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Abstract

Bedload transport is a fundamental process by which coarse sediment is transferred

through landscapes by river networks and may be well described stochastically by

distributions of grain step length and rest time obtained through tracer studies. To

date, none of these published tracer studies have specifically investigated the influ-

ence of large wood in the river channel on sediment transport dynamics, limiting the

applicability of stochastic sediment transport models in these settings. Large wood is

a major component of many forested rivers and is increasing due to anthropogenic

‘Natural Flood Management’ (NFM) practices. This study aims to investigate and

model the influence of large wood on grain-scale bedload transport.

We tagged 957 cobble to pebble sized particles (D50 = 73 mm) and 28 pieces of

large wood (> 1 m in length) with radio frequency identification (RFID) tracers in an

alpine mountain stream. We monitored the transport distance of tracers annually

over 3 years, building distributions of tracer transport distances with which to com-

pare with published distributions from wood free settings. We also applied linear

mixed modelling (LMM), to tease out the influence of wood from other controls on

likelihood of entrainment, deposition, and the transport distances of sediments.

Tracer sediments accumulated both upstream and downstream of large wood pieces,

with LMM analysis confirming a reduction in the probability of entrainment of tracers

closer to wood in all 3 years. Upon remobilization, tracers entrained from positions

closer to large wood had shorter subsequent transport distances in each year. In

2019, large wood also had a trapping effect, significantly reducing the transport dis-

tances of tracer particles entrained from upstream, that is forcing premature deposi-

tion of tracers. This study demonstrates the role of large wood in influencing bedload

transport in alpine stream environments, with implications for both natural and

anthropogenic addition of wood debris in fluvial environments.
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1 | INTRODUCTION

Large wood (defined as pieces > 1 m length and 0.1 m diameter, Wohl

et al., 2010), is a major component of many forested rivers and can

increase following disturbances such as wildfire (Bendix &

Cowell, 2010), insect infestations (Ryan et al., 2014), mass

movements, bank erosion (Steeb et al., 2017), and the anthropogenic

addition of wood as part of Natural Flood Management (NFM)

(Grabowski et al., 2019). The latter has seen an increase in popularity

to help regulate flow regimes, alter sediment dynamics, and support

habitats (e.g., Dadson et al., 2017; Gippel et al., 1996; Klaar

et al., 2011; Langford et al., 2012). The presence of wood in a fluvial
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system has a major influence on sediment storage with Wohl and

Scott (2017) finding a greater residual pool volume associated with

increasing large wood loads. Large wood has also been observed to

reduce overall sediment transport rates (Montgomery et al., 2003),

significantly altering the geomorphological characteristics of streams

through the formation of log steps (Ryan et al., 2014), in addition to

strengthening channel-hillslope coupling (Golly et al., 2019) and

adding geomorphic complexity to streams. However, there has been a

lack of research into the influence of large wood on stochastic grain-

scale sediment transport, which is fundamental for understanding and

modelling the dispersion of sediment pulses through the fluvial

system.

Pulses of sediment may enter fluvial systems through a range of

anthropogenic processes, including mining (Ferguson et al., 2015;

Pickup et al., 1983), dam removal (East et al., 2015), and road runoff

(Lane & Sheridan, 2002), in addition to natural processes, including

logjam break up (Umazano & Melchor, 2020), landsliding (Sutherland

et al., 2002) and cyclic erosion of bedforms (Dhont & Ancey, 2018).

These pulses have a range of impacts on the fluvial system as they dis-

perse or translate downstream. They can cause changes in channel

capacity, with impacts on flood hazard (e.g., Slater et al., 2015) and

risk to people who live near or depend on fluvial environments. Fur-

thermore, understanding both the dispersion of pulses of sediment

and individual grain transport is essential for the progression of engi-

neering approaches and fluvial research in a range of applications,

including contaminant transportation (Malmon, 2005; Reneau

et al., 2004), fluvial sediment budgets (Kelsey et al., 1987; Malmon

et al., 2003) and restoration of rivers (Gaeuman et al., 2017;

Kinzel, 2009; Sear, 1994).

The dispersion of a pulse of sediment can be modelled using a

stochastic approach in which bedload transport is described and mod-

elled probabilistically, in recognition that bedload transport is charac-

terized by cyclic sequences of particle motion and rest (e.g., Ancey

et al., 2008; Lajeunesse et al., 2018). Individual grain transport was ini-

tially recognized to be intermittent and probabilistic by Einstein

(1937), with the development of a probability function and a transport

rate equation in which bedload transport occurs in a series of steps

resulting from the turbulent fluctuations caused when hydrodynamic

lift forces are greater than a particle’s weight. Consequently, the

transport of coarse-grained sediments is not continuous, with parti-

cles predominantly remaining at rest, even when fluid stress is above

the threshold of movement.

Numerous tracer studies have characterized the stochastic behav-

iour of bedload transport by measuring distributions of grain step

lengths and rest times of tracer particles (e.g., Ancey &

Bohorquez, 2018; Ancey et al., 2014; Bradley & Tucker, 2012;

Olinde & Johnson, 2015). Different methodologies of tracers include

the painting of rocks, radio transmitters, and the use of magnetic

clasts (e.g., Ferguson & Wathen, 1998; Hassan et al., 1991;

Keller, 1970; Laronne & Carson, 1976). These methods have limita-

tions including difficulties recognizing individual clasts, loss of sedi-

ments due to burial, and anthropogenic interference. Tracer

experiments have become progressively more sophisticated over the

last 50 years, with radio frequency identification (RFID) tracer tech-

nology becoming the most favoured technique (Cassel et al., 2020;

Hassan & Ergenzinger, 2003; MacVicar & Papangelakis, 2022;

Sear et al., 2003).

Previous studies evaluating bedload sediment transport and its

dispersion characteristics with tracers of various kinds have found

step length frequency distributions to most closely fit an exponential

or gamma distribution (e.g., Bradley & Tucker, 2012; Habersack, 2001;

McNamara & Borden, 2004), where the majority of particles

have small step lengths and progressively fewer have longer displace-

ment distances. Additionally, the diffusion of bedload sediments

is determined by the tail character of the exceedance probability plots,

and are typically seen to be heavy or thin, which is indicative of anom-

alous diffusion (e.g., Bradley, 2017; Olinde & Johnson, 2015). This

type of diffusion is determined by the probability distributions of the

step scaling, step lengths, and resting times. Where distributions, in

combination, control the migration of particles, and the variance of

displacement increases more rapidly or slowly with time than in non-

linear diffusion and is therefore anomalous rather than Fickian (Martin

et al., 2012). This can be expressed by σ2 � tγ, with γ > 1 and γ < 1

representing superdiffusion and subdiffusion, respectively (Weeks &

Swinney, 1998). A detailed explanation of the dispersion characteris-

tics of bedload is found within Nikora et al. (2002), which covers parti-

cles in motion through sliding, rolling, and saltation but not total

suspension.

In environments with high wood loading, the influence of large

wood pieces on rock step lengths, rest times, and subsequent disper-

sion characteristics is currently unknown, limiting the applicability of

stochastic sediment transport models in these settings. It is theorized

that the presence of large wood increases bed surface roughness

(e.g., Buffington & Montgomery, 1999), subsequently reducing the

shear stress on the riverbed and subsequent sediment transport dis-

tances. Furthermore, geomorphic features formed due to woods pres-

ence, such as scour pool structures, can increase particle burial rates

(e.g., Wohl & Scott, 2017) in addition to wood physically blocking sed-

iment movement.

In this study, we aimed to evaluate the impact of large wood on

grain-scale stochastic bedload transport dynamics. We undertook a

sediment tracer study at a wood-loaded reach using passive RFID tags

embedded in individual clasts to quantify sediment transport dis-

tances, and investigate their distribution over a 3-year period with

respect to wood loading, allowing comparison with previous studies in

wood-free fluvial settings (e.g., Bradley, 2017).

Additionally, we applied linear mixed modelling (LMM) to tease

out the influence of wood on sediment transport dynamics from the

myriad of other controls. This technique is commonly used in ecologi-

cal and biological research to determine the controls on animal behav-

iour (e.g., Dunnink et al., 2019; McDermott Long et al., 2017) and

while this approach is novel in earth sciences, the principle of treating

tracers as individuals within a larger population with varying but simi-

lar influencing variables is analogous to individual animals within a

population of a species in ecological sciences. Specifically, we used

LMM to untangle the influence of wood on the probability of tracer

entrainment, deposition and transport distance, from other controls

including tracer size and location relative to the thalweg, boulders and

steps.

Our findings have implications for predicting bedload sediment

transport and downstream deposition. Additionally, field data will

assist in determining the effectiveness and potential side effects of

introducing engineered log jams in river management schemes

(Bennett et al., 2015), as well as provide information for their
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installation. Finally, we demonstrate the potential of the LMM tech-

nique for tracer studies attempting to untangle the multiple controls

on bedload transport.

2 | STUDY SITE

The study site is St Louis Creek (Figure 1), a gravel bed subalpine

stream characterized primarily by a step pool morphology with small

sections of pool riffle at the upstream segment of the investigated

area. The bed grain size distributions are D16, D50, and D84 of 30, 53,

and 77 mm, respectively. Steps are primarily formed from a combina-

tion of boulders and pieces of wood incorporated into the bed

(Figure 2). The area of the reach investigated is 220 m in length and

has an average slope of 0.046. There are 4 log and 10 boulder steps

present along the study area in addition to small patches of vegetation

and gravel bars. The site is located within the Fraser Experimental

Forest (FEF), Colorado, USA. The FEF is located approximately 80 km

northwest of Denver with an elevation above �2700 m, and is an

experimental area managed by the US Forest Service. Its watershed is

underlain mostly by granite, gneiss, and schist bedrock (Green, 1992).

St Louis Creek is a second order stream, with a flow regime char-

acterized by snowmelt run off, with flow rates generally beginning to

rise during April, typically peaking throughout May, June, and July and

returning to base flow in late summer (Figure 3). Because of this, the

field season surveys took place during late summer, when water levels

are low enough for particle relocation and the winter snows have yet

to begin restricting access to the site.

The site is ideal for studying the influence of large wood on sedi-

ment transportation as it is undergoing an increase in wood loading

due to the death of the majority of the old growth Lodgepole pine

(Pinus contorta), resulting from infestations of the mountain pine bee-

tle (Dendroctonus ponderosae) (Raffa et al., 2008). The site therefore

acts as a natural case study for the impact of wood loading, its influ-

ence on geomorphic change, and sediment transport. Wood at the

site is present in the form of log steps, ramps, bridges, and incorpo-

rated jams (Wohl et al., 2010), with > 75% of surveyed pieces

attached or incorporated into the banks.

The study area is subdivided into two main reaches, distinguished

by morphology and channel slope (Figure 2b). Firstly, the ‘seeded’
reach which covers the area of initial instillation of tracer sediments

(Figure 1b). It extends 35 m downstream streamwise, with channel

widths ranging from 3 to 10 m (average 6.8 m) and has a slope of

0.0328. Morphology here is less complex than further downstream,

with small gravel bars and pool riffle sequences. The channel here is

unconfined. Secondly, the ‘wooded’ reach is downstream of the

seeded reach and has significant wood loading. It extends 185 m

downstream streamwise, with channel widths ranging from 3.2 to

9.7 m (average 5 m) and a slope of 0.0502. Morphology here is more

complex with pools and steps formed from a combination of boulders

and wood pieces (e.g., Figure 1e) with downstream sections of the

reach becoming confined.

F I GU R E 1 Overview of St Louis Creek with: (a) ArcMap spatial representation of study site with final (2019) locations of tracer sediments,
with colour representing cumulative total tracer transport distance since the study began demonstrated by total cobble distance moved, and the
location of large wood pieces that are interacting with bedload transport; (b) original seed locations of tracer sediments in 2016, known as the
‘seeded reach’ (seed locations appearing to overlapping channel bank are a result of bank overhang); (c) location of study site within the Fraser
Experimental Forest; (d) image representing area within seeded reach, which includes a wood piece that fell into the stream between 2016 and
2017; (e) buried wood (dashed yellow line) forming a log step and log jam approximately 100 m downstream of seeded reach; (f) a build-up of
sediments behind large wood located just beyond the final tracer position. (Flow direction is approximately north in (c) and is represented by the
white arrows on images.) [Color figure can be viewed at wileyonlinelibrary.com]
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3 | METHODS

RFID is an wireless identification system with a variety of applications

in environmental science (e.g., biotracking [Floyd, 2015], wood track-

ing [Schenk et al., 2013], and sediment transport [Lamarre

et al., 2005; Nichols, 2004]). It provides the ability to remotely identify

individual items of interest, making it ideal for studying individual

clasts during bedload transport. The technology relies primarily on

two pieces of hardware: a passive integrated transponder (PIT tag),

which is used to mark objects of interest, and a reader (or antenna)

which acts as a transmitter and a receiver. This study used a long-

range Oregon RFID mobile reader kit (Oregon RFID, 2021), with

F I GU R E 3 Annual discharge
data from St Louis Creek for
2017–2019 during periods of
discharge gauge deployment
upstream of study reach. Dashed
line represents calculated
discharge value of 1.02 m3 s�1

required to exceed estimated
critical threshold (Ferguson, 2005)

F I G U R E 2 (a) Morphological features
surveyed at St Louis Creek including large
wood, boulders, vegetation, gravel bars,
and locations of steps. Area highlighted in
dashed line as an image displays a typical
section of the study area beyond the
seeded reach with an example of a typical
boulder step and large wood piece
observable. (b) Longitudinal profile of
reach derived from tracer cobble
elevations, with steps of interest labelled
on feature map and profile
(e.g., Supporting Information Table S1).
Note the change to a steeper gradient
slope from the end of the seeded reach
into the wooded reach with the seeded
and wooded reach having slopes of
0.0328 and 0.0502, respectively [Color
figure can be viewed at wileyonlinelibrary.
com]
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32 mm � 3.65 mm PIT tags weighing 0.8 g each, which can be

embedded into clasts with a b-axis as small as 47 mm with minimal

effect on shape and density of clasts. See Nichols (2004) for detailed

description of RFID particle tracking methodology.

Initially, 957 cobble to pebble sized clasts were selected, due to

their similarity in composition and size to bed materials, in addition to

their suitability for tagging. Clast weight and axes size were recorded

(Table 1), and the selected clasts were drilled to allow space for the

implanting of the passive RFID PIT tags. Once tags were inserted, sili-

cone was used to seal the tags within the clasts, producing tracer sedi-

ments that appeared unchanged compared to the natural sediments

of the study site. As a failsafe in case of tag failure, and initial identifi-

cation of tracers, the corresponding RFID identification numbers were

written on the surface of tagged clasts.

In addition to sediments, pieces of large wood (typically trunks

from adjacent riparian areas) were tagged and measured, and an

inventory of their defining characteristics, including length, diameter

and structural associations, was collected based on agreed definitions

(Wohl et al., 2010) and are available in Supporting Information

Table S1. While many pieces of large wood classified as bridges were

characterized and tagged, they were not included in subsequent sedi-

ment transport analysis due to their current lack of interaction with

the bed, even during high flow. Finally, a discharge gauge was installed

at the upstream end of the study site, which collected flow data from

May to October from 2017 to 2019. There are no substantial tribu-

taries located along the study reach, therefore flow rates characterize

the whole site. Flow rates recorded in St Louis Creek (Figure 3) match

well with another gauged river, Bobtail Creek (Figure 4), whose record

extends from 1986 to 2019, facilitating estimation of the recurrence

interval of transporting flows within the study stream, assuming the

flows have always been analogous due to proximity, similar forest

cover, aspect and altitude of sites. We calculated related stream

power using surveyed slope, channel width, and discharge (Petit

et al., 2005).

Tracer clasts were seeded in summer 2016, in a 0.5 m grid across

the channel from bank to bank. This channel segment is referred to as

the ‘seeded’ reach (Figure 1b) that extended from the location of the

discharge gauge to �35 m downstream. Deployment of tracers was

on the surface of the bed, resulting in tracers beginning in highly

mobile positions (e.g., Bradley & Tucker, 2012), analogous to the most

mobile surface grains of the pre-existing bed surface. Spatial locations

of tracer sediments were recorded using a Leica total station with a

known global positioning system (GPS) location and a reflector placed

above tracer sediment locations. It has been established that both

clustering and orientation of transponders can add uncertainty to

detection ranges (Arnaud et al., 2015; Chapuis et al., 2014). However,

we conducted burial experiments of the tagged clasts and established

that tracer identifiers (IDs) could be read from �0.70 m, with mini-

mum interference from water or surrounding and overlying

sediments.

Tracer sediments and wood locations were resurveyed on an

annual basis after annual snowmelt in 2017, 2018 and 2019 using an

Oregon RFID mobile reader setup which included a backpack,

antenna, and mobile reader. Tracers were considered mobile, and their

new deposition location recorded if transport was > 1 m to account

for the potential variation in detection distances each year. Wood

debris was classified as significant and surveyed if it is at least 10 cm

in diameter and > 1 m in length following the parameters suggested

by Wohl et al. (2010). Additional characteristics such as size, classifica-

tion (e.g., ramp or bridge type), and state of decay was recorded

T AB L E 1 Key size and weight statistics of sediments selected for
radio frequency identification (RFID) tagging

Weight (g) b-Axis (mm)

Mean 636.1 74.2

Median (range) 605.5 (201.1–1483.3) 74.0 (47.0–110.0)

Mode 465.7 78

Standard deviation (σ) 208.7 10.3

F I G U R E 4 Discharge data from Bobtail Creek site for 2017–
2019, demonstrating peak flow during summer after snowmelt
matching with St Louis Creek peak flow occurrence in Figure 3.
Analogous site chosen due to proximity, similar forest cover, and
altitude to study site (US Geological Survey) [Color figure can be
viewed at wileyonlinelibrary.com]
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annually to determine if these characteristics impacted interaction

with sediment transport or subsequent wood transport (e.g., Dixon &

Sear, 2014). Additionally, other geomorphic features within the study

site were surveyed, such as the location of banks, steps, and boulders.

All spatial data was recorded in ArcGIS10, alongside Supporting Infor-

mation (e.g., size or defining characteristics of wood pieces) producing

a spatially accurate map of the area which was updated every year

(e.g., Figure 1a). Annual spatial locations of tracers are available in

Supporting Information Figure S1.

To produce accurate tracer transport data, cartesian GPS loca-

tions of tracers were converted into a channel-based coordinate sys-

tem, as the spatial referencing of river channels is complicated by

meandering. Coordinates were converted following the methods of

Legleiter and Kyriakidis (2006), which consider the channel centre line

as the streamwise axis (i.e., relative distance downstream), allowing

travel distances to be corrected for channel curvature.

Annually resurveying tracer locations after high flow conditions

during snowmelt resulted in a dataset spanning 3 years of tracer

transport distances, which we were able to use to investigate and

evaluate any disruption to ‘typical’ transport behaviour introduced by

the presence of large wood.

3.1 | Statistical analysis and modelling

Quantifying and modelling rock-step length and rest time distributions

allows accurate predictions to be made of bedload transport in fluvial

environments using established statistical estimation methods of

previous tracer studies (e.g., Hassan et al., 2013; Olinde &

Johnson, 2015). The length of our study of 3 years precluded analysis

of particle rest time but we are able to plot meaningful tracer trans-

port distance distributions for comparison with published studies in

wood-free settings. Exponential and gamma distributions were fitted

to the tracer transport distance frequency data (Figure 5). In order to

identify the likely type of sediment diffusion (superdiffusive or sub-

diffusive), we quantified the exponent on the tail of the exceedance

probability distribution of tracer transport distances. This was con-

ducted in MATLAB (R2018B) by fitting a power-law distribution

model to the tail of the distribution following the methods of Clauset

et al. (2009), where xmin for 2017, 2018, and 2019 was calculated to

be 33.45, 5.77, and 41.06, respectively.

LMM was used for determining the influence that individual vari-

ables (e.g., proximity to large wood) have, on a continuous dependent

variable (e.g., transport distance of tracers) or a binary dependent vari-

able (e.g., entrainment or deposition of tracers). This approach was

implemented as it can account for the characteristics of a given popu-

lation (e.g., weight, size, location of tracers in channel, etc.) and deter-

mine if their levels of influence on sediment transport are significant.

Furthermore, interactions between variables and their level of signifi-

cance can also be determined.

Investigating the influence that large wood has on tracer entrain-

ment, deposition, and transport distances required an analysis of all

the potential variables that influence transport behaviour, as well as

producing a testable variable for the influence of wood. The distance

of tracer sediments to large wood in both their deposition and

entrainment positions was determined in ArcGIS 10.6.1 using the

F I G U R E 5 Tracer transport distance
probability density functions with overlain
exponential (blue) and gamma (red) curves
alongside their annually associated
exceedance probability graph with the
power law fitting exponent line and β

value representing the tail character of
the data [Color figure can be viewed at
wileyonlinelibrary.com]

2288 CLARK ET AL.

http://wileyonlinelibrary.com


Near (Analysis) proximity toolset, by mapping all mobile tracers to

their nearest piece of large wood using their GPS locations for each

annual dataset. This generated an inventory of spatial data that was

used to determine the relative influence of distance to wood on sedi-

ment transport. Other key variables considered and determined were

distance to channel thalweg (calculated using the same approach of

distance to wood), distance to boulders and non-wood steps, and

tracer sediment size (represented by b-axis length). The influence of

differing river discharge year on year was not included directly in the

LMM analysis, with each year being considered separately to isolate

the effect of variables such as wood from annual changes in hydrol-

ogy. Analysis of yearly LMM results is subsequently discussed in the

context of associated flow rates, estimates of stream power, and

degree to which critical thresholds are exceeded.

The relative influence of other geomorphic features, including the

spatial location of boulders and non-wood steps, were found to not

be significant using LMM analysis and therefore were not included in

subsequent analysis. Insignificant LMM results are available in

Table S2.

To isolate the influence of large wood pieces and remove anthro-

pogenic bias from initial ‘hypermobility’ seen in previous tracer stud-

ies (e.g., Bradley & Tucker, 2012), tracers were selected for LMM

analysis if their deposition location was downstream from the seeded

reach after each year of the study from 2017. This area of the reach

was also selected due to the abundance of large wood providing

greater interaction with transported sediments. Finally, wood pieces

classified as bridges were not included in the LMM analysis due to

their lack of interaction with the bed.

The lme4 package in R (Bates et al., 2015) was used for LMM

analysis. We used a binomial LMM model to investigate the relative

influence of variables on the likelihood of entrainment and deposition

of tracer sediments, and a gamma model to investigate a given vari-

able’s influence on tracer transport distance.

4 | RESULTS

The discharge data for 2017–2019 show peak flow to be occurring

during the summer months of May, June, and July (Figure 3). The

2017 flow rates initially rise in late May from a base level of �
0.5 m3 s�1 to peak conditions of 1.4 to 2.2 m3 s�1 over June followed

by a continuous return to base flow during July. The 2018 flow rates

were consistently the lowest of the 3 years surveyed with flow rising

from the base rate of �0.5 m3 s�1 in May to peak conditions ranging

from 1.1 to 1.6 m3 s�1 over June before again dropping to base condi-

tions. The 2019 flow rates were substantially higher, with two

distinctive periods of increasing and lowering flow rates over June

and July peaking at 2.9 m3 s�1. The recurrence interval for the peak

flow rates in 2019 at the analogous stream Bobtail Creek are 1.9 years,

suggesting even our highest measured flow rates are relatively

common.

Stream power at annual peak flow was calculated for the average

channel width of 5.5 m and average channel slope of 0.046 and was

found to be 180.5, 131.3, and 237.93 W m�2 for 2017, 2018, and

2019, respectively. Stream power exceeded the estimated critical

threshold (Ferguson, 2005) for the D50 of tracer sediments of

83.93 W m�2 in all years surveyed, where a discharge value exceeding

1.02 m3 s�1 was required to initiate movement. Thresholds were

therefore exceeded for approximately 26, 24, and 45 days in 2017,

2018, and 2019, respectively (Figure 3). When subdividing the reach,

the gentler sloping and wider seeded reach critical threshold

(88.90 W m�2) is still exceeded by estimated stream power in 2017

and 2019 (104.10 W m�2 and 137.22 W m�2), although the 2018

stream power (75.70 W m�2) is slightly lower than the estimated

threshold. Despite this, tracers were still entrained and transported

within the seeded reach, although at lower rates and subsequent

transport distances than other survey years.

Discharge each year showed an expected correlation with the

mean transport distance of tracer sediments and the likelihood of

tracer movement (Table 2), with 2019 and 2018 having the highest

and lowest percentage of tracers transports, respectively, and the

highest and lowest maximum transport distances, respectively. How-

ever, estimating the direct influence of flow rate on the likelihood of

movement and distance moved is cautioned as retrieval rates differed

between years, meaning the total population of tracer sediments is

not accounted for. Furthermore, in 2017 sediments have the potential

to be hypermobile as they were artificially placed on the bed surface

without replacement of original sediments and are therefore not fully

incorporated into the bed.

Observed changes to the overall geomorphology of the reaches

are minimal over the 3 years of study. There was, however, an accu-

mulation of sediments, including our tracers, around pieces of large

wood (e.g., Figure 1d) and some reworking of gravel bars observed.

Wood transport was limited to only one tagged piece falling into the

channel and moving downstream 25 m. No additional wood was rec-

ruited after the 2017 study year. This demonstrates that the majority

of sediment-wood interaction over the 3 years of the study was

related to immobile wood and therefore, wood classification had no

observable impact on wood transport during our study.

Tracer retrieval rates were comparable to previous studies

(Hassan & Bradley, 2017), between 75% in 2018 and 88% in 2017

(Table 2). The tracer population has a grain size distribution range of

T AB L E 2 Key statistics of tracer sediment movement, showing annual and cumulative results of transported sediments

Year
Retrieval
rates (%)

Cobbles
moved (%)

Median b-axis and
range (m)

Maximum tracer transport
distance (m)

Peak river discharge
(m3 s�1)

Mean tracer transport
distance (m)

2017 88 22 73 (50–110) 109 2.217 29.96

2018 75 11 73 (51–110) 58 1.634 9.63

2019 80 35 73 (48–102) 133 2.938 28.14

Total 81a 49 N/A 193 N/A

aMean retrieval rates.

N/A, not available.
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47 to 110 mm with a median b axis diameter of 73 mm, which is larger

than the D50 (53 mm) of the bed surface material, giving the majority

of tracer sediments a Di/D50 of > 1 relative to bed material.

Maximum tracer transport distances in 2017, 2018, and 2019

were 109, 58, and 133 m, respectively, with one clast travelling a

cumulative 193 m downstream over the study period (Table 2). Of the

49% of cobbles that became mobile during our study 73% of these

travelled beyond the seeded reach. The tracer transport distance

probability density functions in 2017 and 2019 fit a gamma distribu-

tion, although the data from 2018 show a weaker gamma distribution

fit that is interrupted between tracer transport distances of �15 to

25 m (Figure 5). The associated power law exponent, β, is > 2 for all

3 years, representing superdiffusive behaviour, although the 2018 β

value of 2.3 is close to the threshold of β = 2 for this characterization,

matching with the interruption seen in the gamma distribution fit. This

is suspected to be caused by a clustering of tracers around a piece of

large wood (the fallen tree) that entered the seeded reach in 2017

(Figure 6). This wood piece was initially transported downstream

20 m to its deposition location and was subsequently incorporated

into the bed with increasing burial occurring every year. The increased

density of tracer deposition in close proximity to this wood piece

gives an initial indication of the impact of large wood on bedload

transport which is further investigated using LMM analysis.

4.1 | Linear mixed modelling of influence of wood
and other variables on tracer transport

4.1.1 | Probability of tracer entrainment

LMM provides a statistical assessment of the influence of large wood

on sediment transport. LMM of sediment entrainment likelihood in

relation to distance to wood of tracer entrainment location across all

years is significant to at least a 99% level of confidence using the

binomial modelling approach, with 2018 and 2019 reaching > 99.9%

levels of confidence (Table 3). This confirms that proximity to wood

F I GU R E 6 Observed clustering of tracer
sediments from the 2018 data around the large
wood piece located within the seeded reach
(as seen in Figure 1d). Note that the reversal of
the trend in the probability density function in
2018 of Figure 5 appears to match location of
large wood piece (e.g., 15–25 m) [Color figure can

be viewed at wileyonlinelibrary.com]

T AB L E 3 Linear mixed model output data for the likelihood of tracer sediment entrainment within the wooded reach, including the
coefficient, standard error, z-value and p-value for all variables. The P values indicated with a *, **, and *** represent a 95%, 99%, and 99.9% level
of confidence, respectively

Coefficient Standard error z-Value p-Value

2017 Binomial

Distance to thalweg �0.574 0.221 �2.603 0.0093**

Distance to wood 0.533 0.163 3.261 0.0111**

b-Axis �0.015 0.015 �0.954 0.3398

2018 Binomial

Distance to thalweg �0.056 0.233 �0.240 0.81019

Distance to wood 0.664 0.155 4.293 <0.001***

b-Axis �0.034 0.017 �2.012 0.0442*

2019 Binomial

Distance to thalweg �0.321 0.144 �2.227 0.026*

Distance to wood 0.458 0.012 3.950 <0.001***

b-Axis �0.035 0.011 �3.313 0.0017**
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pieces has a significant influence on entrainment likelihood, where

tracers closer to wood pieces are less likely to be entrained. Clasts

residing at > 5 m from wood are 37.5% more likely to be entrained

than those < 1 m on average over the study (Figure 7).

The tracer b-axis and relative distance to channel thalweg were

also investigated for their influence on entrainment likelihood. The

influence of b-axis on entrainment likelihood was found to be signifi-

cant in 2018 and 2019 with smaller tracers more likely to be

entrained. Distance to channel thalweg was found to be significant in

2017 and 2019 with tracers closer to the channel thalweg more likely

to be entrained. Clasts found at > 3 m from the thalweg are at least

55% and 27% less likely to move in 2017 and 2019, respectively

(Table 3, Figure 7).

4.1.2 | Influence of entrainment location on tracer
transport distance

A first LMM gamma model investigated the relationship between

entrainment location variables and subsequent tracer transport dis-

tances. The influence of proximity to wood on tracer transport dis-

tance is significant to at least a 95% level of confidence in each year,

with 2017 and 2018 reaching 99.9% levels of confidence (Table 4,

Figure 8). The closer a tracer is located to wood when it is entrained,

the shorter its subsequent transport distance. Unsurprisingly, shorter

distances from the channel thalweg were also significant for longer

rock transport distances in 2018 and 2019 with at least a 99% level of

significance. The b-axis of tracers was significant every year to at least

F I GU R E 7 Relative influence of distance to thalweg at point of tracer entrainment (top), and distance to wood at point of tracer entrainment
(bottom) on probability of tracer movement each year based on the binomial LMM prediction frame, with upper and lower bounds represented by
dotted lines. Significant (> 95%) relationships between probability of movement and wood distances, or probability of movement and thalweg
distances are plotted. Relationships below a 95% level of confidence are omitted (e.g., 2018 thalweg)

T AB L E 4 Linear mixed model output data for the influence of distance to wood, thalweg, and b-axis on the transport distance of tracer
sediments at the point of entrainment within the wooded reach, including the coefficient, standard error, z-value and p-value for all variables. The
P values indicated with a *, **, and *** represent a 95%, 99%, and 99.9% level of confidence, respectively

Coefficient Standard error z-Value p-Value

2017 Entrainment

Distance to thalweg �0.100 0.058 �1.721 0.00878

Distance to wood 0.034 0.008 3.799 0.0002***

b-Axis �0.019 0.007 �2.890 0.0046**

2018 Entrainment

Distance to thalweg �0.323 0.091 �3.633 <0.001***

Distance to wood 0.074 0.014 5.387 <0.001***

b-Axis �0.020 0.009 �2.132 0.0369*

2019 Entrainment

Distance to thalweg �0.118 0.044 �2.720 0.0067**

Distance to wood 0.016 0.007 2.241 0.0258*

b-Axis �0.021 0.004 �4.686 <0.001***
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a 95% level of significance, where shorter b-axis size resulted in longer

transport distances of tracers (Table 4).

4.1.3 | Downstream factors influencing rock
transport distance

A final LMM gamma model investigated the relationships between

location in which tracers were deposited and tracer transport distance

prior to deposition. This analysis reveals a trapping influence of wood

on sediment when comparing rock transport distance with depositional

proximity to large wood, that is large wood is associated with a short-

ening in transport distance. This is significant in 2019 at a 95% level of

significance (Table 5, Figure 9) The same relationship occurs in 2017

and 2018, though is not significant above a 95% level of confidence.

Clasts deposited closest to the thalweg had the longest transport dis-

tances, with at least a 95% level of significance. Finally, the b-axis of

tracers was significant every year to at least a 95% level of significance,

with the largest clasts having shorter transport distances.

4.2 | Making predictions of sediment transport
from linear mixed models

Figure 8 displays the positive relationship between increased tracer

transport distance and greater distances of tracers entrainment

F I GU R E 8 Relative influence of distance to thalweg at point of tracer entrainment (top), and distance to wood at point of tracer entrainment
(bottom) on tracer transport length each year based on the gamma LMM prediction frame, with upper and lower bounds represented by dotted
lines. Significant (> 95%) years relationships between tracer transport length and wood distances, or tracer transport length and thalweg distances
are plotted, whilst relationship below a 95% level of confidence are omitted (e.g., 2017 thalweg)

T AB L E 5 Linear mixed model output data for the influence of distance to wood, thalweg, and b-axis on the transport distance of tracer
sediments at the point of deposition within the wooded reach, including the coefficient, standard error, z-value and p-value for all variables. The P
values indicated with a *, **, and *** represent a 95%, 99%, and 99.9% level of confidence, respectively

Coefficient Standard error z-Value p-Value

2017 Deposition

Distance to thalweg �0.112 0.066 �1.752 0.0823

Distance to wood �0.115 0.059 �1.936 0.0552

b-Axis �0.018 0.007 �2.723 0.0074**

2018 Deposition

Distance to thalweg �0.220 0.105 �2.105 0.039*

Distance to wood �0.130 0.104 �1.245 0.2177

b-Axis �0.023 0.011 �2.013 0.0485*

2019 Deposition

Distance to thalweg �0.191 0.052 �3.690 <0.001***

Distance to wood 0.073 0.031 2.400 0.017*

b-Axis �0.002 0.004 �4.149 <0.001***
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positions from wood for all years based on the gamma LMM output.

This approach can be used to estimate a tracer’s transport distance

based on its initial distance from large wood before entrainment. For

instance, in 2019, a clast located approximately 5 m from a large wood

piece will move downstream approximately 30 m streamwise on aver-

age, with transport distance increasing the further a tracer is entrained

from large wood. Conversely, Figure 8 displays the inverse relation-

ship between increasing tracer transport distance and increased tracer

distance from channel thalweg at entrainment position. Additionally,

Figure 7 displays the relatively negative correlation between the dis-

tance of the tracer from the thalweg and probability of entrainment.

These models can both be used to estimate a tracer’s transport dis-

tance and movement likelihood in relation to this variable. For exam-

ple, a tracer 2 m from thalweg is predicted to have a transport

distance of 6 m on average from its entrainment position.

While these estimations can give an approximate transport dis-

tance or probability of movement based on the single variable dataset,

direct extrapolation from the graphs does not include the influence of

other variables, limiting the applicability outside of the general corre-

lation and relative influence of each variable. However, they do pro-

vide a clear indication that proximity to large wood, distance from

channel thalweg, and sediments b-axis all play an influential role on

transport behaviour.

5 | DISCUSSION

5.1 | Influence of wood on stochastic sediment
transport dynamics

Stochastic sediment transport dynamics may be described with a

combination of tracer transport distances and rest time distributions.

We were unable to return to the field site to resurvey due to Covid

19 restrictions on travel for 2 years, hence are limited to 3 years of

resurvey data of the planned 5 years. In addition, implementation of

active tags with embedded accelerometers (Dini et al., 2021; Dost

et al., 2020; Gronz et al., 2016; Maniatis et al., 2020) was interrupted

and therefore data was insufficient to build a distribution of particle

rest times and thus fully characterize sediment transport behaviour.

However, we have been able to build distributions of tracer transport

distances for the three resurvey years and observe deviations in these

distributions as a result of wood-loading.

Qualitatively, large wood appears to alter the spatial deposition

of sediments. One example observed was a dead tree that fell from

the bank during runoff in 2017, floated roughly 20 m and deposited in

the downstream end of the seeded reach. Sediments were subse-

quently observed accumulating around the wood piece, with ramping

of sediments up the root wad in 2018 (Figure 1d) and progressively

incorporating the wood further into the bed by 2019. Additionally,

our RFID tracer sediments were deposited more densely in close

proximity to the wood piece in 2018 and 2019 comparatively to the

rest of the seeded reach (Figure 6), which displays otherwise similar

morphological characteristics. In addition, tracers were observed to

accumulate in the pools of log steps (e.g., Figure 1e), supporting Wohl

and Scott’s (2017) finding that rivers with wood see an increase in

pool sediment volume, alongside accumulating behind log steps for-

ming a ramp (e.g., Figure 1f).

While the tracer transport distance probability density functions

for 2017 and 2019 in Figure 5 appear to match well with the overlain

expected gamma distribution (Bradley & Tucker, 2012) and the associ-

ated exceedance probability displays the expected super diffusive

behaviour (e.g., β > 2), the 2018 plot breaks from this trend, and its β

value of 2.3 is closer to the superdiffusive–subdiffusive threshold of

β = 2. This change could suggest a quantifiable influence of wood is

observable, at least in 2018, where lower shear stress due to a more

moderate flow year (Figure 3) increases woods impact on tracer

movement as the blocking effect is more difficult to overcome,

although these changes could be attributed to alterations in the verti-

cal mixing of sediments (Hassan et al., 2013). While channel

morphology’s impact on transport distributions could offer another

F I GU R E 9 Relative influence of
distance to thalweg upon tracer
deposition (top), and distance to wood
upon tracer deposition (bottom) on tracer
transport length each year based on the
gamma LMM prediction frame, with upper
and lower bounds represented by dotted
lines. Significant (> 95%) years
relationships between tracer transport
length and wood distances, or tracer
transport length and thalweg distances
are plotted, whilst relationship below a
95% level of confidence are omitted
(e.g., insignificant relationships in 2017)
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explanation (e.g., Pyrce & Ashmore, 2003), the visual and recorded

observations of clustering sediments around the large wood piece

located within the seeded reach (Figure 5) supports wood as a particu-

larly important factor for the disruption in transport distributions.

Whilst the influence of wood on the distribution of tracer trans-

port distance is not definitive, LMM helped to demonstrate the trap-

ping influence of wood more clearly. LMM in 2019 (Table 5, Figure 9)

showed that tracers deposited closer to wood had shortened trans-

port distances prior to being deposited, suggesting a trapping effect.

The cause of trapping and reduced transport distances is likely related

to wood loading increasing roughness within the fluvial system

(Buffington & Montgomery, 1999). This agrees with other sediment

transport investigations where roughness was found to be a key

influencing factor on reducing transport distances of sediments

(e.g., Roth et al., 2020).

The lack of statistical significance for the influence of wood on

shortening rock transport distances in 2017 and 2018 is potentially

related to the lack of wood found in the areas 1 to 10 m downstream

of the seeded reach (Figure 1), where the majority of tracers were

deposited during the first 2 years of the study. By 2019 the number

of tracers deposited within the wooded reach is greatly increased,

alongside more tracers interacting with wood throughout the length

of the study area as seen in Figure 1(a). This resulted in a population

of tracers large enough to demonstrate a significant interaction, and

positive correlation (e.g., Figure 9), between deposition location of

tracers in relation to wood and transport distance of tracers.

Results from the binomial LMM analysis demonstrate how the

presence of wood in St Louis Creek is reducing entrainment likelihood

of sediment (Table 3, Figure 7). Whilst this result is significant every

year, there is a slight decrease in significance in 2019. We suspect

that the higher proportion of tracer sediments moved in 2019,

resulting from the higher flow rates and subsequent stream power,

could lessen the impact wood has on entrainment, where higher shear

stress from stronger flows negates the limiting effect wood has on

sediment entrainment likelihood. In addition, many immobile clasts

from previous years were entrained by reworking of the bed during

higher flow rates, independent of the spatial location of wood pieces.

Despite this, these results agree with the findings of previous studies

that an abundance of wood caused fluvial systems to retain a greater

proportion of sediment in storage in addition to reducing overall sedi-

ment transport rates (Buffington & Montgomery, 1999; Montgomery

et al., 2003; Wohl & Scott, 2017).

The LMM gamma model showed that the influence of distance to

wood on subsequent tracer transport distance is significant for all

years (Table 4, Figure 7), with a 99.9% degree of certainty in 2017

and 2018, dropping to 95% in 2019. This reduction in statistical signif-

icance is likely related to the proposed reduction of the influence of

large wood in 2019 due to greater flow rates, where wood has

reduced impact on tracers due to higher water levels causing tracers

to more easily pass over wood pieces. Additionally, the accumulation

of sediments ramping along the upstream side of pre-existing large

wood could result in easier over passing of logs by 2019. Finally, it is

possible for large wood to float during higher periods of runoff

(Wohl & Scott, 2017), which may have allowed a larger proportion of

particles to pass underneath in 2019.

Additional data would be needed to further assess the influence

of wood on transport distance distributions, but this initial data

indicates that wood is having a disruptive effect (Figure 6). The poten-

tial for prediction of sediment transport distance and likelihood shown

in Figures 8 and 9 is an example of how LMM could be used to predict

sediment transport in such settings. This study exemplifies how dis-

tances to wood from either depositional, or entrainment location can

be used to predict sediment transport distances with a large enough

population of tracers, while accounting for other influential variables

such as distance to thalweg, and size of surveyed tracers.

5.2 | Other controls on particle entrainment

Key variables identified to significantly influence particle entrainment

with the binomial LMM approach included particle size (represented

by b-axis in this study), agreeing with conventional understanding of

the correlation between sediment size and entrainment likelihood

(e.g., Ashworth & Ferguson, 1989), with smaller grain sizes having a

greater probability of entrainment. This suggests, in our study area,

that the role of protrusion on entrainment likelihood (e.g., Hodge

et al., 2020) is minimal, assuming that smaller grain sizes protrude less

but yet were more likely to be entrained in our sample of pebble to

cobble sized tracer sediments. Additionally, the distance of tracer sed-

iments to channel thalweg has an influential role on entrainment likeli-

hood, with sediments with closer proximity to channel thalweg having

higher entrainment likelihood, due to increased shear in the thalweg

(Petit, 1987).

While b-axis size was found to be significant in influencing

entrainment likelihood in 2018 and 2019, the results from the 2017

output were not significant (Table 4). This is potentially related to the

‘hypermobility’ of sediments in the first year of the study, where sedi-

ments are not naturally incorporated into the channel bed (Bradley &

Tucker, 2012). A caveat to b-axis tracer results would be that the D50

value of the tracer sediments (73 mm) is larger than that of the bed

material (53 mm), where the D50 tracer/D50 bed = 1.38, potentially mak-

ing them unrepresentative of the total sediment population of the

stream. The larger D50 of tracer sediments were unavoidable due to

the size of the embedded RFID tags requiring clasts large enough to

drill. However, results likely well characterize the pebble to cobble

proportion of sediments transport behaviour in gravel bed streams.

5.3 | Limitations and future work

While multiple researchers have used RFID technology in tagging

coarse particle transport, there is a lack of a consistency in the meth-

odologies applied (e.g., standard procedures for tagging and detection

methods). This may lead to differences in retrieval rates and detection

location accuracy due to experimental setup rather than environmen-

tal conditions. Therefore, future research should follow a standardized

approach in RFID equipment used, depth of tag embedding, and tracer

placement where possible to reduce operational interference.

Retrieval rates of tracers consistently stayed above 75% every

year and even increased from 2018 to 2019, demonstrating the suc-

cess and longevity of the approach even in complex environments

such as wood loaded rivers. For instance, Liébault et al. (2011) and

Olinde and Johnson’s (2015) recovery rates decreased annually over

their studies from 78%, 45%, 25% and 83%, 50%, respectively, with
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burial being highlighted as a particular issue. This highlights the effec-

tiveness of the RFID scanning technique implemented, as multiple

tracers which were buried without visual confirmation were subse-

quently identified and located.

While these studies suggest a poor recovery rate, the technique

is still relatively new, with developments in the technology ongoing.

Cassel et al. (2020) used ultra-high frequency tags to overcome many

of the limitations with traditional (low frequency) PIT tags, such as dif-

ficulties separating signals and short detection ranges (e.g., Lamarre

et al., 2005). This may allow tracer studies to occur in previously inac-

cessible environments, such as wide braided rivers.

Including stream power directly in the LMM analysis for individual

clasts was beyond the scope of this study due to uncertainties in sub-

dividing the reach into multiple distinct sections with justifiable

stream power estimates. Only including clasts that have entered the

wooded reach in the LMM accounts for the change in average slope

and channel width between the two reaches, but future work would

require more detailed measures of driving force to accurately assess

forces acting on individual clasts. Despite this, we were still able to

determine the influence of large wood on tracer transport probably

because the critical stream power threshold was exceeded throughout

the study reach and any relatively small changes in stream power

between clasts within the wooded reach were unable to mask the

impact of wood on sediment transport dynamics.

6 | CONCLUSION

We conducted a RFID tracer study in a wood-loaded, alpine stream in

Colorado, USA over 3 years to investigate the influence of large wood

on stochastic sediment transport dynamics. We investigated the influ-

ence of wood on aspects of sediment transport including transport

distance and entrainment probability and used the novel approach of

LMM to untangle the influence of wood from other controls and build

predictive models of sediment transport. Over 3 years the tracer

transport distance frequency distributions of tracers were found to

match previous tracer research, with an expected gamma distribution

and dispersion characteristics of sediments remaining superdiffusive

as indicated by a power law exponent on the tail of the distribution,

β > 2 (e.g., Bradley & Tucker, 2012). However, flattening of the power

law tail of the transport distance distribution in 2018 (Figure 6), is

suspected to result from the interception of tracers by a large wood

piece during the lower flows bringing it closer to more subdiffusive

behaviour, that is with a β < 2. The LMM results support this cluster-

ing effect finding that large wood traps sediments and forces prema-

ture deposition and shorter transport distances. Furthermore, tracers

with a closer proximity to large wood have a significantly reduced like-

lihood of entrainment, in addition to smaller transport distances, in

comparison to tracers entrained from wood free areas. Meanwhile as

expected, LMM also found that both rock transport distance and

entrainment likelihood both decrease with increasing distance of

tracers from the channel thalweg. Additionally, LMM found that

smaller b-axis resulted in greater likelihood of entrainment and subse-

quent transport distances. These results indicate that streams under-

going increased wood loading would experience a significant

reduction in entrainment and subsequent transport distances of cob-

ble to pebble sized clasts in alpine environments.

The approaches implemented in this research can help inform

future river management schemes by providing a methodology to

determine the effectiveness, and potential side effects, of introducing

engineered large wood structures (e.g., log jams) for natural flood

management on sediment transport. Collection of additional data sets

with different volumes and configurations of large wood under a

broader range of grainsize and discharge regimes are necessary to

determine if the observations reported in this article are consistent

and would allow further understanding of grain-scale bedload trans-

port behaviour in wooded reaches.
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