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Abstract The knowledge of large wood (LW) dynamics regarding factors con-
trolling wood transport, preferential depositional sites and the timing and duration
of wood flux, is crucial for the maintenance of a good ecological status of rivers and
for the management of wood-related potential hazards. Besides field surveys,
tracking experiments or physical modelling, numerical models represent an alter-
native and complementary approach to explore LW dynamics, to test hypotheses
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and to run scenarios. We used a 2D numerical model which simulates the transport
of large wood together with flow dynamics. The model is able to predict and
simulate wood transport and deposition, and reproduces interactions between wood,
channel bed, floodplain surface and infrastructures. We applied this model com-
bined with direct field observations to explore main factors controlling large wood
dynamics in the Czarny Dunajec River in Poland. We simulated different types of
logs under different flood magnitude scenarios (steady and unsteady flow condi-
tions) to analyse wood transport, deposition and remobilization in two contrasting
river morphologies. We summarized in this chapter the main outcomes from this
work. Results illustrate that a wide range of quantitative information about LW
transport and deposition can be obtained from the use of numerical modelling
together with the proper assessment of inlet and boundary conditions and validation
based on field data.

Keywords In-stream wood � Woody debris � Large wood dynamics � Iber-wood
2D model � Poland

1 Introduction

In forested mountain streams, the interaction between riparian vegetation and
geomorphic processes is amplified by high stream power, high sediment transport
rates and abundant wood delivery to the channels (Badoux et al. 2015; Rickenmann
et al. 2015). Besides other parameters influencing wood distribution along the
channels (e.g., recruitment processes, forest stand and age or forest and river
management), geomorphology is a major control on the transport and distribution
of large wood in rivers (Wohl and Cadol 2011). In addition, wood dynamics is also
controlled by flow patterns (Gurnell 2012). Flood frequency and magnitude are
significant factors influencing the distribution of large wood in rivers (Moulin et al.
2011). However, the knowledge about transport, deposition and remobilization
processes of large wood within fluvial corridors is still limited because of a lack of
accurate field data (MacVicar et al. 2009; MacVicar and Piégay 2012). In spite of
that, researchers have tried to understand the hydraulic conditions at which wood
movement occurs, proposing empirical and conceptual models relating river mor-
phology and hydraulic parameters to the frequency and size of wood (Benda and
Sias 2001), examining the influence of wood on flow resistance (Wilcox and Wohl
2006; Allen and Smith 2012), or running physical modelling experiments
(Braudrick and Grant 2000, 2001; Bocchiola et al. 2002; Haga et al. 2002;
Schmocker and Hager 2011; Welber et al. 2013; Bertoldi et al. 2014). These studies
have demonstrated that wood transport may be more complicated than sediment
transport (Wohl and Cadol 2011; MacVicar and Piégay 2012), and therefore more
knowledge is still needed.

A variety of techniques have been employed to measure wood retention: detailed
mapping of the locations of wood pieces (Elosegi et al. 1999), remote sensing
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(Lassettre et al. 2008; Bertoldi et al. 2013), wood tagging and tracking (MacVicar
et al. 2009) and physical experiments (Bertoldi et al. 2014). This chapter shows
another approach to analysing wood dynamics by combining numerical modelling
and field measurements. A wide range of quantitative information about wood
transport and deposition can be obtained from the use of numerical modelling
together with the proper assessment of boundary conditions and validation based on
field data (Ruiz-Villanueva et al. 2016a, b, c). In this work we combine the
numerical simulation of wood transport and deposition with field observations to
analyse wood dynamics along the mountainous Czarny Dunajec River in southern
Poland. This river has been studied in detail in regard to wood storage, which gives
an excellent opportunity to verify and compare field observations and modelling
results. As numerical modelling was run here in a multi-run mode, the results can be
analysed in a probabilistic manner. This chapter summarizes main outcomes from
the combination of numerical modelling with information obtained from field
surveys and tracking of wood in the river. The goals were to determine main factors
controlling wood transport, depositional patterns of large wood that may result from
the occurrence of floods of different magnitude, and the impacts of flood sequencing
as well as to analyse relationships with flow regime and discharge.

2 Study Site: The Czarny Dunajec River

The Czarny Dunajec (Fig. 1) is a gravel-bed river mostly draining the Inner
Western Carpathians; it originates at about 1500 m a.s.l. in the high-mountain Tatra
massif, with the highest peak in the catchment at 2176 m a.s.l. Hydrological regime
of the river is determined by the high-mountain part of the catchment and is typified
by low winter flows and floods occurring between May and August as a result of
prolonged frontal rains, sometimes superimposed on snow-melt runoff. Mean
annual discharge of the river is 4.4 m3 s−1 at Koniówka, in the middle course of the
river (catchment area of 134 km2) and 8.8 m3 s−1 at Nowy Targ (432 km2), close to
the confluence of the Czarny Dunajec and the Biały Dunajec rivers.

As a result of spatially variable human impacts over the past few decades
(Zawiejska and Wyżga 2010), the river varies highly in width and morphology.
This allows distinction of two different reaches: a single-thread, partially chan-
nelized reach 1 and an unmanaged, multi-thread reach 2 (Fig. 1). The total length of
the study reaches is 5.5 km. In reach 1 the river has relatively small, uniform width,
and a few drop structures reduce slope locally. One or both channel banks are
reinforced with gabions or rip rap. In reach 2 the width of the active river zone
amounts to 116 m on average, but it varies considerably from 60 m at the upstream
end of the reach, where islands are small and scarce, to about 180 m near its
downstream end where islands consequently become more important (Mikuś et al.
2013). The substantial differences in river width between the reaches are reflected in
markedly different unit stream power of flood flows and in higher average flow
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depth in the narrower reach 1. Moreover, the differences in channel management
and river morphology underlie differences in the intensity of LW recruitment and
the availability of LW retention sites between the reaches (Wyżga and Zawiejska
2005, 2010).

The river banks in both reaches as well as the forested islands in reach 2 are
overgrown with forest stands composed of alder and willow species, with pre-
dominating young, shrubby forms of Alnus incana, Salix eleagnos, S. purpurea and
S. fragilis, less frequent stands of older A. incana trees and occasional S. alba trees
(Mikuś et al. 2013). With riparian tree height reaching 18 m, the study reaches
represent large channels with respect to in-stream wood (Wyżga et al. 2015;
cf. Gurnell et al. 2002; Wohl 2013).

Fig. 1 Location of the Czarny Dunajec River (in red) and the location and appearance of the
study reaches. Flow direction in the photos is towards the camera for reach 1 and out of the camera
for reach 2
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3 Methods

The wood transport module of 2D hydrodynamic model Iber has been tested in real
rivers in previous works (Ruiz-Villanueva et al. 2014a, b), and thus only a brief
description is provided here.

Wood incipient motion is considered performing a balance of forces (i.e. the
gravitational force acting in a downstream direction; the friction force in the
direction opposite to flow; and the drag force, also acting in the flow direction)
acting on each single piece of wood (assuming logs as cylinders). Some of the
parameters involved in the governing equations are: wood density, angle of the log
relative to flow, log length, log diameter, friction coefficient between the wood and
the river bed and the drag coefficient of the wood in water. The method couples the
flow variables calculated with the hydrodynamic module to update the position and
velocity of the wood logs at every time step. The movement of logs includes two
possible transport mechanisms (i.e. floating or sliding) based on wood density; and
both translation and rotation, the latter reflecting the fact that one end of a piece of
wood is moving faster than the other end (based on flow velocity field). Interactions
between logs and the channel configuration and among logs themselves are also
taken into account in the model. The influence of wood on hydrodynamics can be,
in general terms, expressed as a reduction of the average velocity and local ele-
vation of the water surface profile (Gippel 1995); it is solved in the model similarly
to the effect of roughness—by including an additional shear stress term in the 2D
Saint Venant equations. Therefore, flow conditions exert an influence on the logs
but also the presence of logs affects the flow. In order to incorporate wood transport
into the model, initial wood and boundary conditions need to be established.

The model works with a non-structured mesh of elements which may have 3 or 4
sides. To obtain this non-structured mesh, the detailed geometry of the entire reach
was produced with available digital elevation models (DEM) and a topographical
survey aimed at improving the DEM in those sections where its accuracy was
insufficient (i.e. critical sections such as bridges, dikes or bends). As a result, we
obtained detailed (1 m spatial accuracy) geometry of the studied reaches.

Data from the Koniówka stream gauging station was used to characterise the
inlet flow. This station is located 6.2 km upstream of the study reaches. Data was
used first for the calculation of flood discharges of a given probability/recurrence
interval (for running different inlet discharge scenarios) before the available rating
curve was used for roughness (Manning’s n) calibration. Roughness coefficient was
obtained from the delineation, both in the channel and the flooding areas, of
homogeneous land units in terms of their roughness (roughness homogeneous units;
RHU) and by using in situ measurements of bed material size in selected channel
transects (Wyżga et al. 2012, Zawiejska et al. 2015). Each RHU delimited in the
field was digitized in ArcGIS and assigned a possible range of roughness values,
following the criteria of Chow (1959) and applying different empirical equations
(Meyer-Peter and Müller 1948; Bray 1979; Strickler 1923) in transects. Different
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discharge ranges were run to calibrate the obtained values of Manning roughness
coefficient for high and low flows and to estimate assumed errors.

Wood characteristics used in the simulations were based on the riparian vege-
tation in the Czarny Dunajec (Table 1). In the model runs, we varied log length
(Lw), log diameter (Dw) and wood density (qw). Wood density was assigned
between 0.4 and 0.7 g cm−3, except for type 1. In order to simulate the lack of
buoyancy for type 1 of wood, we assumed very high wood density (0.85–0.95 g
cm−3). In addition, a sensitivity analysis of this factor was also carried out
(Ruiz-Villanueva et al. 2016c).

Significant floods occurred recently in the Czarny Dunajec River, namely in
2001, 2010, and 2014. Field observations regarding wood transport and deposition
were made after these floods, with published results for the flood of 2001 (Wyżga
and Zawiejska 2005, 2010). The data obtained during these post-flood surveys
allow validation, interpretation and discussion of model results. In addition, during
the most recent flood in May 2014 (peak discharge of 130 m3 s−1 with a 20-year
recurrence interval at the Koniówka gauging station), 30 logs tagged with radio
transmitters (length: 3 m; diameter: ca. 20 cm) were placed into the river just before
the flood peak. Tracking of these logs allowed further analysis of wood transport
during this relatively high-magnitude flood. The flood magnitude was high enough
for the flow to overtop the reach 1, and activate all low-flow channels and inundate
gravel bars and islands in reach 2.

The analysis of the factors controlling wood transport was based on the transport
ratio. The transport ratio, Tr, is defined as the ratio between the outlet and inlet
number of logs (Tr = pieces transported downstream the studied reach/total inlet
logs) and it is inverse to the wood retention capacity: Rc = deposited logs/inlet logs;
(Tr = 1 − Rc).

4 Results and Discussion

4.1 Large Wood Transport

One of the first aspects we explored was the dependence of wood transport on log
volume. We combined diameters and lengths (always within a reliable range based
on vegetation and wood in the Czarny Dunajec) resulting in different piece volumes,
and simulated them under different flow conditions (different steady discharges). We
observed that the number of pieces in transport (defined here by the transport ratio)
strongly decreased with increasing piece volume (Fig. 2a, b). However, the scatter of
points in Fig. 2 shows that this relationship is not linear but can be better explained
by a power function. A significant relationship (p-value < 0.01) was identified
between the quantities of transported wood and the volume of the pieces in motion.
The scatter in the diagrams is because different discharges resulted in different
transport ratios for the same piece volume. According to our results, the scatter is
higher in reach 1, especially for larger piece volumes (Fig. 2a). In addition, we
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observed that the two reaches also differ in the mean and maximum transport ratios.
The mean transport ratio is lower in reach 2 (the wide, multi-thread channel; mean
transport ratio: 0.26, SD: 0.16) than in reach 1 (the single-thread channel; mean
transport ratio: 0.43, SD: 0.20). The maximum transport ratio in reach 2 is 0.57,
while for reach 1 the highest value is 1, meaning that all input logs are transported
downstream the reach. These values are in the range observed by other researchers.
Cadol and Wohl (2010) reported mobility rates ranging between 0.8 and 0.59 in
tropical headwater streams. Wohl and Goode (2008) found average mobility ranging
from 0.16 to 0.23 in streams in the Rocky Mountains, while Schenk et al. (2014)
reported mobility of 0.41 in a large low-gradient river. Recently Iroumé et al. (2015)
reported ratios of wood mobility up to 0.28 in headwater streams in the Andes.

Moreover, the lower transport capacity of reach 2 is indicated by the fact that
pieces larger than 3 m3 in volume are not mobilized even under very high-flow
conditions, whereas in reach 1 very large pieces (>6 m3) are still in transport
(Fig. 2). The results clearly show that logs of similar dimensions behave differently
in both reaches as a consequence of the differences in channel geometry and
hydrodynamics (flow energy and therefore transport capacity). This was confirmed
during field surveys when a majority of the large wood deposited immediately
downstream of the single-thread channel was observed to be highly disintegrated
and abraded, indicating that the wood pieces were transported long distances
(Wyżga and Zawiejska 2005).

Differences in the transport ratios show differences in the transport capacity
between river reaches with different geomorphic configurations. Braided or wide
multi-thread channels (reach 2) show a higher retention capacity than narrower
single-thread channels (reach 1), as observed and reported by other researchers in
similar fluvial environments. In the Tagliamento River in Italy, wood storage was
observed to differ significantly between different geomorphic configurations
(island-braided and bar-braided reaches; van der Nat et al. 2003; Bertoldi et al.
2013), whereas in the Piave River (Italy), Pecorari (2008) reported higher storage in
braided as compared to wandering reaches. Also during flume experiments the
crucial role of local-scale morphology in wood dispersal was observed (Welber
et al. 2013).

Table 1 Wood characteristics used in the simulations and based on the riparian vegetation in the
Czarny Dunajec

Type of simulated logs Length
(m)

Diameter
(m)

Wood density
(gr cm−3)

1. Large alders (Alnus incana) and mature
willows (Salix eleagnos)

10–18 0.3–0.8 0.85–0.95

2. Very large willows (Salix fragilis and S. alba) 10–15 0.15–0.3 0.4–0.7

3. Young willows (S. purpurea and S. eleagnos)
and alder (A. incana)

3–10 0.1–0.2

4. Branches and small pieces 1–3 0.05–0.1
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Besides the type of wood and river morphology, wood transport is controlled by
hydrodynamics. We observed variation in wood transport ratios for the same type
of logs transported under different flood magnitudes (Fig. 2c, d). The threshold
discharge below which wood transport is negligible is different in each reach. In
reach 1, discharges � 28 m3 s−1 (very frequent floods) have the capacity to
transport wood, while in the multi-thread reach 2 discharges above 45 m3 s−1 are
needed for wood transport. In the narrow reach 1, a flow of 28 m3 s−1 has enough
energy and water depth to mobilize wood, whereas in the much wider reach 2 the
energy and depth of the same flow are not sufficient for wood entrainment. Besides
this, transport ratio increases with discharge in both reaches until it reaches an upper
threshold, and then decreases and/or increases much more slowly (Fig. 2). This
upper threshold is also different for each reach because is related to the bankfull
discharge. For the single-thread reach 1, wood transport ratio increases rapidly with
discharge until the bankfull stage is reached. At floods of higher magnitude, water
begins to inundate the floodplain and a proportion of wood pieces are directed onto
the channel banks where flow is shallow and slow, so that most logs will be
deposited. In reach 2, once all channels are flooded, the flow over the bars and

Fig. 2 Scatter plots and estimated regression relationships between large-wood transport ratio and
piece volume for (a) the single-thread reach 1 and (b) the multi-thread reach 2, and between wood
transport ratio and simulated flood discharges in (c) the single-thread reach 1 and (d) the
multi-thread reach 2. Wood piece diameter is 0.23 m; wood piece length 12.5 m; wood density
0.56 g cm−3
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floodplains will become shallow and slow, so that wood entering these areas cannot
be transported and is deposited. However, a higher discharge is required for such
situation to occur in reach 2. Similar nonlinear relationships between wood trans-
port and discharge were observed in other rivers, such as the Erlenbach and the Ain,
after floods of different magnitude (MacVicar and Piégay 2012; Turowski et al.
2013).

Previous studies demonstrated that the mobility of large wood is a function of
the relation between the length of pieces and channel width (Gurnell 2003). Ratios
of average piece size to channel dimensions (i.e. the ratios of average piece length
to channel width and of average piece diameter to flow depth), may be used to
characterise the likelihood of wood mobility (Lienkaemper and Swanson 1987;
Braudrick and Grant 2001). Differences in geomorphology between the studied
reaches translate to differences in the hydrodynamic context, such as deeper flow,
higher velocity, and higher stream power in reach 1. These differences allow the
transport of thicker pieces in reach 1, whereas in reach 2 logs with a diameter
similar to water depth are not moved at all (Fig. 3). Figure 3 shows that in reach 2
the slope of the linear relationship between the transport ratio and log diameter is
steeper and, therefore, log diameter plays a more important role in wood transport
than in reach 1 (Fig. 3b, d).

In reach 1, very short pieces (1 m long) are easily transported by the simulated
flood (105 m3 s−1). However, for longer pieces (up to 17 m) the transport ratio
decreases significantly (Fig. 3a). This relationship is not the same for reach 2
(Fig. 3c) where longer pieces (between 8 and 16 m) are more readily transported
than shorter pieces (up to 8 m), whereas for very long logs (from 16 up to 22 m) the
transport ratio is reduced. Longer wood pieces are generally less likely to be
deposited in this reach, although a more detailed inspection of results for this
scenario reveals a more complicated pattern. Shorter pieces (up to 8 m) are more
easily deposited than longer pieces (between 8 and 16 m) as the flow readily
introduces shorter pieces to shallow channel areas, whereas longer pieces, with
greater momentum, tend to be transported along the thalweg. In turn, very long logs
(from 16 m up to 22 m) are also easily deposited in reach 2 as their length facil-
itates their anchoring on the margins of particular braids.

Flume experiments also suggested that for braided rivers the strongest control on
piece stability is wood diameter (Braudrick and Grant 2000; Welber et al. 2013). As
we observed in our study and described by Ruiz-Villanueva et al. (2016c), the main
factor controlling wood transport in the single-thread channel is wood piece
length (Fig. 3a). On the contrary, in the multi-thread reach the main factor con-
trolling wood transport is piece diameter (Fig. 3d).

4.2 Large Wood Deposition

Geomorphic units which are more likely to retain LW within rivers have been
previously reported (Piégay et al. 1999; Gurnell et al. 2000b; Montgomery et al.
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2003). According to our findings, LW is more likely to be deposited along the main
channel, on point bars and in the forested areas adjacent to the main channel during
ordinary floods (>10-year recurrence interval) in single-thread channel configura-
tions. In multi-thread reaches, ordinary floods will tend to deposit LW on bars as
well as vegetated and forested islands (Fig. 4). These preferential sites for LW
deposition were identified based on the probability of deposition computed by the
ensemble of the results from the multi-run model approach. Figure 4 demonstrates
that for each flood scenario and for each river geomorphic configuration, different
values and different spatial distributions were obtained in terms of depositional
probability.

Figure 5 shows that in the case of single-thread reach 1 and for high-frequency
floods, the preferential sites for LW deposition are the main channel, bars and the
forested areas adjacent to the main channel. As flood magnitude increases, the
probability for LW to be deposited in the main channel of reach 1 decreases. LW is
likely to be transported downstream of this reach or to be deposited in the areas
covered by mature forest along the floodplain. During very extreme floods, water

Fig. 3 a, c Relationships between wood transport ratio and the piece length for a the single-thread
reach 1 and c the multi-thread reach 2. The results are shown for the simulation of the 10-year
flood (105 m3 s−1) and wood pieces with mean diameter of 0.2 m but different lengths
(Lw) ranging from 1 to 20 m. b, d Relationships between wood transport ratio and the piece
diameter for b the single-thread reach 1 and d the multi-thread reach 2. The results are shown for
the simulation of the 10-year flood (105 m3 s−1) and wood pieces with mean length of 12.5 m but
different diameters (Dw) ranging from 0.1 to 0.8 m. Wood density is 0.56 g cm−3 in all cases
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Fig. 4 a, b, c Depositional probability values for different RHU: Forest (F), gravelly and sandy
surfaces within the floodplain (G), shrubs (S), meadows/cultivated (C), mature forest (Mf), road
(R), scattered trees (St), gravel bars without vegetation (B), vegetated island (Is), forested island
(Imf), island with shrubs (Ih), low-flow channel (Lfc), floodplain (Fl); and for different flood
scenarios: a frequent floods; b ordinary floods; c very extreme floods. R1 is reach 1 and R2 is
reach 2
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Fig. 5 Maps of wood depositional probability values for different RHU at frequent flood (1.2-year
flood with a peak discharge of 28 m3 s−1) in Reach 1 (a) and Reach 2 (b), at ordinary flood
(10-year flood; 105 m3 s−1) in Reach 1 (c) and Reach 2 (d), and at very extreme flood (80-year
flood; 210 m3 s−1) in Reach 1 (e) and Reach 2 (f). Flow direction is from left to right
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inundates the floodplain and a proportion of wood pieces are directed onto the
channel banks where the flow is slow and shallow.

In the case of the multi-thread reach 2, during frequent floods bars, vegetated
islands, and forested islands are the preferential sites for LW deposition. LW
generally is not deposited on the floodplain during frequent floods. In the case of
ordinary floods, LW is preferentially deposited on forested islands, in mature forest
and crops on the floodplain, and along the margins of braids. During very extreme
floods (Q = 210 m3 s−1), LW is retained far away from the main channel and the
active river zone, in areas covered by meadows and crops as well as mature forest.

Correlation coefficients between LW depositional probability and individual
controlling variables (tested by the Spearman rank correlation test) indicate that LW
depositional probability is related to log dimensions (length and diameter), wood
density, Manning roughness coefficient of depositional sites and flow velocity.
However, only log diameter and surface roughness influence the probability of LW
deposition in both reaches and under different flood conditions. Flow velocity has
an influence on wood deposition only in the case of low flood flows and in reach 1
(Table 2).

The dependence of depositional probability on multiple controlling variables
was verified by means of generalized multiple regression analysis (linear regression
models that allow for variables with non-normal distribution of residuals). The
obtained models explain between 12 and 44 % of the variation in LW depositional

Table 2 Results of the Spearman rank correlation analysis between wood depositional probability
and controlling variables at the sites with LW deposits in reach 1 and reach 2 and for very frequent
and very extreme flood scenarios. After Ruiz-Villanueva et al. (2016a), reproduced with
permission of Wiley.

Flood magnitude Very frequent flood Very extreme flood

Independent variable Spearman correlation
coefficient

p-
value

Spearman correlation
coefficient

p-
value

Reach 1

Wood density (g cm−3) 0.156 0.043 −0.031 0.797

Piece diameter (m) 0.283 0.007 −0.229 0.057

Piece length (m) 0.147 0.057 −0.180 0.137

Manning roughness
coefficient (m1/2 s−1)

0.638 <0.001 −0.219 0.068

Flow velocity (m s−1) * * 0.011 0.927

Reach 2

Wood density (g cm−3) −0.160 0.044 −0.358 <0.001

Piece diameter (m) −0.283 <0.001 −0.458 <0.001

Piece length (m) −0.324 <0.001 −0.488 <0.001

Manning roughness
coefficient (m1/2 s−1)

0.258 0.001 −0.468 <0.001

Flow velocity (m s−1) −0.336 <0.001 0.088 0.380

Negative correlation is highlighted in italics. Water depth was not included among the independent
variables because similar to flow velocity*, water depth equalled zero at most deposition locations
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probability, and point to the decisive role of either log length or log diameter, and
surface roughness. At the same time, however, we observe that the direction of the
relationship differs between low- and high-magnitude floods. For low flood flows,
depositional probability is higher in the areas with higher roughness within the
flooded area. In the case of very extreme floods in reach 1, the LW depositional
probability is negatively related to both Manning coefficient and log diameter. The
depositional probability is thus higher in the areas with low surface roughness. The
negative relation between depositional probability and log diameter can be
explained by the fact that with the mean length of simulated pieces at 12.5 m, even
thin logs can interact easily with and be anchored on the margins of the narrow,
single-thread channel. By contrast, in the case of shorter pieces, interactions with
the channel margins are less likely and the ratio between log diameter and water
depth is high enough to allow their downstream transport, even if the logs have
large diameters.

In the case of low flood flows (Q = 28 m3 s−1) in multi-thread reach 2, the
variation of depositional probability was also higher in the areas with higher
roughness within the flooded area; however, a much lower proportion of the total
variance can be explained by this variable.

In the scenario describing a very extreme flood (Q = 210 m3 s−1) in reach 2, the
variation in depositional probability is negatively related to surface roughness. This
observation again reflects the fact that at the extreme discharge LW is mostly
deposited in the areas with lower values of roughness coefficient (i.e. on the
floodplain). With equal roughness of depositional surfaces, logs of larger diameter
are less likely to be deposited in the reach. This may reflect the fact that thicker logs
tend to be transported by the flow along deeper areas with the faster current as a
result of their greater momentum.

Therefore, not only roughness controls wood deposition. There has been little
information in the literature on the elevation at which LW is deposited in rivers
(Gurnell et al. 2000a; Bertoldi et al. 2013). Based on the results of the model runs,
we indicate that the relative elevation of LW deposits differs between floods of
different magnitude and we also show that LW is not always deposited in those
geomorphic units where the highest roughness values occur (as it occurs at
low-magnitude floods). We tested the relative elevation of LW depositional sites
with respect to (i) the low-flow water surface and (ii) the lower river bank. These
relative elevations were analyzed for each reach and for different peak discharges
(Ruiz-Villanueva et al. 2016a). For all flood magnitudes, the average elevation of
LW deposits above the low-flow water surface is higher in the single-thread reach 1
(with its narrow and deep channel) than in the multi-thread reach 2 (with its wide
and shallower channel). In both reaches, the relative elevation of LW deposits
changes significantly with changing flood magnitude. In a similar way, elevation of
LW deposits relative to the lower river bank also depends significantly on flood
magnitude. However, if the relative elevation of LW deposits is considered, dif-
ferences between the two reaches apparently increase with increasing flood mag-
nitude, but become statistically significant once a certain flood magnitude is
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attained. Overall, these results demonstrate that LW deposition is strongly con-
trolled by water depth (Ruiz-Villanueva et al. 2016a).

4.3 Large Wood Remobilization

In the previous sections we assumed that wood was entering the studied reaches
from upstream, but previously deposited wood can be mobilized during subsequent
floods (Haga et al. 2002; Wohl and Goode 2008). As observed by MacVicar and
Piégay (2012), two consecutive floods with similar peak discharges and volumes
mobilized different quantities of wood; as a result of antecedent flood effects, the
second flood transported significantly less wood. We analysed wood remobilization
using the output from a simulated flood (i.e., the resultant spatial distribution of
wood) as an input for the next flood scenario without the supply of wood recruited
from upstream. Results of these runs showed that the number of remobilized wood
pieces is smaller in reach 1 than in reach 2 (Fig. 6) and remobilized logs travelled
larger distance in reach 1 than in reach 2 (Fig.7).

One of the reasons for the greater ratio of wood remobilization from reach 2 was
the magnitude of the preceding flood—consequently; in this reach the flood
deposited wood pieces mostly within the active river zone. If the previous flood was
greater, more pieces might be deposited on the floodplain in reach 2 and the
disparity in wood remobilization ratio between the reaches might be reduced,
eliminated, or maybe reversed, depending on the magnitude of the antecedent flood.
We thus emphasize the importance of the magnitude of the preceding flood in
predisposing the potential of deposited wood for remobilization during a subse-
quent flood.

4.4 Large Wood Dynamics Under Unsteady Flow
Conditions

A significant feature of wood dynamics is its temporal dimension, and it is repre-
sented by simulating the entire flood hydrograph (i.e., unsteady flows). To design
the hydrographs, we used the Dimensionless Unit Hydrograph method of the Soil
Conservation Service (SCS 1972). This method uses the ratio between the dis-
charge at one time step and the peak discharge (Q � Qp−1) and the ratio between
time and the time to peak (t � tp−1) to build the final hydrograph. Subsequently we
modified the resultant common hydrographs (i.e. the hydrographs with the most
common shape in the river) to obtain flashy and flattened flood waves with the same
flow volume. We defined the common flood scenario (Q � Qp−1 = 1 and t �
tp−1 = 1) where the flood peak is reached 5 h after the beginning of the flood wave,
and the total flood duration equals 25 h. In the flattened flood wave scenario (Q �
Qp−1 = 0.5 and t � tp−1 = 2), floods have a total duration of 35 h and the peak is
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Fig. 6 Logs stored at the initial flood (Q = 105 m3 s−1; white dots) and final flood (Q = 210 m3 s−1;
black dots) in reach 1 (a) and reach 2 (b). Flooded area of final flood is mapped in blue
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reached after 10 h, whereas in the flashy flood scenario (Q � Qp−1 = 1.5 and t �
tp−1 = 0.5) floods last for 17 h and the peak is passing after 3 h. In all scenarios, the
shape of the hydrographs reflects the shape of flood waves occurring in the river,
with a rising limb being steeper than the falling limb. In this set of modelling tests,
we also analysed wood remobilization, using the result of the simulated discharge
of 28 m3 � s−1 (1.2-year flood) as an initial condition. Therefore, we assumed that
wood recruitment is not occurring upstream from the study reaches or laterally (due
to bank erosion), but that only the initially deposited wood is being remobilized.

Results of the simulated hydrographs showed that large wood is transported
downstream during the rise of the hydrograph, and we observed a time lag between
the beginning of the flood and wood motion (Fig. 8). The peak of the wood flux is
systematically reached before the flood peak in all scenarios and in both reaches
(Fig. 8 shows just three cases). This observation is in agreement with Schenk et al.
(2014) who state that most wood is mobilized at the very beginning of the flood in
the Roanoke River. This result was confirmed by Ravazzolo et al. (2015) who, in
addition, observed that most of their tagged logs in the Tagliamento River were
deposited right at the flood peak.

Our findings also confirmed that wood transport decreases near or slightly after
hydrograph peaks. This suggests that the mobilization of in-stream wood is likely
negligible during the falling limb of the hydrograph as wood has already been
subject to the same or larger discharges during the flood rise. All these observations
might be of great interest to manage potential wood-related hazards during floods.

Common and flashy hydrographs with higher peak discharges mobilized more
logs than the equivalent flattened floods. A 5-year flood with the common hydro-
graph shape and the flattened equivalent of a 25-year flood have similar peak
discharges (78 m3 � s−1 and 73 m3 � s−1, respectively) but a slightly higher per-
centage of mobilized wood is associated with the latter, despite its slightly lower
peak discharge. On the other hand, a 25-year flood with a common hydrograph is

Fig. 7 Distribution of travelled distance (i.e. distances between the locations of remobilization
and deposition of the remobilized logs, including those which exited the modelling domain) for
Reach 1 (a) and Reach 2 (b)
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able to transport a smaller number of pieces downstream from the reaches than the
flashy equivalent of the 5-year flood, even though the former has a higher peak
discharge. Therefore, the hydrograph shape and the duration of the flood also
significantly influence the mobilization of in-stream wood and its duration.

While the number of mobilized logs was positively related to flow peak, the
length of wood mobilization period is negatively related to peak discharge, but
positively to the duration of the flood, particularly to the time to peak. As we
observed when we simulated large wood transport under steady-flow conditions,

Fig. 8 Flood hydrographs
(black solid lines) and
temporal variation in the
mobilization of initial wood
pieces (in %) in reach 1 (R1;
dashed grey lines) and reach 2
(R2; solid grey lines)
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the relationships between wood transport and the time to peak and between wood
transport and the peak discharge of the flood are not linear (Ruiz-Villanueva et al.
2016b). The highest wood flux occurs during flashy floods which generally have
higher peak discharges, and the lowest flux is associated with the equivalent flat-
tened flood scenarios (Fig. 9). The common hydrograph scenarios represent an
intermediate situation (Fig. 9).

The transport of wood commences during the rising limb and ceases before the
peak of the flood wave in the flash flood scenario, whereas it extends into an early
phase of flood recession in both reaches in the flattened flood scenario (Fig. 9).
Here, the largest pieces are moved during the flood peak, whereas in the case of the
flash flood with a higher discharge, the largest pieces are already transported before
the peak (Fig. 9). When both reaches are compared, we observe that floods in reach
2 move pieces of smaller sizes than in reach 1. This is because of differences in
water depth and flow velocity between the reaches.

Wood transport in rivers is a nonlinear process, and the relation between the
proportion of mobilized wood and discharge during (simulated) floods is complex
(Ruiz-Villanueva et al. 2016b). In-stream wood starts to move as soon as a certain
discharge is reached, and in the case of previously deposited wood, this threshold is
clearly related to the magnitude of the antecedent flood. In both cases, the number

Fig. 9 Flood hydrographs
(grey line) and the length of
mobilized wood pieces (black
histogram) in reach 1 during
the flashy (a) and flattened
(b) equivalents of the 25-year
flood
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of mobilized pieces increases with increasing discharge until the maximum amount
of transported wood is reached. After this point, and even if discharge is still
increasing, the number of wood pieces in motion will decrease and eventually the
motion will cease completely. We attribute this phenomenon to the hysteresis
(Ruiz-Villanueva et al. 2016b) in mobilization of wood pieces with discharge as
previously proposed by Marcus et al. (2011) and MacVicar and Piégay (2012).

5 Concluding Remarks

The results of this study help to understand the complex relationships between
floods and wood motion, despite the fact that several relevant processes that occur
at the field scale—such as sediment transport and bank erosion—could not be
considered in the modelling approach. Moreover, still only very limited information
is available on the actual mechanics of wood recruitment and transport within
streams, such that we still do not know how the timing of individual tree fall, mass
recruitment, jam formation or jam breakup will correspond to flow hydrographs
(Wohl et al. 2011). Despite these limitations and possible shortcomings, we remain
convinced that the results from this study can be generalized and therefore
extrapolated to other rivers with similar characteristics.

After decades of modelling sediment transport the knowledge is far from
complete, so there is still a long way to travel and several challenges to be met to
fully understand wood transport, even more for combining both processes. Recent
advances in computer technology have increased our capabilities for developing
more detailed, computationally intensive models. Similarly, advances in GIS
technologies and field-measurement equipment and techniques have provided
extensive and highly accurate data, and allowed for modelling, analysis, and
monitoring of wood transport over various spatial and temporal scales. An inte-
grated framework, combining several of those techniques would help improve the
theoretical and numerical models of wood transport and allow for performing more
extensive testing and validation of these models. Thus, it would allow for com-
prehensive understanding of the transport processes, their influence on hydrody-
namics and geomorphology and the spatial and temporal environmental variability.

The knowledge of wood dynamics and the outcomes regarding timing and
duration of wood load transport and the influence of flood hydrograph presented in
this paper are crucial for developing adaptive management of the potential hazards
of LW to human communities and infrastructure, both in the Czarny Dunajec valley
(cf. Kundzewicz et al. 2014) and elsewhere.
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