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Abstract: The river is a dynamic space where erosion, transportation, and sedimentation are con-
stantly occurring due to running water. This study aims to reveal the change in geomorphology
caused by the flow characteristics of water in rivers and the response of vegetation to that. This study
was carried out by clarifying the spatially appearing successional trends in the vegetation established
in the stream bars and the riparian zones, which are located on different topographic conditions
based on the vegetation profile, ordination result, and species diversity. The spatial distribution of
vegetation on the stream bars tended to appear in the order of annual plant-, perennial plant-, and
tree-dominated stands from the upstream toward a downstream direction (a gravel bar and a sand
bar in a mountain gravel-bed river and an estuary, respectively) or the reversed one (a sand bar in
a lowland river). The spatial distribution of vegetation on the riparian zones tended to appear in
the order of annual plant-, perennial plant-, and tree-dominated stands from the waterfront toward
the bank direction. Changes in species composition also differed depending on the spatial location,
showing a similar trend to the spatial distribution of vegetation. Species diversity became higher
in proportion to the longevity of the dominant species of each vegetation type. In conclusion, the
longitudinal distribution pattern of vegetation on the stream bars resembles the lateral distribution of
riparian vegetation, and the successional trends follow the spatial distribution pattern. These results
suggest that the dynamics of bed loading, an allogenic process, may be an important determinant of
the spatial distribution and succession of plant communities in dynamic riverine environments.

Keywords: disturbance; fluid dynamics; gravel bar; sand bar; riparian vegetation; spatial distribution;
succession

1. Introduction

Succession as the sequential changes in species composition and vegetation structure
over time after the disturbance has been addressed as a central research topic in the field
of ecology for more than 100 years [1]. The study of succession that reveals how biotic
communities are reconstructed after natural or artificial disturbances has been the basis of
ecology, and its theoretical framework supports many fields of ecology [1–4].

Recent studies and reviews show that succession continues to play a central role even
in theory and applications of modern ecology. In particular, our understanding of succession
is contained in the theory of community assembly and species coexistence [5–7] and is directly
related to studies of restoration ecology, landscape ecology, ecosystem development, and
global change ecology [1,3,4,8]. In this respect, it could be seen that succession is still
functioning as the basis for modern ecology.

In plant ecology, two main patterns of succession have been recognized: autogenic
succession, in which plants dominate the progress of succession and allogenic succession,
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in which environmental change drives succession [9–12]. But studies on succession have
focused predominantly on the internal mechanistic (autogenic processes) that bring about
ecosystem development [13–16]. In autogenic succession, although species composition
changes according to changes in the environment, it is recognized that plants change
environmental conditions and lead to succession. However, like today’s climate change,
external factors have an important influence on the dynamics of the ecosystem [17]. Suc-
cession caused by external factors, which is not affected by organisms, is called allogenic
succession [12].

Rivers are dynamic places where the topography itself changes due to annually or
seasonally fluctuating water flow. The characteristic of the river environment is that
such running water exists. Rivers are constantly performing three functions: erosion,
transportation, and sedimentation. In other words, rivers are a dynamic ecological space
where disturbances constantly exist [14,15,18,19].

The riparian zone is featured by a natural disturbance regime, in which parts of the
riparian vegetation get scoured away by flooding, and sediments are deposited annually.
Such a disturbance regime forms unique environmental gradients depending on the to-
pographic condition of the riparian zone, such as the distance from the waterway and
elevation above the water level. Furthermore, these processes lead to a spatial zonation of
the vegetation, with vegetation belts forming mainly based on the frequency and intensity
of flooding [20–23].

The hydrological gradient is a primary factor governing riparian vegetation [24,25].
In riparian zones, flooding is the most important disturbance factor controlling the estab-
lishment and development of vegetation [26,27]. Flood pulses vary depending on seasonal
timing, frequency, duration, and magnitude. Elevation above the water level and distance
from the waterfront creates the temporal and spatial gradients of the hydrological regime
by reflecting such characteristics of flooding. Species composition and spatial distribution
of riparian vegetation reflect the hydrological regime [24,28,29].

The stream bars are also a dynamic product of these rivers, which are formed and
developed by erosion and sedimentation of flowing water, and on the contrary, it is an
element of the river environment that is sometimes extinguished. The materials that form
the stream bars are supplied from the surrounding river bed, and particles of various sizes
are deposited according to the flow intensity of the running water [13,15,16]. Compared to
other sedimentary topography, the stream bars are flooded whenever a river floods, thus
experiencing periodic disturbances which destroy habitats or rearrange the environment
and create another one [30].

The structure of a river ecosystem is determined by the action of running water, which
is influenced by river shape and riparian vegetation. In particular, small stream bars are
temporarily formed and disappeared by floods, but vegetation settles, stabilizes, and grows
in size, maintaining them for a relatively long time and acting as habitat or landscape
elements for river organisms [13,15,16].

Ecohydrology is an interdisciplinary scientific field studying the interactions between
water and ecological systems. It is considered a discipline of hydrology with an ecolog-
ical focus [31]. Research fields of ecohydrology are various, but this study focuses on
interpreting the fluid dynamics through analysis of the successional pattern of vegetation
established on the stream bars and the riparian zones different in topographic conditions.

The successional trend on the stream bars is the result of vegetation response to the
fluid dynamics in the river. Therefore, the successional trends of vegetation appearing in
the stream bars could be a diagnostic tool for the water flow pattern in the river. There
were many theoretical considerations for fluid dynamics [32–37], but studies that analyzed
the formation and development process of stream bars through the spatial distribution
and dynamics of vegetation settled on stream bars were very rare [13,15,16,38]. There were
also theoretical considerations for estuary circulation [39–42], but it is difficult to find a
study that proved the formation process of stream bars through the spatial distribution and
successional pattern of vegetation settled there.
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We hypothesized that the longitudinal effect of flood disturbance along the stream
flow and the lateral effect across the river in the riverine landscape consisting of the stream
ecosystem and the riparian ecosystem were similar to each other. This study aims to reveal
the change in geomorphology caused by the flow characteristics of water in rivers and
the response of vegetation to it. In order to achieve this purpose, this study analyzed the
spatial distribution of vegetation established in stream bars and riparian zones in three river
reaches with different topographical locations in a viewpoint of succession and interpreted
the water flow characteristics there based on the data.

2. Materials and Methods
2.1. Study Area

This study was conducted in a mountain gravel-bed river reach with a gravel bar, and
a lowland river reach and an estuary reach with sand bars. These days, rivers with natural
flood regimes and gravel bars and sand bars remain little due to regulations and other
types of human interference. This study was carried out in a mountain gravel-bed river
reach of the Hoo stream and a lowland river reach, and an estuary reach of the Jasan stream,
which is located in central-eastern Korea (Figure 1). These streams, which are located near
the Demilitarized Zone (DMZ), are escaped from excessive artificial interference and have a
feature close to a natural river. In addition, the latter stream has been designated as an area
where the endangered species of Cicuta virosa L. grows and is legally protected. Therefore,
riparian vegetation, including vegetation on stream bars, is well developed differently from
rivers in other areas of Korea. Their spatial distribution is arranged in the order of annual
plant, perennial plant, and tree-dominated vegetation types reflecting the flood regime and
maintaining a good conservation state (Figure 2).

In the surveyed river reaches, the widths of the Jasan stream and Hoo stream were
about 120 m and 200 m, respectively. The mean slope of both rivers calculated as an
elevation change for the length of the river was 0.01 and 0.02 for the Jasan stream and the
Hoo stream, respectively. Sinuosity was high at 2.64 and 3.64 in the Jasan stream and the
Hoo stream, respectively. Water flow velocity was 5–8 m/s at flooding. Stream power
ranged from 7 to 171 W/m2 [43].

The vegetation established on the stream bars is distributed in the order of tree-,
perennial plant-, and annual plant-dominated vegetation types or in the reversed order
from upstream toward downstream and reflects the successional trend in each location
(Figure 2).
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Figure 1. A map showing the study areas. A1: gravel bar of mountain gravel bed river, A2: riparian
zone of mountain gravel bed river, B1: sand bar of lowland river, B2: riparian zone of lowland river,
C1: sand bar of estuary, C2: riparian zone of estuary.



Water 2023, 15, 1493 4 of 20

Water 2023, 15, x FOR PEER REVIEW 4 of 21 
 

  

Figure 1. A map showing the study areas. A1: gravel bar of mountain gravel bed river, A2: riparian 
zone of mountain gravel bed river, B1: sand bar of lowland river, B2: riparian zone of lowland river, 
C1: sand bar of estuary, C2: riparian zone of estuary. 

  

  

  
Figure 2. The spatial distribution of vegetation established on the stream bars (left) and riparian 
vegetation (right), which are arranged in the order of annual plant-, perennial herbaceous plant-, 
and tree-dominated vegetation types reflecting frequency and intensity of flood in mountain gravel-
bed river (upper), lowland river (middle), and estuary (lower). The arrows indicate the direction of 
water flow. 

The vegetation established on the stream bars is distributed in the order of tree-, per-
ennial plant-, and annual plant-dominated vegetation types or in the reversed order from 
upstream toward downstream and reflects the successional trend in each location (Figure 
2). 

  

Tree 

Perennial 

Annual 

Annual 
Perennial 

Tree Sea 

Young pine  

Mature pine  

Shrub & 
Perennial 

Annual 

Perennial Tree 

Annual 
Perennial 

Tree 

Estuary Estuary 

Lowland river Lowland river 

Mountain gravel bed river 

Figure 2. The spatial distribution of vegetation established on the stream bars (left) and riparian
vegetation (right), which are arranged in the order of annual plant-, perennial herbaceous plant-, and
tree-dominated vegetation types reflecting frequency and intensity of flood in mountain gravel-bed
river (upper), lowland river (middle), and estuary (lower). The arrows indicate the direction of
water flow.

2.2. Methods

A field survey was conducted from April to October 2022. Stand profiles were prepared
by carefully depicting the micro-topography and major plant species in a belt transect
installed in 10 m widths between levees on both sides of the rivers.

Two hundred thirty-four plots were placed randomly for vegetation sampling. Study
plots 54, 35, 27, 31, 49 and 38 were placed in stream bars and riparian zones of mountain
gravel bed river, lowland river, and estuary reaches, respectively. Plot sizes were 1 × 1 m,
2 × 2 m, and 10 × 10 m in herbaceous plant-, shrub-, and tree-dominated vegetation,
respectively. We recorded the occurrence and dominance of all plant species in the study
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plots [44,45], following the nomenclature of Lee [46] and the Korean Plant Names Index [47].
Dominance was estimated using the ordinal class scale (from 1 for <1% to 5 for >75%) of
Braun Blanquet [44]. We then converted the dominance estimate to the median value for the
percentage of coverage for each class and subjected the converted estimates to Detrended
Correspondence Analysis (DCA) for ordination [48]. We constructed rank-abundance
curves following Magurran [49] and Kent and Cocker [50] and calculated species diversity
(H’) following Shannon [51]. Species richness was determined simply as the number of
species occurring in each site.

3. Results
3.1. Stand Profiles of Vegetation Established on Stream Bars and Riparian Vegetation

At the tip of the gravel bar, typical riparian plants such as Salix gracilistyla, Phragmites
japonica, and Persicaria lapathifolia form sloppy communities in the form of small patches,
and Erigeron canadensis, Artemisia indica, and Pueraria lobata also form communities, although
they do not have high coverage. As the vegetation coverage increased, Cornus controversa
and Juglans mandshurica also formed communities, and P. densiflora of the sub-tree level also
formed a community, although the coverage was not high. The pine community consisting
of mature pine trees was established on the gravel bar, which has higher coverage and is in
a stable state (Figure 3).
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to the bank (upper) and longitudinal distribution of vegetation established on the sand bar from
upstream to downstream (lower) in the Jasan Stream, Goseong-gun, Gangwon-do, central eastern
Korea. Ai: Artemisia indica, Bm: Bolboschoenus maritimus, Cc: Cornus controversa, Eca: Erigeron canaden-
sis, Ecr: Echinochloa crus-galli var. echinatum, Jm: Juglans mandshurica, Ms: Miscanthus sacchariflorus,
Par: Phalaris arundinacea, Pau: Phragmites australis Pd (M): Pinus densiflora (mature), Pd (Y): Pinus
densiflora (young), Pj: Phragmites japonica, Pl: Persicaria lapathifolia, Plo: Pueraria lobata, Sg: Salix
gracilistyla, Sp: Salix pierotii, To: Typha orientalis, Zl: Zizania latifolia.
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A willow community was established at the tip of the sand bars, which was formed in
the lowland river reaches, and the Phalaris arundinacea community, T. orientalis community,
Zizania latifolia community followed, and a P. lapathifolia community appeared at the
end. At the tip of the sand bar, which was formed at the estuary, there is a P. lapathifolia
community, and as it moves in the downstream direction from there, E. crus-galli var.
echinatum community, P. australis community, M. sacchariflorus community, and S. pierotii
community appear (Figure 3).

In the stand profile of vegetation established in the riparian zone of the mountain
gravel-bed river reach, the P. japonica community was established on the waterfront, and
as it moved away from there, the S. gracilistyla community, the young Pinus densiflora
community, and the mature P. densiflora community appeared in the order mentioned
(Figure 3).

In the stand profile of vegetation established in the riparian zone of the lowland river
reaches, the P. lapathifolia community was established on the waterfront, and as it moved
away from there, the Zizania latifolia community and T. orientalis community, B. maritimus
community, and the S. pierotii community appeared in the order mentioned (Figure 3).

In the stand profile of vegetation established in the riparian zone of the estuary, the
P. lapathifolia community was established on the waterfront, and as it moved away from
there, the E. crus-galli var. echinatum community, T. orientalis community, Zizania latifolia
community, and the S. pierotii community appeared in the order mentioned (Figure 3).

3.2. Stand Ordination Based on Vegetation Established on Stream Bars and Riparian Vegetation

As a result of stand ordination based on vegetation data established on a gravel
bar of the mountain gravel-bed river reach, stands tended to be arranged in the order
of S. gracilistyla community, P. japonica community, young P. densiflora community, and
mature P. densiflora community from right to left parts on AXIS I (Figure 4). The result of
stand ordination based on vegetation data established on a sand bar of the lowland river
reach showed that stands tended to be arranged in the order of P. lapathifolia community,
Z. latifolia community-T. orientalis community, Phalaris arundinacea community, and S. pierotii
community from left to right parts on AXIS I. As the result of stand ordination based on
vegetation data established on a sand bar of the estuary, stands tended to be arranged in
the order of P. lapathifolia community, Artemisia indica community, Miscanthus sacchariflorus
community, P. australis community, P. thunbergii community, Z. latifolia community, and
T. orientalis community from left to right parts on AXIS I.

In the result of stand ordination based on vegetation data established on the riparian
zone of the mountain gravel-bed river reach, stands tended to be arranged in the order of
S. gracilistyla community, P. japonica community, and P. densiflora community from right to
left parts on AXIS I (Figure 4). In the result of stand ordination based on data collected from
the riparian zone of the lowland river reach, stands tended to be arranged in the order of
P. arundinacea community-S. pierotii community, Bolboschoenus maritimus community, Zizania
latifolia community, T. orientalis community-P. australis community, and P. lapathifolia from
left to right parts on AXIS I. In the result of stand ordination based on data collected from
the riparian zone of the estuary, stands tended to be arranged in the order of P. lapathifolia
community, E. crus-galli var. echinatum community, Z. latifolia community, T. orientalis
community, and S. pierotii community from left to right parts on AXIS I.

The results of stand ordination based on vegetation data obtained from combining
vegetation information established on both stream bars and riparian zones of mountain
gravel bed river, lowland river, and estuary reaches showed trends similar to the results
performed individually based on vegetation data in the stream bars and riparian zones
(Figures 4 and 5). That is, stands tended to be arranged in the order of annual plant-,
perennial herb or shrub-, and tree-dominate stands or in the reversed one in the results of
ordination (Figure 5).
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The result of stand ordination based on data collected from vegetation established on the
sand bar arranged stands in the order of P. lapathifolia community, Zizania latifolia community-
T. orientalis community, Phalaris arundinacea community, and S. pierotii community from left
to right parts on AXIS I.

As a result of stand ordination based on data collected from both riparian zone and sand
bar, stands tended to be arranged in the order of P. lapathifolia community, Muradannia keisak
community, Zizania latifolia community-T. orientalis community-Bidens frondosa commu-
nity, P. australis community-B. maritimus community, and Phalaris arundinacea community-
S. pierotii community

3.3. Species Diversity

In the gravel bar located on the mountain gravel-bed river reach, species richness
was highest in the mature pine community, followed by young pine, the other community,
P. japonica community, and S. gracilistyla community, and the slope of the rank-abundance
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curve was also gentler in mature and young pine communities than the other plant commu-
nities on the gravel bar (Figure 5). Shannon-Wiener’s index (H’) tended to be proportional
to the species richness except for other plant communities (Figure 6).
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Figure 6. Rank-abundance curves and H’ of vegetation types established on stream bars (left) and
riparian zones (right) of mountain gravel-bed river (upper), lowland river (middle), and estuary
(lower) reaches.

In the sand bar located on the lowland river reach, species richness was highest in the
S. pierotii community, followed by T. orientalis, Z. latifolia, P. arundinacea, and P. lapathifolia
communities. The slope of rank-abundance curves and Shannon-Wiener’s index (H’)
tended to be proportional to the species richness (Figure 6).

In the sand bar located on the estuary, species richness was highest in the S. pierotii
community, followed by P. australis, P. lapathifolia, Zizania latifolia, Miscanthus sacchariflorus,
Artemisia indica, and T. orientalis communities. However, except for the former two commu-
nities, there was no significant difference in the species richness among the communities.
The slope of rank-abundance curves tended to be proportional to the species richness
but Shannon–Wiener’s index (H’) showed a little different trend from that of the species
richness (Figure 6).

In the riparian vegetation of the mountain gravel-bed river reach, species richness
was highest in the P. densiflora community, followed by the P. japonica community, and
S. gracilistyla community, and the slope of rank-abundance curves and Shannon-Wiener’s
index (H’) tended to be proportional to the species richness (Figure 6).

In the riparian vegetation of the lowland river reach, species richness was highest in
the S. pierotii community, followed by T. orientalis, P. lapathifolia, Bolboschoenus maritimus,
P. australis, Z. latifolia, and P. arundinacea communities. The slope of rank-abundance curves
tended to be proportional to the species richness, but Shannon-Wiener’s index (H’) showed
a little different trend from that of the species richness (Figure 6).

In the riparian vegetation of the estuary, the species richness of the S. pierotii commu-
nity was superior to that of other plant communities, the number of species appearing in
other communities was lower than 10, and the difference among communities was not
significant (Figure 6).

4. Discussion
4.1. Spatial Distribution of Vegetation and Disturbance Regime

In the gravel bar, the spatial distribution of vegetation appeared in the order of
herbaceous plant or shrub-dominated vegetation, young pine forest, and mature pine forest
in the direction from the upstream to the downstream of the river. The result suggests that
the gravel bar advances upstream. In the sandbar located on the lowland river, the spatial
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distribution of vegetation appeared in the order of tree-dominated vegetation, perennial
herbaceous plant-dominated vegetation, and annual plant-dominated vegetation from the
upstream to the downstream (Figure 3). This result indicates that the sand bar is enlarging
in the downstream direction. However, the order of the spatial distribution of vegetation
was vice versa in the sandbar located on the estuary (Figure 3). The spatial distribution of
vegetation in the riparian zones showed the same trend depending on the distance from the
waterfront. That is, the longitudinal distribution of vegetation on the stream bars resembles
the lateral distribution of riparian vegetation (Figure 3). The results of stand ordination
based on vegetation data also reflected the same trends (Figure 4).

Ecological disturbances are recognized as a crucial factor influencing the attributes of
ecological communities [52,53]. Disturbance could often change the process of dynamic
interaction, having a selective effect on some members of the community more than
others [11]. Depending on the specific adaptation or life cycle, plant species show different
responses to disturbances of different magnitudes [54,55]. In an environment where the
frequency of disturbance is high, and the intensity is also strong, such as a river, disturbance
can determine the ecological niche [55–57].

A disturbance regime refers to the temporal and spatial characteristics of a disturbance
agent and the impact of that agent on the landscape. In other words, a disturbance regime
is the cumulative effects of multiple disturbance events over space and time [58]. A dis-
turbance regime can be characterized by its frequency, spatial distribution, return interval,
rotation period, disturbance size, intensity, and severity [59]. Patterns and processes of
disturbance and recovery shape the dynamics of many ecosystems [60,61].

Rivers are a very dynamic space dominated by frequent and intense disturbances [21,62].
Floods are the most important natural disturbing agent in the riverine ecosystem [63].
Floods create new habitats, such as gravel bars or sand bars, and seem to promote habitat
mosaics by controlling the water level of the river [64–66].

Fluvial disturbances, especially floods, are the main drivers of the successional patterns
of riparian vegetation. Those disturbances control the riparian landscape dynamics through
the direct interaction between flow and vegetation [67]. Riparian ecosystems are dynamic
systems found in flood-prone areas along rivers. They represent the transition between
the aquatic and terrestrial ecosystems [68] and play a decisive role in riverine integrity [69].
Riparian ecosystems rely greatly on the characteristics of the flow regime [70] and are
notably susceptible to flow regime changes [71].

Riparian vegetation establishes along rivers and is, therefore, strongly influenced by
flooding [21,72–74]. Natural disturbances driven by floods shape species composition and
richness as well as spatial structure in riparian ecosystems [75–77]. However, flooding
intensity, frequency, and duration differ in space and time. In riparian landscapes, water
flows and flood disturbance vary according to the topography of the river [78–82]. As a
result, the patterns of flood disturbance vary mainly according to the distance from the
water course as well as the elevation above the water level [83].

The frequency of flooding increases near the waterway and decreases as it moves
away from there. The intensity of flooding shows the same trend as the frequency. In the
riparian zone, topographic factors, including elevation above the water level and distance
from the waterfront, are major factors affecting hydrological characteristics. As elevation
and distance increase away from the waterfront, the frequency, duration, and magnitude of
flooding decrease. Such a hydrological regime is a major determinant of species composi-
tion and distribution patterns of vegetation in the riparian zone [27,84–87]. In other words,
variations in elevation and distance create spatial differences in the hydrological regime,
and the hydrological gradients control the establishment and development of vegetation in
the riparian zone [26,27,88]. Elevation from the water level and distance from the water-
front were the primary factors determining species composition and distribution patterns.
The vegetation established on the stream bars and the riparian zones not only exhibited a
zonation pattern according to distance from the river channel but also resulted in the spatial
variation of vegetation along the elevation. Those vegetation zonation and spatial variation
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are determined by the hydrological regime due to the topographic conditions in the stream
bars and the riparian zones [24,28,89,90]. The longitudinal distribution of vegetation on the
stream bars, therefore, resembles the lateral distribution of riparian vegetation due to the
effect of this disturbance system (Figures 3–5).

4.2. Formation Process of Stream Bars and Vegetation Succession

In gravel bars, the height of the bar is low in the upstream part. The riparian pioneer
species S. gracilystila, which is resistant to water flow, is established in this part. These
established plants induce the accumulation of gravel and soil formation, and the height
of the gravel bar increases as it goes downstream. In response to this, the subtree plants
such as J. madshurica and C. controversa are established, and pine trees, which are terrestrial
plants, form a community in the downstream part of the highest elevation, which is the
deepest soil (Figure 3). This result suggests that the gravel bar advances upstream.

On the contrary, in sand bars of the lowland reach, the highest part of the sand bar
is located in the upstream part and is colonized by mature willows capturing sediments,
while the downstream part of the lower height is covered by aquatic helophytes. This
indicates that the bar is enlarging downstream (Figure 3). On the estuary, sand bars are
similar in composition and structure to the other reaches of the river but arranged inversely,
indicating the force of the tides (Figure 3).

The spatial distribution of vegetation (Figure 3) and ordination of stands based on
species composition composing of the vegetation (Figures 4 and 5) are arranged in the
order of annual plant- (usually dominated by P. lapathifolia or P. japonica), perennial herb-
(dominated by Phragmites, Phalaris, Typha, Zizania, etc.), and woody plant-dominated
stands (usually dominated by S. but by Pinus in a mountain gravel-bed river reach) or in
the reversed order. Considering that the successional stage is usually dominated by the
longevity of the dominant species, those sequences could be recognized as successional
trends [9].

Riparian pioneer plants such as S. gracilistyla established on the river bed plays an
important role in the formation of stream bar. Such a plant fixes stream bar by its root system
and the roughness produced by its stem and branches favors the deposit of fine particles
and therefore creates soil. Where vegetation is settled, riffles are formed due to a bed load,
and particulate organic matter (POM) deposition is promoted by the riffle behavior [91,92].
Riparian vegetation not only determines the morphology of the channel but also affects
the establishment of plants on the gravel bars and sandbars and plays an important role in
vegetation development [93–95]. Micro-deposits deposited around established vegetation
contains significant amounts of seeds and thus can play this role [96–98]. Furthermore, plants
that settled early in these sand bars or gravel bars promote the accumulation of micro-
deposits and maintain higher biodiversity as their establishment history lengthens [99].

Sand collected by the vegetation on the sandbars in a river is suspended by the flowing
water during a flood and deposited in the downstream direction, increasing the size of
the sandbar in the direction [15,35,100]. Meanwhile, gravel heavier than sand is usually
moved by rolling rather than floating in the water. Therefore, in the gravel bar, the gravel is
deposited in the upstream direction and increases in size in that direction [15,16,34,100].
In estuaries, the other flow types dominate bed load dynamics. In other words, river
water flows seaward near the surface, whereas seawater flows landward near the river bed,
causing so-called estuary circulation [101,102]. These bed load dynamics were reflected in
the successional trend of vegetation, and the sequence of vegetation was arranged in the
order of annual plant-dominated vegetation, perennial herb-dominated vegetation, and
woody plant-dominated vegetation from upstream to downstream (Figures 2 and 3).

Local sedimentation and formation of gravel bars and sandbars are facilitated by
woody vegetation, and the development of gravel bars and sandbars and vegetation
succession are closely related [13,15,16,103,104]. Succession on the sand bars or gravel bars
is governed by the flood cycle, the interaction between the establishment and sedimentation
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of woody plant-dominated vegetation, and the stabilization of sand bars and gravel bars
coming from the settlement of more vegetation [13,15,105–107].

Succession is a gradual process of ecosystem development that proceeds toward
relatively stable conditions following some kinds of disturbances [60]. The driving force
behind vegetation succession varies from case to case. Replacement of one community by
the next results from changes in the physical environment that have been produced by
the existing organisms based on the facilitation model [9]. Changes in the environment
made by existing species promote the establishment of other species, leading to changes so
that other species dominate. In this type of succession, autogenic succession, multi-species
interactions, especially resource competition, dominates the vegetation dynamics [108,109].
In contrast, allogenic succession is driven by disturbances that cause environmental changes,
such as floods, storms, and climate change [17,110]. This successional stage on stream bars
consists of an early stage in which the herbaceous plants dominate and a settlement stage
in which shrubs or shade-intolerant trees dominate. Succession does not reach the late
successional stage, such as mature deciduous broad-leaved forests, in the sand bars or
gravel bars located in the center of the dynamic river [14,111–113]. In Korea, which belongs
to the monsoon climate zone in Asia, more than 70% of rainfall is concentrated from July
to August during the rainy season and September during the typhoon season. Moreover,
as a mountainous country, the water level fluctuates so much that the coefficient of flow
fluctuation reaches 300–700, as Korea has a steep river slope. In other words, it means that
rivers experience such strong flood disturbances [114].

The vegetation sequence established in a few topographic conditions of the stream
bars, including both gravel bars and sandbars, reflects the lifeform of the plant species
that dominate each vegetation type (Figures 2 and 3). Therefore, it could be seen that the
sequence is a toposequence and reflects the successional stage at the same time [23]. In fact,
rivers are dynamic spaces where disturbances exist constantly. Disturbance and vegetation
interact as flood disturbance dominates the settlement of vegetation, and settled vegetation
regulates the flow of [15,16,34,35,67,115].

Sand bars or gravel bars as land habitats within the aquatic habitats of streams and
rivers are influenced and defined by the flooding disturbance regime. The velocity of flood
waters affects the vegetation directly and forcefully. The high impact of water flow makes
sand bars and gravel bars some of the most unstable of all natural habitats. The substrates
do not develop well-defined soil profiles because flooding keeps depositing new mud, silt,
sand, gravel, boulders, logs, leaves, and so on, constantly shifting the substrates [116]. The
development of vegetation in the gravel bars and sandbars is, therefore, driven usually by
an allogenic process rather than an autogenic process [14–16,117]. However, in dynamic
sandbars or gravel bars, it is difficult to distinguish between the two mechanisms, especially
if the succession is controlled by the interaction between the two mechanisms [15,16].

4.3. Relationship between the Developmental Stage of Vegetation and Species Diversity

Species richness was the highest in woody plant-dominated stands, followed by
perennial herb- and annual plant-dominated (Figure 5). The slope of the species rank-
dominance curve was steep in plant communities with low species richness while gentle
in plant communities with high species richness. These results reflect that the species
richness of each plant community is generally consistent with the evenness of the plant
community [49]. This result reflects a classical example that species diversity generally
increases with succession [118]. However, Shannon-Wiener’s index (H’) showed a little
different aspect from these trends (Figure 5).

Since the development of vegetation in the stream bars is not limited by the dispersion
of plants, succession proceeds rapidly [13]. Plants that require high moisture and nutrient
content dominate the initial stage of succession on the stream bars. However, plant species
that can tolerate nutrient deficiency and desiccation also occur over time [13,15,16]. Conse-
quently, species diversity increases in proportion to the history of vegetation establishment
(Figure 5). The process of ecological succession has long been acknowledged as a primary
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driver of biodiversity [119]. A classic example of forest succession shows that higher
species diversity appears in the previous stage rather than in the final successional stage
of the stable state [118,120]. This trend has also been revealed in recent studies [121–123].
Different successional stages may harbor very different sets of species. Periodic resets of
unidirectional succession through naturally occurring disturbance events in different parts
of the landscape may contribute to the maintenance of a mosaic of successional stages [52].
Periodic massive flooding corresponds to such disturbances [124]. Based on the concept, a
method of periodically resetting various successional stages with appropriate disturbance,
the so-called Cyclic Rejuvenation through Management (CRM), was proposed as a strategy
for increasing species diversity [125].

The intermediate disturbance hypothesis (IDH) that the peak of species diversity
occurs at intermediate-scale disturbances could be considered in the same context, but this
hypothesis has recently received a lot of criticism. IDH is less supported in newer papers
and particularly in those in the field of aquatic ecology [126].

4.4. Ecological Importance of Stream Bars and Riparian Zones

Gravel bars and sandbars play an important role in inducing habitat diversity and
ultimately contribute to the retention of a variety of animals and plants, including rare animals
and plants, thereby contributing to the maintenance of high biodiversity [13,127,128].

Stream bars contribute to improving the physiological, ecological, and thermal di-
versity in rivers. Having a river with diverse stream bars is important for fish, which
require different types of habitat during various life stages. Stream bars are also believed to
function as ‘natural filters’ for particulate organic matter, nutrients, and plankton. Retaining
this organic matter helps purify the river and provides primary energy resources to the
river ecosystem [129–131].

Stream bars (SBs) are common raised in-stream structures, which function as hotspots
of biogeochemical activities such as carbon sequestration [132] and denitrification [133].
Stream bars (SBs) are common raised in-stream structures, which promote stream water
flow into the streambed and mixing with groundwater. Such mixing zones function as
hotspots of biogeochemical activity. Organic matter is both transformed and removed from
the SB, as a result of microbial activity and/or attachment of organic matter to SB sediment
surfaces. A slower flow of water through the SB results in higher rates of organic matter
change and removal. Fresh organic matter is produced, and simultaneously source organic
matter is removed within the SB [132].

Variations in regional and local geomorphology, and the consequent impacts of flow
and sedimentation regimes, cause high heterogeneity in riparian zones through changing the
recruitment of and dynamics within the riparian zone [134]. This heterogeneity is the basis
for a species-rich plant community that contributes to local and regional diversity [20,135]
and provides many other organisms with resources [136,137]. Additionally, riparian zones
and their vegetation fulfill a disproportionately large role in the functioning of fluvial
landscapes, for example, by physical and chemical buffering and cycling [115].

These days, however, there are few rivers around the world with intact natural dis-
turbances due to various regulations and other types of human interference. In countries
where rice as an aquatic plant is the staple food, including Korea, it is difficult to find a
riparian zone that retains its original feature as the riparian zone of the river has been
transformed into rice paddies. Therefore, although river restoration is now one of the most
active areas of restoration ecology, most restored river sections are still far from being fully
natural [13,23,138–140]. It is not true that river restoration introduces buffer zones along the
river or removes some embankments and dams to enhance the naturalness of some areas
adjacent to the main waterway. Rather, we need to reestablish something much closer to
the structure and dynamics of natural rivers [13,23,139,140]. In order to realize proper river
restoration, the data on the relationship between the disturbance regime and vegetation
dynamics obtained in this study could be used as important reference information.
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5. Conclusions

The mountain gravel-bed river has a steep riverbed slope, and thus, the flow velocity
is fast, and the stream power is strong. The slope of the riverbed becomes gentle as it
moves downstream, and the flow velocity and stream power are also reduced. Under
the influence of such flow velocity and stream power, the particle size of the riverbed
material becomes larger in the upstream direction and decreases in the downstream one.
The movement of the riverbed material is influenced by the particle size, and materials
of big particles roll or slide, while small particles are transported in a suspended state. In
this context, the gravel bars located on the mountain gravel-bed river grow toward the
upstream, while the sand bars located on the lowland river reach and/or grow toward the
downstream. Meanwhile, sandbars around the estuary grow back in the upstream direction
due to the estuary circulation coming from the influence of waves coming from the sea.
The spatial distribution and dynamics of riparian vegetation on the stream bars correctly
reflect the development process of stream bars due to the movement pattern of riverbed
materials. The spatial distribution of vegetation on the gravel bar was distributed in the
order of herbaceous plant-dominated vegetation, shrub-dominated vegetation, young pine
forest, and mature pine forest from the tip to the tail. The spatial distribution of vegetation
on the sand bars was distributed in the order of willow forest, perennial herbaceous
plant-dominated vegetation and annual plant-dominated vegetation from the tip to the
tail in the lowland river reaches, but the order was vice versa around the estuary. In
riparian zones, flooding is the most important disturbance controlling the establishment
and development of vegetation. Flood pulses vary in frequency, duration, and intensity
spatially. The distance from the waterfront reflects such characteristics of flooding, thereby
creating a spatial gradient of a hydrological regime. The spatial distribution of vegetation
on the riparian zones reflected the hydrological regime and was distributed in the order of
herbaceous plant-dominated vegetation, shrub-dominated vegetation, and tree-dominated
vegetation, depending on the distance from the waterfront. The longitudinal distribution
pattern of vegetation on the stream bars, therefore, resembles the lateral distribution of
riparian vegetation. Furthermore, the successional trends of vegetation established there
follow the spatial distribution pattern of vegetation. In conclusion, the spatial distribution
and the successional trends of vegetation established on the stream bars and the riparian
zones reflect the dynamics of bed loading due to running water in the river.
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