs may vary. Therefore, MCB size could cause different
trends in vegetation dynamics. To evaluate the effect of this factor, MCBs were grouped
into three sizes according to previous studies [38]: Small size (SS, area < 2km2), medium
size (MS, 2km2 < area < 7km2), and large size (LS, 7km2 < area < 33km2).

The effect of dam operation is also commonly considered as an important factor on
environmental changes downstream of the dam [51]. Because the intensity of the dam
operation effect diminishes longitudinally [32], we used the distance to the TGD as an
indirect indicator of the dam operation effect.

3. Results
3.1. Accuracy Assessment of Extracted MCBs Dataset

The “ground-truth” datasets (vegetation area and MCB area) were obtained from
Planet Scope high spatial resolution images. The evaluated datasets were extracted from
temporally and spatially matched Landsat images. It is noteworthy that the relationship
between the evaluated vegetation area and the “ground-truth” vegetation area show high
consistency with R2 = 0.99 and RMSE = 0.16. The MCB area has similar results (R2 = 0.99
and RMSE = 0.10) (Figure 3). These observations imply that the data extraction method in
this study is valid, and the extracted datasets are credible and accurate.
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3.2. Overall VACIs in MCBs

From 1987 to 2017, the VACIs in the downstream MCBs of TGD were generally positive
(Figure 4a). The total area of vegetation in 1987 was 16.73 km2. In 2017, it reached 75.39 km2

with an increase rate of 2.06 km2/yr (p < 0.001). Moreover, the overall VACI seems to
involve two distinct periods: Pre-dam (1987–2002) and post-dam (2003–2017). Moreover,
the VACI in the post-dam period is much higher (3.04 km2/yr, p < 0.001) than that in the
pre-dam period (0.91 km2/yr, p < 0.001).
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The scale effects of MCBs on vegetation dynamics were observed. For small-sized
MCBs (Figure 4b), VACIs showed remarkable fluctuation in the pre-dam period, and
exhibited an increase (0.33 km2/yr, p < 0.001) in the post-dam period. For medium-sized
MCBs (Figure 4c), the vegetation area showed a positive increase in pre- and post-dam
periods, but the VACI in the post-dam period was slightly larger than that in the pre-
dam period (1.23 km2/yr vs. 0.93 km2/yr, p < 0.001 for both). When it comes to large-
sized MCBs (Figure 4d), there was no statistically significant change of VACI in pre-dam
period (p = 0.50). In the post-dam period, however, the VACIs showed a large increase
(1.49 km2/yr, p < 0.001). Moreover, it is worth noting that as MCB sizes increase, the VACIs
generally become larger (higher) in the post-dam period: 0.33 km2/yr (SS) < 1.23 km2/yr
(MS) < 1.49 km2/yr (LS).

3.3. Relationship between the VACI and the Size of MCBs

From the perspective of the three MCB groups, the above findings suggest that MCBs
with larger size could experience higher increasing VACIs in post-dam periods. This led
us to investigate another question, that being, is there a relationship between the size of
individual MCB and the VACI. Nonlinear regression analyses were used to reveal such
a relationship.
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For most MCBs, the VACIs in the three distinct periods (whole period: 1987–2017;
pre-dam: 1987–2002; and post-dam: 2003–2017) are significantly positive (Figure 5a–c). The
VACIs in the whole period (Figure 5a) increased as the MCBs’ size increased. The VACIs in
the pre-dam period (Figure 5b) did not show linear trend changes but an up-and-down
change pattern with increasing MCB sizes (p < 0.05). However, the VACIs in the post-dam
period (Figure 5c) showed an increasing pattern (p < 0.05, R2 = 0.54) with increasing MCB
sizes. The difference of VACIs post- and pre-dam period (Figure 5d) also showed an
increasing changing pattern with increasing MCB sizes (p < 0.05, R2 = 0.32).
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3.4. Relationship between the VACI and the Distance to the TGD

From 1987 to 2017, the overall VACIs showed a general uptrend as distances to the
TGD increased (Figure 6a). In the pre-dam period, they showed a decreasing changing
pattern (Figure 6b, p = 0.17, R2 = 0.17). However, in the post-dam period, they showed
an increasing changing pattern (Figure 6c, p < 0.05, R2 = 0.49). From Figure 6d, it can be
found that roughly 2/3 of MCBs have positive DVACI values. This means that most MCBs
experienced accelerated vegetation expansion in the post-dam period compared to the
pre-dam period. Moreover, the DVACI values of MCBs also showed an uptrend (p < 0.05,
R2 = 0.42) as the distance to the TGD increased. In other words, the further MCBs were
away from the dam, the faster the vegetation expanded in the post-dam period. These
similar findings hold for the three different types of MCBs (SS, MS, and LS) as shown in
Figure 7.
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MCB area. The VACI parameter represents the change trend of the MCB vegetation area.
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4. Discussion
4.1. Driving Factors

The above results show that vegetation of MCBs downstream of the TGD expanded at
an accelerated rate in the post-dam period. Usually, vegetation dynamics in a riparian zone
is governed by flood disturbance (scouring and depositing) [52]. As a specific riparian zone,
an MCB’s area and shape constantly change [32], which could affect vegetation dynamics
in the MCB according to the classic species–area relationship [53]. Therefore, the vegetation
dynamics of MCBs could be affected by two main factors: Process of flood disturbance
and area of MCBs. In order to gain insight into the possible explanations of the current
vegetation expansion, these two possible factors are discussed here.

For small-sized MCBs, while their area did not show an overall statistically significant
decreasing trend in the post-dam period (−0.25 km2/yr, p = 0.21, Figure 7a), a clearly
decreasing trend can be spotted after 2010. This may be due to the full operation of the TGD
since 2010, which trapped a large amount of sediment and caused the release of downstream
water to be sediment starved [54]. Such “hungry” water would erode the downstream
MCBs and decrease their area. Theoretically, the decreased habitat area would lead to a
decreased vegetation area based on the species–area relationship [42]. However, VACIs
of small-sized MCBs showed as positive, which is unexpected (0.33 km2/yr, p = 0.001,
Figure 7a). Because of this, the detection of VACI as positive could be explained by the
weakened flood disturbance [55] after TGD operation began, as shown in Figure 8. Note
that the water discharges in flood seasons of the post-dam period were less than that of the
pre-dam period. As a result, MCBs received less flood disturbance in the post-dam period
than in the pre-dam period.
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Medium-sized MCBs did not show a statistically significant change of area in the
post-dam period (−0.36 km2/yr, p = 0.45, Figure 7b), but did show fluctuations. The VACIs
in those MCBs were positive (1.23 km2/yr, p < 0.001, Figure 7b). As there is no significant
evidence of trend change in medium-sized MCBs, their increasing VACI is more likely
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caused by the weakened flood disturbance as mentioned above [52]. It is noteworthy
that the trend of MCBs shown in Figure 7b is based on the grouped medium-sized MCBs.
However, for individual MCBs, the area of MCB and vegetation change patterns could
be vastly different from the current ones, which may make it possible to more clearly
determine the cause of vegetation dynamics.

Unlike small-sized and medium-sized MCBs, the area of large-sized MCBs experi-
enced an uptrend in the post-dam period (0.92 km2/yr, p < 0.05, see Figure 7c). Two causes
could contribute to such an uptrend. First, large-sized MCBs are generally considered
more stable than the small-sized ones in resisting erosion of “hungry” water released by
the TGD [38]. Second, large-sized MCBs are often distributed in lower reaches where the
sediment eroded from an upstream channel would be deposited and increase their area [56].
In addition, increasing VACI in large-sized MCBs is also evident (1.49 km2/yr, p < 0.001,
see Figure 7c). We noted that the increasing rate of vegetation area is larger than that of the
MCB area. This suggests that such a higher rate of vegetation expansion may be driven by
both the weakened flood disturbance and the increased MCB area.

4.2. Uncertainties and Future Research

The vegetation patches were extracted from Landsat series images with spatial resolu-
tion of 30 m. Generally, low spatial resolution may introduce uncertainty into our results
from two sources. One is that low spatial resolution images may produce relatively low
accuracy of the extracted vegetation patches. To evaluate such uncertainty, we chose Planet
Scope high spatial resolution images (3 m) as “ground-truth” source data for extracting the
“true” vegetation patches to verify the vegetation patches obtained from Landsat images
by a carefully designed procedure (see Section 2.2.2). Experiments prove that the extracted
vegetation patches from Landsat images are reliable for further analysis (Figure 3). The
other one is that the low spatial resolution images may also ignore the sparse vegetation
patches with area less than one pixel area (900 m2), which is often the case in small-sized
MCBs. Two possible methods could be adopted to minimize such uncertainty. First, by
focusing on the overall pattern of vegetation dynamics in grouped MCBs instead of indi-
vidual MCBs, as we did in this study, and secondly by using high spatial resolution images
to extract small vegetation patches in future monitoring, as they have become more widely
available. Moreover, the imaging dates were limited to the dry seasons from November to
March to minimize the influence of water fluctuation. Vegetation growth is seasonally de-
pendent and the five-month time span for extracting vegetation may introduce some level
of additional uncertainty in our results. Future monitoring should rely on high temporal
resolution image data, such as Sentinel-2 and GF series images as much as possible.

5. Conclusions

This paper is the first time that focus has been paid to the area dynamics of (natural)
vegetation in MCBs in the downstream TGD of the Yangtze River during 1987–2017. The
study’s time frame consists of both pre-dam period (1987–2002) and post-dam period
(2003–2017). Vegetation patches of MCBs were extracted from Landsat images by using
human–computer interaction processes. MCBs were divided into three types: Small sized
(0.2 km2–2 km2), medium sized (area between 2 km2–7 km2), and large sized (7 km2 and
33 km2).

Overall, the VACIs of all MCBs showed as positive from 1987 to 2017, but the rate in
the post-dam period was 3.3 times that in the pre-dam period. The VACIs of large-sized,
medium-sized, and small-sized MCBs all showed uptrends, but with different rates, in the
post-dam period. Specifically, the larger the MCBs, the higher the VACIs. For individual
MCBs, their VACIs generally increased with the increase of MCB area in the post-dam
period. In addition, the VACI for individual MCBs showed a general increasing pattern as
their distances to the TGD increased. In other words, the further an MCB was from the TGD,
the greater its VACI. The above findings indicate that the operation of the TGD causes rapid
plant growth and colonization in downstream MCBs. The weakened flood disturbances
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in the post-dam period could explain the rapid vegetation growth and colonization. This
work not only provides us the first in-depth look into vegetation dynamics in the MCBs
under the context of dam operation, but is also helpful for managing and protecting MCBs
in dammed river systems.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/rs13204190/s1, Table S1. Basic information of the selected Landsat image.
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