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Abstract The placement of wood in rivers is a common restoration method used to locally affect hydraulic
and morphologic conditions to create habitat. Laboratory experiments demonstrated that wood placements

can also promote surface declogging, that is, removal of fine sediment from a gravel bed, thereby restoring
spawning grounds for fish. Logs of different size and submergence level were placed on a gravel bed clogged
with fines. Surface declogging was observed in regions of elevated turbulence in the log wake and elevated
velocity adjacent to the log. A criteria for declogging was identified based on a modified non-dimensional
Shields parameter combining mean and turbulent velocity at the bed. The footprint of declogged bed scaled
with log dimensions. Emergent logs produced a larger declogging footprint compared to submerged logs of the
same length, due to their stronger influence on the flow field. Logs were also shown to prevent clogging over
similar areas.

Plain Language Summary Placing wood in rivers is a common way of improving river health and
creating regions for fish and small aquatic animals to live. This method involves the placement of individual
wood pieces (logs) at the side or in the center of a river. In this study, we explored how the positioning of

logs could be used to remove fine sediments from gravel beds by changing the way water flows. This is
important because excessive deposition of fine sediments in the bed, defined as riverbed clogging, can make
the channel bed too compact. This makes it harder for fish to find good spots to lay their eggs. Using laboratory
experiments, we observed that the logs generated regions with strong water turbulence (swirling) and faster
flowing water in their surroundings, both of which removed fines from the gravel bed surface. We identified
specific conditions necessary for effective removal of fines, which were related to both the turbulence and water
velocity. The size of the cleaned area on the gravel bed was proportional to the size of the log.

1. Introduction

Many rivers worldwide are modified and ecologically impaired due to human intervention such as channeliza-
tion, land use practice, or dams (Kondolf et al., 2014; Wohl et al., 2015). One example is increased infiltration
of fine sediments into the grain structure of gravel-dominated rivers (Cunningham et al., 1987; Einstein, 1968).
This process is called riverbed clogging or colmation, while the reverse process is called declogging (Figure 9 in
Schwindt et al., 2023). Clogging reduces the pore space both at the surface (surface clogging) and deeper in the
substrate (subsurface clogging, Dubuis & De Cesare, 2023). This leads to a decrease in permeability and hydrau-
lic conductivity of the riverbed, which in turn alters the hyporheic exchange between the channel and subsurface
(Kemp et al., 2011; Owens et al., 2005; Schilchli, 1992). Clogging can degrade the habitat for macroinverte-
brates (Jones et al., 2012) and fish (Lisle, 1989), for example, by decreasing the potential for making spawning
redds (Sear, 1993; Wood & Armitage, 1997; Wooster et al., 2008).

To counteract river degradation, numerous restoration measures have been implemented. A common example
is the placement of wood (Gurnell et al., 2002; Wohl et al., 2019), which creates heterogeneous flow conditions
and morphological structures (Gippel, 1995; Keller & Swanson, 1979; Roni et al., 2015) and affects sediment
dynamics (Faustini & Jones, 2003; Wohl & Scott, 2017). Wood placements can be used as a tool to initiate sedi-
ment motion in the area surrounding wood (Schalko & Nepf, 2020), to vary flow velocity and turbulence in the
downstream wake (Miiller et al., 2022; Schalko et al., 2021; Schnauder et al., 2022), and potentially to promote
declogging (Schwindt et al., 2023). By generating local variation in hydraulic head, wood can also increase
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hyporheic exchange (Ader et al., 2021; Doughty et al., 2020; Sawyer et al., 2011; Wilhelmsen et al., 2021). Vari-
ation in wood placement geometry can be used to create different degrees of flow modification. For example,
emergent logs placed at the channel center result in higher turbulent kinetic energy (TKE) in the wake and higher
velocity adjacent to logs compared to submerged logs (Schalko et al., 2021).

In this study, we hypothesized that wood placements could promote surface declogging or reduce surface clog-
ging by modifying local flow conditions. Specifically, the generation of elevated turbulence in the log wake and
elevated flow velocity adjacent to the log may reduce or inhibit clogging. Flume experiments were conducted for
different wood placements to investigate this hypothesis.

2. Materials and Methods
2.1. Test Setup and Procedure

Laboratory experiments were conducted in a 12.2 m long recirculating channel. The test section with a mobile bed
was 6.0 m long and 0.6 m wide. A ramp of cobbles with a diameter of ~0.05 m was used at the up- and downstream
boundaries of the test section to provide a smooth transition from the fixed to the mobile bed (Figure 1a). The mobile
bed was i, = 0.08 m thick, L, = 6.0 m long, and consisted of uniform bed material to avoid armoring effects. The bed
material had a density of 2,650 kg/m3 (Quartz) and a mean grain diameter d,, = 2.2 mm. The model fine sediment was
walnut grit, with a density of 1,300 kg/m?, a mean diameter d,,,, = 0.26 mm, and a settling velocity w, = 0.009 m/s
based on Equations 1a—1c in Supporting Information S1. We selected the model fine material to match the ratio of
w, to the shear velocity u. observed for real fines in the field. For our tests, w/u. was 0.48 + 0.03 (mean + standard
error), which is comparable to ratios estimated for gravel bed rivers (Text S1 in Supporting Information S1).

The channel-averaged velocity was U = Q/(B h), with Q = discharge, B = channel width, and & = water depth,
measured at the beginning of the test section, corresponding to undisturbed conditions (Table 1). Longitudinal
profiles of streamwise (1) and cross-stream (v) velocity were taken with a Nortek Vectrino at the log center, log
edges, and center of the open-flow section without logs. At each point, velocity was sampled at 200 Hz for 120 s,
which was sufficient to reach convergence. The velocity records were despiked and filtered according to Goring
and Nikora (2002). Each velocity record was decomposed into the time-mean (denoted by overbar) and fluctuat-
ing (denoted by a single prime) components. Because the vertical velocity was not available, TKE, denoted as k,,
was defined using « and v

ki =0.5(17+?) o)

Six total tests where run with logs with varying properties, arranged in different orientations and combinations,
and with different initial conditions. Similar to previous studies (Schalko et al., 2021), PVC pipes were used as
model logs with diameters d = 0.057 m (narrow) and 0.114 m (wide), and lengths L = 0.20 m (short), 0.30 m
(medium), and 0.40 m (long). Log orientation included side (similar to groynes) and center of the channel,
submerged and emergent, and scenarios including one, two, or more than two logs in the channel at a time
(Figure 1; Table 1). Each test focused on an individual log (marked in bold in Figure 1). Two initial conditions
were tested: declogging tests (denoted with a “D”) in which the channel was already clogged when logs were
added, and clogging inhibition (denoted with a “C”) in which the gravel was clean when logs were added. Test
D1 focused on a submerged log placed at the side (Log 1: medium length with wide diameter). Tests D2 and D4
studied submerged center logs (wide (Log 1) versus narrow (Log 3) diameter), and tests D3 and D5 investigated
emergent center logs (medium (Log 1) versus short (Log 2) logs). Test C1 considered multiple logs (Figure 1).
The declogging tests (Tests D1-D5 in Table 1) examined how log placements could promote declogging, and the
gravel bed was clogged prior to log placement. First, 5.2 kg of walnut grit was mixed with water, and the slurry
was added to the upstream section of the flume. The water was stirred by hand to keep the walnut grit in suspen-
sion until fines were deposited evenly along the entire test section. Without hand-stirring, we observed no resus-
pension, that is, the current alone over a bare bed produced no resuspension or declogging. Then, the channel was
carefully drained to not disturb the channel bed, and top view images were taken to record the initial bed condi-
tion. Next, the logs were placed in the flume, water was carefully reintroduced, and the discharge was set and
maintained for 5 hr. Finally, the channel was drained and top view images of the final bed condition were taken.

Sediment cores were used to infer the depth of influence attributed to the surface declogging. To avoid too much
disruption to the bed, this was only done for two tests (D4 and D5). The procedure is described in Text S2 in
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Figure 1. (a) Side view of test D4 and (b) top view of tests D1-D5, C1. Logs labeled in bold italic were the focus of the specific run. Emergent logs shown in dark
brown and submerged in light brown. The downstream and adjacent areas are indicated for test D3. (¢)—(p) Example of image analysis for two regions of interest (ROI):

7 (pink border) and 8 (blue border) (indicated in (b)). Top view images (c) before and (d) after test D1 next to Log 1. Original images in (e), (h), (k), (n), grayscale
images in (f), (i), (1), (0), and final images with black areas indicating the following percent clogged area (g) 70.8%, (j) 1.0%, (m) 64.9%, (p) 18.5%.
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Table 1
Test Program With Setups Shown in Figure 1

Flow  Froude Log Log Sub-mergence Standard Mean fractional Mean degree
Test  Log number and position depth number Discharge diameter length level deviation of A, ,,  clogged area (post) of declogging
# =] h[m]  F[] 0 [I/s] d [m] L [m] hd [-] O pre [%] Acpost [%] AE [%)
D1 Log 1, side, submerged  0.13 0.19 16.7 0.11 0.30 1.14 17.5 35+8 81+8
D2 Log 1, center, submerged 0.14 0.17 16.7 0.11 0.30 1.23 7.1 33+8 66 + 7
D3 Log 1, center, emergent 0.06 0.33 8.0 0.11 0.30 0.53 8.3 22+6 73+ 6
D4 Log 3, center, submerged  0.08 0.21 8.9 0.06 0.30 1.40 6.2 57+5 32+5
D5 Log 2, center, emergent ~ 0.08 0.21 8.9 0.11 0.20 0.70 11.6 27 +7 71+5
Cl Multiple logs, side 0.12 0.22 17.2 0.06-0.11 0.20-0.40 2.10-1.05 - - -
- 5% 5% 5% 1% 1% 5% - see SE per test

Note. Standard deviation of fractional clogged area before test is o, ,, and mean fractional clogged area after test is A, . Average percentage uncertainties are
indicated in the last row for each variable. Standard error (SE) included in mean A ., and A&.

Supporting Information S1. At test end, clear acrylic pipes (inside diameter of 3 cm) were inserted into the gravel
bed to extract 4 cm long cores. Sideview images of the cores were analyzed to estimate the depth of surface declog-
ging, h,,. Twelve cores were collected in test D4, and 14 in test D5. For an emergent log /1, = 6.6 + 0.8 mm, and
for a submerged log 7, = 4.1 + 0.8 mm (see Text S2, Figure S1, and Table S2 in Supporting Information S1).
Combining both tests, the declogging occurred over a depth of ~2.4 times d,,,.

Finally, the clogging test (C1 in Table 1) studied if log placements could inhibit clogging. The logs were placed
on a clean bed, the discharge was set, and the walnut grit slurry was added and then circulated for 2 hr. Top view
images were taken in the drained flume before and after adding the walnut grit.

2.2. Surface Declogging

The degree of surface declogging, A&, was defined as the reduction in surface area clogged by fine sediment
normalized by the original clogged area. A digital camera and two light sources were mounted on a movable trav-
erse. Fifteen high-resolution images (0.18 mm/pixel) were taken, covering the entire test section with a minimum
overlap of 5 cm between images. Within each 4 cm X 4 cm region of interest (ROI), A, was defined as the fraction
of area covered with fine sediment, called the clogged fraction. The number of ROIs varied between tests (14-36)
and were co-located with velocity measurements.

The clogged fraction was estimated using the image processing software Image J (Schindelin et al., 2012). The
minimum detectable area was set to 1 mm?, which averaged over individual grains of both sizes. The workflow
for test D1 and two selected ROIs is illustrated in Figures 1c—1p. The original images (Figures le, 1h, 1k, and 1n)
were converted to grayscale (Figures 1f, 1i, 11, 1o). ROIs with a low presence of fines, defined by gray pixel
values > 100 in the image histogram were analyzed with the Yen method (Figures 1j and 1p; Yen et al. (1995)).
The Shanbhag method was used on ROIs with a high presence of fines (gray <100, Figures 1g and 1m; see Text
S3 and Figure S2 in Supporting Information S1; Shanbhag (1994)). The fractional clogged areas before A, and
after A each test were used to define the degree of surface declogging, A&. To remove outliers, the standard

¢,post
deviation (o) of A___ was used as a threshold value. Specifically, if A__. — A then we set A =0,

c,pre c,pre c,post < ()-Ac',pre’

otherwise

Ac,pre - Ac,posl

AE = A—pre )

3. Results and Discussion
3.1. Flow Structures

Longitudinal profiles of velocity and TKE were measured at the log center (Figures 2a and 2c¢) and adjacent to
the log (Figures 2b and 2d). Directly downstream of the log, the time-mean velocity in the wake was reduced
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Figure 2. Longitudinal profiles of normalized time-mean velocity u and turbulent kinetic energy k, along the log center (a, ¢) and adjacent to the log (b, d) for tests
D1-D5 with different submergence levels h/d.

compared to the upstream, u/U < 1 (Figure 2a), and in most cases negative velocity was measured, indicating
the presence of a recirculation zone. The velocity adjacent to the log was accelerated, reaching an average of
u/U = 1.7 for all tests (Figure 2b).

The normalized TKE, k/U?, was elevated downstream of the log (Figure 2c¢). Consistent with previous studies
(Schalko et al., 2021), TKE was higher for emergent (circles) compared to submerged (square and triangle) logs.
On average, peak k/U? was 0.31 for emergent center logs, but only 0.20 for submerged center logs. The location
of the peak TKE shifted downstream as the submergence level //d decreased (Figure 2c). For example, in test D4
with h/d = 1.40, the peak TKE was located at x/L = 0.21, while in test D3 with h/d = 0.53, the peak TKE was
located at x/L = 2. Adjacent to the log, turbulence elevation was not as pronounced as in the wake (Figure 2d),
but was still elevated compared to the upstream region.

3.2. Surface Declogging

Figure 3 presents the position of measurement and degree of surface declogging, A, for declogging tests D1-D5.
Yellow and green symbols denote ROIs with greater than 50% surface declogging. Emergent logs were more
effective in declogging the surface than submerged logs. In particular, test D5 (Figure 3e) exhibited the largest
footprint of declogging (most yellow and green points), which extended over the wake width and from x/L = 0
to 3. The submerged logs (tests D1, D2, D4; Figures 3a, 3b, and 3d) produced some regions with strong declog-
ging (yellow points), but with a less extensive spatial footprint than the emergent logs. Declogging increased
with increasing log size, for example, A& = 66 + 7 for test D2 compared to A& = 32 + 5 for test D4 (Table 1;
Figures 3b and 3d). The regions of elevated declogging aligned with areas of heightened velocity adjacent to
the log (Figure 2b) and elevated turbulence in the wake region downstream of the log (Figure 2¢). For example,
in test D1 (Figure 3a) a submerged side log produced declogging adjacent to the log coincident with regions of
increased velocity, but not significantly increased TKE (squares in Figures 2b and 2d). In contrast, for test D5
(Figure 3e) an emergent center log produced elevated declogging along the centerline of the wake, where velocity
was diminished, but TKE was elevated (circles, Figures 2a and 2c).
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Figure 3. Aerial sketch of tests D1-D5 (a)—(e) with symbols indicating declogging measurement locations. Symbol colors
show degree of declogging A&. Purple symbols show ROIs that resulted in zero declogging by applying Equation 2. Emergent
logs are colored in dark brown and submerged logs in light brown. Squares correspond to side placement, triangles to
submerged and circles to emergent logs. Flow direction from left to right.
Noting that declogging occurred both in regions of elevated velocity and TKE, both flow parameters were consid-
ered to define a threshold for surface declogging. We defined a non-dimensional instantaneous bed-shear stress €
that incorporated both the time-mean u and turbulent velocity \/k_, (e.g., Tinoco & Coco, 2016).
Cr (v + Pk
_ f (“ B ) 3)
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0 Downstream in which, C;is the bed friction coefficient that can be determined by applying

100 the semi-empirical equation in Julien (2010), s is relative sediment density,

g is gravitational acceleration, d,, is mean grain size, and f is a scaling factor
75 describing the different efficiency with which time-mean versus instantane-
ous turbulent non-dimensional bed-shear stress acts on the bed. Next, we

Ag (%)

defined a non-dimensional critical bed-shear stress 8, above which declog-
ging is initiated. In the absence of turbulence (k, = 0), this non-dimensional
critical bed-shear stress 6, defines a critical velocity u,:

L L 0 2
0.6 0.8 1 Crug,

Or = “

(s = Dgdn

Figure 4. Square root of turbulent kinetic energy 1/k; versus time-mean flow Note that Equation 4 defines the process of declogging associated with trans-
velocity u normalized with critical velocity ., at locations of declogging port and/or erosion of the gravel. By equating Equation 3 with Equation 4,

measurements with circles located downstream and triangles adjacent to log
(Figure 1). 13 out of 103 data points exhibited zero declogging based on

we defined the boundary (6 = 6,,) above which declogging can occur within

Equation 2. Equation 5 is plotted as a solid black line. Dashed blue line shows (Vk,, u) parameter space. Normalizing by the critical velocity, we obtain:
bed-generated turbulence including a blue shaded area denoting standard

error of measured velocities. Gray shaded area is range of tested Ulu,,. \/k‘
t

Dashed-dotted gray line depicts normalized critical velocity for gravel motion —_— - )

based on Schalko and Nepf (2020).

The scaling factor  was found by fitting the measurements of tests D1-D5

to Equation 5, as shown in Figure 4. The measurements of strong declog-
ging (>50%, green to yellow points) predominantly fell above the boundary, whereas measurements of weak to
negligible declogging (<50%, blue to purple points) fell below it. The boundary shown in Figure 4 has a slope
of m = =1 = 0.25, suggesting that = 4.0 + 0.4, yielding u_, = 0.48 + 0.02 m/s. Note that the uncertainty asso-
ciated with 8 and u,, correspond to standard errors based on variation of slope and intercept. The value of u_, is
comparable to the threshold for gravel motion of u,, . = 0.46 m/s (u,, . J/u.. = 0.96) with 6, = 0.047 based on a
previous study using the same gravel (Schalko & Nepf, 2020), plotted as a vertical gray dash-dot line in Figure 4.
Given that u,, was consistent with the critical velocity to initiate motion of the gravel bed (u,, ), it seems likely
that Equation 5 can be applied to beds of other gravel size by appropriately adjusting the critical velocity, for

example, based on u., = \;’C_ with shear velocity u. and the Shields diagram.
7

The bed-generated turbulence (\/r/u) is shown with a dashed blue line in Figure 4, based on the average veloc-
ity over the bare gravel for all tests at the beginning of the test section. The many points falling above this line
highlight the contribution of the logs to channel turbulence. The gray shaded area illustrates the tested normal-
ized channel-averaged flow velocities in this study. Adjacent to a log (triangles), declogging was predominantly
associated with velocity exceeding the channel-averaged velocity (gray shaded area). In contrast, downstream of
the log (circles), declogging was observed in regions of velocity below the threshold for gravel motion, but with
elevated turbulence. As velocity approached zero, declogging occurred when the turbulent velocity reached about
ten-times the settling velocity of the fines (\/k—, = 13.3 wy).

Finally, test C1 was designed to examine the potential for log placements to prevent clogging. Logs were placed
on an initially clean gravel bed (Figure S3a in Supporting Information S1) and the channel was exposed to 2 hr
of walnut grit transport. The resulting surface clogging is shown in Figure S3b in Supporting Information S1.
After the test, regions showing clean gravel (white) were located adjacent to the log and in the log wake, similar
to the findings of tests D1-D5. That is, clogging was prevented from occurring in the same regions previously
observed to produce declogging of a pre-clogged bed. With regard to test C1, larger logs (larger d or L; Log 2 in
Figure 1) had a stronger effect to reduce or inhibit surface clogging compared to smaller logs (Log 5 in Figure 1).
Compared to the total area of the logs (0.11 m?), approximately 0.14 m? were protected from clogging, corre-
sponding to 1.3 times the footprint of all logs. The ratio varied with submergence. Specifically, for emergent logs,
1.9 times the log's footprint was protected from clogging, while this factor was reduced to 0.7 for submerged logs.

Our results suggest that declogging occurs locally and transported fines may deposit further downstream. The
focus of this study was on ordinary flow conditions. During higher flow conditions, larger wood placements
such as logjams may elevate the flood risk leading to backwater rise (Ruiz-Villanueva et al., 2018). Note that
with increasing backwater rise the pressure gradient upstream of logjams is also increasing, leading to elevated
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hyporheic exchange flow, which benefits declogging (Ader et al., 2021; Doughty et al., 2020; Sawyer et al., 2011).
This trade-off should be accounted for during the design of wood placements.

4. Conclusions

This study showcased the potential of deliberate wood placements to locally reduce fine sediment accumula-
tion (clogging) by modifying local flow conditions. This has positive benefits for river ecology. Both elevated
turbulence in the log wake and elevated velocity adjacent to the log were found to trigger declogging, and these
flow parameters were combined to describe a threshold for declogging. The critical velocity for declogging was
found to be comparable to the threshold velocity for gravel motion, which facilitates the application of the find-
ings to beds of different gravel size. For regions where velocity approached zero, turbulent velocities exceeding
10 times the settling velocity of the fines were required for declogging. Emergent logs produced a larger footprint
of declogging, relative to log dimension, due to their stronger influence on the mean and turbulent flow. Simi-
larly, the area of bed protected from clogging was also proportional to the log footprint, but larger for emergent
compared to submerged logs.

Data Availability Statement

The data set for this study is available in Schalko et al. (2023) (CC BY 4.0). Post-processing codes of Nortek
Vectrino raw data are available at https://tkeanalyst.readthedocs.io/. Flow data (Q, &) listed in Table S1 (Support-
ing Information S1) was retrieved from http://www.hydrodaten.admin.ch/ and river width B was measured using
https://map.geo.admin.ch.
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