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• Flow behavior around river training struc-
tures were monitored by UAV during
floods.

• Flow was diverted and converged due to
the structures in partially submerged
floods.

• The ponds developed by bed sours around
the structures on a bar after the floods.

• The ponds were filled by sand and
dewatered after fully submerged floods.

• Water temperature fluctuation was
smaller for the ponds than river main
flow.
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Riverine ponds, which are formed and sustained through sediment erosion and deposition, are key habitats for enhanc-
ing biodiversity in river reaches. The objective of this study was to understand the roles of traditional river-training
wooden structures called “seigyu” on the formation of ponds on nonvegetated bars. Here, the spatial and temporal pat-
terns of the flow and bedform coupled with pond formations for several flood events were assessed. The surface flow
patterns were monitored by an unmanned aerial vehicle (UAV) and evaluated by large-scale particle image
velocimetry (LSPIV); the maximum flow velocities were 1.3 m s−1 and 1.9 m s−1 during floods when seigyu units
were partially and fully submerged, respectively. Although the overall mean flow velocity was greater for the latter
events, the spatial variation in flow velocity and dissipation rate of turbulent kinetic energy (TKE) around seigyu
was greater for the former events. Such flow patterns affected both bed formation and ecological habitats; ponds
were formed at locations beside and behind seigyu, where the flow converged and bed scouring occurred during
floods. The frequency and size of ponds around seigyu increased in the early half of the season, and they decreased
in the other half when floods were greater in magnitude, which suggests that the bed scouring effect of seigyu was
greater in flood stages with partial than fully submergence. Although the bar ponds lack shade to temper the effects
of incident light and atmospheric conditions, the ponds displayed smaller daily oscillations in temperature than did
the main river, probably due to hyporheic water supply to the ponds. Because many aquatic species cannot tolerate
extremely high temperatures in summer, the generation and maintenance of deeper ponds by scouring with sufficient
water exchange with the hyporheic zone can be key to enhancing colonization by various aquatic species.
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1. Introduction

Bedforms with moderate spatial amplitudes of sediment, such as pool-
riffle sequences, are indispensable for promoting the diversity of aquatic
habitat and biota within river reaches (Kani, 1981; Huryn and Wallace,
1987; Poole, 2002). Habitats are defined here as local areas with certain
bed and flow conditions, such as pools and riffles (i.e., lotic habitats in
main flow), backwaters or side arms (semilentic habitats that are partly
connected to main flow) and floodplain ponds (fully lentic habitats that
are completely isolated from main flow) within river reaches (Frissell
et al., 1986; Hawkins et al., 1993; Amoros, 2001). These habitats are
formed,modified, and deformed by flow variability, erosion and deposition
of sediments, which are influenced by the magnitude and characteristics of
floods, the quantity and quality of available sediment, and the existence of
flow obstructions.

Boulders, large woody debris, river training structures (e.g., spur dykes,
deflectors), and certain types of weirs play key roles in the formation and
maintenance of habitat structures within river reaches (Carré et al., 2007;
Nagayama and Nakamura, 2010; Roni et al., 2015). These in-channel struc-
tures can promote local erosion on one side and deposition on the other side
by increasing the spatial variations in 3-dimensional hydrodynamics and
morphodynamics during different flood events. Large woody debris,
which is installed in a structured-anchored or an unstructured-
unanchored manner in channels, has often been used for the restoration
of pools and riffles for invertebrates and fish in small streams (Nagayama
and Nakamura, 2010; Roni et al., 2015). In addition, spur dykes consisting
of cobbles and other hard materials are often used in habitat rehabilitation
in lowland streams and rivers (Carré et al., 2007; Zhang and Nakagawa,
2008; Pandey et al., 2017). Although many studies have reported bedform
and biological responses to implemented training structures, few studies
have coupled and monitored flow and morphological patterns during
floods, as well as the resulting geomorphic responses. In particular, the re-
sponses of habitats to floods of different magnitudes have not been well
explored.

Riverine ponds are in-channel water bodies isolated from themain flow
except during floods. Even though such ponds cover a small portion of the
aquatic area, because they offer lentic habitats in totally lotic systems
(i.e., rivers), they are often a key to increasing biodiversity in river reaches
(Harper et al., 1997; Zilli and Marchese, 2011; Couto et al., 2018). These
ponds occur near the main flow, such as gravel bars and frequently inun-
dated side flow paths, which are cross-sectionally lower elevation and ac-
tive part of the channel. Ponds also form at a distance away from the
main flow in old and abandoned flow paths in alluvium terraces, which
are often at relatively higher elevations in the channel, inactive, and vege-
tated. According to the distance from the main flow and elevation, ponds
differ in their flow inundation regimes and thus connectivity and flow dis-
turbance characteristics, which affect water and bottom quality, the sur-
rounding vegetation, supply of organisms from the main flow, basal food,
and faunal community (Tockner et al., 1998; Amoros and Bornette, 2002;
Karaus et al., 2005; Zilli and Marchese, 2011; Van den Brink et al., 2013).
Closely located ponds can also vary in depth, surface area, and source of
water, thus influencing water quality and the inherent aquatic community
(Feyrer et al., 2004; Nhiwatiwa et al., 2011). Irrespective of the location in
the channel, ponds form in locally depressed (i.e., concave bed) areas. Thus,
ponds are generated and maintained at locations where flow converges,
and bed scour occurs in the proximity of flow obstructions such as boulders,
large woody debris, protruded alluvium areas or bank-protecting struc-
tures. The decrease in abundance and degradation of riverine ponds are ev-
ident in many rivers worldwide due to reductions in flooding following the
construction of upstream dams and the prevention of lateral flow by levees
(Gergel, 2002; Bowen et al., 2003; Skern et al., 2010). The decoupling of
main flow and floodplain areas due to channel degradation (i.e., active
channel incision) is often evident (Choi, 2014; Negishi et al., 2014),
which was attributed to reduced sediment transport by excavation
projects and the establishment of upstream dams (Kondolf, 1997;
Nakamura et al., 2017).
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Riverine ponds are fed by hyporheic water, groundwater, or surface
runoff after rainfall (Amoros and Bornette, 2002; Karaus et al., 2005).
The hydrological characteristics of ponds are considered to be greatly af-
fected by the subsurface water level in the floodplain, which is linked
with the water level of the main river. In case of bare bars close to the
main flow, temporary or semiperennial ponds can be sustained by
hyporheic water, which originates from river surface water that enters
the sand or gravel layer upstream of the bars (Burkholder et al., 2008;
Ock et al., 2015; Trauth et al., 2015; Dole-Olivier et al., 2019). These
ponds are likely to occur as long as the bottom of depressed areas is
below the subsurface (hyporheic) water table. In addition, residence time
and thermal stability are generally greater for deeper hyporheic water
(Briggs et al., 2012; Gariglio et al., 2013; Marzadri et al., 2013; Cranswick
et al., 2014). Thus, the depth of depression is assumed to be a determinant
of the longevity and thermal conditions of these ponds, which in turn deter-
mine the habitat quality of these ponds for aquatic organisms.

This study is a part of an ecosystem restoration project that adopted tra-
ditional river engineeringworks to improve the habitat quality in a lowland
reach of the Kizu River in Japan. The river is one of the Japanese rivers that
have experienced severe channel degradation since the 1960s, and histori-
cal decreases in overall habitat diversity, the number of floodplain ponds,
and lateral connectivity have been reported (Choi, 2014; Choi et al.,
2018b). Timber frame structures named “seigyu” had been used to promote
sediment deposition and mitigate bank erosion during severe floods in
Japanese rivers (Tomino, 2002). However, the use of seigyu was replaced
by the installation of modern grey structures (concrete engineering
works) to improve resistance and decrease construction costs in the middle
of the 20th century. For a revival of nature-based solutions and traditional
techniques, the restoration project focused on some of the advantages of
seigyu structures in river ecosystems; they consist of nature-friendly mate-
rials such as timber, bamboo, and stones and are unanchored, which allows
them to acclimate to local hydraulics and beds. Three seigyu units were
installed on a sand-gravel bar in the first year of the project that intended
1) to divert flood flow to both banks, which promoted the erosion of the
vegetated banks, 2) to increase connectivity between the main flow and
ponds on an elevated terrace, and 3) to increase the ponds by local erosion
and deposition around seigyu. The geomorphological responses of the bar
and biological features of ponds were reported by Tazumi et al. (2019).

The objective of this study is to analyse the effects of the installed series
of seigyu structures on the formation of bar ponds (i.e., ponds that occur in
bare bars) during several flood events in which the seigyu units were par-
tially and fully submerged. The detailed characteristics of the Kizu River
and seigyu units are described in the following section. Field measure-
ments, including those obtained with an aerial monitoring technique by
UAV (unmanned aerial vehicle), large-scale particle image velocimetry
(LSPIV), and array of propeller-type current meters during selected floods,
were collected to investigate the hydromorphodynamics of newly formed
ponds with different geometries and extents. Finally, by monitoring the
water temperature in selected ponds, geomorphic influences on the water
temperature, as a quality of habitats for aquatic fauna, were discussed.

2. Study site and methods

2.1. Channel degradation history for the river

The study was conducted on a lower reach (15 km upstream from the
confluence) of the Kizu River (watershed: 1596 km2), a tributary of the
Yodo River in western Japan (Fig. 1a, b). The Kizu River, especially the
lower reaches, was sandy due to weathered granite in the upstream area.
There were a total of 5 dams, Takayama (constructed in 1969), Shourenji
(1970), Murou (1974), Nunome (1992), and Hinachi (1999), in the up-
stream basin.

The largest floods (recurrence: >5–10 years) were nearly 6000 m3 s−1

before the construction of the Takayama Dam; however, they decreased
to 3000–4000 m3 s−1 after the construction of the dam (Choi, 2014). The
estimated amount of bed-load transportation downstream of the dam



Fig. 1.Maps of the Kansai region (a), lower Kizu River (b), and study reach (c) and photo of the seigyu structures after installation in December 2017 (d). The seigyu units
were namedA, B, andC fromupstream to downstream. Blue arrows show theflowdirection. Themap in (b)was based on products from theGeospatial InformationAuthority
of Japan.

Fig. 2. Flow discharge pattern in 2018 at the Ino-oka gauge station and an angle
view during the second flow survey (only a protruded driftwood trapped by
seigyu B, red arrow, was visible). The numbers in hydrograph denote the period
of the pond survey during low flows. The blue arrow shows the flow direction.
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decreased from approximately 183,000 m3 y−1 in the 1960s to
23,000 m3 y−1 in the 2000s (Choi, 2014). In addition, excavation was per-
formed in the lower reaches of the Kizu River and in the main Yodo River
until the 1970s. The riverbed elevation decreased more than 2–3 m from
the 1960s to 2010s throughout the lower 26 km reaches of the Kizu
River. The channel degradation and reductions in flood intensity led to a
transition from a braided channel to a single or alternating channel. In ad-
dition, the growth of vegetation was promoted on terraces, likely due to the
reduced frequency of inundation. The reductions in flood inundation and
disturbances also deteriorated riverine ponds in terms of habitat quality
and quantity (Choi, 2014; Choi et al., 2018a, 2018b).

2.2. Target reach and training structures

The survey reach in the Kizu River was 15.2 km upstream from the con-
fluence of the Yodo River (Fig. 1b, c). The channel width was 450 m, and
the channel slope was 1/1000. The mean annual maximum discharge,
which corresponded to bankfull discharge, was approximately
2000 m3 s−1. The active channel width was 110–140 m, and the flow
width was nearly half of the active channel width under low-flow condi-
tions (<30 m3 s−1). A sand-gravel bar was located on the right-bank side
of the main river. The surface materials were mainly sand
(0.25–2 mm) and gravel (2–16 mm), but pebbles (16–64 mm) appeared
sporadically. The bar was submerged when the discharge was greater
than 150 m3 s−1.

Three seigyu units were constructed on the bar close to the right bank of
the active channel in December 2017 (Fig. 1c, d). Each unit consisted of
wooden piles (logs) with a triangle pyramid shape; their dimensions were
6.0 m long, 4.0 m wide, and 3.6 m high (middle-sized type seigyu,
Tomino, 2002) (Figs. 1d, S1). To deflect flow, the three units were placed
in a line with an angle directed to the left bank downstream (Fig. 1c). To
protect sill erosion around each unit, coarse stones larger than pebbles
were overlaid on the bed near the wooden bases. They were unanchored
and permeable structures. To maintain the stability, 9 bamboo gabions (cy-
lindrical shape, diameter: 0.5 m, length: 4 m) with plenty of stones inside
were laid on the wooden base. Such nature-based structures work differ-
ently than modern engineered structures, as they change their characteris-
tics to acclimate to local hydraulics and beds. The seigyu units were named
A, B, and C sequentially from upstream to downstream (Fig. 1c, d).
3

2.3. Hydromorpho-dynamic measurements by UAV

Water level and discharge data were available at the Ino-oka gauge sta-
tion (Fig. 1b), which was 1 km upstream from the study reach. A geomor-
phic survey around the seigyu units was conducted in 6 nonflood periods
when the flow was low and the bar surface was completely dry, except in
bar ponds. A flow survey around the seigyu units was conducted during
floods at a discharge of approximately 250 m3 s−1 on the 9th of May and
at 1200 m3 s−1 on the 29th of July (Fig. 2a). The former was a controlled
flood or environmental flushing flow released by the upstream Takayama
Dam, and the latter occurred during a typhoon event. In the former event,
one-third of the seigyu units were submerged, and in the latter, they were
fully submerged (only a protruded driftwood trapped by seigyu B was visi-
ble above the water surface, Fig. 2b).

To obtain topographic features, aerial images and videos were recorded
using DJI Phantom 3 (DJI Japan, Tokyo, Japan), whose flight area covered
the target bar. A photo was captured 50 m above the ground every 5 s so
that two consecutive photos overlapped by more than 50%. A digital eleva-
tion model (DEM) and orthogonal map of the bar were obtained through
image processing with motion photogrammetry using Metashape (Agisoft

Image of Fig. 1
Image of Fig. 2
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LLC, St. Petersburg, Russia). Dense cloud points were used to generate a
DEM with a 0.1-metre resolution for ambient seigyu units, and the DEM
was scaled and georeferenced based on ground control points and overlap-
ping images to identify matching points.

Stable and suitable videos in plan view were captured for the surface
flow patterns during the two floods with the UVA in intelligent flying
mode, which is suitable for imaged-based analyses of LSPIV (Al-
mamari et al., 2019). The videos were taken 35–50 m above the water
surface. The original frame rate of videos was 25 fps at a resolution of
4096 × 2160 pixels. Pairs of images were extracted from videos and
processed in Dynamic Studio software (Dantech Dynamics, Skovlunde,
Denmark); the size of the investigated area was 32 × 32 pixels, and
50% overlap was used to measure the velocities around seigyu. The se-
lected image sequence was rescaled based on the real geometry between
point pairs present in the field of view. Averaged image pairs of 199 and
301 frames were used to compute the surface flow velocity for partially
and fully submerged conditions, respectively.

To validate the flow estimated by LSPIV, the flow around seigyu was
measured in the field during the first flood. The safety of workers around
the seigyu units was ensured during the controlled (planned hydrograph)
flood. The surface flow velocity was measured using a VR-301 propeller-
type current meter (Kenek Corporation, Tokyo, Japan), and the flow direc-
tion was determined visually at 8 positions around each seigyu unit (a total
of 24 locations).

2.4. Flow turbulence calculation based on LSPIV results

The surface flow velocity at a given point fluctuates with time associ-
ated with eddying, swirling, and upwell motions of water. The turbulence
patterns in the presence of seigyu structures at different flood events were
evaluated through turbulent kinetic energy (TKE) and its dissipation rate
based on LSPIV data. The TKE is characterized by the variance of flow ve-
locity around the mean.

TKE ¼ σ2u þ σ2v þ σ2w
2

¼ 0:5
N−1

∑ un − uð Þ2 þ vn − vð Þ2 þ wn − wð Þ2
h i

where σ is the standard deviation, u, v, w are streamwise, transverse, and
vertical components of flow, respectively, subscript n and bar are the in-
stantaneous and mean flow velocities, respectively, and N is the number
of instantaneous velocities in the time series from LSPIV calculated vector
maps. The dissipation rate of TKE has been used to estimate bed shear stress
from LSPIV data (Johnson and Cowen, 2017). The surface dissipation rate
of TKE (ε) was calculated based on the large eddy PIV method proposed
by Sheng et al. (2000) and applied by Jin and Liao (2019).

ε ¼ −2τijSij
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where τij is the shear stress tensor obtained from the measured 2D sur-
face velocities based on the Smagorinsky model and S ̄ij is the strain
rate tensor (Jin and Liao, 2019). The time series of the instantaneous ve-
locities in the streamwise and transverse directions were used to calcu-
late TKE. The flow velocity magnitude, TKE, and dissipation rate of TKE
were visualized and analysed by using an in-house tool written in
MATLAB.

2.5. Pond occurrence and water temperature

The occurrence of ponds on the bar was surveyed, and the water depth
and area of each pond were measured over 6 non-flood periods when the
flow was low (Fig. 2a, c, d). Depth was measured using a steel scale at the
deepest point. The surface area of each pond was measured based on the
length of the long axis and over 3–5 cross-sections.

Water temperature was recorded in two bar ponds and in the main flow
using a pendant-type logger (HOBO UA-002-64, Onset, Bourne, USA) from
the 9th ofMay to the 5th of June 2018. The loggerwas bound to a stone and
placed at the middle of ponds or a few steps inside the main flow. Temper-
ature was recorded every 10 min. The connection of the main flow and
ponds during periods of increased water level was recorded based on im-
ages taken by time-lapse cameras (TLC200, Brinno, Taipei, Republic of
China) every 30 min during the measurement period. Air temperature
data during the survey were collected from the nearest monitoring station
(Kyotanabe, Fig. 1b) of the Automated Meteorological Data Acquisition
System (AMeDAS).

3. Results

3.1. Validation of LSPIV estimated flow velocity

The spatial variation in themeanflowvelocities estimatedby LSPIV rea-
sonably agreed with that actually measured in the field (Fig. 3). The time-
averaged velocity from time series of the instantaneous velocities was
used to show the LSPIV result. In both methods, the mean flow velocity
was the highest at positions 1 and 2, the front and thalweg (i.e., river mid-
dle) sides of seigyu, for all seigyu units, and the downstream unit (seigyu
C) displayed the highest velocity at these positions (Fig. 3a, b). At positions
between the front and back sides of each seigyu (positions 2–8), the mean
flow velocity was less than 0.5 m s−1, except at position 4, which corre-
sponds to a narrow space between two seigyu units or between seigyu
and the bank. The coefficient of determination for the flow velocities be-
tween the two methods was high and significant (R2 = 0.856, p < 0.001)
(Fig. 3c). Therefore, the flow velocity estimated by LSPIV was ensured to
be reliable enough for analysing the spatial patterns of the surface flow
velocity.
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3.2. Flow patterns during floods

Riverbed evolution is coupled with variations in flow patterns, water
level and sediment transport. The flow characteristics around the seigyu
structures at two different flood levels (i.e., partially and fully submerged
conditions) are comprehensively shown in Fig. 4; ten cross-sections of sur-
face flow velocities (time-averaged flow velocities) were derived from
LSPIV analysis to evaluate surface flow behavior (Fig. 4a–d).

In the partially submerged condition, theflow velocitywas substantially
reduced, and the flow diverged at the seigyu locations, as is evident in the
2D flow velocity distributionmap (Fig. 4a) and the cross-sectionalflow pro-
file (Fig. 4b). At cross sections 3–8, continuous zero velocity can be clearly
observed corresponding to the location of the seigyu, where flow was hin-
dered by the wooden piles and separated vertically to near-bed flow
below the seigyu and near the upper gabions. The upper flow velocity
was reduced as the flow passes through the permeable part of each unit,
with a small recirculation zone behind each seigyu. The velocity sharply in-
creased at the thalweg (river middle) side of seigyu from 0 to more than
0.6 m s−1 at cross-section 3 (seigyu A), to nearly 1.0 m s−1 at cross-
section 5 (seigyu B) and to more than 1.2 m s−1 at cross-section 7 (seigyu
C). The velocity also sharply increased at the bank side of each seigyu
unit at cross-sections 3–8, although the value was almost half of that at
the thalweg side of seigyu. Such sharp changes in flow around seigyu
units suggest potential areas for energy dissipationwhere erosion and depo-
sition occur.
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The group of three installed seigyu units formed an extended buffer
zone aligned in the streamwise direction, and the surface flow velocities
were significantly reduced, as shown by the blue band in the map
(Fig. 4a) and as a large depression in cross-sections 3–10 (Fig. 4b). This
zone acts as a sponge that alters the approaching flow. Hence, seigyu
units separated and accelerated the flow towards the river middle and
right bank. The length of the buffer zone extended almost 100 m in the
streamwise direction and 50 m in the transverse direction.

In contrast, in the fully submerged condition, only protruding driftwood
(approximately 10 cm higher than the top of seigyu) trapped by seigyu B
was visible, with reduced flow velocity around it (Fig. 4c, d, cross-section
5). The flow velocity in the middle zone was 1.6–2.0 m s−1 and was appar-
ently higher than that in the partially submerged condition. Although the
flow velocity continuously decreased from the thalweg to bank side of
seigyu in each section, there was no drastic change in velocity. Thus, de-
spite the comparatively high velocities, there was no apparent evidence
of flow diversion or conversion near seigyu units in this condition. A
weak buffer zone, shown as a green band expanding downstream
(Fig. 4c) and as a gentle slope in cross-sections 3–10 (Fig. 4d), was visible
due to the presence of seigyu. The length of the zone was almost 200 m
in the streamwise direction and 100 m in the transverse direction.

In summary, the flow variation near the seigyu units and the occurrence
of a clear buffer zone indicate that the effect of seigyu units on surface flow
patternswas greater for the partially submerged condition than for the fully
submerged condition. In the partially submerged condition, the
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approaching flows with high velocities hit the structures and entered a
downstream mixing zone with low flow velocities. When the flow travels
from the first unit towards the subsequent units, a small recirculation
flowfieldwas created. Energy dissipation can occur in such zones, resulting
in erosion and deposition.

3.3. TKE and dissipation rate of TKE

TKE and its dissipation rate are shown in 2D maps (Fig. 5a) and as pro-
files along selected lines (Fig. 5b) together with the mean flow velocity
(same results as Fig. 4) for the partially and fully submerged conditions. Al-
though the TKE was higher overall for the fully than partially submerged
condition, similar TKE values were observed near seigyu units between
the two conditions. The TKE tended to be high where the mean flow veloc-
ity varied spatially, such as the upstream part between the two lines and
near the bank in the fully submerged conditions (Fig. 5a). The TKE values
of nearly 0.2 m2 s−2 were observed at the thalweg (river middle) side of
seigyu B and C (line 1 of Fig. 5b) and downstream of seigyu C (line 2 of
Fig. 5b) for both conditions. Higher TKE values possibly due to the presence
of the seigyu units were not evident in the maps, except the downstream
bank side of seigyu C in the partially submerged condition. In fully sub-
merged condition, the TKE was exceptionally high between the seigyu A
and bank with an overhanging tree.

The dissipation rate of TKE showed a spatial distribution similar to that
of TKE under both conditions. However, the difference from TKE was evi-
dent by higher dissipation rates in the partially submerged condition than
in the fully submerged condition, especially around the seigyu units
(Fig. 5a). The dissipation rate was more than 1.0 × 10−5 m2 s−3 at the
thalweg side of seigyu B and C (line 1 of Fig. 5b) and the downstream seigyu
C (line 2 of Fig. 5b) in the partially submerged conditions, while it was far
below 1.0×10−5 m2 s−3 at the same locations in the fully submerged con-
ditions. In fully submerged condition, the dissipation rate of TKE was ex-
ceptionally high between the seigyu A and bank.

In summary, TKE and its dissipation rate were evaluated to understand
surface flow turbulence. IncreasedTKE and its dissipation rate, possibly due
to the existence of seigyu units, were not evident except downstream of
seigyu C in the partially submerged condition. The TKE around seigyu
was similar between the two conditions, while its dissipation rate, which
potentially relates to bed shear stress, around seigyu was higher in the par-
tially than fully submerged condition.

3.4. Bed and pond responses around seigyu units

In period 1, the bed near the seigyu units was flat with a gentle up- to
downstream gradient, and there was no pond near the seigyu units
(Fig. 6a). In period 2, a depressed area was evident at the thalweg (river
middle) side of seigyu C, where a pond occurred for the first time near
seigyu (Fig. 6a), as a consequence of local erosion between periods 1 and
2 (shown by blue, Fig. 6b) with a partially submerged flood in May. Local
deposition (shown by yellow and red, Fig. 6b) was also evident behind
seigyu C (in a streamwise manner) and behind the depressed area. The de-
pressed area became increasingly deeper and wider in period 3 due to the
local erosion between periods 2 and 3 with a partially submerged flood in
June. A few small, depressed areas without ponds (i.e., no surface water)
also occurred around seigyu B. In period 4, small ponds were evident in
front of seigyu A and nearby (thalweg and back sides of) seigyu B, where
the local erosion occurred between periods 3 and 4 with a fully submerged
flood in early July.Meanwhile, the pond at the thalweg side of seigyu Cwas
partially filled, and the pond next to the natural bank, whichwas the largest
of all ponds in periods 1–3, was fully filled. In period 5, all previous ponds
were partially or fully filled due to deposition near and upstream of seigyu
Fig. 5. Two-dimensional spatial distribution (a) and profile along longitudinal lines (b) f
rate of TKE for partial and fully submerged conditions. Approximate locations of the sei
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units between periods 4 and 5 with a fully submerged flood at the end of
July. The two fully submerged floods in July (occurring before period 4
and period 5) had almost the same peak discharge, but they differed in
the recession stage (i.e., discharge decreased sharply in the latter flood,
Fig. 2a) and the erosion-deposition pattern. Three floods occurred after pe-
riod 5, and we did not have a chance to visit during low flows for three
months. In period 6, after the maximum flood of this year, all previous
ponds were filled. Between periods 5 and 6, deposition occurred widely
both upstream and downstream of the seigyu units except between the
seigyu A and bank with an overhanging tree, where marked erosion oc-
curred (Fig. 6b).

In summary, local erosion occurred and ponds developed nearby the
seigyu units more in the early half of the study periods associated with par-
tially submerged floods, while deposition occurred widely nearby and up-
stream of the seigyu units more in the latter half associated with fully
submergedfloods. The greater erosion in the partially than fully submerged
floods did not correspond to the lower flow velocities in the former floods,
but it corresponded to the higher dissipation rate of TKE around seigyu.
Meanwhile, the exact locations of erosion around the seigyu units in the
partially submerged floods corresponded more to the spatial patterns of
the mean flow velocity than to the dissipation rate of TKE.

3.5. Frequency and depth of ponds

Ponds around natural banks occurred since period 1, whereas ponds
around seigyu units occurred since period 2. The frequency of ponds
(i.e., number of ponds that occurred in the bar) increased from 2 to 5 be-
tween periods 1 and 2 (Fig. 7a) with a partially submerged flood in May.
The frequency did not change between periods 2 and 3with a partially sub-
merged flood in June, whereas the surface area and depth of each pond in-
creased (Fig. 7b, c). The frequency of ponds increased from 5 to 8 between
periods 3 and 4 with a fully submerged flood of early July, with the size of
all the ponds near seigyu increasing. However, the frequency of ponds de-
creased from 8 to 6 between periods 4 and 5 with a fully submerged
flood at the end of July, and it further decreased to 3 in period 6 after the
maximum flood of this year occurred in October. The size of ponds also de-
creased after period 4; ponds that exceeded 5 m2 in surface area and 10 cm
in depth, which constituted half of all ponds in periods 1–4, were not ob-
served in period 5.

There was a positive relationship between the surface area and depth of
ponds (power function model, n = 30, adjusted R2 = 0.382, F-statistic =
18.94, p < 0.001; Fig. 7d). In the biplot of surface area and depth, many
seigyu ponds were plotted on the upper side of the fitted curve, which sug-
gests that seigyu ponds tended to be deep for a given surface area.

3.6. Water temperature of ponds

Ponds sometimes exhibited large deviations in water temperature and
the diel oscillation pattern compared to those of the main flow (Fig. 8a,
b). When ponds were connected to the main flow, for example, during
the increasedwater level period from the 14th to 20th ofMay, ponds exhib-
ited temperature and diel cycles similar to those of themain flow.When the
ponds were isolated from the main flow, for example, from the 21st to 25th
of May, the average temperature and daily temperature range were lower
for the ponds than for the main flow. However, with a further decrease in
the water level, the surface water of the downstream pond was almost sub-
merged in the bed from the 26th to 30th, and the recorded temperature
fluctuated in a range close to the air temperature. The temperature and tem-
perature range of the middle pond, whichwas deeper than the downstream
pond, were continuously lower and smaller than those for the main flow.
Stage-dependent responses of water temperature to air temperature are
or the mean surface velocity, turbulent kinetic energy (TKE), and surface dissipation
gyu units are shown by white arrows (a) and the schematic picture (b).
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also evident in the biplot of air and water temperatures (Fig. 8c). When
ponds were connected to the main flow, water temperature varied less
among the 3 water bodies and increased slightly with air temperature.
When ponds were isolated, the water temperature and its slope with in-
creasing air temperature were lower for ponds (especially the downstream
pond) than for the main flow.When the downstream pond was dewatered,
the water temperature of the pond increased with the air temperature,
while the temperature of the middle pond showed a gentler increase with
air temperature than that of the main flow.

4. Discussion

Our study demonstrated that seigyu river training structures and floods
promoted the development of riverine ponds, an important riverine habitat
for biodiversity, on sand-gravel bars. However, in contrast to our
Fig. 6.Digital elevationmap (DEM) for the 6 periods of the pond survey (a), and elevatio
of the ponds was shown by white line. No pond occurred near the seigyu units in perio
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expectation, the number and size of ponds tended to decrease in the
middle-to-late flood season, when larger floods were frequent. The surface
flow patterns around the seigyu units during floods evaluated based on
UAV monitoring and an LSPIV technique showed that although the mean
flow velocity was low, spatial variations in flow and the occurrence of
flow convergence were greater for the smaller flood when the seigyu
units were only partially submerged. In addition, the dissipation rate of
TKE, which could be associated with bed shear stress, around seigyu was
greater in the smaller flood. These results suggest that the bed scouring
effect of seigyu can be greater below a certain flood threshold than in the
higher-flow stages. The water temperature of the two ponds and the main
flow monitored during the nonflood period exhibited a daily cycle that
changed depending on the water level stages and exhibited smaller oscilla-
tions in the ponds than in the main flow.

4.1. Water level and seigyu effects on pond formation

Ponds were developed in areas where flow converged due to the exis-
tence of seigyu units during floods. One such location was at the thalweg
(river middle) side of the seigyu structures. Flows approaching upstream
were diverted to the thalweg and bank sides of the seigyu (Fig. S2). One
of the diverted flows at the upstream seigyu (seigyu A) soon converged to
another approaching flow at the second seigyu (seigyu B). Accordingly,
flow at the thalweg side cumulatively increased downstream and maxi-
mized at the downstream seigyu (seigyu C), as supported by the LSPIV
and propeller current meter flow measurements (Figs. 3, 4). Bed scour
was supposed to be high at this location with increased flow velocity and
bed shear stress (Pandey et al., 2017). One of the largest ponds developed
around the seigyu units was at this location in early July (Figs. 6a, 7b).
The maximum scour near the downstream seigyu contrasts with that re-
ported in previous studies, in which maximum scour was observed near
the upstream unit of multiple spur dykes arrayed streamwise in experimen-
tal or simulated straight channels (Zhang and Nakagawa, 2008; Pandey
et al., 2017). The difference may be explained by the downstream seigyu
being closer to the river middle, where the flow velocity was higher.
Ponds also developed at the bank side of seigyu units, where flow diverted
by the seigyu units passed through the space between two units (Fig. S2). A
water level rise induced by the seigyu backwater and a water level differ-
ence between the stoss and lee sides of seigyu were evident during our sur-
vey. It is likely that the bank-side diverted flow plunged and induced
downward flow and vertical vortices (Borg et al., 2007; Harrison and
Keller, 2007; Pagliara and Kurdistani, 2017), resulting in bed scouring.
The spatial distribution of TKE and its dissipation rate did not coincide
with the location of erosion around seigyu. Different spatial scales (resolu-
tions) may be required to further examine the relationship between TKE
and bed changes.

The ponds around seigyu appeared to decrease in number and size with
increasing flood water level. Although the ponds developed after floods in
the early half of the survey period, they were filled by sediment after larger
floods that occurred in the latter half of the period, and a single and small
pond remained after the largest flood near seigyu. Notably, the responses
of ponds differed for two similar-size floods in July (the floods before the
4th and 5th surveys); the ponds increased in the former but decreased in
the latter. The floods differed in the duration of the falling limb of the
hydrograph (Fig. 9a–b). Due to a modest decrease in the water level, seigyu
units were inundated (shaded portion of the hydrograph in Fig. 9a and
b) and thus affected the surrounding flow and bed for a longer time in the
former flood than in the latter flood. It is likely that in the latter flood, sed-
iment was delivered and deposited during the peak flow, and it remained
afterwards because less time was available for sediment erosion in the fall-
ing limb period.
n changes between two consecutive periods (b) around the seigyu units. The location
d 6.
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The scouring effect of seigyu units does not always increase with in-
creasing water level. Between the two floods that we measured to deter-
mine the surface flow velocity, the mean flow velocity around seigyu
units was greater for the larger flood, whereas in addition to the spatial var-
iation in flow velocity, the dissipation rate of TKE was greater for the
smallerflood. The spatial variations inflow velocity and directionwere am-
plified during the smaller flood because only one-third of the seigyu units
were submerged, and the surface flow was blocked and deflected by the
lower andwider parts of the seigyu structures. Flow convergence, flow sep-
aration, and plunging are considered to promote vertical mixing of water
and production of vortices and upwells on the surface. In contrast, the
seigyu units were almost fully submerged in the larger flood, and only the
apex affected the surface flow. Although the flow behaviours of the middle
and bottom layers in the water column were not visible, the spatial varia-
tion in flow velocity in these layers may be less amplified by the overlying
surface layer during large floods. In addition, flow might have been more
concentrated in the upper layer with less flow obstruction, and a smaller
flowvelocities and bed shear stress near the bottommight have induced de-
position around the seigyu. Meanwhile, in the larger flood, the TKE and its
dissipation rate were high beside the bank with an overhanging tree
(Fig. 5a), where bed was scoured and eroded during the largest flood (be-
tween periods 5 and 6, Fig. 6). It seems that the flow deflected by the seigyu
A and bank converged between themand promoted vertical turbulence and
bed scouring.

Alternatively, it is assumed that it was in a “clear water” condition dur-
ing partially submerged floods because of the overall low flow velocity and
bed shear stress, and bed-load transport was only possible near the seigyu
units where the flow velocity was high. In contrast, it was in a “live bed”
condition during fully submerged floods due to overall high flow velocity
10
and bed shear stress, and sand from upstreamwould be transported and de-
posited (trapped) around seigyu where flow velocity decreased.

In studies of spur dykes, it has often been reported that bed shear stress
and scour hole depth decrease with increasing submergence ratio of the
dykes (Rodrigue-Gervais et al., 2011; Mehraein et al., 2017; Pandey et al.,
2017), which agrees with the decreased scour in fully submerged condi-
tions. It is suspected that the scouring effect of seigyu increases with in-
creasing water level up to a certain critical stage, up to which seigyu units
sufficiently block and deflect flow, whereas it decreases with increasing
water level over the critical stage. In addition, sediment transport from up-
stream is likely to increasewith increasing discharge andmay offset the bed
scouring action of flow in high-flow stages.

Floods prior to each pond survey were re-evaluated in terms of the
seigyu submergence level based on the submergence depth of seigyu units
and the flood duration (i.e., shaded area in Fig. 9a–b) for three different
submergence stages (zero to half submergence, half to full submergence,
overtopped submergence) (Fig. 9c). The changes in submergence level in
the two lower stages (Fig. 9c) corresponded well to the changes in the fre-
quency and size of ponds (Fig. 7a–c), except for the lowest stage during
the 6th survey. For this flood, the lowest submergence stage was relatively
long, with a small flow rise before the main rise, and erosion that occurred
during the small rise may have been offset by sediment deposition during
the main rise. Excluding this small rise before the peak (hatched area in
Fig. 9c), the submergence level was lower for the 6th survey than for the
3rd and 4th surveys, in which the frequency and size of ponds were at max-
imums (Fig. 7a–c). Because pond formation depends on the balance of ero-
sion and deposition, the results may differ if sediment supply conditions
change in different years and for different gravel bars. Further monitoring
is needed to confirm the generality of our findings.

Image of Fig. 8
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4.2. Water depth and thermo-features of ponds

There are few things to shade bed surfaces from sunlight on
nonvegetated bars. Thus, the water temperature of ponds on such open
bars is susceptible to air temperature fluctuations and heating by solar radi-
ation (Brunke et al., 2003; Tonolla et al., 2010; Paillex et al., 2017), which
can lead to lethal conditions for aquatic organisms. In this study, however,
the diel temperature range was sometimes smaller for the ponds than for
the main flow, at least for several days after isolation from the main flow
(Fig. 8b). This relation is likely because the pond water upwelled from
the hyporheic zone, in which the temperature is more stable than it is in
the surface water zone (Arrigoni et al., 2008; Burkholder et al., 2008; Ock
et al., 2015). Additionally, water turns over and buffers the effects of air
temperature and solar radiation. During temperature monitoring with the
logger, the deeper pond exhibited a moderate temperature cycle, which re-
flects the continuous supply of water from the hyporheic zone. The shal-
lower pond sometimes exhibited an irregular fluctuation pattern, which
may imply that the main source of water changed when the subsurface
water level changed (e.g., from the deep to shallow hyporheic layers).
11
Because the dry bed surface of the bar often exceeded 50–60 °C on
sunny days in mid-summer (personal observation), the ponds around
seigyu were prone to be heated. Deeper ponds may provide buffering func-
tions because the temperature of bars can rapidly decrease with sediment
depth (Tonolla et al., 2010), or the water may originate from deep
hyporheic layers with more stable temperatures (Marzadri et al., 2013;
Cranswick et al., 2014). Deeper ponds also continue for a longer time and
can support inhabitants because of the water supply from deeper layers,
which remains even when the subsurface water table falls down. Our re-
sults support the assumption that bar ponds are fed by hyporheic water,
which can buffer temperaturefluctuations. Systematically designed surveys
are needed to obtain clear assessments of the spatial and temporal heteroge-
neity in pond temperature.

Ponds on nonvegetated bars are often inhabited by species with
high dispersal ability because they are frequently flooded and dis-
turbed (Paillex et al., 2007; Skern et al., 2010). In ponds near seigyu,
nearly 80 taxa of invertebrates and fish were recorded in 2018, includ-
ing coleopteran (e.g., hydrophilid and elmid species) and hemipteran
(corixid species) insect taxa that can tolerate relatively high tempera-
tures (Tazumi et al., 2019, Fig. S3). More than 10 mayfly taxa
(including Thraulus, a hyporheic zone inhabitant, Tabacchi et al.,
1993) that are not adapted to high temperatures also occurred in
these ponds. It is also known that ponds are important habitats for
mayfly Siphlonurus, which were abundant in the study river, and
other related species to migrate before emergence in early spring in
temperate rivers (Gibbs and Mingo, 1986; Gibbs and Siebenmann,
1996). In addition, ponds developed underneath seigyu units can
serve as refuges for small and juvenile fish that are not adapted to
high temperatures, allowing these fish to escape from birds and larger
fish. Thus, given that shallow ponds occur more frequently than deep
ponds, not only the formation of bar ponds but also the formation of
deep ponds that buffer temperature fluctuations are assumed to be
the keys to enhancing habitat diversity and the colonization potential
of various aquatic species.

5. Conclusion

The effects of the “seigyu”, traditional river training structures for-
merly used to protect riverbanks, on the restoration of floodplain hab-
itats were monitored throughout a flood season. Spatial flow patterns
around three seigyu units during floods were captured by a UAV, an
image processing technique based on LSPIV, and flow turbulence
evaluation. Beds were scoured, and bar ponds were developed
where flow converged locally around seigyu units during floods. The
development of ponds around these units was not always promoted
by larger floods, and it is suggested that the bed scouring effect of
seigyu units was most pronounced in flow stages in which the units
were partially submerged. Our results support the assumption that
bar ponds are fed by hyporheic water and that heating of water by di-
rect sunlight is mitigated by the supply and turnover of hyporheic
water. The formation of deep ponds and the sufficient hyporheic ex-
change of water are considered to be keys to enhancing the coloniza-
tion of bar ponds by various aquatic species. Various studies are
required in the future regarding the effect of the seigyu, including
the detailed measurements of the vertical velocity profiles, water
depth changes in the vicinity of the seigyu, local bed deposition
changes associated with dimensional analysis of ponds, and the link
between pond geometry and temperature.
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