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Abstract
Flooding shapes the fluvial landforms by interacting with the development of riparian vegetation. However, the quanti-
tative evaluation of the effects of flooding on fluvial landscapes often relies on snapshot physical parameters regarding 
hydrological processes, as typified by shear stress on the bed surface. Flooding events over time regulate riparian vegeta-
tion, and introducing a long-term perspective into river environmental assessment could complement understanding 
the vegetation–morphology interactions. In this study, we estimated the long-term variations in channel topography 
(geomorphological variations) of a gravel riverbed of the Chikuma River. We used cross-sectional profiles of the river 
channel from 1959 to 2010 as an indicator of vegetation–morphology interactions and examined the effects of geo-
morphological variations on the fluvial landscape. Our results show that boreal and herbaceous vegetated areas had 
significant smaller geomorphological variations than those with active channels and gravel bars in the river. Temporal 
changes in the elevation of the river channel reduced after riparian vegetation was established and riverbed stabilisa-
tion could enable riparian forests to develop. We, therefore, identify geomorphological variations as an explanatory 
factor for fluvial landforms. The index could support river management with a long-term view of channel evolution with 
vegetation–morphology interaction.

Keywords  Channel evolution · Channel topography · Flood disturbance · Riverbed stability · Sedimentation process · 
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1  Introduction

Flooding shapes the fluvial landforms and habitat gradi-
ents for the establishment and development of riparian 
vegetation [1–5]. Consequently, the flow regime is critical 
in the formation of plant communities [6–10], seed banks 
[11–13] and nutrient dynamics [14–18]. Riparian vegeta-
tion consistently adjusts to flood disturbances and sedi-
mentation process (erosion and deposition of sediments) 
driven by the flooding history to maintain a dynamic equi-
librium, with new conditions correlated with the eleva-
tion relative to the river water level [19–24]. However, the 

strong hydrological controls on colonisation, composition 
and the development of the riparian vegetation are not 
entirely passive [25–27]. Riparian vegetation increases flow 
resistance, inducing sediment deposition, bank stability 
from the root systems and narrower and deeper channels 
[28–30]. Consequently, fluvial landscapes are formed by 
vegetation–morphology interactions.

In hydrological approaches, flood pulse is quantified 
through physical processes, as typified by shear stresses 
on the bed surface. The shear stress can capture the instan-
taneous energy proportional to the elevation of the river 
channel, showing high values with deeper water depth 
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and faster flow velocity of a flooding event [31–35]. How-
ever, it is challenging to quantify vegetation responses 
to floods and long-term changes in the fluvial landscape 
retroactively. In another approach, long-term variations 
in channel topography could indicate the current fluvial 
landscape differently from shear stress by reflecting the 
long-term interaction of physical and biological processes.

A quantitative indicator of the long-term interactions 
of physical and biological processes in river systems 
should enhance our understanding of the current fluvial 
landscapes, reflecting the flooding history and assist river 
management. First, we estimated the long-term variations 
in the channel topography of the Chikuma River by using 
cross-sectional profiles of the river channel from 1959 to 
2010 to evaluate vegetation–morphology interactions. We 
examined the effects of geomorphological variations on 
the fluvial landscapes (active channel, gravel bar, herba-
ceous vegetation and riparian forest) regarding the eleva-
tion of the river channel. Additionally, we evaluated the 
relationship between the geomorphological variations 
and stand basal area of the riparian forest. The long-term 
variations in channel topography could account for fluvial 
landscapes and provide a long-term viewpoint for under-
standing the vegetation–morphology interactions.

2 � Materials and methods

2.1 � Study sites

The study was conducted at four sites along the Chikuma 
River, Nagano Prefecture, Central Japan, located at 248.5, 
249.5, 250.5 and 251.0 km upstream from the river mouth 
(Fig. 1). The Chikuma River is the upper part of the long-
est river in Japan, i.e. the Shinano River (length: 367 km, 
watershed area: 11,900 km2), which originate from Mt. 
Kobushi (2475 m a.s.l.) and flow into the Sea of Japan [36]. 
The riverbed consists mainly of cobbles (64–256 mm) with 
fine sediment deposits (< 2 mm in diameter) [37]. The D60 
(grain diameter at 60% passing the grain size distribution 
curve) is 50–60 mm [36]. The river slope ranges from 4.5 to 
5.0%, and the river width is approximately 400 m between 
dikes consisting of 30% active channels and 70% sediment 
bars under base-flow conditions. The boreal vegetation 
has expanded since the 1980s because of compound 
cross-sectioning in the channel [38]. At this time, the mean 
annual precipitation was 890.8 mm, and the mean annual 
temperature was 11.9  °C at the Ueda meteorological 
observatory located 8 km from the study site for the years 
1981–2010 [39]. The mean water discharge from 1959 to 
2010 was 61.6 m3 s−1 at the Kuiseke gauging station, 15 km 
downstream of the study site [40, 41], and storm events 
occurred more frequently from June to October (Fig. 2).

2.2 � Channel topography

We set four transverse lines 248.5, 249.5, 250.5 and 
251.0  km from the river mouth in December 2010 to 
coincide with river cross-sectional profiles surveyed by 
the Ministry of Land, Infrastructure, Transport and Tour-
ism (MLIT). We then conducted a topographic levelling 
survey using a laser-controlled land-levelling system to 
delineate the river cross-sectional profiles at 10-m intervals 
along these lines (Fig. 1). Moreover, we recorded the river 
channel condition (active channel, gravel bar, herbaceous 
vegetation or riparian forest) under the base-flow condi-
tion (no precipitation 5 days before the survey) by field 
observation and aerial photographs. The cross-sectional 
profiles of the four transverse lines in 1959, 1964, 1969, 
1976, 1981, 1982, 1985, 1988, 1992, 1995, 2000 and 2004 
were obtained from the MLIT.

We estimated temporal changes in the elevation of the 
river channel in each survey year (riverbed fluctuation) 
by using the difference between the elevations at the 
points of reference and those from previous survey years 
in each river channel condition (active channels, gravel 
bars, herbaceous vegetation and riparian forests). Moreo-
ver, we classified the location of riparian forests from 25, 
50 and 75 percentiles of the stand basal area of riparian 
forests to consider the differences in the number and size 
of trees depending on the timing of colonisation and the 
establishment periods of the riparian forests. The nega-
tive and positive values of the riverbed fluctuation refer to 
the erosion and deposition of sediments, respectively. We 
represent the long-term variations in river channel eleva-
tion at any point on the cross-sectional files between 1959 
and 2010 (geomorphological variation) in the following 
equation:

where Ei denotes each elevation at each reference point 
on the same 10-m interval point of the cross-sectional pro-
files of any year, μ is the average Ei and n is the number of 
Ei values (here, 13 in number). Higher values of the index 
indicate larger riverbed topographical changes with the 
sedimentation process, while lower values indicate more 
stabilisation of the riverbed.

We estimated the mean water levels from 2006 to 
2010 (i.e. the mean elevation of the water surface at the 
mean discharge above sea level for over 5 years) at each 
site using the mean-specific discharges, river slopes, 
cross-sectional areas, Gauckler–Manning coefficient 
(0.04 sm−1/3) and Manning formula [42] to perform a com-
prehensive analysis of the four study sites by relativising 
the elevation to the mean water levels at each site. The 
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mean-specific discharges from 2006 to 2010 (i.e. the aver-
age over 5 years of water discharge per unit area of the 
upstream watershed) were estimated from each drainage 
area of the sites and the discharge data from the nearest 
two gauging stations of the Kuiseke and Ikuta [41]. There 
is no dam between the gauging stations. The elevation 
relative to the mean water level at each site was estimated 
by subtracting the mean water level from the elevation of 
the river channel.

2.3 � Riparian vegetation

We recorded the diameter at a breast height (DBH) 
of 1.3  m over the bark (9.0 ± 6.0  cm, mean ± stand-
ard deviation, n = 2740), and the position of all ripar-
ian trees (1510 ± 1110 stems ha−1) along 12 belt 
transects (10 m × channel width) at four transverse topo-
graphical survey lines (for three replicates per transverse 
topographical survey line) in December 2010. We then 
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Fig. 1   a Locations of study sites in the Chikuma River. b Aerial pho-
tographs of the study sites in 2010, 1986 and 1965. The arrowed 
lines and numbers in the river channel represent the cross sections 
from the left to right dikes and each distance from the river mouth, 
respectively. The shaded areas indicate the riparian forests. c River 

cross-sectional profiles of the Chikuma River from 1959 to 2010 at 
the four cross sections, 248.5, 249.5, 250.5 and 251.0 km from the 
river mouth. The solid and dotted lines indicate the means and 
standard deviations, respectively
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estimated the basal area of riparian forest from the DBH 
in each 10 × 10 m2 along each transect, and the mean 
basal area was 14.5 ± 8.6 m2 ha−1. The most abundant 
species in the riparian forest were black locust (Robinia 
pseudoacacia L.), constituting 90 ± 10% of all the trees 
based on the stand basal area. The other species were 
willow (Salix gilgiana Seemen) and tree of heaven (Ailan-
thus altissima [Mill.] Swingle). The 25, 50 and 75 percen-
tiles of the basal area were 7.5, 12.4 and 19.2 m2 ha−1, 
respectively. The herbaceous vegetation consisted 
mainly of runner reed (Phragmites japonica Steud.) and 
curly top knotweed (Persicaria lapathifolia L.).

2.4 � Statistical analysis

To determine the differences in geomorphological varia-
tion among fluvial landscapes (active channel, gravel bar, 
herbaceous vegetation and riparian forest), we performed 
an analysis of covariance (ANCOVA), setting the fluvial 
landscape as a fixed factor and an elevation relative to the 
mean water level as a covariate, using all the data on the 
12 belt transects at four transverse topographical survey 
lines. For ANCOVA involving a significant effect of fluvial 
landscape, multiple mean comparisons were made using 
Tukey’s honest significant difference (HSD) test. The cor-
relation between geomorphological variation and basal 
area of riparian forests was analysed using Pearson’s prod-
uct–moment correlation coefficient. For all tests, p < 0.05 
indicated a statistically significant difference. All analyses 
were conducted using R ver. 3.5.3 [43].

3 � Results and discussion

The riparian forests are established at relatively small riv-
erbed fluctuations and depressed the riverbed fluctua-
tions compared to active channels, gravel bars and her-
baceous vegetation (Fig. 3). Minimal variation (< 0.2 m) 
in the riverbed fluctuation existed at riparian forests 
between 2004 and 2010 (Fig. 3) despite that the largest 
discharge (2076 m3 s−1) at the gauging station since 1959 
was observed on 19 July 2006 (Fig. 2). In contrast, the high-
flow event showed large variations in the riverbed fluctua-
tions at active channels, gravel bars and herbaceous veg-
etation (Fig. 3). The bed stabilisation could be influenced 
by biological feedback via the binding effects of the roots 
of the riparian vegetation, increasing the bank’s resist-
ance to erosion [5, 26, 28–31]. We found that the riverbed 
fluctuations decreased earlier with a larger basal area of 
riparian forests (Fig. 3), suggesting that the development 
of riparian forests further stabilised the riverbed. The veg-
etation–morphology interactions could generate positive 

Fig. 2   Average daily discharge 
hydrograph of the Chikuma 
River at the Kuiseke gauging 
station from 1959 to 2010. 
The arrowed lines indicate the 
topographical surveys. Since 
the 1980s when the riparian 
forests were expanded, large 
floods have occurred periodi-
cally
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1959 at a active channels (n = 47), b gravel bars (n = 47), c herba-
ceous vegetation (n = 9), d < 25 percentile of riparian forest basal 
area (n = 15, youngest), e 25–50 percentile of riparian forest basal 
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the floodplain in 2010. The variations at riparian forests were clas-
sified according to the quartile basal area. The means and standard 
deviations are shown
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feedback of bed stabilisation when bed it enables riparian 
forest to establish.

The ANCOVA results showed that the geomorphologi-
cal variation as a developed index of long-term variations 
in the gravel riverbed topography significantly differed 
among the fluvial landscapes (Table 1). The riparian for-
ests and herbaceous vegetated areas also had significantly 
smaller geomorphological variation than active channels 
and gravel bars (Fig. 4 and Table 1). Geomorphological var-
iation was negatively correlated with the elevation of the 
river channel relative to the mean water level (Table 1). This 
relationship corresponds with the decrease in the magni-
tude of shear stress at higher elevations along floodplains 
during flooding [16, 31, 32]. Consequently, a high-flow 
event might not even erode sediments or create gravel 
beds by washing or breaking down riparian forests at 
higher floodplain elevations because of the binding effects 

of the roots [26, 28, 44]. Therefore, the riparian forests tend 
to survive at relatively high floodplain elevations of the 
compound cross-sectioning in the river channel (Fig. 4), 
despite the periodic occurrence of large floods (Fig. 2). 
However, no clear relationship was present between the 
geomorphological variation and basal area of the riparian 
forests (p = 0.486), probably due to the reproduction by 
stump sprouting and root suckering of black locust, top-
pled by floods or logging operations of river management 
[32, 45]. The geomorphological variation may facilitate the 
prediction of locations to establish riparian forests; how-
ever, it is not a limiting factor for the biomass of species 
that reproduce asexually. 

In contrast to boreal and herbaceous vegetated areas, 
active channels and gravel bars at lower floodplain eleva-
tions maintained the large riverbed fluctuations (Fig. 3) 
and geomorphological variations (Fig. 4 and Table 1). The 
large values of the geomorphological variation indicate 
the short disturbance-free periods for vegetation growth 
(window of opportunity [46]) and the small binding effects 
of the roots when vegetation existed in the past. The long-
term variations in the channel topography driven by floods 
suggest a major control of the vegetation colonisation and 
have the potential to be complementary to the windows 
of opportunity concept [46, 47]. Additionally, the impli-
cations of the magnitude of the developed geomorpho-
logical index may differ for each river, which is related to 
the river slope, grain size and investigation periods and 
intervals for the river cross-sectional profiles; further inves-
tigation is required for this generalisation. When the same 
mechanisms of the flood-driven sedimentation processes 
and the bed stabilisation by vegetation colonisation inter-
vene in the geomorphological variations as explanatory 
factors, long-term variations in channel topography could 
account for the fluvial landscape and provide a long-term 
view for understanding the interaction of physical and bio-
logical processes in river systems.

On the other hand, the long-term variations in the 
channel topography are affected by both natural flood dis-
turbances and human activity on river–riparian gradients. 
These artificial impacts include human-induced channel 

Table 1   Results of ANCOVA for geomorphological variations among fluvial landscapes (active channels, gravel bars, herbaceous vegetation 
and riparian forests) in the Chikuma River

ANCOVA was performed using the elevation relative to the mean water level as a covariate and the fluvial landscape as a fixed factor. The 
values represent means and standard deviations. Different letters indicate a significant difference among fluvial landscapes (Tukey’s HSD, 
p < 0.05)

Active channels Gravel bars Herbaceous 
vegetation

Riparian forests df Fluvial land-
scape

Elevation

(n = 47) (n = 45) (n = 11) (n = 58) F P F P

Geomorphological variation (m) 0.99 ± 0.29a 0.91 ± 0.40a 0.59 ± 0.21b 0.41 ± 0.39b 4, 156 4.60 0.004 27.21 < 0.001
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Fig. 4   Relationship between the elevation of river channels relative 
to the mean water level and the geomorphological variation in the 
Chikuma River. The solid and shaded regions represent the regres-
sion line and a 95% confidence interval, respectively
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alteration on a scale of years to decades, for example, dec-
ades of erosion control, gravel mining and other activi-
ties for stabilising water and sediment flow in watersheds 
[48–50]. Further investigation of the causal relationships 
between the geomorphological variation and temporal 
changes in the overall sediment yield in river systems and 
the separation effects of human-induced channel altera-
tion could enable a quantitative analysis for geomorpho-
logical variation.

4 � Conclusion

The fluvial landscapes (active channels, gravel vars, herba-
ceous vegetation and riparian forests) formed by the flood 
history had different long-term variations in the gravel riv-
erbed topography, such as geomorphological variations 
estimated by cross-sectional profiles over the 50 years. 
Active channels and gravel bars had large geomorphologi-
cal variations, and the temporal variations in the channel 
topography were maintained over the entire period in the 
river. In contrast, boreal and herbaceous vegetated areas 
had significantly smaller geomorphological variations 
than those with active channels and gravel bars and the 
temporal variations in the channel topography reduced 
after riparian vegetation was established. The geomor-
phological variation could indicate vegetation–morphol-
ogy interactions and introduce a long-term view of the 
channel evolution under dynamic equilibrium into river 
environmental assessment.
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