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with modelled hydraulic variables.

• Bar grain size and simulated hydraulics
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gave better explanation of the grain size.
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Europeanmulti-thread rivers have undergone rapid morphological changes during past centuries due to the ex-
tensive direct and indirect human impacts on fluvial systems. As a consequence, we can identify altered patterns
of bed sediment calibre reflecting disturbed sediment connectivity andmodified flow hydraulics. Changes in the
grain-sizes of samples collected on 68 gravel bars in August 2015 were studied along 14.0-km river reach of the
Bečva River (Outer Western Carpathian Mts., Czech Republic). The grain-size characteristics obtained were
confrontedwithmodeledflowhydraulics and the present stage of the channel. The studied channel reach is pres-
ently characterized by several distinctive sections: for a long time (ca. 100 years) regulated single channel sec-
tions with artificial bank stabilizations incised several meters in the floodplain and by contrast, multi-thread
channel patterns of two sections, which have witnessed retrograde development after large floods in 1997 and
2010 with 100- and 50-year recurrence intervals, respectively. The present channel behaviour of managed (reg-
ulated) and re-naturalized (multi-thread) river sections correspondedwellwith themodeled hydraulic variables
for one-year discharge recurrence interval. Especially, re-naturalized river sections showed lower values of flow
competencewhich facilitated the deposition of sedimentmaterial in the form of gravel bars. The high occurrence
of lateral sediment sources (e.g., tributaries, bank failures) togetherwith sediment disconnectivities (e.g., boulder
ramps) in the longitudinal river reach were observed, and grain-size parameters did not particularly reflect the
Keywords:
Multi-thread river
Channelization
Gravel bar grain-size
Channel hydraulics
Sediment connectivity
The Bečva River

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2018.08.329&domain=pdf
https://doi.org/10.1016/j.scitotenv.2018.08.329
vaclav.skarpich@osu.cz
Journal logo
https://doi.org/10.1016/j.scitotenv.2018.08.329
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


673V. Škarpich et al. / Science of the Total Environment 649 (2019) 672–685
hydraulic conditions. Especially tributaries as sediment inputs had significant effect on bar grain size and increase
of channel diversity, although, in general results indicate a gradual downstream fining.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Multi-thread river channels are integral parts of fluvial systems,
which connect the mountainous landscapes with lowland areas
(Schumm, 1977). In the past few centuries, multi-thread river channels
have undergone rapid changes induced by human activities (Gregory,
2006; Kondolf, 1997). A large number of studies across the globe have
identified themost serious issues ofmulti-thread channel pattern trans-
formation with regards to progressive narrowing (Korpak, 2007;
Liébault and Piégay, 2002; Rinaldi et al., 2005; Surian and Rinaldi,
2003; Škarpich et al., 2013, 2016a, 2016b; Zawiejska and Wyżga,
2010) and incision (Kondolf et al., 2002; Martín-Vide et al., 2010;
Preciso et al., 2012; Rovira et al., 2005; Surian and Rinaldi, 2003;
Uribelarrea et al., 2003; Wyżga, 2001; Zawiejska and Wyżga, 2010).
These alterations resulted in channel flow hydraulics changes and
brought a new set of boundary conditions for erosion, transport and de-
position processes (Knighton, 1999; Madej, 1995), in which amount,
calibre and sorting of sediment as well as its spatial distribution are ad-
justed to local variations in flow competence (Powell, 1998). The spatial
distribution and sorting pattern of sediment have important conse-
quences and implications for the functioning of river ecosystems,
e.g., the potential for fish spawning or the suitability of the riverbed as
a habitat for benthic macroinvertebrates (Vannote et al., 1980).

Sediment transportwithin river systemshas been described as a cas-
cade system (Schumm, 1977). It can be thought of as a three-
dimensional system in the longitudinal, lateral and vertical directions
(in the sense of Brierley et al., 2006; Fryirs, 2013; Fryirs et al., 2007;
Hooke, 2003). Bed sediment changes along altered or natural river
channels have been relatively well recognized (Rengers and Wohl,
2007; Surian, 2002; Zawiejska et al., 2015). In contrast, much less is
known about sediment distribution and sorting patterns linkages to
specific values of hydraulic parameters in channels.

A characteristic feature of many alluvial rivers is the gradual decrease
in bed material grain-size in the downstream direction, which is called
‘downstream fining’ (Gomez et al., 2001). Two generic mechanisms
have been invoked to explain this phenomenon: particle abrasion andhy-
draulic sorting. The pioneering observations of Sternberg (1875) in a
260 km reach of the Rhine River described an exponential downstream
decrease in grain-size due to abrasion. The derived exponential law
takes the form:

Di ¼ D0e−KL; ð1Þ

whereDi is the particle diameter (m),D0 represents the initial diameter of
the particle (m) transported for distance L (m), and K is the coefficient of
reduction for given rock resistance. Based on this, abrasion depends on a
variety of factors, including the lithology of the material, climate condi-
tions in the basin, human impact, etc. Hydraulic sorting is promoted by
the differential entrainment, transport, and deposition of particles, as a
function of their size and shape (Gomez et al., 2001; Russell, 1939).
There has been discussion about the extent to which condition of equal
mobility or departures from it dominate (e.g., Andrews, 1983; Gomez,
1995; Gomez et al., 2001; Wilcock, 1992). The consensus is that there is
a tendency for particles of different sizes to be equally mobile when the
boundary shear stress greatly exceeds the threshold for motion and that
at lower shear stresses, sorting is much less pronounced than would be
the case if the size fractions were transported independently
(e.g., Wilcock and McArdell, 1993; Gomez, 1995; Gomez et al., 2001).
However, downstream coarsening in some river reaches was ob-
served for gravel-bed alluvial rivers (Dawson, 1988; Knighton, 1980;
Powell, 1998). These anomalies are the result of (dis)connectivity
(Schumm, 1977; Fryirs et al., 2007; Galia et al., 2016), which disrupts
lateral, vertical and/or longitudinal linkages in sediment flux and affects
the sediment cascade. The downstream fining disruption of gravel-bed
rivers occurs not only in response to sediment supply from tributaries
and other lateral inputs but also in response to anthropogenic interven-
tions in the fluvial system (Surian, 2002; Fryirs et al., 2007; Ondráčková
and Máčka, 2018). Additionally, a conceptual framework identifying
the status of river reaches and linkages between them were proposed
by Hooke (2003). Based on this, the types of connectivity including
unconnected, partially and potentially connected, connected and
disconnected reaches were identified. It has the implications for
understanding the sensitivity to perturbations and channel
development.

A characteristic feature of low gradient and wide alluvial channels
is the accumulation of sediment which is created by reduced flow
conveyance (Powell, 1998). In contrast, some channel reaches accel-
erate the downstream movement of sediments (Fryirs et al., 2007).
These boosters are represented by natural predispositions (e.g., by
the presence of gorges or bedrock reaches) or as the consequences
of regulation works. River channelization includes the narrowing
and shortening of the channel together with the steepening of bed
gradient, which lead to the increase of flow velocities and forces act-
ing on stream bed and banks (Fryirs et al., 2007; Škarpich et al.,
2016a; Wyżga, 1993).

The potential for incision and sediment transport can be assessed
via the unit stream power (ω) or the bed shear stress (τb). Many stud-
ies (Krapesch et al., 2011; Magilligan, 1992; Nardi and Rinaldi, 2015;
Zawiejska et al., 2015) have conceptualized this issue via the
calculated parameters of ω and τb, because obtaining the input
variables is easy. The parameter ω (W m−2) was introduced by
Bagnold (1966):

ω ¼ ρgQSð Þ=b; ð2Þ

where ρ is the density of water (kg m−3), g is the acceleration due to
gravity (9.8 m s−1), Q is the discharge (m3 s−1), S is the channel slope
(m m−1), and b is the channel width (m).

The parameter τb (N m−2), another fundamental variable in
assessing flow conditions, is defined as:

τb ¼ ρgRS; ð3Þ

where R is the hydraulic radius (m). In the past few decades, one- or
two-dimensional models have allowed us to calculate these hydraulic
parameters (Czech et al., 2016; Pasternack et al., 2006).

This study is focused on the grain-size variation of 68 gravel bars in a
14-km long unconfined reach of the gravel-bed Bečva River (Western
Carpathians, Czech Republic) and its confrontation with modeled flow
hydraulics and the present state of the channel. In the 19th century,
the Bečva River had multi-thread characteristics over the entire study
reach, which was converted into a uniform single-channel by intensive
channelization works at the turn of 20th century. These changes pro-
moted sediment conveyance, acting as boosters and causing a gradual
incision of several meters into the floodplain. The high-magnitude
floods in 1997 and 2010 partially destroyed artificial channelization
structures in some sections. This was accompanied by notable channel
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widening in these sections and development of gravel bars. This study
aims to:

(i) identify contemporary general patterns of channel
morphology, lateral sediment inputs (connectivities), poten-
tial disconnectivities in sediment flux and erosion/deposition
processes in the channel of the laterally unconfined river val-
ley,

(ii) analyse and describe the variations in the grain-size parame-
ters of gravel bars in the context of general patterns of channel
morphology and sediment flux (dis)connectivities,

(iii) assess the relationships between the modeled hydraulic
variables responsible for the transformation of the gravel
bars' surface layer and the grain-size parameters of these
bars.
2. Study area

2.1. Basic regional settings

The Bečva River is 61.5 km-long gravel-bed stream with a drainage
area of 1620 km2 (data source: Czech Hydrometeorological Institute)
and feather-like or dendritic channel network (Ivan et al., 2000). It is a
left side tributary of the Morava River (Danube River basin). The Bečva
River begins at the junction of two main source streams, the Rožnovská
Bečva River and the Vsetínská Bečva River (see Fig. 1). They drain out
Czech part ofWestern Carpathians, namely theMoravskoslezské Beskydy
Mts., Hostýnsko-vsetínská hornatina Mts., Javorníky Mts., Vizovická
vrchovinaMts. to the relativelyflat piedmont. The locations of the highest
Fig. 1.Geographical position of the studied river reach; legend: 1— streams, 2— studied river re
border, 7— settlements; gauging stations: a— Teplice nad Bečvou, b— Jarcová, c—Vsetín,d—Va
SRTM 1 Arc Second Global; T. G. Masaryk Water Research Institute, public research institution
and lowest elevations within the Bečva R. basin are, Čertův Mlýn at
1205 m asl, and the mouth to the Morava R. at 195 m asl, respectively.

Annual precipitation in the basin area ranges from 500 mm at the
lower parts of the basin to 1200 mm in the mountains (data source:
Czech Hydrometeorological Institute). The Bečva River is characterized
by the occurrence of frequent floods of moderate magnitude due to
snow melting, and large floods caused by prolonged rainfalls, which
are connected to summer cyclones.

The study was performed in a 14.0-km long river reach of the
Bečva River, which was entirely located in an unconfined valley of
the piedmont area (i.e., out of primary sediment sources). The main
tributary in the studied river reach is left-side gravel-bed tributary of
the Juhyně River at 1.1 km downstream the beginning of the studied
longitudinal reach. The mean annual discharge is 15.5 m3 s−1 at the
Teplice nad Bečvou gauging station (0.6 km immediately down-
stream the studied river reach where basin area is 1275 km2, for lo-
cation in Fig. 1 see gauging station a). Table 1 shows the mean
annual discharges and recurrence intervals (R.I.) of flood discharges
of additional gauging stations of the Bečva, Vsetínská Bečva and
Rožnovská Bečva Rivers.

The study area belongs to the Outer Carpathian Group of flysch
nappes. The historical occurrence of the multi-thread channel of the
Bečva River was mainly caused by high sediment supply into the chan-
nel network from the flysch lithology of the basin's mountainous areas.
The predisposition of local flysch lithology to high sediment supply in
this area was described by Galia et al. (2016) and Škarpich et al.
(2013). Lithology of the mountainous part of the Bečva River drainage
basin is mainly composed of alternating layers of claystone, sandstone
and conglomerate flysch, from Jurassic to Palaeogene rocks (Chlupáč
et al., 2011; Menčík et al., 1983). The valley floors are dominated by un-
consolidated Miocene (Badenian) clays and sands, and fluvial
ach, 3— the Bečva River basin border, 4— gauging stations, 5—mountain peaks; 6— state
lašskéMeziříčí, e—Rožnov pod Radhoštěm, f—Kelč (data source:U.S. Geological Survey—
).



Table 1
Mean annual discharge and flood recurrence intervals of the Bečva, Vsetínská Bečva, Rožnovská Bečva and Juhyně Rivers (data source: Povodí Moravy Basin State Enterprise and Czech
Hydrometeorological Institute).

Gauging station River/Stream Basin area of given gauging station
[km2]

Start year of
measurement

Mean annual discharge [m3

s−1]
N-year recurrence interval
discharge (QN) [m3 s−1]

Q1 Q5 Q10 Q50 Q100

Teplice nad Bečvou Bečva 1275.32 1920 15.50 219 452 555 799 908
Jarcová Vsetínská Bečva 723.87 1939 9.39 151 274 333 479 547
Vsetín Vsetínská Bečva 505.81 1940 6.79 126 234 279 378 420
Valašské Meziříčí Rožnovská Bečva 252.45 1941 3.79 66.5 161 214 364 441
Rožnov pod Radhoštěm Rožnovská Bečva 160.24 1951 2.72 42.8 99.1 134 241 301
Kelč Juhyně 86.12 1957 0.83 9.3 31.5 43.6 79.8 98.8
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Quaternary sediments (Czudek, 2005; Dvořák et al., 2001). The valley
floor is formed by a wide (up to 3 km) floodplain fringed by Mid–Late
Pleistocene river terraces (Stacke et al., 2014; Macoun et al., 1965).
The downstream part of the valley was partly affected by Pleistocene
continental glaciation during its maximum advance in the Saalian 1
(Ehlers and Gibbard, 2004).

2.2. History of direct human impact on channel development

At the end of the 19th century, the first channelization works in
the study reach were conducted by restricting the flow to a narrow
Fig. 2. View of the Bečva River channelized (managed) single channel sections between (A
naturalized) multi-thread channel sections between (B) 1.7–3.0 km and (D) 9.0–10.1 km; desi
channel through the stabilization of banks and gravel bars with veg-
etation. At the turn of 20th century, even more systematic regulation
was applied, and the Bečva River was completely regulated in the
studied 14.0-km long river reach (Havlík, 1999). The original
multi-thread river channel pattern was converted into a uniform
single-channel. The channel was designed in trapezoidal shape
which was accompanied by levees, and the channel bed was stabi-
lized by boulder ramps (Havlík, 1999; Krejčí and Krejčí, 2012). The
main reasons for channelization of the Bečva River were flood con-
trol and a demand for arable land. As a consequence of river manage-
ment, the channel has typically incised several meters into the
) 0.0–1.7 km, (C) 3.0–9.0 km and (E) 10.1–14.0 km and retrogradually developed (re-
gnations A, B, C, D and E are corresponding with designations of channel sections in Fig. 4.
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floodplain along its entire reach. The sediment supply balance has
also been upset by reforestation of the mountainous part of the
Bečva River basin since the end of 19th century (Krejčí and Krejčí,
2012; Pavelka and Trezner, 2001).

The studied channel is presently characterized by several distinc-
tive sections. Regulated single channels with artificial bank stabiliza-
tions are incised several meters into the floodplain (see Fig. 2A, C and
E). In contrast, the multi-thread channel pattern (see Fig. 2B and D)
has retrogradually developed after the 1997 (Hrádek, 2000) and
2010 (Krejčí and Krejčí, 2012) floods (maximum discharge
950 m3 s−1 with ~100-year R.I. and 799 m3 s−1 with 50-year R.I., re-
spectively; data source: Czech Hydrometeorological Institute) in two
short river sections. Before the extreme flood in 1997, the regulated
channel was trapezoidal in cross-section, the width was 33–35 m
and the depth was 2.6–3.7 m (Mihola, 1992). The bank and bed sta-
bilization structures were systematically repaired by water manage-
ment agencies after individual floods (e.g., in 1950s). This state was
given by the political situation (Communist Era) in the Czech
Republic (1948–1989) which aimed to maximal using of land for ag-
riculture (Chloupkova, 2002). However after the last significant
floods in 1997 and 2010, these stabilization structures in re-
naturalized sections were not repaired again because (i) the arable
land along the river reach was no longer suitable for agriculture,
and (ii) no larger settlements are present along the river which
could be endangered by floods.

3. Methods

3.1. Geomorphic and (dis)connectivity mapping

The contemporary state of channelized/re-naturalized channel sec-
tions, lateral sediment inputs and potential disconnectivities in sedi-
ment flux were mapped in detail along the entire studied reach. We
used conventional method of geomorphic mapping based on combina-
tion of field survey, analysis of aerial photos and inspection of digital el-
evation model obtained by LiDAR altimetry airborne laser scanning in
2013. Aerial photos and LiDAR dataset were produced in S-JTSK/
Krovak East North coordinate system by State Administration of Land
Surveying and Cadastre of Czech Republic. Aerial photos were collected
in year 2016with spatial resolution of 0.2m. The LiDAR-based digital el-
evationmodel, produced in raster formatwith spatial resolution 5× 5m
and mean altitude accuracy 0.3 m, provided us with information about
the geometry of the floodplain. We generally distinguished the follow-
ing patterns: (i) depositional, relatively wide channel-sections with
the development of gravel bars as in the re-naturalized multi-thread
river pattern, and (ii) transport-balanced channel-sections, which
were typically incised several meters into the floodplain as the conse-
quence of river management. Sediment inputs consisted of individual
bank failures, bedrock outcrops and tributaries. Nine boulder ramps sta-
bilizing the channel bed decreased upstream bed slopes and local flow
competences. Artificial bank stabilizations (riprap and concrete flex
mats) were representatives of lateral disconnectivities, which also
prevented lateral channel migration.

3.2. Sampling of gravel bars

Investigated gravel bars were sampled during low flow conditions
(1.3–1.6 m3 s−1) in August 2015. To avoid differences in sample popu-
lations with respect to the position on the gravel bar, all samples were
taken from the middle part (in longitudinal direction of the river
reach) of the bar, close (~1–1.5 m) to the wetted channel. In total, 68
samples were collected in the 14-km long studied reach. The grain-
size characteristics of bar surfaces were obtained by photographic
grain-size analysis. This analysis was performed with the Sedimetrics
Digital Gravelometer software package (Loughborough University En-
terprises Ltd) (Graham et al., 2005a, 2005b). The method enables
rapid image-processing-based procedure for the measurement of ex-
posed fluvial gravels from digital photographs. The precision achieved
is comparable with conventional pebble count sampling strategy of
Wolman (1954) as noted by Graham et al. (2005a). Rice and Church
(2010) compared values of D50 and D95 obtained from paired pebble
count and photographic samples of gravel bar surfaces. They revealed
that the photographic method has not introduced any significant bias,
i.e. the mean-square differences were ±3 and ±9 mm, respectively.

One photo per sampled bar was taken. Photos covered a planar area
of 0.75m2whichwas cleaned of leaves or remains of small branches be-
fore taking the photographs. Reference points (plastic targets) were
placed at each corner of the rectangular wooden sample patch (see
Fig. 3A). After the placing of reference points, rectangular wooden sam-
ple patch was removed (see Fig. 3B). The reference points provided a
scale and they defined the boundary of the patch in the image. The pho-
tographswere taken (see Fig. 3C) using a SAMSUNG ST88 compact cam-
era (35 mm equivalent focal length = 25 mm, 16.1 Mpx). The grid-by
number method truncated on the lower bound at 8 mm was applied
to obtain D50 and D95 percentiles (mm) and the value of sediment
sorting SI atΦ scale (in the sense of Folk andWard, 1957) as represen-
tative of the previous episodes which affected bed conditions in the
river channel.

3.3. Hydraulic modeling

HEC-RAS 5.0.3 software (U.S. Army Corps of Engineers - USACE)was
used to calculate hydraulic parameters in the positions of investigated
sediment samples; namely, (i) the water surface slope (m m−1) — Sws,
(ii) the wetted channel width (m) — Wf, (iii) the flow area (m2) — Af,
(iv) the bed shear stress (N m−2) — τb, (v) the unit stream power
(Wm−2) — ω, and (vi) the mean flow depth (m) — d.

The software has been widely used in numerous studies at various
scales in relation to sediment processes (Song et al., 2015), hydrokinetic
assessment (Punys et al., 2015), river restoration (Pregun, 2016) and
flood hydraulics (Czech et al., 2016).

1-year R.I. discharge (219m3 s−1 in Teplice nad Bečvou gauging sta-
tion) was simulated by 1D model running in unsteady mode and hy-
draulic parameters were calculated in the positions of investigated
sediment samples. We observed complete submergence and morpho-
logical changes of studied gravel bars on 5/15/2014 (260 m3 s−1,
~1–2-year R.I.) and 1/11/2015 (136 m3 s−1, b1-year R.I., data source:
Czech Hydrometeorological Institute). Based on these observations,
we consider 1-year R.I. discharge as the discharge which was sufficient
to rework the surface layer of all studied bars.

Hydraulicmodeling consists of several crucial steps. The present dig-
ital elevation model obtained by airborne laser scanning (LiDAR) is not
able to capture terrain under water surfaces, so the bathymetry of the
river channel was added from geodetically measured cross-sections.
These were measured during a low flow stage in February and March
2016 at appropriate positions within the studied river reach, when a
higher density of cross-sections was obtained in irregular channel-
sections (i.e., in river bends or in the case of the presence of a multi-
thread pattern). Every single cross-section was taken with respect to
the bank and bed morphology, usually including 10–20 measurement
points obtained using the total station TOPCON: GTS 212 — 2000.
Mean bed slope between individual cross-sections was taken from the
digital elevation model. In total, 32 cross-sections (i.e., 2.3 cross-
sections per km) were collected for the studied river reach of the
Bečva River. An additional five cross-sections were taken upstream
and downstream of the studied 14-km long reach, which served as sec-
tion for refining of simulated hydraulic variables due to absence of ex-
plicit boundary conditions in lower and upper part of the 14-km long
reach. In addition, the parameters of boulder ramps (height, length,
cross-sections) were geodetically measured and added into the model.
To preserve channel sinuosity, parts of the channel between the
surveyed cross-sections were inspissated using the shape of originally



Fig. 3. Illustration of the photographic procedure: (A) placing of reference points (plastic targets) at each corner of the rectangular wooden sample patch, (B) removed wooden sample
patch after the placing of reference points and taking approximately vertically photograph by digital camera, (C) scale and defined boundary of the patch in the image provided by
reference points in photograph, the photographed area (shaded) in (B) must include all grains intersecting the patch edge (dashed outline).
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surveyed cross-sections. The criterion for the selection of original cross-
section shape was the channel width, measured from aerial photos in
ArcGIS 10.2.1 software, while S-JTSK/Krovak East North coordinate sys-
temwas applied. Elevation of points in these inspissated cross-sections
was recomputed using the elevation from thefirst point in cross-section
obtained from LiDAR. Channel cross-sections were merged with adja-
cent floodplain (LiDAR) in HEC-RAS software.

The hydrograph of the flood event from 2010 with ~50-year R.I. peak
dischargewas used for basic calibration of themodel. Dischargedata from
the time span between 5/11/2010 (12:00 a.m.) and 06/10/2010 (11:00 p.
m.) at 1 h intervals were provided by the Czech Hydrometeorological In-
stitute. The model was calibrated by adjusting Manning's n hydraulic
roughness. Simulated discharge was calibrated for the timing of flood
peak (799 m3 s−1) and for the value of maximum flood peak with the
Manning's n-values and compared with the flood hydrograph observed
at the outlet gauging station Teplice nad Bečvou (see Fig. 1 for location).

Additional calibration of water levels at individual cross-sections for
1-year R.I discharge reflected known water level in Teplice nad Bečvou
gauging station. The maximal water level error was 0.07 m, simulated
time of flood peak occurred 0.25 h later and maximal simulated flood
peak was equal to the observed one. Finally, the Manning's n-value
0.035 in the channel was established in accordancewith this calibration
process. To preserve gradual increase in discharges from upper to lower
part of studied reach, boundary conditions of modeled river reach were
based on the linear relation between the increasing basin area and dis-
charges from upstream and downstream gauging stations in the Bečva
River basin. In the lower part of the river reach, the normal depth was
applied as the water level was unknown. Because the normal depth is
the estimation of the measured water depth, the lower part was
prolonged to refine simulated hydraulic variables. Furthermore, Teplice
nad Bečvou gauging station (in Fig. 1, see gauging station a) was a part
of this extended reach. The same extension took place in the upper part,
because the discharge data from two gauging stations (in Fig. 1, see
gauging station b — Jarcová and d — Valašské Meziříčí) were available
here. It implies that the extended river reach for hydraulic modeling
has in total 21 km length. There occurred fourteen tributaries the
contributions of which to discharge were modeled as lateral inflow
boundary conditions. The 1-year R.I. discharge was derived from the
contributing area of individual tributaries. The discharge was computed
from direct relationship (Q1 = 1.0457A0.7486, R2 = 0.98, p b 0.001) be-
tween the 1-year R.I. discharge (Q1) and the basin area (A) of gauging
stations in the Bečva River basin. The similar approach of discharge
derivation was applied in the studies of Buttle et al. (2016) and Galia
and Škarpich (2016). The contributing area was computed by ArcGIS
on the basis of LiDAR digital elevation model and ArcHydro 10.2
extension.

3.4. Data analysis

Calculated values of the transport stage (TS) were used for the as-
sessment of flow competence. TS is described as a ratio between the
available bed shear stress (τb) and the reference (critical) shear stress
(τr) producing a very small, but measurable bedload transport rate
(Parker, 1990):

TS ¼ τb=τr : ð4Þ

It implies that the threshold for measurable bedload transport rates
assumes the value of TS is N1.

The bed shear stress values were calculated by HEC-RASmodel with
Eq. (3) for shallow andwide channels. The reference shear stress for the
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representative bed grain-size takes the form (Shields, 1936):

τr ¼ ρs−ρð ÞθgDi; ð5Þ

where ρs is the density of grain, θ is the dimensionless shear stress and
Di is the representative grain diameter (e.g.,D50). The assessment of the
θ value is the subject of ongoing discussions in bedload calculations for
gravel-bed rivers (e.g., Buffington and Montgomery, 1997; Lamb et al.,
2008). For our purposes, we used the slope-dependent equation of
Parker et al. (2011):

θ ¼ 0:19Sws
0:28; ð6Þ

where Sws is the water surface slope (m m−1). The Parker et al. (2011)
equation was derived from an extensive dataset of field measurements
in gravel-bed rivers covering a wide range of channel slopes. The pa-
rameter of Sws was calculated by HEC-RAS for individual cross-sections
adjacent to investigated gravel bars.

3.5. Statistical methods

Hydraulic (Sws,Wf, Af, τb,ω, d, TS) and grain-size (D50,D95, SI) param-
eters were statistically analysed. Because the majority of hydraulic and
grain-size parameters were not normally distributed and they showed
differences in variance between the channelized (managed) and re-
naturalized channel sections, the nonparametric Kruskal-Wallis (KW)
test was used. This test was used to examine the differences in the hy-
draulic and grain-size variables among three channelized (managed)
and two re-naturalized channel sections. If KW tests indicated a signifi-
cant difference (p b 0.05) in a particular variable, multiple pairwise
comparisonwas performed usingDunn's procedurewith the Bonferroni
corrected significance level to identify mutually different channel
sections.

A principle components analysis (PCA) with varimax rotation was
used to find potential relationships between the grain-size of gravel
bars (SI and D50, D95) and hydraulic parameters (Wf, Af, ω, τb, d, Sws,
TS) of examined cross-sections. The PCA was chosen because of its
capability to reduce the number of entering variables (nine in our
case). Resulting components are represented by a linear combination
Fig. 4. (A) Contemporary state of channelization/re-naturalization, (B) patterns in the ch
of variables to summarize the patterns of intercorrelation between the
variables, yet the components are mutually independent.

Varimax rotation is a change of coordinates in PCA by rotating the
axes of two-dimensional plane while keeping the 90-degree angle
between them. This maximizes the sum of the variances of the squared
loadings. Thus, all the coefficients (squared correlationwith factors)will
be either large or near zero, with a few intermediate values,which helps
to easier interpretation of calculated results (Kaiser, 1958).

4. Results

4.1. Contemporary patterns in the channel morphology

General patterns of channel morphology varied considerably along
the entire studied reach. The river sections between 0.0 and 1.7 km
(designated A in Fig. 4), 3.0–9.0 km (designated C in Fig. 4) and
10.1–14.0 km (designated E in Fig. 4) exhibited channelized (managed)
sections. They were characterized by a narrow channel with a trapezoi-
dal cross-section and artificial bank stabilizations (riprap and locally
concrete flex mats). These structures represented lateral
disconnectivity, which prevented lateral channel migration and sedi-
ment supply from adjacent river terraces. In total, nine artificial boulder
rampswere observed in the river section A, C and E, which stabilized the
channel bed. In addition, they acted as potential longitudinal forms of
sediment disconnectivity due to the local decrease in bed slope up-
stream from these structures. At 10.5 km, an additional boulder ramp
was partially destroyed to the present height of ~0.3 m.

Overall, the river sectionsA, C and Ewere characterized as transport-
balanced zones with the presence of small gravel bars. Between 11.7
and 14.0 km (the part of E section), several relatively larger gravel
bars were observed despite the stream channelization.

In contrast, the river sections between 1.7 and 3.0 km (designated B
in Fig. 4) and between 9.0 and 10.1 km (designatedD in Fig. 4) exhibited
the multi-thread pattern with the occurrence of larger gravel bars and
the absence of artificial bank stabilizations. Original artificial bank stabi-
lization structureswere destroyed by largefloods in 1997 and 2010. The
removal of bank stabilizations enabled lateral channelmigration accom-
panied by the development of large bank failures in outer river bends
and increased sediment supply to the channel. These sections B and D
were characterized as accumulation zones with active deposition of
annel, (C) lateral sediment inputs and potential disconnectivities in sediment flux.



Fig. 5. The downstream variations in (A)D50, (B) D95 and (C) SI along the Bečva River entire studied reach; solid lines show exponential trends/tendencies and dashed lines show running
average of the grain-size parameters of D50, D95 and SI.
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sediment material. The occurrence of large woody debris was observed
locally in the re-naturalized river section D. Partially, the effect of vege-
tation succession stabilizing gravel bars was observed in the re-
naturalized channel sections.

Along the entire studied reach, the channel bed was formed by
gravel-size material. No visible outcrops of bedrock were observed in
the channel except in cross-sections at ~2.5 km and at ~3.0 km, where
bedrock outcrops of unconsolidated Miocene (Badenian) clays and
sands occurred. Except the left-side Juhyně River tributary, other eight
short tributaries were observed in the entire studied reach of the
Bečva River, which operated as sediment inputs of various grain-size
and magnitudes. Based on the field observations, left-side Juhyně
River (see tributary number 1 in Figs. 4 and 5) and two tributaries
(see tributaries number 7 and 9 in Figs. 4 and 5) were gravel-carrying
with developed gravel bed surface layer. Other tributaries (see
tributaries number 2–6 and 8 in Figs. 4 and 5) were distinguished as
sand-carrying because developed sand bed surface layer was observed.

4.2. Downstream variations in grain-size parameters

Along the entire studied reach, the D50 demonstrated a non-
significant exponential tendency in downstream fining (see Fig. 5A;
D50 = 37.6766e−0.0085L, R2 = 0.03, p = 0.17). It implies that the expo-
nential model produced a very low reduction (fining) coefficient of
0.0085 mm km−1. The exponential model produced a significant trend
in D95 of downstream fining (see Fig. 5B; D95 = 91.9719e−0.0153L, R2

= 0.07, p= 0.03) and the exponential model gave a reduction (fining)
coefficient equal to 0.0153 mm km−1. The disruption of downstream
fining in D95 was observed at the 1.0–2.0 km (in section A), at
5.0–6.5 km (in section C) and also at 10.0–10.5 km (in section E).



Fig. 6. Boxplots of hydraulic and grain-size parameters of managed channel-sections (A, C and E) and re-naturalized channel-sections (B and D); letters above boxes show significantly
different channel-sections obtained by Kruskal-Wallis test and followed by multiple pairwise comparisons (Dunn's procedure with Bonferroni corrected significance level); the
centreline shows the median and the edges of the box represent the first and third quartile.

Fig. 7. Bar chart of factor loadings of individual PCs rotation and the communalities of
principal components after varimax rotation; significant correlations at α = 0.05 are
marked by an asterisk (*); D50 and D95 — 50th and 95th percentile of grain-size
parameters, SI — sorting index, Wf — wetted channel width, Af — flow area, ω — unit
stream power, τb — bed shear stress, d — mean depth, Sws — water surface slope, TS —
transport stage.
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The non-significant linear tendency in SI were observed for the en-
tire studied river reach (see Fig. 5C; SI = 0.9307e−0.0052L, R2 = 0.05, p
= 0.07). According to common classifications (in the sense of Folk and
Ward, 1957) of SI, gravel bars (where SI ranges between 0.7 and 1.1Φ)
were moderately or poorly sorted.

4.3. Differences in hydraulic and grain-size variables betweenmanaged and
re-naturalized channel-sections

Differences in modeled flow hydraulics during 1-year R.I. discharges
and obtained grain-size parameters of bars between managed sections
(A, C and E) and re-naturalized sections (B and D) were tested (Fig. 6).

The hydraulic parameter of Wf (p b 0.001) reflected that the re-
naturalized sections B andD had larger wettedwidths than channelized
sections C and E. In addition, difference inWfwas observed between the
channelized sections C and Ewhere section E hadwider wetted channel
during 1-year R.I. discharge. Additionally, the hydraulic parameter Sws

showed the only significant difference between the channelized section
A and the re-naturalized section Dwhere section A had higher values of
Sws than section D (p = 0.016). The hydraulic parameter ω (p b 0.001)
showed the differences, when re-naturalized channel sections B and D
had lower values of the unit stream power than the channelized sec-
tions A and C. Moreover, significant differences were reported between
the re-naturalized section D and channelized section E, when section D
had lower ω than section E. Significant differences between re-
naturalized sectionD and channelized sectionsA, C and E occurred in re-
spect to TS parameter (p = 0.006). No significant differences in grain-
size parameters D50 (p = 0.730) and SI (p = 0.355) were found
between the re-naturalized and the channelized sections (see Fig. 6H
and I).

4.4. Potential relationships between the grain-size and hydraulic variables

Principal components PC1 and PC2 accounted only for 40.4% and
22.8% of the total variance, respectively. The added third component



Fig. 8. Plotting of the first two principal components and loadings of individual PCs;
designation A, B, C, D and E is corresponding with designation of channel sections in Fig. 4.
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PC3 (19.5%) increased the total communality to 82.7% (Fig. 7). PC1 in-
cluded hydraulic parameters Af,ω, τb, Sws, and TS. The grain-size param-
eters of D50, D95 and SIwere included in PC2. Principal component PC3
clustered hydraulic parameters Wf, Af and d. Wf and Af have an inverse
relationship with d (Fig. 7). It implies that PCA analysis did not demon-
strate any clear relationship between the grain-size parameters (D50,
D95 and SI grouped in PC2) and the hydraulic parameters modeled for
1-year R.I. discharge.

We observed some distinctions among the hydraulic variables after
plotting the evaluated channel sections, where the x-axis and y-axis
are represented by PC1 and PC2 (Fig. 8), respectively. Based on this
analysis, the hydraulic parameters (PC1) were more important to dis-
tinguish between managed and re-naturalized sections than the grain-
size parameters (PC2) while the high downstream variability of the
Table 2
Reduction coefficients and basic morphological parameters of (active) channela width and bed

River Reduction
coefficient
[mm km−1]

Base analysis Length of
study
reach [km]

Piave River (Italy) 0.027 Mean grain
diameter

50

Ngaruroro River (New
Zealand)

0.052 Mean grain
diameter

19

Sunwapta River (Alberta,
Canada)

0.104 Mean grain
diameter

11.5

Rio Chagres (Panama) 0.013–0.017 Mean grain
diameter

40

Rhine River (Switzerland) 0.003–0.016 Largest pebbles 42
Cosumnes River (California,
USA)

0.072 Mean grain
diameter

43

Ringarooma (Tasmania) 0.009–0.015 Mean grain
diameter

60

Czarny Dunajec (Poland) 0.012 Mean grain
diameter

18

Sola River (Poland) 0.032 Largest pebbles 25
Skawa River (Poland) 0.036 Largest pebbles 21
Prut River (Ukraine) 0.015 Largest pebbles 85
Cheremosh River (Ukraine) 0.010 Largest pebbles 33
Bečva River (Czech Republic) 0.009–0.015 Mean grain

diameter
14

Carpathian headwaters 0.283–0.465 Largest particles 0.63–1.08

a (Active) channel width measured using Google Maps (Image © 2018 CNES/Airbus).
grain-size parameters was observed in PC2 in relative independence
on channelized/re-naturalized state of the river.

5. Discussion

The dominant downstream fining trend (in the sense of Sternberg,
1875) of many alluvial rivers is punctuated by positive grain-size steps
at coarse-sediment recruitment points such as tributaries, bedrock out-
crops or bank failures (Rengers and Wohl, 2007; Rice, 1999; Rice and
Church, 1996; Surian, 2002), barriers in sediment flux (Knighton,
1999; Surian, 2002) or changes of channel pattern (Constantine et al.,
2003; Zawiejska et al., 2015). Detection of these coarse-sediment re-
cruitment sources and subsequent identification of barriers can help
mapping of connectivity in fluvial system, which is necessary for sus-
tainable management of dynamic fluvial systems (e.g., gravel-bed riv-
ers) in cultural landscape (Fryirs, 2013). In the entire studied reach of
the Bečva River, the analysis of gradual downstream decrease in bed
grain-size produced very low reduction coefficients in D50 (non-signifi-
cant exponential tendency) and D95 (significant exponential trend),
where the effect of relatively short evaluated longitudinal distance
(only 14 km) should also be considered. The better goodness-of-fit be-
tween D95 and the stream length than for D50 was also previously ob-
served by Zawiejska et al. (2015) in a Carpathian gravel-bed river of
similar dimensions to our case. The rates of grain-size reduction were
relatively similar compared with those reported by other studies of
gravel-bed rivers from the Polish and Ukraine Carpathians (see
Table 2) reported by Malarz (2004) or Zawiejska et al. (2015). On the
other hand, higher rates of reduction were observed in headwater
reaches (Galia et al., 2015) and braided reaches (Dawson, 1988; Cowie
and Brierley, 2008; Surian, 2002). In these channel patterns, relatively
higher bed slope accelerates sediment flux connectivity and produces
more intensive abrasion and sorting, which is reflected in rapid down-
stream fining of bed sediments (Dawson, 1988).

As expected, grain-size parameters in the studied reach did not
show a consistent downstreamdecrease but amuchmore complex pat-
tern occurred (see in Fig. 5 dashed lines showing running average of the
grain-size parameters and in Fig. 6H variation in grain-size parameters
for sections A–E). Similar complex patterns were previously described
in other gravel-bed rivers (Dawson, 1988; Surian, 2002). A high
slope from field studies in braided, multi-thread and single streams.

(Active)
channel
width [m]

Bed slope
[m·m−1]

Channel pattern Reference

225 0.008 Braided/multiple-thread Surian (2002)

50–750 0.005 Braided Cowie and Brierley
(2008)

300–500 0.007 Braided Dawson (1988)

20–100a 0.009 Multiple-thread/single Rengers and Wohl
(2007)

85–115 0.003 Multiple-thread Mikos (1994)
10–80 0.001 Multiple-thread Constantine et al.

(2003)
20–200a 0.009 Multiple-thread/single Knighton (1999)

20–120 0.007 Multiple-thread/single Zawiejska et al. (2015)

50–300a 0.002 Multiple-thread/single Malarz (2004)
30–150a 0.002 Multiple-thread/single Malarz (2004)
150–300a 0.002 Multiple-thread Malarz (2004)
200–300a 0.003 Multiple-thread Malarz (2004)
34–291 0.006 Multiple-thread/single This study

1.2–3.8 0.050–0.280 Single Galia et al. (2015)
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occurrence of lateral sediment sources (as tributaries, bank failures)
along with sediment disconnectivities in the river reach (as boulder
ramps) disrupted downstream fining (see Figs. 4 and 5).

Both river sections A (managed) and B (re-naturalized) produced a
high variability in grain-sizes (see Fig. 5 and Fig. 6H). The role of
sediment supply from the major left-side Juhyně River (see tributary
number 1 in Fig. 5) (in sectionsA andB), and partially frombank failures
(in section B) was reflected in the fluctuations of measured grain-size
parameters. Decreased values of the bed slope upstream of three
additional highest boulder ramps in section A led to the reduction of
local stream power and bed shear stress upstream of these ramps,
which directly affected the intensity of bedload transport in these
locations. The relationship between the presence of grade-control
structures and decrease of bedload transport rates in a Carpathian
stream via reduced bed slope was documented by Galia et al. (2016),
who reported gradual downstream coarsening of bed sediments. Such
downstream coarsening through the sequence of check-dams was also
previously documented in Mediterranean rivers (Boix-Fayos et al.,
2007).

The entire section C was affected by channelization and higher
values of ω, τb and TS were observed and compared with the re-
naturalized section D (Fig. 7). Section C was characterized as a
transport-balanced section, where deposition processes are limited by
higher rate of flow competence. At the uppermost part of this section,
the increased rate of flow competence of the regulated channel and
only one boulder ramp partially reduced the bed slope, potentially de-
creasing sediment transport rates. Absence of boulder ramps reduced
the bed slope in themiddle part of this section C and affected disruption
of downstream fining where the increased rate of flow competence of
the regulated channel was observed. In the downstream part of the
channelized section C, initial bed slope was reduced by four boulder
ramps (6.7, 7.1, 7.3 and 8.3 km) which decrease the potential in sedi-
ment flux by decreased rate of flow competence. The river section D
with large gravel bars developed by re-naturalization processes by
1997 and 2010 floods was predisposed to deposition, the general fining
of sediment material and lower values of ω, τb or TS (Fig. 7) compared
with sectionsA, C and E. The largewoody debris observed in the channel
of sectionDmost likely disrupted sedimentflux coming from the down-
stream part of section C. The abrupt local decline in bed grain-sizes may
be attributed to the presence of large woody debris, which is in accor-
dance with the works of Beschta (1979) who studied the effect of
large woody debris removal on bed grain size, Buffington and
Montgomery (1999) who modeled the influence of bank irregularities,
large woody debris and gravel bars on sediment fining and Brooks
et al. (2004) who monitored bed grain-size changes after the addition
of engineered log jams.

Section E represented a channelized single channel pattern. The left-
side tributary (see tributary number 7 in Fig. 5) and destroyed boulder
ramp (at 10.5 km), where the increased rate of flow competence of
the regulated channel was assumed, produced occurrence of coarser
material in the part downstream from the 10.5 km (see Fig. 5A and B).
The difference in Wf was observed between the channelized sections C
and E, where section E had larger Wf during 1-year R.I. discharge. Re-
ported hydraulic conditions in section Ewere more prone to deposition
than the transport-balanced conditions in sections C or A. At the lower-
most part of section E, the deposition was observed in the form of large
gravel bars. The high variation inD50 (see Fig. 5A) at the lowermost part
of section E was linked to larger tributaries supplying sediments to the
main channel.

Mapping of channel behaviour (transport-balanced and deposi-
tional sections) in the studied Bečva River reach corresponded well
with the modeled hydraulic variables for 1-year R.I. discharge (see
Fig. 6A–G or Fig. 8). In particular, the re-naturalized river sections
showed lower values of flow competence (ω, τb) and facilitated depo-
sition of sediment material in the form of larger gravel bars compared
with the channelized river sections characterized by limited presence
of small gravel bars. A similar situationwas documented by Czech et al.
(2016) on the gravel-bed Biała River (Polish Carpathians) who de-
scribed that within unmanaged channel reaches the flows can be con-
veyed with relatively low shear forces in contrast with channelized
reaches, where the flow velocity and shear forces are substantially
higher.

The wide multi-thread channels with low values of ω and τb and
high channel-form roughness facilitated sediment deposition and
reflected relatively fine grades of sediment (Komar and Carling, 1991;
Constantine et al., 2003; Zawiejska et al., 2015; Babej et al., 2016). In
contrast, channelized sections (sometimes referred to as conveyor
belts) where higher rates of flow competence and low channel-form
roughness, facilitated downstream transfer of the bed material
(Komar and Carling, 1991; Fryirs et al., 2007; Zawiejska et al., 2015).
The assessment of potential correlations between the grain-size and hy-
draulic variablesmodeled for 1-year R.I. discharge in the Bečva River did
not demonstrate any clear relationships. The PCA analysis clustered the
hydraulic variables in the first and third component and the grain-size
parameters in the second component. Rice and Church (2010) docu-
mented that single bed material samples cannot be representative of
the grain-sizes apparent on a bar or across a channel width because
high local variability of sediment sizes. But in the case of the Bečva
River and in another Carpathian gravel bed river CzarnyDunajec of sim-
ilar dimensions (Zawiejska et al., 2015), this local variability is low. De-
spite the occurrence of re-naturalized channel sections in the Bečva and
the CzarnyDunajec, their channels are relatively stable,much narrower,
and the elevations between the channel bed and top of the gravel bars
are lower (in the Bečva River channel max. ~2 m) by contrast to the
braided, very dynamic Fraser River where Rice and Church (2010) per-
formed their research. Additional question arises which parameters of
grain-size distribution (ranging from the median D50 to the 95th per-
centile D95) are suitable for the assessment of flow competence. The
use of largest particles on the upper tail of the grain-size curve has po-
tential uncertainties. It may be difficult to recognize the largest particles
within the flood deposits, and there are questions concerning how rep-
resentative one or a few large particles might be of the transported sed-
iments and therefore of the flood hydraulics. However, the analysis of
Komar and Carling (1991) showed that the trend of increasing sizes of
the largest particles in the bed sediment with increasing flow compe-
tence is consistent within interval D50–D95.

Limits concerning the hydraulic modeling are mainly connected
with the model selection, accuracy of digital elevation model together
with resolution of bathymetry obtained from geodetically surveyed
cross-section, as well as with the boundary conditions and model cal-
ibration (Ferguson and Church, 2009). Also typically, 1D hydrody-
namic models are used as 1D representation of the main channel and
2D representation of the floodplain (Vojinovic and Tutulic, 2009).
Crowder and Diplas (2000) or Benjankar et al. (2015) stated that 1D
model may be sufficient for a study requiring only a description of
the general flow patterns (e.g. flow depth, water surface elevation)
at a macro-spatial scale similar to our case. Furthermore, based on an-
other factors such as available input data, model set-up and computa-
tional time results obtained by 1D model HEC-RAS are reliable and
sufficiently accurate (Horritt and Bates, 2002; Ferguson and Church,
2009). Jowett and Duncan (2012) and Dimitriadis et al. (2016) applied
1D and 2D model to braided and single channel rivers, respectively.
They compared measured and predicted hydraulic parameters
(e.g., water depths and velocities) and suggest that the differences in
predicted hydraulic variables between 1D and 2D modeling approach
are within units of percent.

Following the results of Casas et al. (2006), combination of
geodetically surveyed cross-sections and LiDAR are cost-effective tools
for developing of a digital elevation model and possible errors in simu-
lated hydraulic variables are sufficiently low. There remain uncer-
tainties in the calibrated uniform Manning's values in single cross-
section. More detailed calibration data from gauging stations,
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hydrometric measurements, aerial photos of flooded area or wreck
marks elevations measurement would reduce uncertainty inherent in
the calibration procedure and supplied uniform Manning's value, but
at the expanse of high economical and time requirements. The similar
approach of uniform values was applied in the study of Ferguson and
Church (2009) who simulate gravel transport and aggradation along a
highly irregular 38-km reach of lower Fraser River.

The one of themain factors affecting potential relationships between
the hydraulic and grain-size variables was the short length of studied
reach where high occurrence of lateral sediment sources with sediment
disconnectivities in the longitudinal river reach was observed and
grain-size parameters did not reflect hydraulic conditions. The frequent
occurrence of lateral sediment inputs with sediment disconnectivities
created no differences in D50 and SI (p = 0.355) between the re-
naturalized and the channelized sections (Fig. 6H and I) and high
downstream variability of the grain-size parameters observed in PC2
(see Fig. 8). It implies that sediment inputs and longitudinal
disconnectivities provided better explanation of the grain-size patterns
along the studied Bečva River reach than hydraulic conditions calcu-
lated for 1 to 2-year R.I. discharge. The downstream variations in bed
material through identification of disconnectivities and sediment inputs
were comprehensively described by Surian (2002). He explained that a
regular downstream fining pattern was observable only in those
reaches of 120-km examined length of the Piave River, where infre-
quent lateral sediment inputs and the barriers had minor effects on
the resulting bed grain sizes. Similarly, Rice and Church (1998) docu-
mented that identification of sediment inputswere fundamental for un-
derstanding bed sediment grain-size variations within the studied
length of the gravel-bed Pine and Sukunka Rivers in British Columbia.
In the Bečva River studied reach, some tributaries caused local coarsen-
ing of the bar grain-sizes which interrupted downstream fining trend
(see tributary numbers 1 and 7 in Fig. 5). Benda et al. (2004) studied
the role of tributaries on downstream fining in main-stem river chan-
nels. They found that a higher probability of significant effect on chang-
ing grain-size in main-stem channel had tributaries with dendritic
channel network compared to rectangular or trellis channel networks
with lower significant effect. These findings support conclusion that
the tributaries of the Bečva River affected significantly change in the
grain-sizes because feather-like or dendritic channel network of these
tributaries were documented here by Ivan et al. (2000). Benda et al.
(2004) and Rice (1998) also discussed the importance of tributaries in
resetting geomorphic and sedimentary characteristics and the effect of
tributaries on morphological heterogeneity. The local coarsening was
also observed in the regulated channel reaches where the increased
rate of flow competence was assumed and the grade control structures
(boulder ramps or weirs) were missing. Additional factors as sediment
inputs from bank failures as well as sediment flux disconnectivities
caused by boulder ramps,weirs and partially largewoody debris or veg-
etation succession produced less significant changes in thebar grain size
in the Bečva River reach. In future, more detailed researchwill be neces-
sary to explain and identify effect of vegetation andwoody debris on bar
material stabilization, e.g. by the analysis of time-lapse aerial photos or
detailed repeated mapping.

Reversal re-naturalization of gravel-bed channelized reaches to
multi-threadpattern helps toprogressive improvement of the condition
for aquatic and riparian communities (Wyżga et al., 2018). In themulti-
thread channel, lower transport capacity affects deposition andfining of
bed sediments in contrast to channelized reaches with higher transport
capacity, coarsening of bed sediment and incision or lateral erosion pro-
cesses (Zawiejska et al., 2015). Multi-thread gravel bed channels are de-
pendent on supply of larger volumes of coarse sediments which are
deposited in channel in the form of gravel bars (Gurnell et al., 2009).
Therefore, identification and mapping of sediment inputs and
disconnectivities are necessary for future possibilities of restoration,
natural spontaneous or reversal re-naturalization of these types of
river channels.
6. Conclusions

In the past few centuries, European multi-thread gravel-bed rivers
have undergone rapid changes induced by human activities. These al-
terations resulted in changes to channelmorphologies andflowhydrau-
lics. Similar trends are apparent in the Bečva River, where an original
multi-thread river channel pattern was converted into a uniform
single-channel. As a consequence of river management of multi-
thread gravel-bed rivers, including our studied case, channels were typ-
ically incised several meters into the floodplain (Škarpich et al., 2013;
Zawiejska and Wyżga, 2010; Wyżga, 2001). However, within the stud-
ied reach of the Bečva River, the multi-thread channel pattern has
retrogradually developed after two large floods (1997 and 2010) in
two sections.

Themapping of sediment (dis)connectivity brought important find-
ings about the character of sediment flux in the studied reach, which
were confrontedwith simulated cross-sectional hydraulics.We demon-
strated that in the case of a high occurrence of lateral sediment inputs
(tributaries, bank failures) and longitudinal sediment flux
disconnectivities (weirs or boulder ramps), the assessment of the longi-
tudinal distance, bar grain size and simulated hydraulics submerging
bars did not produce any clear relationships. Although the sections
with re-naturalized multi-thread patterns showed distinctive hydraulic
variables (i.e., larger wetted width or lower unit stream power), we did
not observe direct relationships with their bar sediment sizes. This im-
plies that for complex fluvial systems of multi-thread rivers as the tran-
sition reaches connecting mountainous and lowland areas, even those
in unconfined valley settings out of the primary sediment sources, addi-
tional factors (i.e., effect of bank failures and especially tributaries as
sediment inputs, weirs or boulder ramps as sediment flux
disconnectivities) beyond local flow hydraulics and distance from the
main sediment sources contribute to better explanation of the down-
stream evolution of grain-size patterns. Especially tributaries reset the
sedimentary characteristics of the main-stem Bečva River. It implies
that detailed mapping of sediment (dis)connectivity at basin scale (or
at least at reach scale) including particular elements of sediment flux
is crucial for sustainablemanagement of gravel-bed rivers. The explana-
tions of the bar-scale variability in relatively narrow gravel bed rivers
(e.g. managed Flysch Carpathian Rivers) will be necessary for the iden-
tification of simple predictive models in the context of channel mor-
phology and hydraulic parameters.
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