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ABSTRACT: A 177 river km georeferenced aerial survey of in‐channel large wood (LW) on the lower Roanoke River, NC was
conducted to determine LW dynamics and distributions on an eastern USA low‐gradient large river. Results indicate a system with
approximately 75% of the LW available for transport either as detached individual LW or as LW in log jams. There were
approximately 55 individual LW per river km and another 59 pieces in log jams per river km. Individual LW is a product of bank
erosion (73% is produced through erosion) and is isolated on the mid and upper banks at low flow. This LW does not appear to be
important for either aquatic habitat or as a human risk. Log jams rest near or at water level making them a factor in bank complexity
in an otherwise homogenous fine‐grained channel. A segmentation test was performed using LW frequency by river km to detect
breaks in longitudinal distribution and to define homogeneous reaches of LW frequency. Homogeneous reaches were then analyzed
to determine their relationship to bank height, channel width/depth, sinuosity, and gradient. Results show that log jams are a product
of LW transport and occur more frequently in areas with high snag concentrations, low to intermediate bank heights, high sinuosity,
high local LW recruitment rates, and narrow channel widths. The largest concentration of log jams (21.5 log jams/km) occurs in an
actively eroding reach. Log jam concentrations downstream of this reach are lower due to a loss of river competency as the channel
reaches sea level and the concurrent development of unvegetated mudflats separating the active channel from the floodplain forest.
Substantial LW transport occurs on this low‐gradient, dam‐regulated large river; this study, paired with future research on transport
mechanisms should provide resource managers and policymakers with options to better manage aquatic habitat while mitigating
possible negative impacts to human interests. Copyright © 2011 John Wiley & Sons, Ltd.
Introduction

Numerous studies have documented the geomorphic impor-
tance of large wood (LW) in streams and rivers (Harmon et al.,
1986; Smock et al., 1989; Gurnell and Sweet, 1998; Gregory
et al., 2003). The term ‘large wood’ as used in the present study,
refers to tree trunks, roots, and branches with lengths greater
than 3 m and diameters greater than 0.2 m. LW provides critical
habitat in aquatic ecosystems in small and large streams
(Maridet, 1994; Thevenet, 1998; Gregory et al., 2003), and
may be singularly important in low‐gradient, fine‐grained
systems, where it provides most to all of the structure for
invertebrate fauna and refugia for fishes (Benke and Wallace,
1989, 2003). LW affects hydraulic roughness (Gippel, 1995;
Hygelund and Manga, 2003; Manners et al., 2007), in‐channel
lateral water velocity distribution (Sedell et al., 1988) and the
longitudinal (Keller and Swanson, 1979; Bilby andWard, 1991;
Abbe and Montgomery, 1996) and lateral profile of channels
(Wallerstein and Thorne 2004). Further, it is commonly
associated with sediment transport and storage (floodplains
and bars) and vertical stability of the channel bed (Daniels,
2006; Skalak and Pizzuto, 2010). LW increases the morpho-
logical complexity of a channel and its floodplain (Bilby and
Ward, 1989; Abbe and Montgomery, 1996; Steel et al., 2003)
and strongly influences the development of riparian vegetation
(Piégay, 2003; Pettit et al., 2004).

Studies have investigated the importance of in‐channel LW
on macroinvertebrate production, fishery ecology, and biogeo-
chemical cycling in south‐eastern US rivers (Bisson et al., 1987,
2003; Bilby, 2003; Dolloff and Warren, 2003; Zalewski et al.,
2003). LW appears to be particularly important in contributing
to stream foodwebs as invertebrate diversity, habitat‐specific
abundance, biomass, and productivity are greater on sub-
merged wood than on or within other aquatic habitats.

Despite the ecological benefits of LW, it poses a problem to
some human activities on rivers. It may disrupt navigation,
including commercial marine operations on large rivers
(Gurnell et al. 2002; Piégay, 2003) and recreational navigation
on smaller rivers. LW might also damage infrastructure when it
accumulates on or near structures such as bridge piers by
increasing hydraulic head and/or increasing bridge scour
(Diehl, 1997; Wallerstein, 1998; Kothyari and Ranga Raju,
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2001). LW may also increase local flooding if log jams impede
flow.
In‐channel wood characteristics have been studied in terms

of origin, mechanism of recruitment, and biomass abundance.
However, most studies have been conducted on gravel‐bed
rivers, common in the Pacific Northwest of the USA and
Canada, upland UK, France, Italy and New Zealand (Mosley,
1981; Bryant, 1983; Robinson and Beschta, 1990; Nakamura
and Swanson, 1993; Smith et al., 1993; Fetherston et al., 1995;
Hogan et al., 1986; Piégay et al., 1999; Gurnell et al., 2000;
Baillie et al., 2008). There have been some recent studies on
the eastern coast of the USA, but these are largely restricted to
headwater and small catchment areas less than 500 km²
(Daniels, 2006; Cordova et al., 2007; Magilligan et al., 2008).
Further, most LW studies have occurred along isolated reaches
or sub‐basins. Few investigations such as those by Gregory and
Davis (1993), Piégay et al. (1999), andMoulin and Piégay (2004)
have covered basin‐wide processes or have been conducted
along large sand‐bed rivers of the low‐gradient coastal plain
of south‐eastern USA (Triska, 1984). In general, LW dynamics
are poorly described and understood along coastal plain
rivers relative to high‐gradient systems.
Initial studies of LW within channels suggest that LW

distribution is a function of the length of pieces entering the
channel and the ambient channel width (Likens and Bilby,
1982; Gurnell, 2003). As the size of the river increases, the
importance of the relationship between piece length and
channel width decreases. Where the average piece length is
shorter than the width of the channel, the location of LW
occurs on predisposed sites characterized by high roughness.
Such sites include: the upstream end of point bars, along small
secondary channels, sand and gravel banks (rollers), small
vegetated islands, and human obstructions such as bridge piers
(Swanson and Lienkaemper, 1982; Piégay and Gurnell, 1997;
Gurnell et al., 2000; Marcus et al., 2002; Van der Nat et al.,
2003). These potential deposition sites differ according to river
pattern but are significantly correlated with high roughness,
which may form an obstacle to flow (Piégay, 2003). Deposition
sites for LW can thus be identified and predicted using
Figure 1. The Lower Roanoke River, a 210 km river reach bounded by
Townsend, 2001). Our 177 river km study site is delineated.

Copyright © 2011 John Wiley & Sons, Ltd.
sensitivity analyses (Piégay and Marston, 1998; Lassettre et al.,
2007).

We studied the channel geometry and the distribution,
origin, and conditions of LW deposition to predict zones of LW
deposition on low‐gradient large rivers. The research was
conducted on 177 river km of the 210 km long lower Roanoke
River, North Carolina. The purpose was to describe and
interpret the temporal and spatial dynamics of LW recruitment,
transport, and subsequent downstream storage along a large
low‐gradient coastal plain river. Results should provide
fundamental information for management in terms of the
influence of and impacts on flow regime/flood patterns and
infrastructure (bridges, dams, levees, etc.) and risk manage-
ment by providing information on the processes that determine
LW recruitment reaches and areas of accumulation. These
results should also provide insight for interpretation of aquatic
biodiversity and other ecological processes. Finally, the
research integrates a third aspect defined by Piégay (2003),
which considers wood as a transported element like gravel or
suspended sediment that can be synthesized and distinctly
interpreted (Piégay, 2003; Moulin and Piégay, 2004; MacVicar
et al., 2009).
Study Area

The study reach on the coastal plain section of the Roanoke
River extends downstream of the Roanoke Rapids dam to the
Albemarle Sound (210 km), in north‐eastern North Carolina
(Figure 1). The river reach is entirely located on the northern
coastal plain of North Carolina, an area of broad upland plains
with low relief and broad, sometimes underfit, bottomlands
(Hupp, 2000; Hupp et al., 2009). This region is characterized
by humid temperate climatic conditions with a mean annual
temperature of 15.8 °C and average annual precipitation of
1267 mm as measured at Williamston, NC, elev. 6.1 m above
sea level (station 319440 Williamston 1E, 1971–2000 Climate
Normals, State Climate office of North Carolina). The aver-
age daily discharge (1964–2003) is 228 m3/s as measured
the Roanoke Rapids Dam and the Albemarle Sound (adapted from

Earth Surf. Process. Landforms, Vol. 36, 1137–1151 (2011)



1139LARGE WOOD IN RELATION TO GEOMORPHIC PATTERNS ON A LOW‐GRADIENT RIVER
immediately downstream of the Roanoke Rapids Dam, NC
(USGS streamflow gage 02080500, Figure 1). Daily discharges,
measured over a span of 43 years, range from 25.3 to
562.8 m3/s. Prior to dam construction (early 1950s), annual
peak flows regularly ranged from about 1400 to 2800 m3/s
with an extreme flow of 7000 m3/s in 1940. Since construction
of the dam, streamflow has only reached 1120 m3/s once with
a normal maximum of 980 m3/s; annual flows are rarely less
than 28 m3/s and most peaks are held around 560 m3/s (Hupp
et al., 2009). Normal non‐hydropeaking flows are maintained
at approximately 57 m3/s (video footage was taken during this
discharge) with nearly daily hydropeaking flows at 560 m3/s.
Discharge may occasionally fall below 57 m3/s during
droughts or may be held at or above 560 m3/s during or shortly
after large precipitation events in the upstream watershed.
Water stage information is recorded at six streamflow gages
along the lower river beginning at Roanoke Rapids, NC near the
dam, and in downstream order, at Halifax, Scotland Neck,
Hamilton, Williamston, and Jamesville, NC, nearest to the
Albemarle Sound (Figure 1).
The lower Roanoke River flows eastward as a largely single

threaded meandering stream from near the Fall Line to the
Albemarle Sound (Figure 1) across Miocene sedimentary
material overlain by Quaternary Alluvium (Hupp et al., 2009).
The sedimentary material consists largely of unconsolidated
fine sands, silt, and clay, although the clay deposits may be
indurated.
Additionally, the floodplain along the lower river trapped a

large volume of sediment associated with post‐colonial
agriculture (Hupp et al., 2009). The river is generally incised
through the legacy sediment and other coastal plain sediments;
although erosion on cut banks and many straight reaches
appears active, there is limited point‐bar development. This
legacy sediment may be between 4 and 6 m in depth along
upstream reaches of the lower river, which thins downstream
to near zero at the Albemarle Sound (Hupp et al., 2009).
Extensive mudflats occur in‐channel between river kms 152
(near Jamesville, NC, Figure 1) and the Sound replacing banks
as a storage location for in‐channel LW. Mudflats are generally
unvegetated, partially submerged, and distinct from the bank.
The floodplain along the study reach supports the largest
contiguous bottomland hardwood forest on the Atlantic coastal
plain (Hupp, 2000).
Figure 2. Key used to populate the LW database. Variables were picke
recruitment, and accumulation.

Copyright © 2011 John Wiley & Sons, Ltd.
Methodology

This study utilized georeferenced footage produced in March
2007 by contractors for Virginia Dominion Power, Inc.
(hereafter referred to as ‘Dominion’, the energy conglomerate
that operates the Roanoke Rapids Dam). The video was taken
by a helicopter travelling at approximately 55 km/h just above
the tree canopy (approximately 60 m above ground surface)
between Plymouth, NC and the Roanoke Rapids Dam.
Information from the video footage was reduced and organized
by spatial distribution, physical characteristics of accumulated
wood, and recruitment mechanism along a 177 km coastal
plain section of the Roanoke River. The video recorded one
bank continuously (south bank on the upstream part of the
flight and north bank on the downstream part of the flight) and
included a continuously recorded time stamp and GPS
position. The video’s GPS position was groundtruthed using
pre‐defined points on the bank and pre‐determined landmarks
(e.g. highway bridge locations). Two technicians observed the
video and recorded LW that was larger than approximately 3 m
long and 0.2 m wide. The length and width lower limits were
determined using the smallest scale that could be consistently
determined using the video. Length and width was estimated
relative to people, boats, and structures available throughout
the 10 h video. Log jams, areas where three or more individual
detached LW accumulate, were also noted. LW was recorded
in the channel and on the banks; but not on the floodplain. We
define LW available for transport as any detached individual
LW and any LW in log jams; future LW is defined as snags and
dead standing trees.

The video database was populated with eight variables per
individual LW and four variables per log jam (Figure 2). The
video’s time stamp was used to record the longitudinal position
of LW. This was later translated into river kilometers using a
pre‐existing database created by Dominion’s contractor.
Individual pieces of LW were categorized as either detached,
or as one of two types of potential LW. Potential LW includes
‘snags’, leaning trees angled more than 45˚ towards the
channel or trees on bank edges with more than half of the
root structure exposed due to bank erosion, and ‘dead standing
trees’, dead trees with a trunk angle less than 45˚ from vertical.
Detached LW and log jams were noted for position relative to
channel (parallel, oblique, or perpendicular) and location on
d to distinguish wood recruitment (available for transport), potential
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the bank (upper, middle, lower). Bank location was recorded as
lower 1/3, middle 1/3, or upper 1/3 of the exposed bank at
mean‐low water (when the video was recorded). Bank location
and LW position relative to channel allowed for interpretation
of previous transport and the depositional environment. The
presence of roots, branches, and bark was noted to determine
the relative age of the LW (relative to its death and transport
time). Root position relative to the channel was also noted,
when applicable, to verify that the LW had been deposited
from an upstream site. Roots were noted as to whether they
retained soil, which when present indicates the LW has only
recently entered the channel.
Both individual LW and log jams were evaluated for bank

anchoring. Individual LW anchoring was described as LW that
had a portion of its roots still embedded in the bank surface.
Log jam anchoring was described as either occurring due to
bank features, a standing snag, living tree(s), or structures
(bridge pilings, docks, boat ramps, etc.). The additional data
collected for log jams facilitates determination of the reason for
a log jam’s particular location.
One weakness of an aerial LW survey is the inability to

inventory submerged LW that constitutes a significant propor-
tion of LW in large rivers (Angradi et al., 2010). Quantification
of submerged LW in large deep rivers would allow for a better
comparison with shallow or small rivers and streams.
Bank morphology information and a bank‐erosion index

were measured every 1.6 km between Halifax, NC and the
mouth of the river and analyzed to detect correlation with the
LW database. These measurements were taken on bathymetric
cruises for a related study of bank stability (Hupp et al., 2009).
The bank‐erosion index was determined by assessing a 100 m
reach every 1.6 km for bank erosion in terms of either fluvial
erosion, as evidenced by trees with exposed roots, or mass
wasting, as evidenced by slump block or rotational failure bank
scars. Stable surfaces were evident by herbaceous or grass
cover. For the purpose of this study the index was simplified to
0=no erosion, 1 = fluvial erosion, 2 = historical mass wasting,
3 = fresh mass wasting.
LW volume and mass determination

LW volumes were determined to allow for comparison of LW
abundance and biomass with other rivers using diameter and
length measurements from 134 radio tagged individual LW
used for a concurrent LW transport study. Average volumes for
individual pieces of wood were calculated by assuming a
cylindrical shape for a given length and geometric mean
diameter (Lienkaemper and Swanson, 1987). Biomass within
the channel was estimated from the calculated mean volume
and an average wood density of 0.50 Mg/m3 used in most
studies of woody debris in aquatic systems (Harmon et al.,
1986). The value corresponds to the average specific gravity of
soft wood, because in many cases real densities cannot be
easily obtained, especially when studying woody debris in
aquatic environments.
able I. Large wood (LW) abundance and concentrations by LW type

Available for transport Future LW

Detached
individual LW

Log
jams Snags

Dead
trees

ieces of LW 5368 5356 1863 1806
iomass (Mg) 4026 4392 3009
iomass (Mg/km) 22.7 24.8 8.6 8.3
Statistical segmentation of longitudinal
LW frequency

A segmentation test was performed using LW frequency by river
km for detached individual LWand log jams to detect breaks in
the longitudinal distribution and to define homogeneous
reaches in terms of wood deposits. A modified non‐parametric
Mann–Whitney test (Pettit, 1979) was used to create the
segment breaks. The null hypothesis was the absence of
Copyright © 2011 John Wiley & Sons, Ltd.
change in the sequence Xi of size N. Statistically this requires
partitioning homogeneous contiguous classes (linear seg-
ments). The independent variable is river km and the frequency
of LW is the dependent variable as shown by Lassettre et al.
(2007) along the Ain River, France. The values of the two
samples are grouped and classified by increasing order. The sum
of the ranks of the components of each subsample in the total
sample is then calculated. A statistic is defined using the two
sums thus obtained in order to assess whether the two samples
belong to the same population.

The Pettit method (1979) is a fairly robust, nonparametric test
that is not influenced by the distribution slope of the studied
variable. After detecting breaks in the distribution, we analyzed
the relations in each homogeneous reach among wood
deposits with the four geomorphic parameters (width/depth,
slope, sinuosity, and bank height) from Hupp et al. (2009). We
also investigated the relations between bank‐erosion index
and LW distribution.
Results

LW spatial distribution

The LW population of the north bank consisted of both LW
available for transport and future LW (Table I, Figures. 3 and 4).
LW along the south bank was surveyed at 21 representative
locations for a total of 33.8 river km. The results of a paired
student’s t‐test indicate that there is no significant difference
between north and south bank LW distribution (detached
individual LW concentration data, P= 0.83, n= 21). We,
therefore, assume that the LW distribution of the south bank
is similar to the fully observed and quantified north bank.

The distribution of detached individual LW is highly variable
based on channel morphology and distance from the dam with
an overall mean of 55 pieces per river km (both banks).
Approximately 11 log jams occurred per river km with a mean
of 60 pieces in jams per river km; the concentration of log jams
was highly variable (Figure 4).

Of the LW available for transport (75% of all LW)
approximately half are stored in jams and half as detached
individual LW (Table I). Most detached individual LW is found
on the upper bank with only 18% located in the channel
during low flow (Figure 5a).
Individual detached LW and log
jam characterization

General description and Pettit Test analysis for individual
detached LW
LW age and previous transport history can be estimated by the
present condition of the log, including decomposition, amount
of physical abrasion from previous transport, and orientation
T

P
B
B
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Figure 3. Detached individual LW by river km with USGS streamgages as points of reference. The x‐axis of the histogram is measured in river
kilometers from the Roanoke Rapids Dam. Photo is of four examples of detached individual LW, one partially submerged, two pieces low on the
bank, and another on the mid‐bank (57 m3/s discharge, Photo credit: Edward Schenk). This figure is available in colour online at wileyonlinelibrary.
com/journal/espl
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relative to the channel. The majority of detached wood had
roots (Figure 5a). Among the individual detached LW posses-
sing roots, 26.5% contained soil within the root ball, whereas
the majority had ‘cleaned’ (devoid of soil in the root ball) roots.
The roots were positioned upstream for more than 73.5% of the
pieces. Most detached individual LW was orientated obliquely,
in relation to the channel, and was positioned on the mid to
upper bank (Figure 5a).
We used Pettit’s Test (Pettit, 1979) to create separate classes

of detached individual LW based on roots, angle, bank
localization, and branch and bark presence parameters. First‐
level results (Figure 6) suggest there are basically two different
types of wood along the river, that without roots (class 3, which
represent 23%), and that with roots (class 1 and 2, together
equalling 73%). The second‐level results (Figure 5) indicates
there are two types of detached wood with roots distinguished
by bark, bank location, and orientation. The three classes and
their relation are depicted in Figure 5.
Class 1 (‘transport’ LW, representing 55% of the population

of the detached wood) is characterized by the presence of roots
for 100% of the individuals, 50% lay at an oblique angle to the
bank, and 25% are perpendicular or parallel to the bank. Areas
on or near the mean‐low waterline contain 52% of the LW.
Branches are present on 55% of the individuals and 71% of the
individuals have no bark.
Copyright © 2011 John Wiley & Sons, Ltd.
Class 2, ‘new’ LW (representing 15% of the population of the
detached wood) is largely well preserved LW with 100% of
their roots, branches, and bark. More than 77% of the
individuals reside on the upper or middle bank and the trees
are mostly positioned at angles perpendicular or oblique to the
bank (42, and 48% of the mid and upper bank detached LW
population, respectively), indicating that they have probably
not been previously transported by streamflow.

Class 3, ‘decayed’ LW, (representing 23% of the population
of the detached wood) is characterized by a lack of roots
(100% of the individuals). More than 50% of the wood is
situated on the upper and middle part of bank. About 65% of
the wood has no branches and only 18% of the pieces have
their entire bark. Resting angle is oblique (42%) or perpen-
dicular (40%) indicating the wood has probably not been
previously transported by a high‐water event.

General description of log jams
Log jam variables were recorded to help determine processes
of log jam formation; the variables included anchorage type,
angle relative to channel, and bank position. The majority of
log jams are anchored on snags (Figure 5b), however, the
largest jams are on bridge piers (Figure 7). There are four
bridges in the 177 km study reach; the bridges effectively trap
1% of the LW stored in jams.
Earth Surf. Process. Landforms, Vol. 36, 1137–1151 (2011)



Figure 4. Sum of LW in log jams by river kmwith USGS streamgages as points of reference. Photo is from a floating portion of the largest log jam on the
river during a flood (57 m3/s discharge, photo credit: Edward Schenk). This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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The majority of log jams are located on the lower bank and
in the water (Figure 5b). This indicates a high potential for
further transport and also indicates a high potential for trapping
additional individual LW through higher bank roughness
created by the jam. Most jams (70%) are available nearly
year round as aquatic habitat, positioned either on the lower
bank or submerged at low‐water flows. The majority of the
jams have a local impact on channel flow with 75% of the log
jams in an oblique orientation relative to the channel
(Figure 5b). Qualitative observations over most of a decade
suggest that, in general, jams occur in the same location
throughout any given year. The residence time of individual
pieces of LW in a particular jam is unknown, as are overall jam
dynamics.
LW accumulation type, abundance, and estimates
for biomass and volume

Detached individual LW, account for approximately half of the
LW available for transport (Table I). Log jams represent 10% of
the LW population but store 52% of the LW available for
transport. Potential future LW, in the form of snags and dead
standing trees, account for 19.5% and 19%, respectively, of
the large woody debris present in the river, and are considered
the non‐mobile components of the LW population. LW
Copyright © 2011 John Wiley & Sons, Ltd.
concentrations are approximately 55 pieces/km for individual
detached LW with an additional 11 log jams/km. The total
concentration of wood available for transit is 115 pieces/km if
pieces of LW in log jams are included.

LW biomass was estimated using width and length data from
134 randomly selected pieces between river km 70 and 150
using the 0.5 Mg/m3 coefficient developed by Harmon et al.
(1986). The mean diameter was 0.33 m and the mean length
was 9.7 m. The average volume estimation indicates that total
LW biomass was 11 427 Mg in 2008 for the 177 km of the
lower Roanoke River. The mean biomass concentration was
64.5 Mg/km. Biomass concentrations and amounts for each
LW class are available in Table I.

The greatest mass of LW, 8418 Mg (73.6% of the total mass
of LW present in the channel), is available for transport while
3009 Mg (26.4% of the total mass of LW present in the
channel) represent future recruitment. Future recruitment is an
underestimate, as standing live trees on the floodplain in areas
of active mass wasting have not been included in these
analyses.

The mean biomass stock is approximately 0.0415 Mg/ha
(4.1 Mg/km²) at the watershed scale. Detached wood has a
concentration of 0.01465 Mg/ha (1.465 Mg/km²) while log
jams are 0.0160 Mg/ha (1.60 Mg/km²), angled snags are
0.0055 Mg/ha (0.55 Mg/km²), and dead standing trees are
0.0054 Mg/ha (0.54 Mg/km²).
Earth Surf. Process. Landforms, Vol. 36, 1137–1151 (2011)



Figure 5. (A) Selected attributes for detached individual LW. The percentage of detached individual LW population that have (‘yes’) or do not have
(‘no’) roots, branches, and bark are displayed. The percentage of detached individual LW population that reside on the lower, mid, and upper bank at
low water (57 m3/s discharge) and the orientation relative to the channel, are also provided. (B) Selected attributes for log jams, including anchoring
type, localization on the bank at low water, and orientation relative to the channel.

Figure 6. Dendrogram created by the Pettit Test for determining types
of detached individual LW. Variables for the cluster analysis included
percentage rootball intact (roots), percentage bark intact, branch
condition, position on bank, and position relative to channel. Figure 7. Log jam size (LW in individual log jams) by anchoring type.
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Longitudinal distribution of detached LW 0and log
jams in comparison with channel geometry

Detached individual LW
The Pettit Test results show five major breaks in longitudinal
distribution creating six river reaches for individual LW
(Figure 8). There is a significant (Kruskall–Wallis, P<0.001,
n=150) difference among the four geomorphic parameters (W:
D ratio, bank height, sinuosity, and gradient) and detached
individual LW frequency. The six river reaches are also
significantly different from each other (Kruskall–Wallis,
P<0.001, n=150) in terms of the bank erosion index.
Copyright © 2011 John Wiley & Sons, Ltd.
In general, reaches 1, 2, and 3 are characterized by a straight
channel, with high banks and a high W:D ratio. Detached LW
frequency of these three reaches represent 19% of the entire
individual LW population, with a concentration ranging from
51.5 pieces/km for reach 1, 34.8 pieces/km for reach 2, and
22.35 pieces/km for reach 3. The three reaches are dominated
by fluvial erosion (particle‐by‐particle erosion) with areas with
little erosion. Mass wasting is uncommon in these upstream
reaches (Figure 8).

Channel gradient and sinuosity on reach 4 are markedly
higher and more consistent than upstream reaches; the W:D
ratio and bank height decreases. The range of bank erosion
Earth Surf. Process. Landforms, Vol. 36, 1137–1151 (2011)



Figure 8. Distribution of individual detached LW by river km, and by statistically determined river reach using the Pettit Test. The solid gray line is
the cumulative percentage of detached individual LW, the solid black line is the LW concentration. Geomorphic information, in terms of W:D ratio,
bank height (m), sinuosity, and channel gradient, are provided as boxplots separated by statistical reach (resolution =1 measurement/1.6 river km).
Bank erosion index developed to measure mass wasting. A higher index value indicates a greater frequency of mass wasting. Detailed methods of
both fluvial erosion monitoring and the bank erosion index are provided in Hupp et al. (2009).
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index values is large; zero erosion (30% of the sample), 35%
with fluvial erosion, and 35% with mass wasting. The detached
LW frequency increases compared with upstream reaches with
20.5% of the reach having a concentration of 46.8 pieces/km.
Sinuosity and gradient are highest in reach 5. W:D ratios and

bank heights are generally low and variable.Within this reach the
frequency of detached LW is high, 44.5%, with a concentration
Copyright © 2011 John Wiley & Sons, Ltd.
of 58.34 pieces/km and nearly half of the total LW population.
Mass wasting is dominant occurring in about 80% of the reach.

The furthest downstream reach, reach 6, is characterized by
the lowest W:D ratio, bank height, sinuosity, and gradient.
Detached LW frequency is 16%, but the concentration is the
highest of any of the reaches: 74.1 pieces/km. Fluvial erosion is
the dominant erosional process.
Earth Surf. Process. Landforms, Vol. 36, 1137–1151 (2011)
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Results indicate that reductions inW:D ratio and bank height
associated with increases in sinuosity and channel gradient
create conditions that promote a high frequency of detached
individual LW. Concentrations of LW may increase with
diversity of erosion processes and especially mass wasting.
Only along reach 6, near the Albemarle Sound and sea level,
are LW concentrations high (long‐term accumulation) and
variation in sinuosity and channel gradient low.

Log jams
The statistical segmentation results identified three major breaks
in log jam distribution creating four distinct river segments
(Figure 9). These breaks are different from the ones for the
detached individual LWowing to the difference in longitudinal
distribution of LW for the two groups. There is a significant
difference (Kruskall–Wallis, P<0.001, n=150) among the four
geomorphic parameters (W:D ratio, bank height, sinuosity, and
gradient) and log jam frequency for each reach. There is also a
significant difference (Kruskall–Wallis, P<0.001, n=150) be-
tween each reach in terms of log jam frequency and the bank
erosion index.
The characteristics of the furthest upstream reach are nearly

identical to that of the first three detached individual LW
reaches. The upstream log jam reach consists of a relatively
straight channel with high banks, variable gradient, and a high
W:D ratio. Log jam frequency is 11.5% of the entire LW
population; with the lowest concentration of any of the reaches
at 2.2 log jams/km. Fluvial erosion is the dominant bank
erosion process. The second reach has a lowerW:D ratio, bank
heights, and greater variability in log jam distribution than the
first reach. Gradient is higher than in reach 1 and bank erosion
is characterized mostly by mass wasting processes. Log jam
frequency is 26% of the entire population with a concentration
of 9.95 log jams/km. The third reach is characterized by a
narrowing channel with low bank heights. The gradient is the
highest of all reaches, as is sinuosity, with meanders occurring
frequently and consistently. Log jams make up 46.5% of the
LW frequency with a concentration of 21.5 log jams/km. Mass
wasting is the dominant bank erosion process (80%). The
furthest downstream reach, reach 4, is significantly different
from the upstream reaches owing to its sea level elevation and
wind tide processes. Channel morphology is characterized by
the lack of a defined bank, low gradient, low sinuosity, and low
W:D ratios. Log jams make up 16% of the entire LW population
with a low concentration of 9.92 log jams/km. Fluvial erosion
is dominant in this reach. Thus, an increase in log jam
concentrations may be associated with decreases in W:D ratio
and bank height that occur with increases in sinuosity and
channel gradient. Log jam concentration is also the highest
where bank mass wasting is dominant.
Comparison of log jam distribution to log jam size
and snag distribution

The four largest log jams occurred between river km 70 and
115 (log jam reaches 1 and 2). Two of the log jams were
caused by a bridge crossing where there is an accumulation
between a bridge pier and the bank, and another on a sand bar
formed immediately downstream from the eddies created by
the upstream log jam. The other two large jams were located
near each other and located at or near meander bends. These
jams are large (mean 64.5 pieces/jam, std. dev. 9.5), especially
compared with the 10 next largest jams (mean 27.6 pieces/jam,
std. dev. 3.6). Nine of the 10 next largest jams are clustered
in a sinuous reach extending from river km 133 to 157
(mostly in log jam reach 3 with one jam in reach 4). We also
Copyright © 2011 John Wiley & Sons, Ltd.
determined a significant relationship between log jam
concentration and the amount of wood trapped in jams by
km (a function of log jam size; ANOVA, P<0.001, n=200).
Thirteen of the 14 largest jams are located in or near mean
low‐water, indicating that they are readily available as
aquatic habitat, have an influence on channel hydraulics,
even at low flow, and are readily available as a source of
LW for downstream transport.

Log jam concentration is correlated with the presence and
concentration of snags by river km (ANOVA, P<0.001,
n=200). However, the reach with the highest concentration
of snags (log jam reach 4) does not have the highest
concentration of log jams (Figure 10).
Discussion

The lower Roanoke River contains the largest contiguous
hardwood forest on the eastern coast of the USA. LW from the
majority of this forested wetland is unavailable for transport
and deposition in the active channel due to the extent of the
floodplain (usually several kilometers wide) relative to channel
size and also human modifications to the landscape. Dam
regulation prevents large floods with significant flow over the
levees. Moderate floods enter the floodplain through levee cuts
and crevasses providing only localized access for LW to enter
the channel from the interior areas during flow recession. The
landscape has also been altered by floodplain deposition of
several meters of post‐colonial legacy sediment from upstream
agricultural erosion primarily in the 18th and 19th centuries.
This sediment has created abnormally high banks in the
upstream section of the study area that attenuate downstream
toward the Albemarle Sound (Hupp et al., 2009). Both human
modifications, dams and the legacy of European colonization,
negatively impact the amount of wood available to the system.
The modifications should not, however, be seen as unique to
the Roanoke River as dams and legacy sediment occur on most
large eastern US rivers.
Present and future LW spatial frequency

Results along 177 river km provide an unprecedented view of
LW characteristics and distribution on large coastal plain rivers
of the eastern USA. The LW population is dominated by
available for transport material, either in the form of log jams or
detached individual LW. Over 75% of the population is
available for transport with the remainder consisting of future
recruitment as either snags or dead standing trees. This is
similar to the results of a previous study on the gravel bed
Drôme River in France, where the ratio of in‐channel LW was
1.3 to 3.1 times greater than the annual recruitment of new LW
(Piégay et al., 1999). Approximately 73% of the LW still retains
roots, indicating that the majority of the LW available for
transport is produced by bank erosion rather than logging or
fragmentation from decay. The amount of wood stored as
either types of LW available for transport is approximately
equal to only 18% of the total detached individual LW located
near or at the low‐water level, while the majority of log jams
were either at water level or low on the bank. Log jams appear
to be more important than detached individual LW in terms of
both aquatic habitat and risks for human activities.
LW lifecycle and residence time

Biomorphological characteristics of LW, such as the bark,
branch, and rootball condition can provide hints to the history
Earth Surf. Process. Landforms, Vol. 36, 1137–1151 (2011)



Figure 9. Distribution of log jams by river kms, and by statistically determined river reach using the Pettit Test. The solid gray line is the cumulative
percent of log jams, the solid black line is the concentration of log jams, and the black points represent LW in individual log jams. Geomorphic
information, in terms of W:D ratio, bank height (m), sinuosity, and channel gradient, are provided as boxplots separated by statistical reach
(resolution=1 measurement/1.6 river km. Bank erosion index developed to measure mass wasting. A higher index value indicates a greater
frequency of mass wasting. Detailed methods of both fluvial erosion monitoring and the bank erosion index are provided in Hupp et al. (2009).
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of individual pieces of LW. Wood that still retains fragments of
bark, branches, and their roots indicate that the tree entered the
channel in its entirety instead of as a fragment from in situ
decay. LW decay can then progress either biologically or
physically from the abrasive effect of in‐channel transport.
Physical abrasion becomes less of a factor as the river increases
in width and depth Piégay (2003). The state of decay and the
morphology of LW on the Roanoke River confirm Piégay’s
Copyright © 2011 John Wiley & Sons, Ltd.
observations and suggest a low rate of movement and a high
residence time. Most of the bank erosion derived LW is in an
advanced state of decay with no bark (class 1, 55%), whereas
some (class 2, 15%) are probably new recruitment with half of
the wood also orientated perpendicular to the bank. Only 23%
of the detached individual LW was produced by mechanisms
other than bank erosion (class 3, detached LW). Classes 2 and
3 are situated on the mid and upper banks and probably either
Earth Surf. Process. Landforms, Vol. 36, 1137–1151 (2011)



Figure 10. (0A) Snag distribution by Pettit Test derived homogeneous
reach determined for log jams frequency. (B) Log jam distribution by
homogeneous reach.
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rarely or never moved during floods. Degradation is a function
of a long residence time and short travel time. The majority of
the individual LW (73.5%) have rootballs positioned upstream
indicating that they pivoted during high flow and had a short
travel time (Braudrick et al., 1997; Braudrick and Grant, 2001).
This is similar to a previous study on the lowland Thompson
River in Australia where 83% of the detached LW had rootballs
oriented upstream (Gippel et al., 1994). The state of decay
displayed through the condition of the bark and branches,
indicates a long residence time for the majority of the
individual LW. Qualitatively, many of the individual LW
measured in the field were in an advanced state of decay with
some form of root structure or branches, indicating that they
probably have not been transported far from their initial point
of entry.
The large amount of decayed and transported LW on the

Roanoke River indicates a long residence time. A qualitative
assessment of individual LW from field reconnaissance
confirms that the overwhelming majority of the LW is in an
advanced state of decay. Much of the floating LW found during
flood events was also highly decayed; not only is LW
recruitment slow, and residence times long, but newly
recruited LW may remain on the bank until partially decayed
before having the proper buoyancy to be transported in this
dam regulated system. The long residence time is probably due
to the dam regulation limiting high flows and providing
consistent flood events of limited duration and magnitude.
LW recruitment was probably higher before dam regulation,
while residence time may have been lower.
LW abundance and biomass

The Roanoke River has a low amount of LW compared with the
mean abundance found in other LW studies (Table II). Our
results fall in the lower range given by Cordova et al. (2007) for
eastern streams, but similar to 15 low‐gradient streams draining
previously logged watersheds in the Upper Peninsula of
Michigan, with a stream bankfull width that ranged from
2–12 m. The Roanoke River may appear to have less LW than
Copyright © 2011 John Wiley & Sons, Ltd.
other studies due to differences in the lower detection limit for
LW. We focused on LW larger than 3 m length and 0.2 m
diameter whereas some of the field based studies were able to
detect LW as small as 1 m length and 0.1 m diameter. Despite
the differences in study design, large rivers like the Roanoke
generally produce relatively small amounts of LW relative to
discharge and associated channel width.

The lower Roanoke River also contains relatively low
amounts of LW biomass in comparison wuith other rivers.
Bilby (1984) has shown that watershed size is not a good
indicator of LW biomass. The lower Roanoke River is affected
by dams that effectively cut off LW available for transport from
the upstream watershed. Flow regulation further reduces in‐
channel LW by limiting the frequency and magnitude of
flooding that may transport wood from interior floodplain
locations.

Unfortunately, the majority of LW studies report abundance
in terms of watershed area instead of concentration per river km,
making it difficult to compare our results on a flow‐regulated
system with more natural systems, or high‐gradient systems
with much smaller watersheds. The fate of most interior
floodplain wood appears to be decomposition and fragmen-
tation, rather than exportation to the river channel. Biomass
and abundance is thus negatively affected by the upstream
dam. All or most of the LW observed in this analysis originated
from banks or floodplain surfaces adjacent to the channel; there
is no possibility of upstream inputs. Regardless, the abundance
and stability of woody debris in the main channel provides
aquatic habitat for both riverine invertebrates and fishes.
LW longitudinal distribution patterns

Our results suggest that snags play a significant role in trapping
LWand creating log jams (Figure 10). The size of individual log
jams increases as the concentration of log jams increases; the
third log jam river reach (Figure 10), therefore, has the highest
trapping efficiency. Trapping efficiency is determined partly by
snag density, but also local wood recruitment rates, distance
from dominant wood recruitment zones, and bank roughness.
Our results suggest that bank roughness in fine‐grained river
systems, such as the Roanoke River, is determined by bank
snag concentration, existing LW accumulation, and channel
geometry. Geometry variables include channel sinuosity,
width, gradient, and bank height. The hydrologic regime of
the system, including flood frequency and intensity can
influence the importance of channel geometry on LW
distribution.

River reach 3 (Figure 9), for log jams, had the highest
concentration of jams and the greatest bank roughness. Bank
roughness was high, as defined by a narrow channel, and high
sinuosity, gradient, and snag densities. Bank height also
contributed to roughness, the lower banks in reach 3 allow
flow in the channel to come into contact with woody features
of the riparian forest (rootballs, fallen branches, shrubs) that
may increase trapping efficiency. The reach is actively eroding,
as indicated by a high bank‐erosion index and a high
concentration of recent mass wasting events including
rotational failures (Figure 9). High rates of bank erosion may
substantially affect LW recruitment and local distribution.
Upstream reaches have higher banks isolating the flow to
relatively low on the bank slopes and away from the riparian
forest, whereas the lowermost reaches have low to no banks
and large mudflats. During low flow most roughness is derived
from the mudflat itself, during a high flow event with high tides
the trees at the bottomland swamp edge may trap LW,
especially where mudflats are limited.
Earth Surf. Process. Landforms, Vol. 36, 1137–1151 (2011)



Table II. Large wood (LW) abundance and concentrations by site, watershed size, and stream order

Reference Site Watershed (km²) Stream order Biomass Mg/ha LW (pieces/ river km)

Cordova et al., 2007 USA, Michigan NA NA 98.4
Cordova et al., 2007 USA, headwaters

pacific NW NA NA 362
midwestern NA NA 362
eastern NA NA 61 – 131

Bryant, 1983 USA, Alaska ‐ 1–2 15 – 582
Keller and MacDonald, 1995 USA, California, Redwood

Creek
0.7 – 27.2 2–4 125 – 2180

Comiti et al., 2006 Italy, Dolomites 2.2 – 51 NA 130 – 320
Richmond and Faush, 1995 USA, Colorado 2.4 – 29.1 1–3 46 – 127
Lisle, 1995 USA, Washington 9.3 – 32.7 NA 140 – 325
Magilligan et al., 2008 USA, Maine 20 – 280 5 – 10 15 – 50
Baillie et al., 2008 New Zealand Whirinaki River 73 4 106 660
Hauer, 1989 USA, Meyer Creek GA 91 NA 55
Marcus et al., 2002 USA, Yellowstone NA 2–6 6.8 – 209
Hedman et al., 1996 USA, Appalachian streams NA 3–4 45 – 130
Chen et al., 2006 USA, British Columbia 675 – 1162 NA 2.65 – 6.51
Shield and Smith, 1992 USA, Tennessee 927 NA 215 – 470 35 – 58

NA 45 – 165 6 – 58
Keller and Swanson, 1979 USA, Mc Kenzie River, 1024 NA 6
Piégay et al., 1999 France, Drôme River 1620 NA 8 – 32
Gurnell et al., 2000 Italy, Tagliamento, open

gravel surface
2500 NA 1 – 21

islands NA 24 – 186
pioneer islands NA 293 – 1664

Van der Nat et al., 2003 Italy, Tagliamento, 2500 NA 43 – 121
This study USA Roanoke River, all LW 2747 0.0415 158.2

Wood in log jams 0.016 59.6
Detached individual LW 0.0146 55.4

Gippel et al., 1996 Australia, Thompson River 3540 NA 86
Piégay and Marston, 1988 France, Ain River 3630 NA 16 to 19
Wallace and Benke, 1984 USA, Ogeechee R, GA 7000 NA 90 to 110 148
Curran, 2010 USA, San Antonio R., TX 5473 NA 1.0–2.1 jams/km
Angradi et al., 2010 USA, Mississippi R.,

Missouri R., and Ohio R.
0.49, 1.37,
0.53 million

10, 9, 9 42 to 52
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LW recruitment is low in the furthest downstream reaches
where there are low or non‐existent banks that are separated
from the active channel by mudflats. A conceptual river
evolution model (Simon and Hupp, 1992) for the Roanoke
River (Hupp et al., 2009) predicts our result of low amounts of
bank erosion downstream as sites approach sea level and are
increasingly distant from the attenuating impacts of the
upstream dam. However, adjustment to dam regulation as
evidenced by high rates of mass wasting (bank destabilization)
continues presently in the middle reaches of the river (Hupp
et al., 2009). Banks are least stable in the presence of mass
wasting in response to high bank heights and steep bank‐slope
angles that develop during channel incision (in this case
following legacy colonial‐era sedimentation and dam opera-
tions). Ultimately, mass wasting returns the banks toward a
dynamic equilibrium after the hydrologic regime shift
associated with channel incision and subsequent recovery
(Hupp, 1992; Simon and Hupp, 1992). Mass wasting loads
the river not only with sediment, but with large wood from
the riparian zone that is carried down into the channel with
the failed bank material (Hupp, 1992; Piégay, 2003). Along the
lower Roanoke River, changes in channel geometry down-
stream (no/low banks), woody riparian species (fringing
bottomland hardwoods to bald cypress/tupelo gum swamp
forest), and recruitment may explain the decrease in log jam
LW storage and abundance, even though downstream high
snag concentrations could act as a trapping mechanism. The
downstream‐most reaches may function as a final resting place
for LW, because of shallow near‐bank conditions and a
Copyright © 2011 John Wiley & Sons, Ltd.
general lack of stream competence that impedes further LW
transport.

Results are consistent with the observation that some river
systems are composed of a mosaic of functional units rather
than a gradient of gradually changing conditions from small to
larger streams, as shown by Golladay et al. (2007). Local
geomorphic patterns may largely control the trapping effi-
ciency and LW recruitment within specific reaches (Wallerstein
and Thorne, 2004). The high concentration of LW between
Hamilton and Williamston, NC (Figure 3) corresponds to the
actively migrating (upstream to downstream) channel degra-
dation detailed in Hupp et al. (2009). Future LW distributions
will likely follow the bank erosion impetus downstream, with
higher LW concentrations occurring in the areas with the most
active channel widening.

Worldwide, LW distribution patterns differ by channel type
(braided, meandering, etc.) and in this case, on an incised
sand‐bed river (Piégay, 2003). Channel pattern and dynamics
determine LW storage and recruitment (Lassettre et al., 2007)
in a sand bed river like Roanoke. Snags also play a large role
in LW dynamics, especially log jam distribution. Snags
provide an anchoring point for log jams that consequently
simultaneously facilitate LW trapping, and provide a source
for individual LW; a process that appears fundamental in
sand‐bed systems (Piégay, 2003).

Individual LW distribution appears to be controlled by flow
velocity and flood hydroperiod. Our results are similar to those
of Gippel et al. (1994) where they demonstrated that along
low‐gradient rivers flow velocity is not sufficiently high to
Earth Surf. Process. Landforms, Vol. 36, 1137–1151 (2011)
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dislodge and transport individual LW. Floods are also
controlled and of short duration. Individual LW is therefore
randomly, or nearly randomly, distributed along the longitu-
dinal profile and is often stored on the bank, confirming our
result that suggests many of the individual LW fragments are of
local origin. The other component of LW available for
transport, log jams, likely represents the majority of the actively
transported LW on the river due to the impact of dam
regulation on individual LW.
These results show that log jams account for approximately

half of the LW available for transport on the Roanoke River.
Previous research indicates that the relative occurrence of
wood accumulation decreases as the river becomes larger
(Bilby, 1984); however, the overall volume of wood increases
(Montgomery et al., 2003). Log jam concentration on the
Roanoke River is variable throughout the river with increasing
presence in the middle and downstream reaches, as previously
noted; however, the size of the log jams remains relatively
constant. This trend is counter to the results of both
Montgomery et al. (2003) and Bilby (1984) for other low‐
gradient rivers. The largest jams on the Roanoke River occur on
bridge pilings, suggesting that persistent hard points within the
channel, on an otherwise relatively soft substrate system, serve
as long‐term LW collection points.
We have shown that LW distribution and dynamics are

controlled by a mosaic of factors ranging from the geomorphic
features/processes defined by longitudinal channel evolution
following dam regulation (Hupp, et al., 2009) to the dam‐
regulated hydrological regime itself. Cumulative processes
such as snag and log jam concentrations, while also a result of
geomorphic and hydrological factors, may synergistically act
as factors themselves for LW accumulation. Ultimately the
upstream dam operations may control LW dynamics, by
creating the current hydrological regime and thus modifying
geomorphic parameters, including the lack of bank complexity
due to uniform high and low flows (decreasing LW accumu-
lation, Gurnell, 2003) and the high rates of mass wasting
(increasing LW loading and accumulation). Flow regulation,
and the attenuation of flood peaks in particular, directly
modifies the river’s capacity to mobilize, transport, and trap
LW (Gurnell, 2003), including decreasing the power to laterally
transport wood into and out of the adjacent floodplain (Benke
and Wallace, 1989, 2003).
Conclusion

The study of in‐channel LW has accelerated in the last three
decades, expanding beyond original research in the Pacific
North‐west to encompass rivers and streams throughout the
world. Our study is one of the first on a low‐gradient, large
river in the eastern USA. The aerial census of 177 river kms of
the dam‐regulated lower Roanoke River allowed us to study
the entire population of LW on the north shore. With a
concentration of 55 individual LW per river km and 60 pieces
of LW in log jams per river km, the river has a higher
concentration of LW than mid‐continent large rivers, but a
lower concentration than smaller high gradient streams.
The majority (>70%) of the LWon the river was produced by

bank erosion. Individual LW appears to be mostly pieces that
have not moved at high flows. This is indicated by their
position high on the bank (only 18% near the water at mean
low water levels) and their seemingly random longitudinal
distribution. Slightly more than half of the individuals are
decayed or weathered with no remaining bark, indicating long
residence times and low transport rate. Conversely, 52% of the
LW available for transport is stored in log jams.
Copyright © 2011 John Wiley & Sons, Ltd.
Log jams as a product of transport are often found in or near
the water making them excellent aquatic habitat and providing
bank roughness in an otherwise largely homogenous fine‐
grained channel. We found the majority of the log jams in areas
of high trapping efficiency, that is, areas with high snag
densities, bank roughness, and local wood recruitment rates.
Bank roughness was highest where the river was narrowest,
had high sinuosity, relatively high snag density, and low to
intermediate bank heights. Low bank heights allow for greater
interaction between the channel and the floodplain forest at
high flows, leading to a high trapping efficiency. Log jam
frequency decreased along the downstream‐most reaches,
despite an increase in snag density. We attribute the decrease
in log jam concentration to the lack of bank development, a
decrease in stream competence as the river reaches sea level,
and the existence of extensive mudflats isolating the floodplain
forest from the active channel.

Substantial LW occurs on the low‐gradient, dam‐regulated
river, providing aquatic habitat and risks to human interests
primarily in the form of log jams. Generally, individual LW is
unavailable as habitat or as a human risk, owing to its common
location high on the bank and related lack of transport.
Ongoing research on the Roanoke River is focused on the
determination of transport sources, catalysts, and dynamics
using radio tags on a small sample (< 300) of both individual
and log jam LW.
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