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Abstract

This work explores the changes in vegetation coverage and submergence time of flood-
plains along the middle and lower reaches of the Yangtze River (i.e., the Jingjiang River)
and the relations between them. As the Three Gorges Dam has been operating for more
than 10 years, the original vegetative environment has been greatly altered in this region.
The two main aspects of these changes were discovered by analyzing year-end image data
from remote sensing satellites using a dimidiate pixel model, based on the normalized differ-
ence vegetation index, and by calculating water level and topographic data over a distance
of 360 km from 2003-2015. Given that the channels had adjusted laterally, thus exhibiting
deeper and broader geometries due to the Three Gorges Dam, 11 floodplains were classi-
fied into three groups with distinctive features. The evidence shows that, the floodplains with
high elevation have formed steady vegetation areas and could hardly be affected by runoff
and usually occupied by humans. The low elevation group has not met the minimal threshold
of submerging time for vegetation growth, and no plants were observed so far. Based on the
facts summed up from the floodplains with variable elevation, days needed to spot vegeta-
tion ranges from 70 to 120 days which happened typically near 2006 and between 2008 and
2010, respectively, and a negative correlation was detected between submergence time
and vegetation coverage within a certain range. Thus, floods optimized by the Three Gorges
Dam have directly influenced plant growth in the floodplains and may also affect our ability
to manage certain types of large floods. Our conclusions may provide a basis for establish-
ing flood criteria to manage the floodplain vegetation and evaluating possible increases in
resistance caused by high-flow flooding when these floodplains are submerged.

Introduction

Many large reservoirs have been constructed along major rivers across China for the purpose
of optimizing the national energy structure, including the Xiaolangdi Water Control Project
(2001), Danjiangkou Reservoir on the Hanjiang River (1973), and the Three Gorges Dam
(TGD, 2003). Abundant research has shown that reservoirs contribute the most directly to flu-
vial ecosystems, such as by changing runoff and sediment contents downstream [1, 2].
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Research on 4000 km of rivers in the United States has indicated that 60% of them are sedi-
ment-deficient, while only small parts of these rivers turn out to last sediment surplus [3]. The
major factor that controls the transformation of rivers is the imbalance between sediment sup-
plies and discharge.

Over the past 60 years, the Yellow River, which is the second-longest river in China, has lost
90% of its sediment load, particularly due to landscape engineering and terracing, as well as
the construction of dams and reservoirs, from the 1970s to the 1990s. As these rivers have the
most potential to widen, deepen, narrow, or shallow, depending upon the type and extent of
construction, challenges to fluvial dynamics can persist for months or even decades [4].
Another concern is that their ecosystems are also altered to some extent by these projects.

Past assessments of the impacts from six Andean dams showed that, due to the reduction of
sediment, phosphorus, and nitrogen from the Andes Mountains, the survival, phenology, and
growth of floodplain vegetation, as well as fish yields, were greatly altered. In 2005, Forsberg
et al. [5] found that the construction of hydroelectric dams in northern Brazil caused more sig-
nificant damage to tree community structures than expected and caused them to degrade rap-
idly in both structure and composition. Furthermore, the riparian forests of the Elwha River,
Washington, USA, have been shown to vary as a result of two dams. Shafroth et al. [6] pro-
posed that a dramatic reduction in sediment supply was responsible for the geomorphic
responses of channel and bottomlands, which eventually interfered with the patterns of ripar-
ian vegetation in river segments downstream of the dams.

From the perspective of hydrological discharge, the attenuation effect of dams tends to
reduce the frequency of massive flooding downstream. The model developed by Khaddor et al.
has proved that the Mechlawa dam of the Mghogha basin helped reduce a high peak discharge
and the volume of a reference flood on the 23rd of October,2008, therefore, prevented flooding
on the industrial zone near the downstream river [7]. Large volumes of sediment are
impounded as dead storage, causing a sharp decline in downstream sediment loads. Immedi-
ately after the construction of a dam, the morphology of the channel begins to readjust, yet dif-
ferent parts evolve in different ways. After the TGD began operating, the flood peak was
undercut, the dry season runoff was complemented, the sediment supply declined, and the riv-
erbed suffered a new round of erosion. According to annual terrain measurements, the river
channels have been scoured deeper, which has led to lower water levels under equal water dis-
charge [8]. However, abundant evidence from gauging stations has also indicated that under
high-flow conditions, water levels have failed to rise as expected, resulting in medium and low
discharge [8-10]. In general, flood capacity has not risen or declined significantly, based on
the geomorphic expansion of the high-flow section, and this has undoubtedly increased the
risk of an uncontrollable flood occurring in the future [11, 12].

The TGD was put into operation in 2003, reducing the reservoir outflow to 16,000 m*/s out
of 55,000 m*/s when a flood peak occurs. In 2010, the TGD sequentially intercepted floods
exceeding 50,000 m’/s three times and cumulatively retained over 26 billion tons of runoff in
storage. In 2012, the amount of water contained was 20.05 billion tons. The impoundment was
typically used to compensate for dry seasons (i.e., November to May of the following year),
allowing low-flow channels to respond. Correspondingly, flood sections are presumed to
remain under low bed-shaping effects. Floodplains are exposed to air more frequently, causing
both human-induced and natural occupancy, which raises the risk of uncontrollable flood
damage.

Affected by the closure of a large dam on the Sauce Grande River in Argentina, the funda-
mental discharge and water level were restricted; thus, channel capacity was reduced owing to
the encroachment of vegetation on the channel banks [13]. Additionally, El Nifio events cause
anomalously low precipitation in this catchment, resulting in significantly lower Amazon
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River discharge and an extension of the plant growth period [14]. Similarly, such an altered
hydrological regime may also result in physical barriers to the dispersion of buoyant seeds dis-
tributed by water, fish, and other organisms. The near-permanent aquatic conditions at low
topographies downstream of this dam have hampered the reestablishment of the surrounding
igapo forest and resulted in large-scale habitat loss [15]. Given that erosion primarily occurs in
the dry sections of river channels, decreases in water levels caused by sediment migration have
out-distanced the elevation by riverbed armoring [16-18]. A continuously expanded wetted
perimeter followed the increase in discharge, the proportion of the water level decline caused
by scouring decreased gradually, and the increase in water level caused by enhanced floodplain
resistance gradually became prominent.

When an unforeseen flood caused by extreme precipitation or even a major, predictable
flood occurs, the flood control capacity of the river channel may be affected, and the risk of
accidents increases [18-20]. Therefore, it is necessary to analyze the occupancy of the top of
the main tidal flats after a reservoir begins operating, compare the development of vegetation
layers at each stage, and evaluate the possible impacts of flooding. The environment in which
plants grow is affected by numerous factors, including temperature, humidity, and soil mois-
ture [21, 22]. According to previous studies, one of the most direct factors affecting the opera-
tional changes imposed by a reservoir is the change in the frequency of submergence, through
which river hydrology helps control seedling germination and establishment [23]. Fluctuations
in water levels on the order of 16 m in the Amazon River and its tributaries have triggered
interannual flooding in the floodplains, which has driven phenological, morphological, and
physiological responses by different tree species, such as anaerobic root activity and defolia-
tion. Plant regeneration strategies have thus been affected, responding to seasonal and predict-
able changes in habitats. Trees in the Amazon River Basin seem to have adapted their
flowering times and outcomes to maximize individual competitiveness and make use of flood
cycles for pollination and seeding. Previous studies have clearly shown the performance of
local flora and that the Jingjiang River has already witnessed adaptation to plant life strategies,
yet few relevant studies or field investigations have been completed. The existent studies con-
cerning vegetation growth along the Yangtze River mainly concentrate on the water-level fluc-
tuation zone of the Three Gorges Reservoir and the Dongting and Poyang Lakes’ vegetation
zones and are conducted mainly by field surveys. You et al. found that as the TGD keeps regu-
lating the water-level of the reservoir, the vegetation of the water-level-fluctuation zone
responded strategically by altering adaptive species according to height and showed great
diversity with this range [24]. Another study shows that the annuals are taking the place of
perennials gradually, and shrub has lost the dominant role in the inundated zone and riparian
zone of the TGD [25]. Species diversity was proved to rise with elevation in the riparian zone
after damming. After the TGD was put into operation, the total vegetation area in East Dongt-
ing Lake increased. The reed and forest become dominant comparing to grass due to the
changes of submergence duration [26]. Researches on the plant communities of the Poyang
Lake shows that variables of both water-table depth and soil moisture are strongly affecting the
community distribution and thus resulted in a significant hydrological gradient [27]. Mangora
et al. found that submergence time as one of the main factors will affect the mangrove’s germi-
nation by restraining photosynthetic rates [28]. However, limited studies concerning the vege-
tation on the downstream floodplains have been conducted primarily due to the frequent
change of daily water level in space and time. As the transition zone linking the river and land,
bottomlands usually show high diversity and biological productivity. The community develop-
ment and partitioned mode are primarily decided by the moisture status of the soil, which
could be measured by water depth, duration, frequency, fluctuation rate, and flood frequency
[29]. The vegetation zoning pattern of bottomlands is likely to change year by year or season
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by season, making it difficult to predict the composition of vegetation communities distributed
along with the water depth [30]. The alternation of the soil moisture content will stimulate or
inhibit the germination of seeds, thereby changing the plant species of the local seed bank.
Brittin and Brock pointed that the germination rate of seeds in autumn and spring is most
affected by flooding and the lowest in summer, especially for those plants located along rivers
that have completed a life cycle before the flood and take the form of seeds to avoid adverse
conditions in the soil. Flood tolerance usually affects the germination of the seeds, while the
proliferation of the community is decided by the fluctuation of the submerged frequency and
the submerged depth in the later stage of growth [31].

In the long history, floodplains downstream of the Yangtze River have formed different
landscapes and are occupied by variable patterns which remain unclassified. Ibeje and
Ekwueme proposed a model framework, and the case study on the Anambra-Imo river basin
proved its homogeneity [32]. Previous studies chiefly concentrate on sediment transportation,
erosion adjustments, and the change of river sections. From the perspectives of floodplains,
morphological adjustments are mainly studied during different periods since the TGD was put
into operation, and intending to evaluate the influences of the TGD on the community distri-
bution and diversities, it is necessary to clarify the pattern of vegetation occupancy on the
floodplains as well as the quantitative indicators by which the inundation duration is affecting
the vegetation coverage.

In this study, the submergence characteristics of each floodplain are explored, and the
response patterns of vegetation coverage are concluded from the perspective of the interven-
tion of hydrodynamic factors after the TGD. The Jingjiang River was chosen for three reasons:
(i) eleven floodplains are separately distributed and make this segment the most complicated
along the Yangtze River, (ii) sufficient hydrological data are available from at least seven
hydrological stations, and (iii) Gholami & Baharlouii proves the effectiveness of the satellite
images and GIS in monitoring and identifying specific characteristics of mangrove boundaries
[33]. We applied the dimidiate pixel model based on NDVI using Landsat series satellite
images to describe and analyze the change of the vegetation on the floodplains, and the Jing-
jiang reach is thoroughly contained in one remote sensing satellite image that is not cut or
modified. We aimed to address two fundamental questions: (i) What are the interactions of
runoff on floodplains? (ii) How does floodplain vegetation react to altered river hydrology?
This study centers tightly within the Jingjiang River (riparian areas not included), where prior
geomorphic assessments have focused on sedimentation and hydraulic mechanisms. Firstly,
the measured topographic data and the waterfront lines along each year were used to calculate
the changes in the flooding days, and then satellite remote sensing data were used to calculate
the changes in vegetation coverage at the top of the bottomlands. Then three different patterns
by which the runoff process influences each floodplain were concluded. Finally, based on sta-
tistical analysis, the impacts of the altered hydrodynamics in this reach were evaluated with
two thresholds to describe the critical condition of vegetation growth. Conclusions draw by
this research not only could provide referential suggestions for decision-makers to control the
vegetation that has adverse effects on the unpredictable floods but also can help to consider the
roughness pattern for the floodplain surfaces with gradient vegetation coverage in the mathe-
matical models.

Materials and methods

Study area

The Yangtze River Basin (Figs 1 and 2) has an area of ~1.8 million km?, from 24°30°-35°45'N
and 90°33’-122°25’E, and is divided into upper, middle, and lower reaches by the Yichang and
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Fig 1. Detailed study area with gauge stations. The map was generated in ArcGIS v. 10.6 (Esri, USA).
https://doi.org/10.1371/journal.pone.0251015.g001

Hankou hydrological stations. The Yizhi Reach, which forms the transitional zone between the
mountain and plain rivers, is approximately 59 km in length and has a sandy cobble riverbed.
The 360-km Jingjiang Reach meanders from Zhichen to Chenlinji and is divided into upper
and lower sections. Since the operation of the TGD began in 2003, the downstream channel
has been scoured continuously, with the main scouring shifting from the Yizhi to the Jingjiang
reach [34], and still shows an accelerating tendency due to the sandy composition of the
riverbed.

Kilometers

[a): Guanzhou [g]:Jinchengzhou
[b]: Shuiluzhou [h]: Tugizhou

[c]: Liutiaozhou [i]: Jiaoziyuan
[d]: Huojianzhou [i]: Ouchikouxintan
[e]: Mayangzhou  [k]: Wuguizhou
[f]: Sanbatan

Fig 2. Spatial distribution of 11 floodplains along the Jingjiang Reach. (a) Guanzhou, (b) Shuiluzhou, (c)
Liutiaozhou, (d) Huojianzhou, (e) Mayangzhou, (f) Sanbatan, (g) Jinchengzhou, (h) Tugizhou, (i) Jiaoziyuan, (j)
Ouchikouxintan, and (k) Wuguizhou. This map was calculated and generated in ENVI v.5.3 (Harris Geospatial, USA)
using the OLI satellite images from Landsat-8 (paths: 124; rows: 39).

https://doi.org/10.1371/journal.pone.0251015.g002
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The Jingjiang River (or Reach) is considered to be one of the most challenging segments of
the Yangtze River due to the complexity of its tributaries, substantial bank collapse, rapid
changes between river sections, and interactions with Dongting Lake. The regulation of this
river directly determines both the capacities of flood control exceeding 18,000 km? and shipping
demands downstream. There are eleven main floodplains along the Jingjiang Reach of the
Yangtze River named Guanzhou, Shuiluzhou, Liutiaozhou, Huojianzhou, and Mayangzhou,
Sanbatan, Jinchengzhou, Tuqizhou, Jiaoziyuan, Ouchikouxintan, and Wuguizhou (Fig 2). The
channel of the Yizhi Reach has been so fully armored that its riverbeds are mostly covered with
gravel bedload, where souring is restricted. However, the Jingjiang Reach has a sandy riverbed.
Thus, strong erosion occurs, and its three outfalls show no distinctive evidence of decline.

The amount of rainfall corresponds well to the temperatures across the Yangtze River Basin
under the control of the monsoonal climate. Many water facilities have been constructed in
recent years, including nearly 52,000 dams with a collective reservoir capacity >400 billion m>.
More than 19,000 hydropower stations have been built and provide an installed capacity of
>190 million kWh™. There is no doubt that these facilities have provided great benefits in
terms of flood prevention, electricity generation, and improving shipping and water supplies.
However, these advantages have also changed the initial runoff processes of the affected water-
shed (i.e., discharge, water levels, and seasonal regimes).

The yearly amount of water from the Yichang Station in the Three Gorges Reservoir area
station exhibited no obvious fluctuations from 2003-2015, when compared to the period from
1955-2002, while the evidence suggests a 1.6 billion-m” mean decline every year between 1991
and 2016 [34, 35]. However, runoff primarily depends on natural climatic conditions and the
flood processes within each year were evened by the presence of dams. Thus, changes mainly
occurred during the storage period, from September to November, following each flood sea-
son. Previous studies have shown that discharge was reduced by 29.6% from 2008-2016 com-
pared to 1878-1990, after each flood season and 40% in October. Meanwhile, the TGD
compensates for 23 billion m’ of water between January and May [35].

Due to both a decline in runoff and channel reshaping, the water levels observed at gauge
stations under the same flow regimes have shown a trend of decreasing after small- and mod-
erate-sized floods and rising after larger floods. The turning point has remained near the bank-
full discharge, where floods begin spreading shoreward and to the bottomlands. The volume
cut and river bed erosion can both lead to the water-level fall along downstream of the TGD.
In fact, only the Shashi and Xingchang stations have observed a decline of water-level exceed-
ing 1.5 m in 2014 relative to 2003. While most of the other gauge stations show their declines
within 1 m, indicating that riverbed erosion plays a more limited role in determining water
levels than declining runoff [16, 17].

Data collection

Hydrological data. The hydrological data used in this study included daily water levels
from the gauging stations, among which the Chenlinji Station provided data on the inflow into
the Yangtze River. The three outfalls were considered by using data from a hydrometrical sta-
tion on the river. The hydrological and terrain data were provided by the Changjiang Water
Resources Committee (CWRC) and the Changjiang Sediment Bulletins from 2003-2015.

Remote sensing data. Landsat 4-5TM, Landsat 7 ETM and Landsat-8 OLI satellite images
from paths 124 and 39 were freely available from the United States Geological Survey (USGS)
Earth Explorer website (http://earthexplorer.usgs.gov/). All image productions were systemati-
cally corrected to Level 1T for radiometric and geometric accuracy by the USGS EROS Data
Center in Sioux Falls, SD. Composite color images, combining 30m red and near-infrared
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bands were prepared using the ENVI program (Harris Geospatial, USA). Moreover the red
(R), green (G) and blue (B) bands are combined in ENVT to illustrate true color of surface con-
dition in Fig 5.

Analytical methods

Frequency of submergence. To simulate submergence times, we compared the water sur-
face line along the reach with the terrain measured each year. The water surface line was inter-
polated from the water levels at the nearest gauging station. With the aim of maximizing the
difference between submerging time classifications, we used natural discontinuities and
divided the results into eight groups, with breaks at 30, 70, 120, 160, 210, 260, 300, and 340
days, respectively.

Plant occupancy. Using ENVI v.5.3 (Harris Geospatial, USA), we first employed the nor-
malized difference vegetation index (NDVI) to distinguish between vegetation and water. A
dimidiate pixel model was then used to calculate vegetation coverage. We assumed that all pix-
els were composed of either vegetated or non-vegetated areas, as was the resulting spectrum.
Therefore, the ratios of each component should be the weights of the different cover type. We
defined S as each pixel, S, as the vegetated component, S, as the soil component, and fvc repre-
sented the vegetation coverage used in the study.

The dimidiate pixel model based on the NDVI can be expressed as:

S=8+8, (1)

S, =S, - frc (2)

S, = Sy~ (1= fvo) (3)

S =8, - fre+ S, (1 —fue) (4)
_ (S B Ssail)

= e = S G)

Due to the linear relationship between vegetation growth and NDVI, the expression (5) can be
rewrote as:

(NDVI — NDVI_,)

soil
— . 6
fvc (NDVIveg - NDVIsoil) ( )

Where the S,.,
pure soil. NDVI,.; and ND VI, are the normalized difference vegetation index of pure vegeta-
tion and soil respectively [36].

When calculating fvc, the NDVI,,,;; and NDVI,,, determined the accuracy of the vegetation
coverage. To reduce error throughout the procedure, we set pixel values summed to 2% as the
minimum and 98% as the maximum and then assigned them separately to NDVI,,; and
NDVI,,. Because the NDVI varies depending upon the full coverage of different types of
plants, it is essential to classify the plants present in the study area. Therefore, we applied high-
resolution images from Google Earth [37] and true-color remote sensing images composed of
the red, green, and blue bands of the Landsat-8 OLI to sort different types of land cover. First,
we interpreted and highlighted the representative plant types and then a neural network-based
supervised classification scheme was used to extract additional information. Finally, outliers

represents the component of pure vegetation, S,,; represents the component of
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beyond the (0, 1) domain were eliminated before obtaining the final fvc results. Overall data
processing methods are illustrated as Fig 3.

Results
Submergence frequency of main bottomlands

All of the eleven bottomlands (floodplains) were divided into three groups, labeled as Group I,
Group II, and Group III, based on the primary relationships that characterized their elevations
and water levels. We considered areas that were exposed during the end of every year, from
mid-October to December, with the goal of maximizing the information derived from observ-
ing vegetation. When the water level exceeded the elevation of a floodplain, it was considered
to be inundated by flooding (i.e., submerged).

Group I —high elevation. The floodplains representative of Group I were Liutiaozhou,
Huojianzhou, Mayangzhou, Ouchikouxintan, and Wuguizhou. This group contains bottom-
lands with relatively high-elevation terrain, making it difficult for floods to reach the top of the

The Landsat 4-5TM/Landsat

7ETM /Landsat 80LI images

of path 142, row 39 from 2003
to 2015

Vv

Radiometric Calibration
and Corrections

y
+ Subset image and calculating NDVI Terrain data of Water level of
- Supervised classification the floodplains the gauge
+ Calculating the NDVIy,; and NDVl,, from 2003 to stations
2015
v Vv Vv

« Calculating vegetation occupancy (fvc)
« Correct the abnormal value

Frequency of the submergence

» Submergence patterns of the floodplains
+ Response of the vegetation coverage to the inundating duration

Fig 3. Flowchart of the research methodology.
https://doi.org/10.1371/journal.pone.0251015.g003
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banks (Fig 4). Consequently, such lands are easily occupied for human activities, such as shel-
ters, agriculture, forest areas, and animal husbandry (Fig 5).

Figs 4E, 6E and 7 show that the top surface of Mayangzhou is broad and flat, with a gentle
slope, and water levels fluctuate within a limited range. In general, vegetation coverage is
mainly determined by natural succession throughout the year rather than by runoff. Judging
from Google Earth imagery (Fig 5E), many agricultural and forest lands are spread over the
top of this floodplain, with a tiny proportion of residential houses. The occupancy pattern is
shown in Fig 7, and the 85° edge surrounding Mayangzhou is shown to be an ideal place for
agriculture.

Similar to Mayangzhou, Liutiaozhou (Fig 6C) has a lower zone where the extent of flooding
varies, while the top remains isolated from runoff. Anthropic traces can be seen on the top,
with spreading residential areas (Fig 5C). Due to human activities, the plant community
depends mainly on certain crops. Along with other floodplains in Group I, vegetation coverage
showed an evident decline after yearly harvesting while left a distinguishable boundary that
most likely represented ridges and tractor tracks. Based on the inundating days from 2003-
2015, the top of the bottomlands was flooded for <30 days each year (Fig 6). No obvious evi-
dence of uniform vegetation types was discovered, yet boundaries remained sharp and clear.

Group II —low elevation. Group II included the low-elevation floodplains of Sanbatan
and Jinchengzhou. Fig 8 shows that the dominant submergence time was ~160-210 days and
may extend to 260 days on the edge area due to the low terrain. During the study period, apart
from minor areas near the heads of Sanbatan and Jinchengzhou in 2015, there was barely any
large-scale vegetation detected (Figs 5F and 5G and 8). Moreover, vegetation remained limited
(fvc<0.25) based on calculations in 2015. Thus, the inundation time failed to fully meet the
needs for plants to grow from seeds, and cover the floodplain.

Group [II —variable elevation. Unlike the bottomlands of groups I and II, those belong-
ing to Group III exhibit strong correlations between plant occupancy and submergence time.
Tugizhou, Shuiluzhou, Guanzhou, and Jiaoziyuan are in this group. Despite some small places
within them being similar to groups I and II, the majority of bottomlands in Group IIl lie

[b]:Shuiluzhou | e

RS - :

I Under the lowest water level B Water fluctuating zone [ Above the highest water level I:> Flow direction

Fig 4. Map of the range of water-level fluctuations for each floodplain. The overall geomorphology is illustrated and was
generated using Mike21 program (DHI, Denmark) based on terrain and hydrological data of 2013.

https://doi.org/10.1371/journal.pone.0251015.g004
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Fig 5. Views from Landsat 8OLI images of each floodplain on 2017/12/24 generated in ENVI 5.3 using optimized linear. These maps allowed us to
distinguish specific categories of land use and to examine the accuracy of supervised classifications during the calculation of fvc.

https://doi.org/10.1371/journal.pone.0251015.9g005

within the range of flood variability (Fig 4). The timeworn part of Tuqizhou (shown in red in
Fig 4) is high enough for human occupancy and thus provides the proper circumstances for
shelters and agriculture (Figs 4H and 5H). Meanwhile, the emergence time of newly formed
upriver areas framed in Fig 9H was sufficiently spread from 260 to within 30 days. The major-
ity of upriver areas were flooded for 30-210 days in 2013 and a total of up to 260 days closer to
the upstream edges. The colors shown in Fig 4 for the same place changed from green to blue
as a result of heavier flooding in 2014. However, in 2015, those inundated for 70-120 days in
2014 were flooded for just 0-30 days, similar to the older sections. Consequently, plant occu-
pancy extended and deepened.

For Shuiluzhou (Fig 9B), the exposed areas are separate, and the older parts minimally
engage with the stream (Fig 4B. However, plants have grown since 2013 in the middle portion
shown in Fig 9B despite the fact that the submergence time ranges from 70-120 days.
Although no vegetal expansion was observed by 2015, the plant density improved as a result of
the reduced inundation frequency, from 70-120 to 0-30 days.

The older part above the water-level fluctuation zone of Guanzhou (Fig 9A) appears the
same as those in Group . Based on the Google Earth images (Fig 5A) and fvc, the upriver sec-
tion in the frame of Fig 9A experienced a period of new plant growth from 2013-2015 as a con-
sequence of aerial longer. Notably, these new plants matched those areas that flooded for a
maximum of 70-120 days, while low concentrations of plants were observed near the edges of
Guanzhou. The remaining portion was underwater for 120-260 days, meaning that it did not
meet the prerequisites needed for plant growth.

For Jiaoziyuan, in which runoff flows from the right due to a steep slope (Fig 4I), the
boundary between the main channel and vegetation is clear and distinct (Fig 5I). Moreover,
the vegetated region area remained ~10 km? within the zone of fluctuating water levels, thus
providing a convenient illustration of the fvc under the influence of runoff. In comparison
with 2013, greater flooding in 2014 led to a more extended period of submergence and
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https://doi.org/10.1371/journal.pone.0251015.9006

contributed to the decline of vegetation. As shown in Fig 9], the color in the frame changed to
green from red and yellow, indicating that vegetation coverage was reduced and then returned
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upper bottomlands and the relationships between runoff and vegetation.

Sketch Map of Section A-B

Fig 7. Surface slope of Mayangzhou (left) and map of the section marked A, B (right). The right graph shows the pattern of human occupancy upon the

https://doi.org/10.1371/journal.pone.0251015.9007
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https://doi.org/10.1371/journal.pone.0251015.9008

to red in 2015. Parts of some areas that emerged in less than 30 days then did so from 30-120
days, as time proceeded to the winter of 2014. In contrast, owing to the decreasing runoff in
2015, areas flooded for 0-30 days increased, as did the higher vegetation density of Jiaoziyuan.

Changes in vegetation coverage

To summarize the response of vegetation to inundation time, the vegetal density was illus-
trated from 0 to 1 (purple to red in figures). It was found that almost every red zone (of vegetal
density) existed where the submergence time was within 30 days (Table 1). However, the
opposite did not hold true, as there were bottomlands like Huojianzhou (Fig 5D) in Group I,
which were instead occupied by human activities. Two exceptions to the overall trend included
Liutiaozhou and Wuguizhou, where the highest coverage appeared in the zones experiencing
30-70 days of inundation; both belonged to Group I (Fig 6C and 6K).
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https://doi.org/10.1371/journal.pone.0251015.9009

As shown in Table 1, the maximum inundation time for low-density coverage was 70-120
days under natural conditions and accorded with the pattern observed in Group III. Mean-
while, most cases in groups I and II shared the same threshold value of 0-30 days between the
maximum and minimum coverage. Hypothetically, this threshold could be predominately
determined by crop types on the bottomlands of Group I, given that they were typically
exposed to the air. The curves in Fig 10 show the tendencies of both variables, where the peak
coverage values show the same trends as submergence times.

Table 1. Specific ranges of submergence times in which most of the highest and lowest vegetal coverage appeared.

Group

=

Bottomlands Submerging time (d)
Max. coverage Min. coverage

Liutiaozhou (c) 30-70 0-30

Huojianzhou (d) 0-30 0-30

Mayangzhou (e) 0-30 0-30

Ouchikouxintan (j) 0-30 0-30
Wuguizhou (k) 30-70 30-70

Sanbatan (f) 0-30 0-30

Jinchengzhou (g) 0-30 0-30
Tugqizhou (h) 0-30 70-120
Jiaoziyuan (i) 0-30 70-120
Guanzhou (a) 0-30 70-120
Shuiluzhou (b) 0-30 70-120

https://doi.org/10.1371/journal.pone.0251015.t001
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The result above has clarified the three patterns of submergence of all the research areas.
Thus we took representative samples from each group and calculated the inundation duration
and vegetation area chronologically, as shown in Fig 11. The area of Huojianzhou and
Mayangzhou remain basically unchanged as it has reached the maximum of the surface and
has been highly occupied by humans before the dam construction. Due to the extremely low
submerging time (<5 days), the submergence curve was not plotted. For Guanzhou,
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Fig 11. Vegetation area change of Huojianzhou and Mayangzhou, Guanzhou, Jiaoziyuan and Tuqizhou.

https://doi.org/10.1371/journal.pone.0251015.g011
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Jiaoziyuan, and Tugqizhou, we choose the variable places inside the framed places in Fig 9 and
found that both Guanzhou and Jiaoziyuan had the minimum vegetation area around 2004,
and then the vegetation started expanding. Moreover, before 2010 the plants on Guanzhou
and Tugqizhou kept low coverage and a small portion of the whole surface, and the turning
point appeared within 2008 to 2010. There was a slight decline in Guanzhou in 2014, consis-
tent with the increased submerging time from 93 days in 2013 to 111 days in 2014. Due to the
relatively lower elevation of Jiaoziyuan, vegetation started the expansion earlier in 2006 when
encountering the exceptionally low water discharge [38].

In addition to the annual change of vegetation, the scatter graph of observed plant area cor-
responding to submerging time within a year was illustrated as Fig 12. These values were
extracted from the water-fluctuation places on Guanzhou, Jiaoziyuan and Tugizhou.

When submerging time is longer than 120 days, vegetation area keeps under 0.05 km?,
and vegetation coverage is low. This indicates 120 days as a threshold for triggering the veg-
etation occupancy, and this is consistent with the result in Table 1. Referring to the turning
points in Fig 11, the corresponding inundating time is 116 days for Guanzhou and 108 days
for Tuqizhou in 2010, respectively. Meanwhile, the submerging time for Jiaoziyuan keeps
under 98 days, and plants continued expanding even though submergence may fluctuate
within a small range. Thus the maximal vegetation area was decided mainly by sediment
erosion and river section adjustment. Also, competitions among different species are likely
to disturb the vegetation coverage yet to a small extent when an unusual flood interferes
with the previously-formed community. As inundating time decreases into 70-120 days,
the vegetation cover enters a high rate of the increasing stage. Notably, the points in the
high zone become scattered due to the upper area limit of sampling places. In other words,
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Fig 12. Vegetation cover area plotted as a function of flood duration in a year. The nonlinear fitting curve was
calculated and R = 0.74(p<0.05).

https://doi.org/10.1371/journal.pone.0251015.g012
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the vegetation will keep expanding to the maximum area of the range, which is flooded for
less than 120 days.

Discussion

This study was concentrated on the Jingjiang Reach in the middle of the Yangtze River (Figs 1
and 2). After the TGD was put into operation, the original balance of sediment erosion and
deposition was destroyed [34, 39]. As regulations have been continuously adjusted, a strategy
of allowing medium and small floods was enacted in 2010 [40]. As was recorded, there were
only 21 days during which the maximum discharge exceeded 45,000 m*/s at the Yichang
gauge station. Previous research has shown that discharge between 2009 ab 2014 was far from
that intended.

The construction of the TGD has, to some extent, ensured the safety of lowland communi-
ties during flood seasons since 2003, yet it also remained unknown whether or not channels in
the lower reaches are capable of bearing inevitable heavy flooding. Therefore, we selected 2003
to 2015 to study stream dynamics in the middle of this vital watershed [41]. Substantial
research has demonstrated that water levels have risen instead of declined under the high dis-
charges recorded at gauge stations, despite the deeper thalweg and channel readjustments via
new erosion. A flood that occurred in 2011 in the Mississippi River, USA, resulted in a higher
water level than in floods occurring in 1927 and 1973 owing to the presence of dense vegeta-
tion on its floodplains [42]. Similar risks might arise in China as the living environment is
influenced by the TGD, and there is no doubt that the medium and small flood-induced water
levels have fallen.

There are many concerns surrounding the potential risks brought by continuously deepen-
ing channels in Jingjiang. With a deeper and wider channel, the Yangtze River is supposed to
carry more floodwaters. Based on the statistics available from gauge stations, declines in water
levels under the medium- and small-scale flooding have been observed since the TGD was put
into operation. Possible causes that have been proposed to explain this include the lack of
large-scale changes in sections of high discharge, more obstructive bank geometries, or higher
roughness when floods reach the bottomlands [43, 44]. Taking the floodplains that are likely to
be more exposed to the air into consideration, roughness above the maximum water-level
tends to increase [42], thereby contributing to higher flood risks. Past studies have contributed
much to our understanding of fluvial hydraulics related to vegetation, and most have been
conducted using indoor channel experiments or numerical models of small-scale rivers. Com-
paratively, few studies have been conducted for large natural rivers, like the Yangtze, yet most
support the backwater areas [45] and are able to raise water levels during massive floods. Here,
we aimed to analyze this presumption and add field observations via remote sensing data from
October to December from 2003-2015. Year-end images were chosen to minimize the errors
due to cloud cover and standardize vegetal growing states to the same phase before low tem-
peratures affected their coverage. Nevertheless, we were not able to capture the entire whole
growth process, such as from July to September, when plant life flourishes.

When making the specific criterion for flow and sediment regimes and river bed morphol-
ogy, different levels of requirements need to be evaluated. Cosi¢-Flajsig et al. Established a
holistic approach to defining the environmental flow, and the case study on Sutla River Basin
uses the flow characteristics to meet the spawning of the Barbus balcanicus [46]. The conclu-
sions drawn in this study revealed the overall influence of current hydrological conditions and
the responses of plants to different runoff processes. Policymakers and researchers may use
this study as a reference to control vegetal growth in floodplains and to impose boundary con-
ditions in numerical models, where higher roughness on floodplains must be taken into
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consideration. Our results indicate that areas inundated for more than 120 days were barely
covered by vegetation, meaning that the duration of exposure should not have met the growing
requirements of local plant life. The threshold value that appeared within 70-120 days in
Guanzhou and Shuiluzhou implied that submergence for more than 120 days restrained vege-
tal growth, although very little (fvc < 0.1875) vegetation was observed in minor areas of Sanba-
tan or elsewhere.

Additionally, submergence times of <120 days could not ensure vegetal coverage based on
the findings in Jinchengzhou, where qualified fields were small and seed transmission, as well
as a growth strategy, were likely affected. Ouchikouxintan disobeyed this pattern due to armor-
ing of the riverbed and consequently led to changes in the land surface. There are also human-
modified zones in Guanzhou where plants were detected despite being inundated for more
than 120 days. Thus, particular circumstances demand independent consideration.

Here, we revealed how vegetation coverage changes with submergence time and found that
plants grow more densely when flooded for shorter periods (within 120 days). The threshold
value lies within 70 and 120 days, which could be explained by the specific types of bottomland
plants. The plant cover area, which shows strong correlations to submergence of the flood-
plains in Group I, remained low before 2006 or between 2003 and 2006. The dam construc-
tion in 2003 helped reallocate the flood resource, and the following riverbed adjustment
happened mostly in low terrain [18], including the Group Il which explains the low cover
before 2006. As the impoundment level was increased to 175 m after 2008 [8] and the flood
peak was reduced, leading the hydrodynamic conditions to meet the thresholds, the plants
started increasing at a high rate. Also, on the conditions that submerging time approaches
towards the threshold of 120 days, vegetation cover tends to decrease significantly. Jager et al.
found 40% of the whole growing season (around 70 days) as the threshold when the diversities
of both under and overstory communities start decreasing on the Upper Mississippi River
[47]. Furthermore, this value has consistency with the duration range of 70-120 days that we
concluded based on the Yangtze River, considering that the vegetation we observe probably
has a longer growing period. Moreover, the dominant tree species like Acer saccharinum on
the floodplains in northeast North America showed their flood-dependence in being sub-
merged for 4.5-95 days in a year and, longer inundating duration would lead to the replace-
ment of flood-tolerant species by native shrub swamp species [48].

From the current data, the seed bank of typical bottomlands in the study area includes
Mazus japonicus, Saluia plebeian, Phalaris arun dinacea, Phragmites australis, and Cyperus dif-
formis. All of these can be divided into submerged aquatic, emergent, and amphibious vegeta-
tion. According to the researches of Chen et al., Phragmites australis is dominant on the
floodplains all along the Yangtze River [49] and is capable of developing new plants all over
the year. The simulation results of the Kootenai River by R.Benjankar et al. show that once the
original environment gets interfered by dam construction or grazing, Phragmites australis and
grass usually become the major species [50]. However, the slight decrease of plants in Jiao-
ziyuan in 2011 indicates that when an arid year led to a sharp decrease in submerging time
(from 79 to 19 days), original dominant communities would be disturbed and thus resulted in
the area decrease. After the dam construction, the two gauge stations downstream of the
Sabine River represent different changes in the runoff, and the lower floodplains, which get
longer flooding duration showed similar vegetation community composition [51]. Thus, dam
operations could indirectly trigger certain seeds to burgeon to some extent. This is consistent
with the trends seen in the Elwha River and Sauce Grande River under the influence of large
dams [52]. However, research concerning the Yangtze River has been chiefly focused on
Dongting Lake and Poyang Lake rather than on the floodplains.
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Apart from natural occupancy, some bottomlands have been reclaimed for agriculture,
including Liutiaozhou, Mayangzhou, Huojianzhou, and the higher portions of the rest of those
studied. Farmers use geometric shapes to manage crops, which leave visible ribbing on satellite
images as evidence of human activities. The color denoting submergence times is normally red,
meaning that these fields are flooded for fewer than 30 days. Therefore, vegetation coverage is
surely in-line with crop types and the degree of human activities. If it is a goal of decision-makers
to reduce vegetation cover to improve the capacity for the flood [53], then it is essential to under-
stand what the most effective indicators are and adapt the methods based on different types of
vegetation and occupancy patterns. For floodplains of high elevations, guiding the flooding pro-
cess upon them is far from practical. Thus, in order to manage the activities of farmers that can
impact the watershed, compulsory policies are necessary. As for low-elevation floodplains, cur-
rent runoff has prevented the plants from rooting and growing but still needs observation on the
submergence time as the flood volume changes. From Fig 11, we found that plants have grown
since the inundation duration decreased into proper range (<120 days) and been developed
abundantly under the suitable circumstance in Guanzhou, Jiaoziyuan, and Tuqizhou. Those
places still remain within the water fluctuation range, which makes it possible to either promote
the sediment erosion to lower the elevation or raise the flood volume to lengthen the submerging
time [48]. Throughout all the floodplains that have the characteristics of Group III like Jiao-
ziyuan, many have formed a unique land view [49], and dominant vegetation has emerged due
to the consistent and steady hydrodynamic conditions. By field surveys, it is realistic to summa-
rize the adaptations for the dominant species. Therefore, more detailed indicators could be
explored and established in such places from more effective perspectives [54].

Managing the floodplain vegetation is a complex project, including muti-objectives like
river adjustment and vegetation growth characteristics. Our study provides insights into the
bond-to-submergence time and vegetation coverage from a hydrodynamical viewpoint while
other factors were not taken into consideration, such as temperature and humidity. To under-
stand how large-scale vegetation influences large floods, vegetal types must be identified as
submerged aquatic, emergent, or amphibious vegetation. Once the respective mechanisms are
confirmed, the roughness caused by these plants may be accounted for in numerical models to
improve flood predictions and reservoir management.

Supporting information

S1 Fig. Time series of annual water level at Zhicheng, Shashi, Xinchang, Shishou and Jianli
stations.
(TIF)

S1 File. The average elevation of the 11 floodplains from 1998-2015.
(CSV)

S1 Graphical abstract.
(TIF)

Acknowledgments

We greatly thank Prof. Jinyun Deng and Prof. Linyi Li for their valuable advice and also thank
all the colleagues in KANAE Lab for their help.

Author Contributions
Conceptualization: Guoliang Zhu, Yitian Li.

PLOS ONE | https://doi.org/10.1371/journal.pone.0251015 May 7, 2021 18/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0251015.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0251015.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0251015.s003
https://doi.org/10.1371/journal.pone.0251015

PLOS ONE

Vegetation cover change and submergence frequency of Jingjiang Reach

Methodology: Guoliang Zhu, Zhaohua Sun.

Project administration: Yitian Li.

Resources: Yitian Li, Zhaohua Sun.

Software: Guoliang Zhu.

Supervision: Yitian Li, Zhaohua Sun, Shinjiro Kanae.

Writing - original draft: Guoliang Zhu.

Writing - review & editing: Guoliang Zhu, Shinjiro Kanae.

References

1.

10.

11.

12.

13.

14.

15.

Dynesius M, Nilsson C. Fragmentation and flow regulation of river systems in the northern third of the
world. Science. 1994; 266(5186):753—62. Epub 1994/11/04. https://doi.org/10.1126/science.266.5186.
753 PMID: 17730396.

Grumbine RE, Pandit MK. Threats from India’s Himalaya dams. Science. 2013; 339(6115):36—7. Epub
2013/01/05. https://doi.org/10.1126/science.1227211 PMID: 23288526.

Schmidt JC, Wilcock PR. Metrics for assessing the downstream effects of dams. Water Resources
Research. 2008; 44(4). https://doi.org/10.1029/2006wr005092

Friedman JM, Osterkamp WR, Scott ML, Auble GT. Downstream effects of dams on channel geometry
and bottomland vegetation: Regional patterns in the Great Plains. Wetlands. 1998; 18(4):619-33.
https://doi.org/10.1007/BF03161677 PubMed PMID: WOS:000077733700011.

Forsberg BR, Melack JM, Dunne T, Barthem RB, Goulding M, Paiva RCD, et al. The potential impact of
new Andean dams on Amazon fluvial ecosystems. PLoS One. 2017; 12(8):e0182254. Epub 2017/08/
24. hitps://doi.org/10.1371/journal.pone.0182254 PMID: 28832638; PubMed Central PMCID:
PMC5568116.

Shafroth PB, Perry LG, Rose CA, Braatne JH. Effects of dams and geomorphic context on riparian for-
ests of the Elwha River, Washington. Ecosphere. 2016; 7(12). https://doi.org/10.1002/ecs2.1621
PubMed PMID: WOS:000401423700006.

Khaddor I, Achab M, Soumali MR, Benjbara A, Alaoui AH. The Impact of the Construction of a Dam on
Flood Management. Civil Engineering Journal. 2021; 7(2):343-56. https://doi.org/10.28991/cej-2021-
03091658

Yang YP, Zhang M, Zhu L, Liu W, Han J, Yang Y. Influence of Large Reservoir Operation on Water-Lev-
els and Flows in Reaches below Dam: Case Study of the Three Gorges Reservoir. Sci Rep. 2017; 7
(1):15640. Epub 2017/11/17. https://doi.org/10.1038/s41598-017-15677-y PMID: 29142268; PubMed
Central PMCID: PMC5688129.

Ye X, Xu C-Y, Li Y, Li X, Zhang Q. Change of annual extreme water levels and correlation with river dis-
charges in the middle-lower Yangtze River: Characteristics and possible affecting factors. Chinese
Geographical Science. 2017; 27(2):325-36. https://doi.org/10.1007/s11769-017-0866-x

Li D, Lu XX, Chen L, Wasson RJ. Downstream geomorphic impact of the Three Gorges Dam: With spe-
cial reference to the channel bars in the Middle Yangtze River. Earth Surface Processes and Land-
forms. 2019; 44(13):2660-70. https://doi.org/10.1002/esp.4691

XiaJ, Deng S, Lu J, Xu Q, Zong Q, Tan G. Dynamic channel adjustments in the Jingjiang Reach of the
Middle Yangtze River. Sci Rep. 2016; 6:22802. Epub 2016/03/12. https://doi.org/10.1038/srep22802
PMID: 26965069; PubMed Central PMCID: PMC4786812.

Xia J, Deng S, Zhou M, Lu J, Xu Q. Geomorphic response of the Jingjiang Reach to the Three Gorges
Project operation. Earth Surface Processes and Landforms. 2017; 42(6):866—76. https://doi.org/10.
1002/esp.4043

Casado A, Peiry J-L, Campo AM. Geomorphic and vegetation changes in a meandering dryland river
regulated by a large dam, Sauce Grande River, Argentina. Geomorphology. 2016; 268:21-34. https://
doi.org/10.1016/j.geomorph.2016.05.036

Schongart J, Junk WJ, Piedade MTF, Ayres JM, Huttermann A, Worbes M. Teleconnection between
tree growth in the Amazonian floodplains and the El Nino-Southern Oscillation effect. Global Change
Biology. 2004; 10(5):683-92. https://doi.org/10.1111/j.1529-8817.2003.00754.x

Assahira C, Piedade MTF, Trumbore SE, Wittmann F, Cintra BBL, Batista ES, et al. Tree mortality of a
flood-adapted species in response of hydrographic changes caused by an Amazonian river dam. Forest
Ecology and Management. 2017; 396:113-23. https://doi.org/10.1016/j.foreco.2017.04.016

PLOS ONE | https://doi.org/10.1371/journal.pone.0251015 May 7, 2021 19/21


https://doi.org/10.1126/science.266.5186.753
https://doi.org/10.1126/science.266.5186.753
http://www.ncbi.nlm.nih.gov/pubmed/17730396
https://doi.org/10.1126/science.1227211
http://www.ncbi.nlm.nih.gov/pubmed/23288526
https://doi.org/10.1029/2006wr005092
https://doi.org/10.1007/BF03161677
https://doi.org/10.1371/journal.pone.0182254
http://www.ncbi.nlm.nih.gov/pubmed/28832638
https://doi.org/10.1002/ecs2.1621
https://doi.org/10.28991/cej-2021-03091658
https://doi.org/10.28991/cej-2021-03091658
https://doi.org/10.1038/s41598-017-15677-y
http://www.ncbi.nlm.nih.gov/pubmed/29142268
https://doi.org/10.1007/s11769-017-0866-x
https://doi.org/10.1002/esp.4691
https://doi.org/10.1038/srep22802
http://www.ncbi.nlm.nih.gov/pubmed/26965069
https://doi.org/10.1002/esp.4043
https://doi.org/10.1002/esp.4043
https://doi.org/10.1016/j.geomorph.2016.05.036
https://doi.org/10.1016/j.geomorph.2016.05.036
https://doi.org/10.1111/j.1529-8817.2003.00754.x
https://doi.org/10.1016/j.foreco.2017.04.016
https://doi.org/10.1371/journal.pone.0251015

PLOS ONE

Vegetation cover change and submergence frequency of Jingjiang Reach

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

ZHOU JJ, Zhang M. Effect of dams on the regime of the mid-lower Yangtze River runoff and counter-
measures. Journal of Lake Sciences. 2018; 30(6):1471-88. https://doi.org/10.18307/2018.0601

Han J, Sun Z, Yang Y. Flood and low stage adjustment in the middle Yangtze River afterimpoundment
of the Three Gorges Reservoir (TGR). Journal of Lake sciences. 2017; 29(5):1217-26. https://doi.org/
10.1830/2017.0520

Yang YP, Zhang MJ, Sun ZH, Han JQ, Wang JJ. The relationship between water level change and river
channel geometry adjustment in the downstream of the Three Gorges Dam. Journal of Geographical
Sciences. 2018; 28(12):1975-93. https://doi.org/10.1007/s11442-018-1575-9 PubMed PMID:
WOS:000455924200015.

Jarvela J. Flow resistance of flexible and stiff vegetation: a flume study with natural plants. Journal of
Hydrology. 2002; 269(1-2):44-54. https://doi.org/10.1016/S0022-1694(02)00193-2 PubMed PMID:
WOS:000179813800005.

Dai Z, Liu JT. Impacts of large dams on downstream fluvial sedimentation: An example of the Three
Gorges Dam (TGD) on the Changjiang (Yangtze River). Journal of Hydrology. 2013; 480:10-8. https:/
doi.org/10.1016/j.jhydrol.2012.12.003

Schéngart J, Piedade MTF, Ludwigshausen S, Horna V, Worbes M. Phenology and stem-growth peri-
odicity of tree species in Amazonian floodplain forests. Journal of Tropical Ecology. 2002; 18(4):581—
97. https://doi.org/10.1017/s0266467402002389

Lisius GL, Snyder NP, Collins MJ. Vegetation community response to hydrologic and geomorphic
changes following dam removal. River Research and Applications. 2018; 34(4):317-27. https://doi.org/
10.1002/rra.3261

Greene SL, Knox JC. Coupling legacy geomorphic surface facies to riparian vegetation: Assessing red
cedar invasion along the Missouri River downstream of Gavins Point dam, South Dakota. Geomorphol-
ogy. 2014; 204:277-86. https://doi.org/10.1016/j.geomorph.2013.08.012

YouY, Yang C, Lei B, Zhang S, Wang Y, Liu J. Effect of water level regulation on vegetation character-
istics in the water-level-fluctuation zone of the three Gorges Reservoir. Chinese Journal of Applied &
Environmental Biology. 2017; 23(6):1103-9. https://doi.org/10.3724/SP.J.1145.2017.01003

Ai-ying Z, Gao-ming X, Da-yong F, Zong-giang X. Effects of damming on plant diversity in the inundated
and riparian zones of the Three Gorges Reservoir Area, China. Chinese Journal of Ecology. 2016; 35
(9):2505-18. https://doi.org/10.13292/j.1000-4890.201609.019

HuJY, Xie YH, Tang Y, Li F, Zou YA. Changes of Vegetation Distribution in the East Dongting Lake
After the Operation of the Three Gorges Dam, China. Front Plant Sci. 2018;9. doi: ARTN 58210.3389/
fpls.2018.00582. PubMed PMID: WOS:000431133300001. https://doi.org/10.3389/fpls.2018.00009
PMID: 29403519

Xu X, Zhang Q, Tan Z, Li Y, Wang X. Effects of water-table depth and soil moisture on plant biomass,
diversity, and distribution at a seasonally flooded wetland of Poyang Lake, China. Chinese Geographi-
cal Science. 2015; 25(6):739-56. https://doi.org/10.1007/s11769-015-0774-x

Mangora MM, Mtolera MSP, Bjoérk M. Photosynthetic responses to submergence in mangrove seed-
lings. Marine and Freshwater Research. 2014; 65(6):497-504. https://doi.org/10.1071/MF13167

Bunn S, Boon P, Brock M, Schofield N, Bennett J, Davis J, et al. Scoping Review. Occasional Paper.
1997;1:97.

Brock M. The role of seed banks in the revegetation of Australian temporary wetlands. The Restoration
of temperate wetlands. 1995; 56(7):1312-27. https://doi.org/10.1111/j.1365-2427.2010.02570.x

Smith RGB, Brock MA. The Effect of Water Regime on’Juncus articulatus’ L. and’Glyceria australis’ CE
Hubb. in the New England Lagoons. 1999.

Ibeje AO, Ekwueme BN. Regional Flood Frequency Analysis using Dimensionless Index Flood Method.
Civil Engineering Journal. 2020; 6(12):2425-36. https://doi.org/10.28991/cej-2020-03091627

Mafi Gholami D, Baharlouii M. Monitoring Long-term Mangrove Shoreline Changes along the Northern
Coasts of the Persian Gulf and the Oman Sea. Emerging Science Journal. 2019; 3(2). https://doi.org/
10.28991/esj-2019-01172

Zhang W, Yang Y, Zhang M, Li Y, Zhu L, You X, et al. Mechanisms of suspended sediment restoration
and bed level compensation in downstream reaches of the Three Gorges Projects (TGP). Journal of
Geographical Sciences. 2017; 27(4):463-80. https://doi.org/10.1007/s11442-017-1387-3

Yang SL, Xu KH, Milliman JD, Yang HF, Wu CS. Decline of Yangtze River water and sediment dis-
charge: Impact from natural and anthropogenic changes. Sci Rep. 2015; 5:12581. Epub 2015/07/25.
https://doi.org/10.1038/srep12581 PMID: 26206169; PubMed Central PMCID: PMC4648474.

Xiao Q, Tao J, Xiao Y, Qian F. Monitoring vegetation cover in Chongqing between 2001 and 2010 using
remote sensing data. Environmental monitoring and assessment. 2017; 189(10):1—-13. https://doi.org/
10.1007/s10661-017-6210-1 PMID: 28884302

PLOS ONE | https://doi.org/10.1371/journal.pone.0251015 May 7, 2021 20/21


https://doi.org/10.18307/2018.0601
https://doi.org/10.1830/2017.0520
https://doi.org/10.1830/2017.0520
https://doi.org/10.1007/s11442-018-1575-9
https://doi.org/10.1016/S0022-1694(02)00193-2
https://doi.org/10.1016/j.jhydrol.2012.12.003
https://doi.org/10.1016/j.jhydrol.2012.12.003
https://doi.org/10.1017/s0266467402002389
https://doi.org/10.1002/rra.3261
https://doi.org/10.1002/rra.3261
https://doi.org/10.1016/j.geomorph.2013.08.012
https://doi.org/10.3724/SP.J.1145.2017.01003
https://doi.org/10.13292/j.1000-4890.201609.019
https://doi.org/10.3389/fpls.2018.00009
http://www.ncbi.nlm.nih.gov/pubmed/29403519
https://doi.org/10.1007/s11769-015-0774-x
https://doi.org/10.1071/MF13167
https://doi.org/10.1111/j.1365-2427.2010.02570.x
https://doi.org/10.28991/cej-2020-03091627
https://doi.org/10.28991/esj-2019-01172
https://doi.org/10.28991/esj-2019-01172
https://doi.org/10.1007/s11442-017-1387-3
https://doi.org/10.1038/srep12581
http://www.ncbi.nlm.nih.gov/pubmed/26206169
https://doi.org/10.1007/s10661-017-6210-1
https://doi.org/10.1007/s10661-017-6210-1
http://www.ncbi.nlm.nih.gov/pubmed/28884302
https://doi.org/10.1371/journal.pone.0251015

PLOS ONE

Vegetation cover change and submergence frequency of Jingjiang Reach

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Song C, Nigatu L, Beneye Y, Abdulahi A, Zhang L, Wu D. Mapping the vegetation of the Lake Tana
basin, Ethiopia, using Google Earth images. Earth System Science Data. 2018; 10(4):2033—41. https://
doi.org/10.5194/essd-10-2033-2018

Xu J-j, He Q, Liu H, Chen J-y. Preliminary analysis of characteristics of the exceptional low discharge
and its cause over the Yangtze River, 2006. Resources and Environment in the Yangtze Basin. 2008;
5:716-22. https://doi.org/10.3969/j.issn.1004-8227.2008.05.010

Wang H, Sun F, Liu W. Characteristics of streamflow in the main stream of Changjiang River and the
impact of the Three Gorges Dam. Catena. 2020;189. https://doi.org/10.1016/j.catena.2020.104498

Zheng S. Risk analysis of implementing middle—small flood dispatch by Three Gorges Project and
countermeasures. Yangtze River. 2015; 46(5):8—12. https://doi.org/10.16232/j.cnki.1001-4179.2015.
05.002

ZHANG M, ZHOU J, HUANG G. Flood control problems in middle reaches of Yangtze River and coun-
termeasures. WATER RESOURCES PROTECTION. 2016; 32(4). https://doi.org/10.3880/j.issn.1004-
6933.2016.04.001

Carle MV, Sasser CE, Roberts HH. Accretion and Vegetation Community Change in the Wax Lake
Delta Following the Historic 2011 Mississippi River Flood. Journal of Coastal Research. 2015; 313:569—
87. https://doi.org/10.2112/jcoastres-d-13-00109.1

Conesa-Garcia C, Sanchez-Tudela JL, Pérez-Cutillas P, Martinez-Capel F. Spatial variation of the veg-
etative roughness in Mediterranean torrential streams affected by check dams. Hydrological Sciences
Journal. 2018; 63(1):114-35. https://doi.org/10.1080/02626667.2017.1414384

Hui E-q, Hu X-e, Jiang C-b, Ma F-k, Zhu Z-d. A Study of Drag Coefficient Related with Vegetation
Based on the Flume Experiment. Journal of Hydrodynamics. 2010; 22(3):329-37. https://doi.org/10.
1016/s1001-6058(09)60062-7

Wu Q, Cai, Liu S, Cai W. Roughness zoning and calibration of channel cross-section based on vege-
tation distribution. Advances in Water Science. 2018; 29(6):820-7. https://doi.org/10.14042/j.cnki.32.
1309.2018.06.007

Cosic-Flajsig G, Vuckovié |, Karleusa B. An Innovative Holistic Approach to an E-flow Assessment
Model. Civil Engineering Journal. 2020; 6(11):2188-202. https://doi.org/10.28991/cej-2020-03091611

De Jager NR, Thomsen M, Yin Y. Threshold effects of flood duration on the vegetation and soils of the
Upper Mississippi River floodplain, USA. Forest Ecology and Management. 2012; 270:135-46. https://
doi.org/10.1016/j.foreco.2012.01.023

Marks CO, Nislow KH, Magilligan FJ, Zak DR, Groffman PM. Quantifying flooding regime in floodplain
forests to guide river restoration. Elementa: Science of the Anthropocene. 2014;2. https://doi.org/10.
12952/journal.elementa.000031

Gangmei C, Bohan J, Longyi Y, Xinghua X. Comparative Study of the Relationship between Ground
Vegetation and Seed Bank of Floodplain in the Middle Reaches of Yangtze River. Ecology and Envir-
onmnet. 2016; 9:1461-70. https://doi.org/10.16258/j.cnki.1674-5906.2016.09.006

Benjankar R, Jorde K, Yager EM, Egger G, Goodwin P, Glenn NF. The impact of river modification and
dam operation on floodplain vegetation succession trends in the Kootenai River, USA. Ecological Engi-
neering. 2012; 46:88-97. https://doi.org/10.1016/j.ecoleng.2012.05.002

Alldredge B, Moore G. Assessment of riparian vegetation sensitivity to river hydrology downstream of a
major Texas dam. River Research and Applications. 2014; 30(2):230—44. https://doi.org/10.1002/rra.
2625

East AE, Pess GR, Bountry JA, Magirl CS, Ritchie AC, Logan JB, et al. Large-scale dam removal on the
Elwha River, Washington, USA: River channel and floodplain geomorphic change. Geomorphology.
2015; 228:765-86. https://doi.org/10.1016/j.geomorph.2014.08.028

Samuels P, Burt N, editors. A new joint probability appraisal of flood risk. Proceedings of the Institution
of Civil Engineers-Water and Maritime Engineering; 2002: Thomas Telford Ltd.

De Jager NR. Effects of flood frequency and duration on the allometry of community-level stem size-
density distributions in a floodplain forest. American journal of botany. 2012; 99(9):1572-6. https://doi.
org/10.3732/ajb.1200169 PMID: 22917947

PLOS ONE | https://doi.org/10.1371/journal.pone.0251015 May 7, 2021 21/21


https://doi.org/10.5194/essd-10-2033-2018
https://doi.org/10.5194/essd-10-2033-2018
https://doi.org/10.3969/j.issn.1004-8227.2008.05.010
https://doi.org/10.1016/j.catena.2020.104498
https://doi.org/10.16232/j.cnki.1001-4179.2015.05.002
https://doi.org/10.16232/j.cnki.1001-4179.2015.05.002
https://doi.org/10.3880/j.issn.1004-6933.2016.04.001
https://doi.org/10.3880/j.issn.1004-6933.2016.04.001
https://doi.org/10.2112/jcoastres-d-13-00109.1
https://doi.org/10.1080/02626667.2017.1414384
https://doi.org/10.1016/s1001-6058(09)60062-7
https://doi.org/10.1016/s1001-6058(09)60062-7
https://doi.org/10.14042/j.cnki.32.1309.2018.06.007
https://doi.org/10.14042/j.cnki.32.1309.2018.06.007
https://doi.org/10.28991/cej-2020-03091611
https://doi.org/10.1016/j.foreco.2012.01.023
https://doi.org/10.1016/j.foreco.2012.01.023
https://doi.org/10.12952/journal.elementa.000031
https://doi.org/10.12952/journal.elementa.000031
https://doi.org/10.16258/j.cnki.1674-5906.2016.09.006
https://doi.org/10.1016/j.ecoleng.2012.05.002
https://doi.org/10.1002/rra.2625
https://doi.org/10.1002/rra.2625
https://doi.org/10.1016/j.geomorph.2014.08.028
https://doi.org/10.3732/ajb.1200169
https://doi.org/10.3732/ajb.1200169
http://www.ncbi.nlm.nih.gov/pubmed/22917947
https://doi.org/10.1371/journal.pone.0251015

