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ABSTRACT: Inorganic sediment is not the only solid-fraction component of river flows; flows may also carry significant amounts of
large organic material (i.e. large wood), but the characteristics of these wood-laden flows (WLFs) are not well understood yet. With
the aim to shed light on these relatively unexamined phenomena, we collected home videos showing natural flows with wood as the
main solid component. Analyses of these videos as well as the watersheds and streams where the videos were recorded allowed us to
define for the first time WLFs, describe the main characteristics of these flows and broaden the definition of wood transport regimes
(adding a new regime called here hypercongested wood transport). According to our results, WLFs may occur repeatedly, in a large
range of catchment sizes, generally in steep, highly confined single thread channels in mountain areas. WLFs are typically highly
unsteady and the log motion is non-uniform, as described for other inorganic sediment-laden flows (e.g. debris flows). The concep-
tual integration of wood into our understanding of flow phenomena is illustrated by a novel classification defining the transition from
clear water to hypercongested, wood and sediment-laden flows, according to the composition of the mixture (sediment, wood, and
water). We define the relevant metrics for the quantification and modelling of WLFs, including an exhaustive discussion of different
modelling approaches (i.e. Voellmy, Bingham and Manning) and provide a first attempt to simulate WLFs. We draw attention to WLF
phenomena to encourage further field, theoretical, and experimental investigations that may contribute to a better understanding of
flows in river basins, leading to more accurate predictions, and better hazard mitigation and management strategies. © 2019 John
Wiley & Sons, Ltd.
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Introduction

Criteria used to distinguish between flows vary greatly (Pierson
and Costa, 1987; Coussot and Meunier, 1996; Cruden and
Varnes, 1996; Hungr et al., 2001), but are commonly
established according to their solid volume concentration,
grain size distributions, flow front speeds, shear strengths and
rates and depositional forms (Carter, 1975; Iverson, 1997). Im-
portantly, these classifications usually consider inorganic sedi-
ment as the only component of the solid fraction, neglecting
the role of organic material. Large amounts of organic material,
including entire trees, logs, branches, root wads, and smaller
wood can be naturally carried by floods and debris flows
(Lancaster et al., 2003; Ruiz-Villanueva et al., 2016a; Comiti

et al., 2016; Mazzorana et al., 2017; Steeb et al., 2017).
The common neglect of this component in describing flows
might reflect at least two circumstances. First, after centuries
of forest, river, and torrent management, organic load in rivers
has been reduced significantly worldwide despite its key
ecological functions (Lisle, 2002; Wohl, 2014). Secondly, this
neglect might reflect the intrinsic difficulty of rigorously
developing the physics involved in such a flow where wood
pieces of varying densities, shapes, and orientations are simul-
taneously colliding, sliding, rolling, saltating, and interacting
with each other, with the fluid and with the channel boundaries
(Grant, 2018, pers. comm.). Analogies exist between wood and
inorganic sediment (Gurnell, 2007), but the physics of wood
transport may differ significantly from that of sediment transport


https://orcid.org/0000-0002-0196-320X
https://orcid.org/0000-0003-1770-3960
https://orcid.org/0000-0001-8619-5221
https://orcid.org/0000-0001-8145-8723
https://orcid.org/0000-0003-0816-1303
https://orcid.org/0000-0001-7435-5013

WOOD-LADEN FLOWS 1695

because of differences in piece shape, density, and size of the
mobile constituents (Gilbert, 1914; Braudrick et al., 1997).
The lack of direct observations of events in which organic ma-
terial plays a significant role makes it difficult to characterize
such flows, analogous to the study of sediment transport in
the first half of last century (Braudrick and Grant, 2000). Since
then, monitoring techniques and physical and numerical
models have contributed greatly to our present knowledge of
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sediment transport (Kondolf et al., 2005; Gyr and Hoyer,
2006; Rickenmann, 2016, 2017; Tsutsumi and Laronne,
2017), but wood transport has received much less attention.
Pioneering observations described wood as an important com-
ponent in debris flow deposits (Swanson and Lienkaemper,
1978; Nakagawa et al., 1994; May, 2002; Lancaster et al.,
2003; Shrestha et al., 2012), but flows in which wood is the
main solid fraction (both in terms of mass and volume) have
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Figure 1. Images of wood-laden flows extracted from the 28 home movies analysed in this work. The locations of some of the videos are shown in
the maps. Details about the videos are provided in Table S1. [Colour figure can be viewed at wileyonlinelibrary.com]

© 2019 John Wiley & Sons, Ltd.
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been rarely described. We follow here the nomenclature of
particle-laden flows (Delannay et al., 2017) to define wood-
laden flows (WLFs) as a class of two- or three-phase flow. The
main phase consists of wood pieces of different sizes, that
might be transported in water (second phase), in which inor-
ganic sediment (both suspended and bedload) can be present
(third phase). Examples have been recently reported for moun-
tain streams in Chile and Switzerland (Ravazzolo et al., 2017;
Ruiz-Villanueva et al., 2017).

Some decades ago, video tapes proved a powerful source to
gain qualitative insights into the characteristics of flows, partic-
ularly debris flows (Costa and Williams, 1984). However, WLFs
may not be as common as other sediment-laden flows (e.g. de-
bris flows), resulting in a lack of observations. The recent in-
crease in the availability of recording devices such as mobile
phones and the publication of home movies on the internet
opens up new ways of both gathering extensive data and
accessing environmentally relevant information (Paul et al.,
2017; Lewis and Park, 2018), and provides the opportunity to
encounter valuable information about rare phenomena which
can contribute to reducing the associated lack of knowledge
(Buytaert et al., 2014; Le Boursicaud et al., 2016).

This work aims at describing and characterizing WLFs that,
although known to exist, are in general underappreciated and
overlooked phenomena, resulting in many knowledge gaps.
Here, we aim to define and characterize wood transport re-
gimes, key WLF variables, such as velocity or relationship with
water discharge, and the catchments and streams where WLFs
may form and propagate. To do so, we extract and interpret
qualitative and quantitative information from home movies that
allows us to propose novel conceptual models to better inte-
grate wood into our understanding of flow phenomenology.
In addition, we discuss different approaches to quantify and
model WLF, and attempt for the first time to simulate numeri-
cally WLF using three single-phase models, namely Voellmy,
Bingham and Manning flow models.

Material and Methods

By carrying out different online searches (mostly in Google and
YouTube) based on a set of technical keywords related to
floods, flash floods and wood load (e.g. woody debris, flood
and wood, organic debris, etc.) in English, German, Spanish,
French, Italian and Japanese, we found 45 home videos show-
ing individual floods transporting a notable amount of wood.
From this set of videos, 28 movies recorded in 24 streams in
seven countries were selected for further analyses, as some
videos showed the same event, or could not be located, or
the quality of the image was not sufficient for our purposes
(Figure 1 and Table S1 in Supporting Information).

The owners or publishers of the videos were contacted when
contact details were found, and videos were downloaded
from the internet using Keepvid.com, when not directly pro-
vided by the publishers. In some cases, license was required
and acquired accordingly. When contacting the video pub-
lishers, we also asked for additional information, such as the
exact coordinates of the footage site, or details about the
event (exact date, any details about the precipitation, dis-
charge, etc.). The quality of the downloaded videos varied
significantly, ranging between 326 x 180 and 1920 x 1080
pixels resolution, and from 24 to 30 frames per second sam-
pling rate. Details of the sensors used to record the movies
were not available.

After contacting the video owners, videos were processed.
Many of the videos include handheld cameras, zoom variations
and other movements (e.g. movements from upstream to

© 2019 John Wiley & Sons, Ltd.

downstream), or were edited before being published online.
Free Video to JPG Converter, Pelscope and Tracker software
were used to extract one frame per second from each video
for further analyses (Supporting Information Figure S1). In some
cases, additional improvements were achieved such as frame
stabilization or orthorectification. For these processes, Gimp,
Digimizer, CorelDRAW and Fudaa-LSPIV were used (Le
Boursicaud et al., 2016).

Ground information was also collected, including watershed
and stream characteristics (Table | and Table S2), and when
possible, ground control points were acquired in the field using
a differential global positioning system (GPS).

When no field survey was possible, the exact location of the
video was found (e.g. provided by the publishers) and available
high-resolution satellite images from Google Earth were used to
obtain control points. The control points were used to extract
metrics, such as flow depth, flow velocity (estimated based on
time and distance travelled by the flow mass or single pieces),
size of logs (five largest logs were measured using ImageJ;
Figure ST), stream gradient, width and height of the bankfull
channel. The general type and morphology of streams were
classified as: (i) single-thread, wandering, meandering, braided
or anastomosed; (ii) cascade, step-pool, pool-riffle and plane
bed. If embankments (i.e. artificial bank) were observed, we
noted this characteristic, as well as the degree of lateral con-
finement. Other characteristics were extracted visually, such
as instream bed grain size, classified in five groups: boulder,
cobble, gravel, sand and finer than sand; the initial water level,
also classified as: < 0.1 m; 0.1-0.5m; 0.5-1m; > 1T m and the
suspended load based on the turbidity, classified as low (e.g.
Figure 1O and 1Q), medium (e.g. Figure 1L and 1Z) and high
(e.g. Figure TA and 1Y). Drainage areas were obtained from
Stream Stats [US Geological Survey (USGS); Wilkowske et al.,
20111, Hydrosheds (USGS) flow accumulation raster files, and
the geodata set from Swisstopo. Shooting sites were classified
according to the climatic zones defined by Peel et al. (2007).
In some cases, detailed information about forest cover was
available. If such information was not available, relevant met-
rics were visually estimated based on high resolution satellite
images. Information on precipitation and discharge of the
events was rarely available.

Table S2 shows the metrics extracted for each analysed
video.

Results

Broadening the definition of wood transport
regimes

Based on the analysis of the videos and the extracted data de-
scribed earlier, we define four different flow regimes or stages
for WLF (Figure 2 and video provided as Supporting Informa-
tion, Movie S1), thus adding an additional one to the traditional
three regimes proposed by Braudrick et al., (1997). As videos
mostly show WLFs developed during floods (and not during de-
bris flows), flow is defined here as a two-phase model accord-
ing to the proportions of wood and water, but a three-phase
model may apply for WLFs with higher content of inorganic
material. The proportion of water and wood can be described
by the ratio of wood (wood volume per unit time) and water
discharge, but, as we could not obtain wood fluxes or dis-
charges, we use the wood flow depth (2) and the water depth
(h) to distinguish between hypercongested, congested, and
uncongested regimes. Hypercongested regime: a downstream
moving log mass (or volume) with several layers of wood

Earth Surf. Process. Landforms, Vol. 44, 1694-1709 (2019)
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Table I. Watershed and stream metrics extracted from the videos

Metrics and variables

Units or classes

Description

Drainage area
Forested area
Forested area

Width of the channel,
Bankfull height
Channel gradient

Type of river

River morphology
Embankments

Confinement

Bed grain size

Peak discharge

Return period

Suspended load (turbidity)
Bed load

Total precipitation
Duration precipitation
Rainfall intensity

Processes in the catchment

Origin of wood

Initial water level

Overbank flow

Total duration of video
Number of frames analysed
Time in video for each phase
Duration of each phase

km?

km
%
m
m
m/m
S: single-thread; W: wandering;

M: meandering; B: braided;

A: anastomosed (anabranch)
C: cascade; SP: step-pool;

PR: pool-riffle; PB: plane bed
1: one bank; 2: two banks; 0: natural

2

H: high; M: medium; L: low

B: boulders; C: cobble; G: gravel;
S: sand; F: finer than sand

m’/s

years

H: high; M: medium; L: low

Y: Yes; N: No

mm

h

mm/h

L: landslide; DF: debris flow;
B: bank erosion; O: other

F: freshly recruited (presence of roots
with soil and branches with leaves);
D: previously deposited (decayed,
may also include branches and/or
root wads)

< 0.1m;0.1-0.5m; 0.5-Tm; > 1Tm

Y: Yes; N: No

minutes

NO

seconds

seconds

at the point where video was recorded
at the point where video was recorded

mean value for the reach visible in the video
mean value for the reach visible in the video
value for the reach visible in the video

the degree to which the lateral extent of the
valley floor and the floodplain along a river
is limited (e.g. by hillslopes, topographical
features, etc.).

Visually estimated
As observed in the video

When visible

As documented or observed in the aerial imagery

Flow velocity during each phase m/s
Movement of logs during phase
Cross section (width) occupied

by wood during each phase m
Cross section occupied by wood

during each phase %
Size of logs: length Lsq m
Size of logs: diameter Dsq m

Shape of logs during each phase

L: logs; B: branches; R: roots

R: rolling, S: sliding, F: floating

Mean (measuring the five largest logs)
Mean (measuring the five largest logs)

(wood flow depth, z, equal to several times the wood piece
diameter, d,,; Figure 2) occupying the entire wetted cross-
section, usually spanning the whole channel width. Wood
moves with piece-to-piece contacts, and logs may rotate or
pivot in the mass (or volume). Most of the logs are oriented
perpendicular and oblique to the flow direction. Two
hypercongested flow front types (i.e. dry and wetted) were ob-
served in the videos: (i) dry hypercongested wood front: logs
are mainly rolling or sliding on the riverbed and not floating,
with a very low or even zero water depth [h << z and z =
kd,,, where k > 3 (based on our observations, but more data
are needed to confirm this value)]; (ii) wetted hypercongested
wood front: the wood front is preceded by a water surge (ante-
cedent water level or precursory surge, and the wood mass is
formed by mostly floating logs (i.e. h > z) that may also pivot
and rotate in several layers of wood (z = kd,,, where k > 3).
During the hypercongested regime, the mass of wood ap-
peared not to be saturated with water; frictional forces, F;

© 2019 John Wiley & Sons, Ltd.

dominate (both friction between wood pieces and friction be-
tween wood and the channel bed), and the flow is likely mov-
ing similarly to a slurry-flow, rock avalanche or debris flow
boulder front. Sliding may occur when a large mass of moving
logs encounters stationary logs and pushes them downstream.

Therefore, 37% of the analysed videos showed sliding and
rolling WLF dry fronts. Channel gradient, river type and chan-
nel morphology (Figure 2) are relevant variables for the dry
front formation and propagation. The dry fronts were observed
in the steepest [mostly mountain rivers with a median elevation
> 1000 m above sea level (a.s.l.); Figure S2E] and generally in
narrower (although differences were not significant compared
to streams where not dry front was observed; Figure S2C) chan-
nels. In 82% of the cases when a dry hypercongested front was
observed, the initial estimated water level was lower than
10 cm (Figure 3H). In some cases, the dry front was only devel-
oped as small dry lobes over bars that were initially dry (e.g. the
Zulg River in 2012). In those cases where we could extract front

Earth Surf. Process. Landforms, Vol. 44, 1694-1709 (2019)
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depth values at different front flow sections, we observed
values ranging between 0.7 and 3.7 m, with flow longitudinal
slopes ranging between 0.09 and 0.7 m/m, much higher than
the channel longitudinal slope (ranging for those cases between
0.003 and 0.07 m/m).

Behind this high-friction one single-phase (wood) flow front
come lower-friction phases, characterized by a liquefied flow
that contains a lower percentage of woody material. Congested
regime: this is the well-known congested regime where floating
logs (h > z; z = kd,,, where k < 3; Figure 2) touch each other
while moving as a single floating mass or carpet occupying a
large part of the cross-sectional area (Braudrick et al., 1997).
The orientation of the logs varies; many logs are oriented per-
pendicular to the flow direction, while others are oriented par-
allel, especially at the channel margins. During this regime,
water content is much higher than during the hypercongested
regime, likely increasing the buoyancy of wood. Buoyancy
force, F,, is an important aspect of this two-phase flow regime,
because it enhances wood flow mobility by reducing the fric-
tional resistance.

As water content increases and wood volume decreases, the
transition between congested and fully uncongested flow can
be gradual through a semi-congested regime (Figure 2).

© 2019 John Wiley & Sons, Ltd.

Uncongested regime: in this phase logs float (h >> zand z=d,,,
Figure 2), do not interact with each other, and occupy a very
small part of the cross-sectional area (Braudrick et al., 1997).
In this regime, logs are usually transported aligned with the flow.

These flows are inherently unsteady. Within a single event,
different regimes with distinctive flow characters may develop
throughout the duration of the event and along the propagation
path (Figure 2). However, not all WLFs in the videos showed
the four regimes. Additional data would be needed to better ex-
plain why, although here we discuss some potential controlling
factors to form and propagate the hypercongested front based
on our observations (see next and Discussion sections).

Observed WLF characteristics

Flow velocity was highly variable depending on the event.
High values of flow velocity were estimated for the event in
the Marquesa stream in Chile (with values between 9 and
17 m/s), while median values were in most cases lower than
5m/s. For the cases where the three earlier-mentioned phases
(hypercongested, congested and uncongested) were recorded,
we observed a velocity gradient in which the hypercongested

Earth Surf. Process. Landforms, Vol. 44, 1694-1709 (2019)
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(both wet and dry fronts) flow phase was slower than the subse-
quent congested and uncongested regimes (Figure 3).

As observed in the videos, the majority of woody material is
transported at the flow front in a very short time (most videos
lasted a few minutes). Thus, the peak of the wood flux occurred
prior to the peak of the water flow, and the front of the wood
flow showed a very low water level. The conceptual relation-
ship between the wood flux and the water discharge is shown
in Figure 3.

Under hypercongested conditions, the velocity of the front
moving near the riverbed can be considered a single phase
mostly composed of wood, and the flow velocity may be re-
duced by friction (both due to current and wood shear), which
depends mostly but not entirely on the roughness of the bed.
Important factors might be the friction and collision among
pieces (i.e. wood-wood or between wood and inorganic sedi-
ment particles), which may significantly increase flow resis-
tance and energy dissipation, maintaining a slower front.
Differences in flow velocity facilitate development of the front,
with wood pieces that are conveyed and supplied from up-
stream reaches (pieces moving faster), as observed in some
videos (e.g. Pocuro stream, Chile). Therefore, logs are being re-
cruited into the flow by an exchange between the front and
other parts of the flow, and between the front and the enclosing
channel.

Generally, larger logs were observed during the
hypercongested and congested flow regimes, while signifi-
cantly smaller logs appeared during the uncongested phase
(Figure 3C).

Watersheds and streams where wood-laden flows
occurred

WLFs were recorded within different climatic zones: 43% in
Cold and Polar/Tundra zones (ET, Dfb, Dfc, Dsc, and Dwa in
Austria, Switzerland, Utah in the USA and Valparaiso in
Chile), 35% in Arid zones (Bsk and Bwk in Utah, New
Mexico, Colorado in USA and Elqui in Chile), and 22% in Tem-
perate zones (Cfa and Csa in Italy, Australia and Arizona, USA;
Cwb in China). Videos were recorded at different elevations
(Figure S2E; ranging between 48 and 2198 ma.s.l.), mostly al-
though not entirely in mountain areas (median = 839 ma.s.l.).
A majority of WLFs were recorded in small to medium size
catchments (Figure S2A, drainage areas ranged between 28
(Camp Creek) and 3465 km? (Paria River), median =
182 km?), and thus in small to medium channels (Figure S2C);
with bankfull widths ranging between 4.5 (Camp Creek) and
50m (Emme River) (median = 17 m) and bankfull depths be-
tween 1.5 and 4 m (Figure S2D). Channels were relatively steep
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Figure 4.
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Frequency (%) of events as classified by: (A) type of river; (B) confinement; (C) river morphology; (D) bed grain size; (E) artificial embank-

ments; (F) suspended load; (G) bedload; (H) initial water level (m) for all flows, flows showing dry front and flows not showing dry front. Values indi-
cate the percentages. [Colour figure can be viewed at wileyonlinelibrary.com]
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(Figure S2B), with a longitudinal slope between 0.0016 (Emme
River) and 0.07 m/m (Pocuro stream) (median = 0.012 m/m).
The forested area ranged between 10% (Sulphur Creek) and
71% (Ellison Creek) (Figure S2F; median = 37%).

Most of the streams (66%) were straight single-thread chan-
nels with pool-rifile and plain-bed morphologies (82%;
Figure 4A). The streams were in general highly or moderately
laterally confined (79%; Figure 4C). Artificial embankments
were frequently present along one or both banks (48%;
Figure 4D), although a majority of streams showed natural
banks without embankments (52%). Channels without artificial
embankments were mostly highly and moderately confined
(80%).

The characteristic grain size in most cases (82%) was gravel,
cobbles and boulders, with only 18% characterized by finer
material (e.g. sand) (Figure 4E). In 72% of the events, bedload
transport was not visible (Figure 4G), but the movies were not
meant to record bedload transport explicitly. The high turbidity
observed in the flows indicates a medium to high concentration
of suspended load (77%; Figure 4F). In most of the events (73%)
no overbank flow was recorded, and the initial water level was
relatively low (Figure 4H), with 89% of cases lower than 0.5 m.
Where overbank flow occurred, it was due to the presence of
an obstacle such as a road or a culvert.

Although repeated WLFs might be less frequent, videos re-
corded at the Zulg River in Switzerland, with four WLF events
recorded in the last six years, show that WLFs can occur repeat-
edly within the same channel. These WLFs occurred during
very different hydrological conditions (Figure 5, Table S1).
Events were recorded in 2012, 2013, 2015 and 2016, with re-
corded discharges equal to 222, 83, 234 and 44 m’/s, respec-
tively (Figure 5).

The event in 2012 had the largest amount of wood (around
600 m?); according to the videos, 2012 had approximately
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Figure 5. (A) Flood hydrograph and wood flux (estimated as a cross-
sectional area occupied by wood as observed in the videos) for the
event recorded in 2015 in the Zulg River (Switzerland). (B) Annual max-
imum discharge recorded in the Zulg River (Switzerland) between 2006
and 2016. Black arrows show years with recorded wood-laden flows,
and letters show the videos identifier as shown in Figure 1 and Table S1.
[Colour figure can be viewed at wileyonlinelibrary.com]
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twice the volume transported during the event in 2015, despite
the higher discharge recorded during the latter. This case shows
the importance of wood availability and supply to produce
WLFs (see Discussion section).

Discussion

In this study we described for the first time the main character-
istics of watersheds and streams where WLFs occurred, and we
quantified and conceptualized the most relevant variables of
the flows. Home movies have proved to be a relevant source
of information. However, the videos used in this study were
recorded by witnesses, rather than for scientific purposes.
Witnesses did not use checks, protocols, and quality-assurance
techniques that are employed in field science, which limits the
use and data that can be extracted (Robson, 2012; Le Coz et al.,
2010; Lewis and Park, 2018). Still, the videos allowed us to ex-
tract quantitative and qualitative data, facilitating a first-order
understanding of WLFs.

WLFs exhibit unsteady, non-uniform motion, as described for
debris flows (Iverson, 2013). WLFs may start to move down-
stream when frictional forces can no longer resist driving
forces, although other mechanisms can be involved in the initi-
ation and propagation of a WLF (see later). As for debris flows
(Costa and Williams, 1984; Iverson, 2003), the hypercongested
wood fronts observed at the heads of the flows are similar to
the surge fronts at the heads of moving debris flows, followed
by a finer grained flow, the uncongested wood flow. The
hypercongested wood flow front is the most distinctive aspect
of a WLF and how it forms and is maintained is crucial to our
understanding of these phenomena. Although the dataset
analysed here does not allow us to evaluate downstream
changes in WLF within a channel or during a single event, it
is possible that self-enhancing feedback effects occur as the
WLF front erodes the channel banks or fells standing trees,
recruiting additional wood into the flow.

According to our observations, WLFs can be formed in differ-
ent climatic regions, with a majority of flows recorded in cold
zones and mountain regions. Steep and confined straight
single-thread channels are more prone to form and propagate
hypercongested wood flows. Confinement and channel em-
bankment seem to also play an important role in the dynamics
of WLFs, together with the flashy flood character and the initial
water level that are also likely to be important in the formation
of WLFs. Some of the analysed streams where dry fronts were
observed, such as those in the United States, might be ephem-
eral and characterized by an intermittent and flashy flow re-
gime. However, WLFs were recorded in perennial streams as
well (e.g. Emme and Zulg Rivers in Switzerland). We believe
that WLFs might be more common than expected, and the lack
of videos in other environments does not mean that WLFs
cannot occur in rivers very different than those presented in
our study.

We observed that most of the wood in a WLF was
transported at the flow front during the rising limb of the flood
hydrograph, meaning that during the falling limb the wood
flow is mainly uncongested, and for similar values of dis-
charges the amount of wood in transport decreases during this
phase. This agrees with the existence of a clockwise hysteresis
loop, as observed in the Zulg River (Switzerland), the Ain River
(France; MacVicar and Piégay, 2012) and modelled in the
Czarny Dunajec River (Poland; Ruiz-Villanueva et al., 2016b,
2016c¢), similar to the hysteresis loop class Il defined for sedi-
ment and water flows (Williams, 1989). However, the water—
wood hysteresis might be strongly related to wood supply,
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entrainment and deposition along the flow path, which might
differ from inorganic sediment-water hysteresis.

These considerations are consistent with the observation
that WLFs enter channels with very low water depth and that
these flows are very flashy (i.e. short duration, and rapid rise
and recession hydrograph). Otherwise, wood would tend to
float and reduce the contact with the bed, decreasing friction
forces and facilitating wood motion, enhancing uncongested,
rather than congested or hypercongested, wood transport. In
terms of particles and flow interactions, several studies re-
ported the existence of a velocity lag between sediment parti-
cles and water in sediment-laden flows (Jha, 2017), usually
with particles having a lower velocity than water. In debris
flows, flow velocity may decrease by up to 50% with an in-
crease of the solid content (Chen et al., 2017). Velocity distri-
bution is still one of the most complex problems in the
dynamic mechanism of flows (Chen et al., 2017). According
to our results, WLFs are propagated relatively fast. As observed
during other mass flows, mostly debris flows, peak speeds may
range from 10 to 23 m/s (Prochaska et al., 2008; lverson,
2014). Our estimates showed lower mean values, as expected
for water flows. In the steepest streams in Chile, however, esti-
mated WLFs instantaneous velocities ranged between 9 and
17 m/s. More research is needed to thoroughly understand
WLF velocity distribution.

Lancaster et al. (2003) presented one of the first studies to
demonstrate that wood might constitute a first-order control
on runout lengths and deposition of debris flows. However,
these authors acknowledged the lack of observations of actual
flows in motion, which is necessary to understand the effect
of wood on the motion of debris flows. Most data used to de-
scribe, quantify and model debris flows and bedload came
from field-scale experiments and field observations for which
videos were also used (Costa and Williams, 1984; Logan and
Iverson, 2007; Logan et al., 2018; Badoux et al., 2009; Iverson,
2013). We encourage the same effort to better understand
WLFs, promoting monitoring, flume and field experiments
and modelling. Field experiments, proper monitoring systems,
and ad hoc gauges would reduce the related uncertainties
and provide more accurate values than those reported here.

Adding wood component to our understanding of
flows

Flow behaviour is, among other properties, a function of the

relative proportions of its components (Pierson and Costa,
1987; Hungr et al., 2001). Therefore, the presence of wood

A

Suspended-

& bed-load water flow, Uncongested

Hyperconcentrated
flow / debris flood

Debris flow

Sediment
100%

Landslide, avalanche

Wood
100%

Sediment

should receive more attention in our understanding of flows,
and be better represented in flow classifications, as one may
expect different flow behaviour when wood is an additional
solid component in the flow (see next section). For that pur-
pose, we propose a ternary diagram to classify flows according
to the content of sediment, water and wood (Figure 6).

This type of ternary diagram has been commonly used to
classify inorganic sediment-laden flows (Phillips and Davies,
1991) based on the proportion of fine and coarse inorganic sed-
iment and water. Here we grouped sediment in one component
and added wood as the third component. This classification of
the flows could be more detailed based on further parameters,
such as log velocities, size of logs, other variables used in the
theory of flows (e.g. Iverson, 1997) or different phases of water
(e.g. ice). Although the limits between the different flow types
are qualitative, they illustrate the relative composition of the
mixture of wood-sediment—water. The exact values of propor-
tions or percentages of sediment, water and wood may require
further research.

Relevant metrics and first attempt to quantify and
model WLFs

The limitations related to the data extracted from the videos, as
explained earlier, make a detailed description of the WLF me-
chanics challenging. Therefore, we only attempt here to define
the relevant metrics and potential pathways for the detailed
quantification and modelling of WLFs. As for sediment-laden
flows, the kinematic WLF characteristics depend on the topo-
graphical and surface friction conditions, the water content,
the wood size and sorting and on the dynamic interaction be-
tween the solid and fluid phases of the mixture (Scheidl et al.,
2013).

Recent approaches developed to monitor and measure sedi-
ment transport (Roth et al., 2016; Rickenmann, 2017) or flood
propagation (Le Boursicaud et al., 2016; Guillén et al., 2017)
could provide the data required to better understand WLF dy-
namics; however, these techniques would need to be tested
and adapted to WLFs. Flume experiments and modelling may
help to understand WLF dynamics. Indeed, Braudrick and
Grant (2000) described the physics of individual pieces of
wood floating in a water-flow. Following this multi-phase ap-
proach, numerical models have been developed using different
frameworks, accounting or not for the interphase interactions
(e.g. Mazzorana et al., 2011; Ruiz-Villanueva et al., 2014a;
Persi et al., 2018). To compute wood motion, a Lagrangian
or discrete element approach has been combined with a

Wood
100%

100%

Landslide, avalanche

Figure 6. (A) Ternary diagram of sediment-water-wood. (B) Wood-laden flows identified in the videos analysed in this work are coloured in red.

[Colour figure can be viewed at wileyonlinelibrary.com]
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hydraulic model. This approach has been used to simulate indi-
vidual wood pieces within an uncongested and semicongested
wood transport regime, fully coupled to hydrodynamics, in the
Iber-Wood model (e.g. Ruiz-Villanueva et al., 2014b, 2016a,
2016b, 2017).

Focused on congested wood regime, and assuming a contin-
uous and inflexible carpet (with no porosity and no water in the
wood structure) of floating material, Bocchiola et al. (2002) pro-
posed a linear momentum equation which contains the tangen-
tial stress acting on the interface between the wood carpet and
the water layer. According to this approach, the water flow is
subjected to an additional drag force due to the wood carpet
and this force can be added to one-dimensional (1D) or two-
dimensional (2D) shallow water equation models.

Some approaches have been proposed to include the effect
of wood on debris-flow simulations (Lancaster et al., 2003; Shi-
mizu et al., 2006; Shrestha et al., 2009, 2012). An extension of
the Channel-Hillslope Integrated Landscape Development
(CHILD) model was presented by Lancaster et al. (2003). The
model includes a storm simulation, which drives landslide ini-
tiation, fluvial transport, and tree fall. As output, the model
computes debris flow runout paths and deposited depths of
wood and sediment at each point in the channel and valley
network. To do so, a reduced version of the Iverson and
Denlinger (2001) equation for the conservation of momentum
accounting for the relative proportions and densities of sedi-
ment, water, and wood is applied.

Hypercongested wood flows have not been described in the
literature so far, so we aim here to fill this gap. Although two or
three-phase fluid—solid (water, wood and sediment) models
may be expected to better reproduce the dynamic behaviour
of hypercongested WLFs, other approaches can be also used.
Single-phase approaches used to characterize Newtonian and
non-Newtonian flows (such as those used for debris flows or
snow avalanches) assume that the different flow phases are
well mixed and the material behaves as a bulk flow (i.e. no dis-
tinction between fluid and solid phases), which simplifies the
equations and models based on different rheological ap-
proaches. Generally, these single-phase approaches assume
that the shear stress is the result of the sum of some or all of
the following five components: the cohesive yield stress, the
Mohr—Coulomb shear stress, the viscous shear stress, the turbu-
lent shear stress and the dispersive shear stress. Therefore, a
possible strategy to simulate non-Newtonian shallow flows,
such as WLFs, might be to combine the 1D or 2D continuity
and momentum equations with such a rheological model
(Scheidl et al., 2013). Several rheological models were pro-
posed in the literature (O’Brien et al., 1993; Hungr, 1995; Naef
et al., 2006), but probably the Voellmy-Salm model or the
Bingham fluid model and the Manning equation are the most
extensively used for non-Newtonian and Newtonian flows,
respectively.

The Voellmy fluid model is based on a velocity-squared de-
pendent friction term and assumes that the total flow resistance
is divided into a dry-Coulomb-like friction mainly due to the
solid phase (1) and a Chezy-like turbulent friction resistance
(&) (Voellmy, 1955; Hungr, 1995; Bartelt et al., 1999):

Si =t ()

where S; is the friction slope and u the flow velocity. The fric-
tion coefficient can also be expressed as & = C?, where C is
the Chezy coefficient often used in open channel hydraulics.
Available commercial models that use this non-Newtonian rhe-
ological approach are DAN3D (McDougall and Hungr, 2005;

© 2019 John Wiley & Sons, Ltd.

Hungr and McDougall, 2009), FlatModel (Medina et al.,
2008), MassMov2D (Begueria et al., 2009), RASH3D (Pirulli
and Sorbino, 2008) and the Rapid Mass Movements RAMMS
(Hussin et al., 2012).

The simplified Bingham fluid model characterizes viscous
flows, and the total shear stress is the sum of a yield stress
and a viscous stress (e.g. Chen and Lee, 2002; Naef et al.,
2006):

3ugu
yh

_1c %
Si=1.5 it 2)
where ug is the Bingham viscosity, y is the specific weight of the
fluid-solid mixture, 7, is the yield stress, h is the flow depth, and
u the flow velocity. Sediment-laden flows have also been
modelled using the Manning equation (Hungr, 1995; Naef
et al., 2006):

n?-u?

Si= W3

3)

where n is the Manning roughness coefficient. Another model
for debris flows is FLO-2D (O’Brien et al., 1993), one of the first
models commercially available, and it combines several of the
previous rheological approaches.

The three approaches shown in Equations (1), (2) and (3)
were used here in a first attempt to reproduce, by numerical
modelling, the flow front of some of the WLFs observed in the
videos. Three cases were selected for this modelling exercise,
Kelly Creek (Australia), North Creek (USA), and the Pocuro
stream (Chile). The aim of the simulations was to estimate a
range of parameters that fit with the observed WLFs, but also
to better understand the mechanics of such flows. For each
case, the following information extracted from the videos was
used as input data: the longitudinal channel slope, the flow
front velocity and the flow depth of the flow front at two time-
steps, which gave us the flow surface profile. Using the profile
of the front (characterized by the flow depth and flow velocity)
at the first time step as the initial condition, and tuning the rhe-
ological model parameters, we reproduced numerically the
flow profile at the second time step (assuming that the front ve-
locity is constant along the simulation). We have used Iber
(Bladé et al., 2014), a 2D numerical modelling tool for simulat-
ing free surface flows. Iber was initially developed to perform
hydrodynamic and sediment transport simulations, but was
later coupled to different modules such as the wood transport
module (Ruiz-Villanueva et al., 2014a) or the wet snow ava-
lanches module (Torralba et al., 2017). Iber solves the Shallow
Water Equations in conservative form using the Finite Volume
Method. For water, the shear stress terms of the equations are
represented with the Manning Equation, using a centred
discretizational and a semimplicit time advancing scheme.
For snow avalanches, Iber uses the Voellmy model, also with
a centred discretization for the turbulent stress terms, but an up-
wind scheme for the Coulomb stresses. For the present work,
Iber has been modified by adding the simplified Bingham
model, but also including a pressure factor Kp (explained later)
that multiplies the pressure terms of the momentum equations.
For the simulation of the three case studies, three simple
models were built in Iber, one for each case, consisting of a
straight channel, a mesh with one element in the channel width
and a mesh size of 0.1 m along the channel, and no lateral
friction.

Simulation results showed that the hypercongested flow front
could be reproduced with the three approaches and with differ-
ent combinations of the different parameters involved in the
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governing equations (Figure S3-S8). In order to keep the flow
front velocity constant, the parameters p and 7, used in the
Voellmy and Bingham models, respectively, were assumed
equal zero, because, in the Voellmy model, if the bed slope is
lower than the value of p, the flow stops. However, although
the slope of the bed was relatively low in some of the observed
cases, the WLFs were flowing, allowing us to assume a value of
p equal to zero (i.e. because the WLF is a combination of wood
and water, the liquid fraction does not stop unless the bed is
horizontal). This applies to the simplified Bingham model as
well, for which the term corresponding to the Coulomb or yield
stresses, 7, was assumed to be zero. Results also revealed that,
with the previous models (simplified Bingham and Voellmy), in
order to properly reproduce the shape of the front, the flow ve-
locity upstream needed to be reduced, or even stopped (unreal-
istic). However, when the flow velocity behind the front was
correctly simulated, the front was accelerated in a way that
was not observed in the videos (see Figures S4, S6 and S8), cre-
ating a flat and widely spread front (Figures S3, S5 and S7). To
solve this issue and better reproduce the observations, we con-
sidered an anisotropic pressure (i.e. assuming that in the WLF
the horizontal pressure distribution can be different than the
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vertical pressure). To consider the anisotropy of the pressure
distribution, the terms corresponding to horizontal pressure
stresses in the momentum equations were corrected with a
parameter K,:

Kp “4)

where g}, is the horizontal normal stress (pressure) and o, is the
vertical normal stress (hydrostatic pressure). Similar factors
have been proposed for simulating other sediment-laden flows
(Hungr, 1995; Pirulli et al., 2007; Hungr and McDougall, 2009)
and snow avalanches (Bartelt et al., 1999).

With such a correction, the shape of the flow front and the
flow velocity were better reproduced (Figure 7 and Figures
53-58), although in some cases very small values of K, had to
be used (Table II).

Figure 7 shows the selected results of the front shape and ve-
locity for the three models (simplified Bingham, Manning and
Voellmy) and the comparison with the observations. More re-
sults are provided in the Supporting Information (Figures S3—
S8). The values used for the model parameters were relatively
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Simulation results, in terms of flow depth (A, C, E) and flow velocity (B, D, F), using three different models (i.e. simplified Bingham, Man-

ning and Voellmy) for three case studies (A,B, Kellick Creek; C,D, North Creek; E,F, Pocuro stream). Input data: channel width, channel height and
longitudinal slope: 8 m, 2 m and 0.029 m/m for Kellick Creek respectively, 7m, 2 m and 0.006 m/m for North Creek, and 21 m, 3 m and 0.04 m/m
for Pocuro stream. [Colour figure can be viewed at wileyonlinelibrary.com]

Table II.
the different parameters of the three models used in the simulations

Values used in this work and from Rickenmann (1999), Bathurst (1993) RAMMS User Guide; Scheidl et al. (2013) and references within for

Range for Range for snow Range for
Model Variable (units)  Kellick Creek ~ North Creek  Pocuro stream debris flows avalanches clear water
7. (Pa) 0 0 0 750-3500 — —
ug (Pas) 82 52 225 0.4-3200 — —
Bingham Ky &) 0.7 0.68 0.55 0.32-4 — —
n(s/m'?) 0.081 0.086 0.088 ~0.1 — 0.02-0.2
Manning Ky =) 0.4 0.3 0.35 —_ —_ —_
u (=) 0 0 0 0.1-0.55 0.15-0.38 —
& m'"%s) 188 178 172 10-600 400-4000 —
C(s/m'"?) 13.7 13.3 13.1 3-25 20-63 6-45
Voellmy Ky (=) 0.2 0.16 0.12 — — —
Conversion of n to h (m) 1.6 2.3 3.4 j— - j—
equivalent C value c=h"n" 13.4 13.4 13.9 — — —

© 2019 John Wiley & Sons, Ltd.
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consistent between sites (Table 1l). These values were slightly
different from those proposed in the literature for other flows,
although closer to the range proposed for debris flows
(Table 1) (Medina et al., 2008; Naef et al., 2006; Pirulli and
Sorbino, 2008; Rickenmann et al., 2006; Pirulli et al., 2007)
showing that WLFs may have different rheological properties
than other flows, and thus wood should be better considered
in our understanding of flows (see Figure 6).

We believe our modelling exercise sheds light on the me-
chanics of WLF and opens the way to modelling WLFs, but
more research and more accurate observations are needed to
better calibrate and validate models that can properly repro-
duce complex WLFs.

The accuracy of the data extracted from the videos is limited,
and these results should be taken with caution. The applied
models do not consider the interaction of solid particles and
the fluid: to do so, other approaches can be used, such as those
proposed by Takahashi (1991), Kowalski (2008) or Armanini
et al. (2009). Moreover, models used to simulate inorganic
sediment-laden flows are usually validated by comparing flow
velocities and runout distances (Hungr, 1995; Rickenmann
et al., 2006; Pirulli and Sorbino, 2008; Scheidl et al., 2013).
Here, we analysed flow front characteristics for a very short
time step. Additional observations are necessary to model
propagation velocities and travel distances.

An important source of information could be gathered from
WLF deposits. As observed for debris flows (Costa and Wil-
liams, 1984), log levees were visible in some videos (e.g. Im-
ages F and G in Figure S4). When the front or the congested
phase of the flow occupied the entire bankfull width, such as
in relatively straight single thread channels, this left characteris-
tic deposits as log levees near the banks similar to those formed
during debris flows, with pieces oriented parallel to flow along
roughly the same flow-line. Levee-like deposits resulting from
WLFs can be identified (Figure 8) and might provide additional
information on the flow propagation, but also would provide
data on the occurrence of past events. Other WLF deposits
can be found as jams against living standing trees along the
floodplain or on alluvial fans. Identification of these deposits
is still challenging, firstly because there is not a comprehensive
description available, and secondly because they might not be
preserved long after the event (in many cases wood is artifi-
cially removed for safety reasons).

Potential generating mechanisms of wood-laden
flows

The videos did not allow direct inference of the exact triggering
or generating mechanisms for WLF, but the origin of the wood

and the mechanisms responsible for generating these flows are
very important. In most cases (84%), the wood was decayed
and only 16% of the events showed clearly fresh wood, as indi-
cated by entire trees, logs with branches and leaves, or roots.
This supports the hypothesis that available wood (probably a
high wood load) within the channel is required to trigger
hypercongested and congested wood-laden flows. The timing
of the flood also makes it unlikely that wood would be freshly
recruited by bank erosion, for example, whereas hillslopes pro-
cesses during the flood such as landslides or debris flows may
still supply fresh wood.

We hypothesize that WLFs may be naturally generated by
several cascading processes that both generate high wood
loading and WLF formation and propagation. (1) A large
amount of natural wood deposits within the channel or the
catchment available for entrainment and transport during a
flash flood or debris flow. Manmade wood, for example from
clear cutting activities, could be also an important source of
wood, as happened recently in New Zeeland (see https:/
www.stuff.co.nz/national/104486938/tolaga-bay-to-be-hit-by-
more-rain-after-severe-flooding). (2) A wood jam or raft
breaching, in which a large wood jam collapses and delivers
substantial wood that is then transported downstream. (3) An
episodic input of woody material from a landslide or debris
flow, or a tributary (Wohl et al., 2012), or other processes, such
as intense windstorms, tornadoes, hurricanes (Phillips and Park,
2009), or ice breaking (Kramer and Wohl, 2014; Boivin et al.,
2017). A fire before the flood is mentioned in the metadata
for the July 2017 flood in Payson, Arizona (USA), in which nine
people died. A fire could have influenced the response of the
catchment and the formation of the wood-laden flow. (4) A
jokulhlaup or a glacial lake outburst flood (GLOF), causing sub-
stantial bank erosion and wood recruitment or supply along its
route (Oswald and Wohl, 2008), although none of the sites
where the videos were recorded are glaciated. (5) In high-
elevation (alpine) regions another possible input process are
snow avalanches (both wet and powder snow avalanches) as
they can significantly damage the forest (Feistl et al., 2015)
and deliver wood to streams (Benda et al., 2003). (6) Lahars
or flows developed during or after volcanic eruptions may de-
liver large quantities of wood as well, such as occurred at
Mount St Helens in Washington, USA or Chaitén Volcano in
Chile (Lisle, 1995; Swanson and Major, 2005; Swanson et al.,
2013; Ulloa et al., 2015). But, none of the studied sites are
located near volcanos. (7) Tsunami waves can erode, transport
and deposit significant amounts of sediments (Goto et al.,
2007; Paris et al., 2010) and could also transport large amounts
of wood.

The presence of a narrow section upstream from the video
sites in the main channel was observed in several cases, espe-
cially in the events from the United States and Switzerland,

Figure 8. Wood-laden flow (WLF) deposits (A-C) and wood levees left by WLF (B) along the Roaring River (Rocky Mountain National Park, USA),
probably deposited during an outburst flood in 1982. Deposits are placed more than 10 m above the contemporary channel. Pictures: Ellen Wohl.

[Colour figure can be viewed at wileyonlinelibrary.com]
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where a gorge or narrow reach has been identified upstream
from where the videos were recorded. In this morphological
configuration wood might be retained during other high flows
because of a backwater effect, and with a high enough flood
magnitude and fast rising limb on the flood hydrograph this
wood might be suddenly released during subsequent floods.
However, the exact mechanism of the formation of the WLFs
analysed in this study would require further research. In gen-
eral, each of these potential triggering scenarios requires a sub-
stantial amount of wood within the channel (i.e. high wood
loading) that can be abruptly mobilized by rapidly rising flood
waters. In the absence of an abrupt increase in stage or dis-
charge, congested wood flow may form (Kramer and Wohl,
2014), but probably not hypercongested wood flow.

The spatial and temporal scales of wood recruitment to the
channel and transport downstream depend on flood variations,
the forest cover, and the channel and wood characteristics
(Kramer and Wohl, 2014; Steeb et al., 2017). However, due
to local and/or regional variability of these variables, how and
where wood comes from during an extreme event remain
largely unknown. Although recruitment processes such as bank
erosion can be directly observed and quantified, it is not so
easy to determine the frequency and magnitude of infrequent
events (Hassan et al.,, 2005). In a large river, Piégay et al.
(2017) observed that wood is not necessarily transported di-
rectly from its recruitment sites. Kramer et al. (2017) argued that
wood transport is strongly related to the amount of wood in
storage from antecedent floods because past events can change
the position of wood along the river corridor, yielding a wood
load more available to be transported during infrequent events.

Still, predicting the development and propagation of WLFs is
very challenging. For these reasons, WLFs should be monitored
more closely to understand whether there is a consistent recur-
rence interval or whether they are unpredictable, as commonly
supposed.

Implications for hazards and river management

Over the last few decades, forest cover has generally increased
in many regions (Nakamura et al., 2017) because of wide-
spread abandonment of agricultural surfaces and changes in
farming practices. A natural increase in wood supply and en-
trainment to rivers can be expected in the near future and, to-
gether with wood augmentation for river restoration (Roni
etal., 2014), may result in more frequent and widely distributed
WLF. Therefore, river managers may need to deal with these
processes more often, and the work described here may pro-
vide a basic understanding of WLF characteristics required to
design clear management strategies.

WLFs might be powerful agents of morphodynamic change in
river corridors and can pose grave hazards to people and prop-
erty, as evidenced by past events in which the transport of wood
during floods and debris flows enhanced the negative conse-
quences of such events (Ruiz-Villanueva et al., 2013, 2014b;
Comiti et al., 2016; Ravazzolo et al., 2017; Steeb et al., 2017).

River and flood hazard management needs to know whether
a river has the capacity to form and propagate WLFs, and
thereby cause hazards (Figure S5) and potential impacts on
the ecosystem (Swanson et al., 1998). In the case of WLFs,
wood transport rate or capacity can be defined as the amount
of wood that can be moved through a given width of flow in
a given time (similar to sediment capacity; Wainwright et al.,
2015). The estimation of this rate is very challenging and after
decades of studying debris flows and sediment transport, differ-
ent equations still provide different bedload-transport rates un-
der the same hydraulic and morphological conditions (Barry

© 2019 John Wiley & Sons, Ltd.

et al., 2008). Different approaches have been used to identify
wood source areas and to estimate supplied wood volume
(Mazzorana et al., 2009; Rigon et al., 2012; Ruiz-Villanueva
et al., 2014c), but investigation is still needed to predict wood
transport capacity and wood transport rates.

Few integral flood risk management strategies explicitly con-
sider organic load (Sabo Department, 2000; Mazzorana et al.,
2009; Wohl et al., 2016), and the effectiveness of risk mitiga-
tion critically depends on process understanding (Mazzorana
et al., 2017). Results shown here might be very useful for the
design of retention structures, such as racks, nets or retention
basins (Piton and Recking, 2015; Hashimoto et al., 2016; Lewis
and Park, 2018), which should be designed considering the
flow types illustrated in Figure 6. However, a sound flood risk
assessment should be holistic and catchment-based, such as
so-called natural flood management (NFM; Lane et al., 2017)
that includes non-structural measures. Thus, we call for a sys-
tematic monitoring of WLFs worldwide. Pioneering work in
monitoring wood transport (MacVicar et al., 2009; MacVicar
and Piégay, 2012; Kramer and Wohl, 2014;Benacchio et al.,
2017) proved that time lapse photography and video cameras
provide useful information, as shown also in this study.

Conclusions

We described and characterized WLFs, a commonly
overlooked phenomenon that has rarely been analysed. Here,
we better define and characterize wood transport regimes, key
WLF variables, such as velocity or relationship with water dis-
charge, and the catchments and streams where they may form
and propagate. We proposed novel conceptual models to better
integrate wood into our understanding of flow phenomena and
attempted to model WLFs using single-phase flow modelling
approaches. Our work opens doors to researchers, managers
and stakeholders to investigate the dynamics, triggering and
propagation of WLFs. Therefore, we encourage the develop-
ment of monitoring techniques, flume and field experiments to
develop and validate numerical models that contribute to a bet-
ter understanding of flows in general and eventually to better
management and assessment of socio-economic and environ-
mental impacts triggered by these processes.
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Supporting Information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Table S1: Details of the movies analysed in this work (shown in
Figure 1): Video name, link to website, publishers, flood date,
country, river name, region and exact location.

Table S2: Metrics and variables (as explained in Table 1) ex-
tracted from each video (A-X as shown in Figure 1). X:
extracted.

Figure S1: (A-B) Images from the videos recorded in the Zulg
river (Switzerland) during the floods in 2012 (A) and 2016 (B)
showing the ground control points taken in the field using a
DGPS and wused for flow velocity, river metrics,
orthorectification and wood rate estimations; (C) Image from
the Zulg river during the flood in 2012 showing the measure-
ments of log sizes using the software Image).

Figure S2: Metrics of catchments and streams were videos were
recorded: A: drainage area; B: longitudinal channel gradient; C:
bankfull width; D: bankfull height; E: elevation; F: forested area
(percentage) for all flows, flows showing dry front and flows not
showing dry front (see Figure 4 and explanation in the text
about dry and no dry front).

Figure S3: Observed data and modelling results of WLF front
depth and position for the Kellick Creek (A) input data extracted
from the video, using two frames and measuring flow depth at
different points; (B) initial and final flow depth estimated from
the videos and results using different values of the simplified
Bingham model; (C) manning roughness coefficient and (D)
Voellmy model. Red line shows the results with Kp<1.

© 2019 John Wiley & Sons, Ltd.

Figure S4: Model results of WLF front velocity for the Kellick
Creek using the (A) simplified Bingham model; (B) manning
roughness coefficient and (C) Voellmy model. Red line shows
the results with Kp<1.

Figure S5: Observed data and modelling results of WLF front
depth and position for the North Creek (A) input data extracted
from the video, using two frames and measuring flow depth at
different points; (B) initial and final flow depth estimated from
the videos and results using different values of the simplified
Bingham model; (C) manning roughness coefficient and (D)
Voellmy model. Red line shows the results with Kp<1.

Figure S6: Model results of WLF front velocity for the North
Creek using the (A) simplified Bingham model; (B) manning
roughness coefficient and (C) Voellmy model. Red line shows
the results with Kp<1.

Figure S7: Observed data and modelling results of WLF front
depth and position for the Pocuro stream (A) input data extracted
from the video, using two frames and measuring flow depth at
different points; (B) initial and final flow depth estimated from
the videos and results using different values of the simplified
Bingham model; (C) manning roughness coefficient and (D)
Voellmy model. Red line shows the results with Kp<1.

Figure S8: Model results of WLF front velocity for the Pocuro
stream using the (A) simplified Bingham model; (B) manning
roughness coefficient and (C) Voellmy model. Red line shows
the results with Kp<1.

Movie S1. Movie showing some videos analyzed in this work
illustrating the main concepts described in the text.
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