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Abstract:

Wood deposited in streams provides a wide variety of ecosystem functions, including enhancing habitat for key species in
stream food webs, increasing geomorphic and hydraulic heterogeneity and retaining organic matter. Given the strong role
that wood plays in streams, factors that influence wood inputs, retention and transport are critical to stream ecology. Wood
entrapment, the process of wood coming to rest after being swept downstream at least 10 m, is poorly understood, yet important
for predicting stream function and success of restoration efforts. Data on entrapment were collected for a wide range of natural
wood pieces (n D 344), stream geomorphology and hydraulic conditions in nine streams along the north shore of Lake Superior
in Minnesota. Locations of pieces were determined in summer 2007 and again following an overbank stormflow event in fall
2007. The ratio of piece length to effective stream width (length ratio) and the weight of the piece were important in a multiple
logistic regression model that explained 25% of the variance in wood entrapment. Entrapment remains difficult to predict in
natural streams, and often may simply occur wherever wood pieces are located when high water recedes. However, this study
can inform stream modifications to discourage entrapment at road crossings or other infrastructure by applying the model
formula to estimate the effective width required to pass particular wood pieces. Conversely, these results could also be used
to determine conditions (e.g. pre-existing large, stable pieces) that encourage entrapment where wood is valued for ecological
functions. Copyright  2010 John Wiley & Sons, Ltd.
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INTRODUCTION AND BACKGROUND

Wood pieces deposited in streams provide a wide variety
of ecosystem functions. Foremost, wood enhances habitat
conditions for key species in stream food webs, including
invertebrates and fish (Angermeier and Karr, 1984; Berg
et al., 1998; Johnson et al., 2003; Eggert and Wallace,
2007). Wood also increases hydraulic heterogeneity and
transient storage, promotes hyporheic recharge, encour-
ages pool formation and channel meandering, and retains
leaves and other organic matter (Beechie and Sibley,
1997; Mutz and Rohde, 2003; Mao et al., 2008; Stofleth
et al., 2008). The frequency and size of wood inputs vary
in space and time (Golladay et al., 2007; Latterell and
Naiman, 2007) and are strongly affected by riparian man-
agement (Flebbe and Dolloff, 1995; Kreutzweiser et al.,
2005; Czarnomski et al., 2008). The importance of wood
for stream function is increasingly recognized (Gregory
et al., 2003), particularly as the adverse effects of historic
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‘woody debris’ removal become more evident (Walter
and Merritts, 2008).

Given the strong role that wood plays in stream ecosys-
tems, understanding the factors that influence wood trans-
port is critical to stream ecology and restoration. One
aspect of wood transport that is poorly understood is
wood entrapment, the process by which moving wood
pieces in a stream come to rest after travelling down-
stream. Thus, predicting the dynamics of wood entrap-
ment can be valuable for maintaining or changing the
ecological function of natural streams, and for restoring
systems that have been degraded due to channel simpli-
fication, erosion and other human-driven changes.

Direct observation of individual pieces of wood is the
optimal method for studying wood entrapment. Other
field methods rely on the examination of wood standing
stocks and assume that wood recruitment is spatially
homogeneous, which is unlikely to be true (Latterell
and Naiman, 2007). Studies assessing the movement of
individual pieces of wood date to at least (Bilby, 1984),
who concluded that piece length was the primary factor
in determining the distance travelled before entrapment.
Subsequent field studies identified length ratios (i.e. the
ratio of piece length to stream width) as important in

Copyright  2010 John Wiley & Sons, Ltd.



594 E. C. MERTEN ET AL.

determining wood entrapment over a range of conditions,
as reviewed by Gurnell et al. (2002) and Hassan et al.
(2005). For example, Lienkaemper and Swanson (1987)
determined that the primary factor for entrapment was the
ratio of the piece length to the channel width. Although
the largest empirical study to date (n D 2105 pieces)
found little correlation between piece length and distance
travelled (r2 D 0Ð11, Jacobsen et al. (1999)), the lack of
correlation was likely due to the use of pieces much
shorter than the width of the large river studied (Gurnell
et al., 2002; Hassan et al., 2005).

Although field studies of entrapment characterize
pieces of wood in terms of mean length and mean diam-
eter, there are other attributes which may be important
but were not considered in previous models. For exam-
ple, wood pieces with more branches and twigs have
greater branching complexity (Newbrey et al., 2005)
which may increase entrapment rates due to entanglement
of branches in rocks or bank vegetation. Momentum and
draft may also influence whether a piece can overcome
resistance from the stream bed or obstructions (Braudrick
and Grant, 2001).

Two laboratory studies used dowels in flumes to exam-
ine wood entrapment in greater detail under simplified
conditions. Braudrick and Grant (2001) examined the
influence of piece length and diameter relative to chan-
nel width, depth and sinuosity. Although little corre-
lation was found with dowel entrapment, the detailed
measurements set a new standard for examinations of
entrapment. Using a similar approach with dowels in a
flume, Bocchiola et al. (2006) developed robust predic-
tions of entrapment by floating dowels through a gauntlet
of obstructions. However, it remains unclear how well the
results from flume studies can predict entrapment under
the heterogeneous conditions found in natural streams.

Haga et al. (2002) provided a starting point for inte-
grating the detailed mechanistic approach of flume studies
with the realism of a field study. A 5Ð5-km reach was
divided into 24 segments, and mean water depth during
peak discharges was estimated for each segment. A total
of 63 tagged pieces were placed in the stream channel
and tracked over a 13-month period; entrapment gener-
ally followed hydraulic predictions related to the ratio of
piece diameter to water depth (Haga et al., 2002). How-
ever, it is unclear whether their results are representative
of natural conditions, as all pieces studied were cut to
similar length, were shorter than the bankfull width, had
branches removed and were similar in density.

Overall, studies of wood entrapment to date leave a
number of questions unanswered. Can the probability
of entrapment be predicted for a given ratio of piece
length to channel width? Does the ratio of piece diame-
ter to water depth proposed by Haga et al. (2002) predict
entrapment over a natural range of wood piece character-
istics? Does branching complexity or rootwad presence
play a role in entrapment? The resolution of previous field
measurements may have overlooked important mecha-
nisms, whereas results from studies with dowels or flumes
may not apply to natural wood in natural streams.

Our objective in this paper is to predict and test the
mechanisms controlling wood entrapment, using a natural
range of characteristics for wood pieces, stream geomor-
phology and hydraulic conditions. We first outline the
mechanisms involved with wood entrapment to develop
a theoretical basis for entrapment in streams. We then
describe how we integrated detailed measurements, usu-
ally made only in flume studies, with field measurements
in nine natural streams. Finally, we present and interpret
results from empirical analysis of our extensive dataset
for wood entrapment.

MECHANISMS FOR ENTRAPMENT

A piece of wood travelling downstream may be entrapped
in a variety of ways. For example, the piece may come
into contact with the stream bed and be stopped by
friction, or become lodged against an obstruction, such as
a boulder. Factors that can cause wood to be entrapped
are described below.

Hydrology and hydraulics

Pieces of wood are most likely to be mobilized and
entrained during peak discharge (Bilby, 1984; Wohl and
Goode, 2008), when unit stream power, water levels and
velocities in the channel are highest. Unit stream power
(ω) is defined as

ω D �w gRU˛ �1�

where �w is the density of water, g is the gravity, R is
the hydraulic radius for the channel (approximated by the
water depth in a wide stream), U is the stream velocity
and ˛ is the stream slope (Gordon et al., 2004). Under
uniform flow conditions, the water level and mean veloc-
ity for a channel cross-section can be related by Man-
ning’s equation, which is a function of the discharge rate,
wetted cross-sectional area and the channel roughness
coefficient (Gordon et al., 2004). Channel roughness,
in turn, is a function of the channel’s shape, substrate
and vegetation (Arcement and Schneider, 1989). Chan-
nel roughness is also influenced by obstructions, such as
rocks, boulders and stationary wood pieces, which can
have more direct effects on entrapment.

Interactions with the stream bed

In the simplest case, we consider an individual piece
of wood travelling down a wide stream, under condi-
tions where interaction with the stream bed is the only
mechanism for entrapment. If no obstructions (e.g. rocks,
boulders or stationary wood pieces) are present, the piece
may stop when it encounters a shallow stream reach and
contacts the stream bed. If the shallow area is exten-
sive, friction may reduce or stop the forward momentum
of the piece and cause the wood to be entrapped. The
momentum (M) of a wood piece is defined as

M D m U �2�
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where m is the mass of the piece (i.e. density multiplied
by volume). Piece velocity (U) is approximately equal to
water velocity for a floating piece that is not in contact
with the stream channel (Braudrick and Grant, 2001).

The draft (D) is the primary variable that controls the
level to which a wood piece will contact the stream bed.
Draft refers to the submerged depth of a floating piece,
and can be estimated from Braudrick et al. (1997) from
piece radius and density as

D D 2r�0Ð05 C 0Ð9��log/�w�� �3�

where r is the radius of the piece and �log is the density
of the piece. A piece contacts the stream bed when the
draft exceeds the water depth; the ratio of the piece draft
to the water depth (draft ratio) is therefore an indicator of
entrapment potential. Water depth is variable in natural
streams (Gordon et al., 2004) even when obstructions are
not present; overall conditions can be summarized using
the mean depth in the channel.

Blockage may also affect the probability that a wood
piece will make contact with the stream bed or banks;
blockage is the proportion of the wetted area occupied
by the piece. Blockage is heavily influenced by the
orientation of the piece; blockage is least for pieces
oriented parallel to the direction of flow and greatest
for those oriented perpendicular to the flow. Pieces tend
to orient themselves parallel to flow once mobilized
(Braudrick and Grant, 2001). The orientation of a piece
also affects the probability that it will encounter shallow
areas; a piece oriented perpendicular to the direction of
flow is more likely to encounter shallow areas than a
piece oriented parallel to the flow (although perpendicular
pieces may also move by rolling).

Interactions with obstructions in the stream channel

In natural streams, stationary obstructions are often
present, such as large boulders, islands and other pieces
of wood. The process of entrapment by obstructions is
determined by several contingencies. First, a piece must
encounter an obstruction. The probability of encounter
is a function of the density of obstructions present
(Bocchiola et al., 2006), the draft of the piece relative
to the elevation of the obstruction and the orientation of
the piece. Second, the obstruction must be sufficiently
anchored to resist the forces exerted by the impact of
a moving wood piece. If the obstruction is a smaller
piece of wood, for example, it may become dislodged
and the original piece may escape entrapment. Third, the
piece must not pivot off the obstruction. The moment
forces that determine whether a piece will pivot are a
function of the location along the piece that encounters
the obstruction; pieces that contact an obstruction at
their midsection are less likely to pivot than pieces that
encounter an obstruction near either end.

A wood piece may also encounter a group of obstruc-
tions. If a piece becomes at once braced against multiple
obstructions, the chance of dislodging the obstructions
is diminished. For example, the aggregate resisting force

exerted by several small rocks may be sufficient to entrap
a large floating piece, even if the piece would have dis-
lodged any one of the rocks in isolation. A group of
obstructions may also reduce the probability that a piece
will pivot and continue downstream; a piece that bridges
multiple obstructions affords less hydraulic leverage.

Interactions with stream banks and vegetation

Stream banks can entrap pieces of wood via two mech-
anisms. First, long pieces may become wedged across the
stream channel. The primary factor in determining the
distance a piece travels is the ratio of the piece length
to the bankfull channel width (Lienkaemper and Swan-
son, 1987; Gurnell et al., 2002; Hassan et al., 2005).
We define a ratio of piece length to stream width as a
length ratio. Second, a wood piece may become entrapped
against the stream banks in sinuous streams. Braudrick
and Grant (2001) predicted that pieces would become
entrapped on the outside of meander bends, as mea-
sured by the radius of curvature for the stream. The
forward momentum of a piece may carry it against the
outside bank when the meander bend has a small radius
of curvature, providing an opportunity for the piece to be
entrapped by the bank.

Bank vegetation can also be important to entrapment
(Jacobsen et al., 1999; Millington and Sear, 2007; Opper-
man and Merenlender, 2007). During high discharge,
pieces may become entangled in live vegetation and held
fast if the vegetation has sufficient structural strength.
Riparian vegetation can thus reduce the wetted stream
width that is effectively available to transport wood.

Predictors for wood entrapment

On the basis of the preceding discussion, we assembled
seven variables as potential predictors for the entrapment
of wood pieces in natural streams. We considered six
variables as likely to affect the probability that a piece
would contact the stream bed, banks or other obstruc-
tions: piece weight, draft ratio, length ratio, branching
complexity, rootwad presence and blockage. We also
considered momentum as likely to affect the probabil-
ity that a piece is pushed past an obstruction after an
encounter. Previous studies have shown length ratio or
draft ratio as important and have either not detected or
not examined a contribution from weight, branching com-
plexity, rootwad presence, blockage and momentum. To
test the relation of our seven variables to entrapment, we
designed a field study in northern Minnesota that encom-
passed a wide range of conditions found in temperate
forested streams.

FIELD DATA COLLECTION

Study design

We examined the mechanisms of wood entrapment
in nine streams of second- and third-growth forested
watersheds along Lake Superior in Minnesota (Figure 1).
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Figure 1. Study sites (stars with arrows) along the north shore of Lake Superior in Minnesota. The three northernmost sites were not sampled in fall
2007. Duluth, Minnesota, is in the southwest corner and the Canadian border is in the northeast corner

Figure 2. Hydrograph for the Poplar River during the study period from June to November 2007. Hydrographs at other study streams were similar.
Data from Minnesota Pollution Control Agency

Standing stocks of large wood in the area average
0Ð20 pieces/m, which is lower than most published val-
ues worldwide (Merten and Decker-Fritz, 2010). The
streams had continuous discharge data available; a study
reach was established in each stream near the dis-
charge gauge. The study reach at each stream was
250–800 m in length (4190 m total) and was divided
into 10-m sections (marked with wire flags, flagging
tape and GPS) as the basis for piece locations and geo-
morphic conditions. Stream beds were dominated by
cobble and gravel (Merten, 2009), and mean bankfull
widths of the nine study reaches ranged from 3Ð4 to
24Ð4 m.

Water levels in summer 2007 were low (Figure 2) due
to extreme drought conditions (USDA Drought Mon-
itor, 14 August 2007). However, storms from mid-
September through mid-October produced heavy rain-
fall in the study area; rainfall observers within 10 km

of Lake Superior from Duluth to Silver Bay recorded
an average of 25Ð3 cm of rainfall (s.d. D 2Ð3) from
15 September 2007 to 15 October 2007, compared
to 19Ð6 cm for the entire period from 15 June 2007
to 15 September 2007 (Minnesota State Climatology
Office). The rainfall caused a stormflow with a recur-
rence interval of 1Ð1 years at the Knife River, the
only study stream with a long-term hydrologic record
(per the St. Louis County Soil and Water Conserva-
tion District). Although the hydrologic records were
insufficient to estimate the recurrence intervals at other
study streams, the relatively even rainfall throughout
the study area suggests that the recurrence intervals
at other study streams were comparable to the Knife
River. Spate flows are common in streams in the region
(Detenbeck et al., 2005), and overbank discharges were
observed at all nine study streams during the stormflow
event.

Copyright  2010 John Wiley & Sons, Ltd. Hydrol. Process. 25, 593–602 (2011)
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Table I. Variables measured or calculated (see text for details)

Measured by piece Measured by 10-m section

Total length Cross-sectional elevations
Diameter (2r) Stream gradient (slope)
Wood density (�log) Effective stream width
Branching complexity —
Rootwad presence

Calculated by piece Calculated by 10-m section

Volume (Vlog) Mean velocity in channel (U)
Weight Mean channel depth
Draft (D) Unit stream power in channel (ω)
Length ratio (LŁ) Wetted area in channel
Draft ratio (DŁ) —
Momentum (M) —
Blockage

Wood data

In June through August of 2007, all pre-existing large
wood pieces (>0Ð1 m in diameter for a portion >1 m in
length) in the study reaches were located and marked. A
subset (n ³ 20) of smaller pieces (>0Ð05 m in diameter
for a portion >1 m in length) were also located and
marked in each study reach, for a total of 956 pieces.
Pieces were included if they were entirely dead but still
rooted, or still alive but entirely uprooted. Measurements
were taken on each piece as described below to obtain
the parameters listed in Table I. All pieces that lay within
the channel or that had a portion >0Ð05 m in diameter
extending into the bankfull channel were included. Each
piece was marked twice with flagging tape and one
(n D 334) or three (n D 622) individually numbered tags.
Total length (for the portion >0Ð01 m in diameter) and
mean diameter were measured using tree callipers at both
ends and the middle of each piece. Rootwads were noted
if present. All marked pieces in the study areas were
located again in mid-October through November 2007,
after floodwaters had receded, including pieces that had
been ejected onto the floodplain. Branching complexity
was assessed for each piece following Newbrey et al.
(2005), and the density was determined using a sample
obtained with an increment borer. Weight of each piece
was estimated as the product of volume and density, and
draft of each piece was estimated using the density and
mean radius per Equation (3).

A new cohort of pieces was used to examine entrap-
ment mechanisms in 2008. All new (i.e. unmarked) pieces
that were >0Ð1 m in diameter for a portion >1 m in
length were located in June through August 2008 in each
study reach. Study reaches on three additional streams
were sampled where all pieces had been marked in sum-
mer 2007 but not revisited in fall 2007, while one reach
sampled in fall 2007 was not revisited in summer 2008.
Pieces that were clearly recruited locally from riparian
trees within the study reach (n D 22 freshly fallen trees)
were excluded in 2008; all other new pieces (n D 178)
were assumed to have moved from upstream of the reach.
The method of entrapment was noted for each new piece

using the following categories: lying loose in the channel,
braced by rocks, braced by other pieces of wood, braced
by the stream banks or bed, braced by live trees but with
the center of the piece remaining within 1 m of the bank-
full channel or ejected onto the floodplain with the center
>1 m outside the bankfull channel. The 2008 data were
thus used to characterize the most common mechanisms
for entrapment.

Stream geomorphic data

Data on stream geomorphology were collected from
all study reaches in summer 2007. Cross-sections were
surveyed every 10 m in each study reach using a mea-
suring tape and a laser level on a tripod (Harrelson et al.,
1994), except at the two largest streams where 40 of 80
(Beaver River) or 12 of 50 (Knife River) 10-m sections
were surveyed. The bed slope was calculated for each
reach using the difference in elevation between the low-
ermost points at the upstream and downstream ends of
the reach. The effective stream width was estimated for
each 10-m section as the shortest unobstructed width for
flows 0Ð5 m above bankfull (Figure 3). Vegetation was
considered to be obstructive if the stem diameter was at
least 0Ð02 m. Initial estimates of Manning’s roughness
coefficient for the channel and the floodplain were made
using the methods of Arcement and Schneider (1989).

Hydraulic data

The computer simulation model HEC-RAS 4Ð0 (avail-
able online) (http://www.hec.usace.army.mil/software/
hec-ras/) was used to calculate hydraulic parameters for
each 10-m section; HEC-RAS is appropriate for study-
ing stream characteristics at the 10-m resolution (Brooks
et al., 2006). On the basis of geomorphic survey data,
HEC-RAS was used to estimate unit stream power, stage,
velocity and energy grade slope (Gordon et al., 2004)
at each 10-m section for discharges corresponding to
the peak flow during overbank conditions in fall 2007.
Although overbank flows were included in the models
and used for wetted width, only the portion of the dis-
charge that was in the bankfull channel was considered
when calculating mean velocity, depth, unit stream power
and wetted area (Table I).

To calibrate the hydraulic model for each study reach,
the initial estimate for Manning’s channel roughness
coefficient was varied (between 0Ð02 and 0Ð07) to obtain

Figure 3. Plan view of channel illustrating lateral positions of trees (open
circles) large enough to brace a floating piece of wood. Effective stream
width was defined as the lateral distance between the innermost trees
(closed circles) for each 10-m section of stream or the actual wetted

width, whichever was shorter
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the best fit between the predicted and observed stream
stage as measured at each cross-section during summer
2007. The final r2 values between the predicted and
observed stream stages ranged from 0Ð77 to 1Ð00.

Wood entrapment

In fall 2007, after floodwaters had receded, we located
tagged wood pieces in each study reach. Pieces that
travelled downstream at least 10 m were used; we
considered 10 m as the minimum distance for avoiding
‘false positives’ (where measurement error in the field
made it appear that a stationary piece had moved) and
allowing pieces in motion to equilibrate with the water
velocity (Braudrick and Grant, 2001). Pieces that did not
move or that moved less than 10 m were not classified
as mobilized and were thus culled from the dataset. The
dataset of pieces that moved at least 10 m was split into
two groups: those that left the study reach and were
not found and those that travelled downstream but were
entrapped before leaving the study reach. We used a
logistic response for subsequent analyses of entrapment;
pieces in the former group were assigned a 0 and pieces
in the latter group were assigned a 1. Although pieces
were not re-measured, only seven mobilized pieces were
known to have broken (based on the position of the
tags; the shorter portion of the piece was disregarded).
For each piece that left the study reach, we recorded
the specific 10-m sections the piece passed through, and
associated the mean geomorphic and hydraulic data of
those sections with that piece. For each piece that moved
but was entrapped within the study reach, we used the
geomorphic and hydraulic data of the section in which
the piece was entrapped.

DATA ANALYSIS METHODS

Data from wood pieces, stream geomorphology and
hydraulic simulations were used to quantify predictor
variables considered likely to influence wood entrapment.
The length ratio was piece length divided by effective
stream width, and the draft ratio was piece draft divided
by mean depth in the channel. Blockage was calculated
as the submerged area (assuming the piece was oriented
parallel to flow as suggested by Braudrick and Grant
(2001)) divided by the wetted channel area. Weight
of each piece was its volume multiplied by density,
and momentum of each piece was calculated using
Equation (2) assuming that the piece travelled at the same
velocity as the flow (Braudrick and Grant, 2001).

A multiple logistic regression model was developed to
determine the factors most important to wood entrapment,
using the logistic entrapment data as the response vari-
able. The predictor variables for the initial model were
length ratio, weight, draft ratio, branching complexity,
rootwad presence, blockage and momentum. The final
model was chosen using the statistical software R (avail-
able online) (http://www.r-project.org/) to examine the

best fit between possible combinations of predictor vari-
ables and the logistic response variable. The final model
had the lowest Akaike information criterion (AIC) among
all models; in other words, the model contained the
fewest possible number of meaningful predictors (Burn-
ham and Anderson, 1998). The Variance inflation factor
(VIF) was used as a further screen for the variables; vari-
ables with VIF >2 were collinear (i.e. not independent
from one another) and excluded from the final model. The
regression equation for the final model produced a prob-
ability of entrapment for a given piece passing through a
given 10-m section.

RESULTS

A total of 956 pieces of wood were tagged and mea-
sured, but most were excluded from analyses for several
reasons. First, pieces (n D 98) were excluded if they were
initially part of a spanning logjam. These pieces would
be expected to exhibit congested flow, where all pieces in
the logjam would travel downstream en masse rather than
independently from one another (Braudrick et al., 1997).
Two spanning logjams were initially present; both were
completely mobilized by the high discharge in fall 2007
and likely did not influence entrapment of other pieces.
Second, an additional 12 pieces were excluded because
they became entrapped by a culvert at the downstream
end of a study reach. Entrapment by culverts was only
observed at one of the study reaches, where two 6-m cul-
verts had been placed side by side for a road crossing.
Third, pieces (n D 502) were excluded if they travelled
less than 10 m between summer and late fall 2007. Thus,
there were a total of 344 wood pieces for the analysis of
entrapment.

Wood pieces and streams covered a range of character-
istics (Table II). For example, the mean piece length was
2Ð8 m with a standard deviation (s.d.) of 2Ð1 m, mean

Table II. Mean and standard deviation for characteristics of wood
pieces and 10-m stream sections at the nine study reaches

Units Mean

Piece length m 2Ð8 2Ð1
Length ratio — 0Ð31 0Ð36
Diameter (2r) m 0Ð15 0Ð13
Wood density (�log) g/cm3 0Ð74 0Ð33
Draft (D) m 0Ð1 0Ð09
Draft ratio — 0Ð09 0Ð11
Branching complexity — 6 22
Volume (Vlog) m3 0Ð11 0Ð5
Blockage — 0Ð01 0Ð02
Weight N 8 27
Vertical force ratio — 1Ð1 0Ð2
Momentum kg m/s 10 29
Wetted width m 24 15
Mean depth in channel m 1Ð3 0Ð6
Water velocity (U) m/s 1Ð4 0Ð4
Unit stream power (ω) N/m s 125 113
Energy grade slope m/m 0Ð008 0Ð009
Effective stream width m 13Ð4 7Ð6

Copyright  2010 John Wiley & Sons, Ltd. Hydrol. Process. 25, 593–602 (2011)
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Table III. Mean and standard deviation for hydraulic and geomorphic characteristics for each study site during peak discharges in
fall 2007

Mean
wetted
depth
(m)

Water
velocity

(m/s)

Power
(N/m s)

Bed
slope
(m/m)

Bankfull
width
(m)

Peak discharge
(m3/s)

Beaver River 1Ð66 0Ð30 0Ð86 0Ð32 15 35 0Ð001 0Ð002 16Ð0 3Ð0 21Ð7
French River 0Ð74 0Ð17 1Ð53 0Ð34 119 84 0Ð020 0Ð010 11Ð3 2Ð5 12Ð0
Knife River 1Ð51 0Ð29 1Ð44 0Ð22 137 57 0Ð006 0Ð003 24Ð4 5Ð3 54Ð7
LtÐ East Knife 1Ð48 0Ð22 1Ð17 0Ð42 78 135 0Ð004 0Ð015 3Ð4 0Ð9 7
LtÐ West Knife 0Ð53 0Ð15 1Ð15 0Ð33 40 36 0Ð012 0Ð013 3Ð7 0Ð8 2Ð1
Sucker River 0Ð98 0Ð13 1Ð84 0Ð33 252 169 0Ð016 0Ð008 9Ð9 2Ð2 17Ð5
Talmadge Creek 0Ð78 0Ð14 1Ð62 0Ð25 247 135 0Ð025 0Ð035 5Ð3 1Ð6 7Ð0
Upper Knife 0Ð84 0Ð08 1Ð48 0Ð25 93 46 0Ð009 0Ð003 6Ð6 1Ð1 8Ð3
W Split Rock 2Ð48 0Ð28 1Ð92 0Ð45 153 108 0Ð007 0Ð002 6Ð9 0Ð9 54Ð4
a Brule River 2Ð27 0Ð61 2Ð20 0Ð61 515 439 0Ð012 0Ð008 22Ð2 3Ð3 104Ð0
a East Beaver 1Ð20 0Ð26 1Ð14 0Ð35 91 76 0Ð008 0Ð005 11Ð7 3Ð2 16Ð3
a Poplar River 1Ð82 0Ð33 3Ð07 0Ð55 1111 432 0Ð034 0Ð010 10Ð9 2Ð4 62Ð3

Depth, velocity and power values do not include water in the floodplain.
a 2008 bracing study only.

diameter was 0Ð15 m (0Ð13 m), and mean wood density
was 0Ð74 g/cm3 (0Ð33 g/cm3). The mean wetted width of
the streams was 24 m (15 m), and mean water depth in
the channels was 1Ð3 m (0Ð6 m). The mean water veloc-
ity in the channels was 1Ð4 m/s (0Ð6 m/s), and unit stream
power in the channels averaged 125 N/m s (113 N/m s).
Many characteristics appeared to follow a chi-square dis-
tribution (Merten, 2009), which is an acceptable distribu-
tion for multiple logistic regression analyses (Weisberg,
1985). The study streams varied within and among them-
selves in geomorphic and hydraulic characteristics; mean
bed slopes ranged from 0Ð001 to 0Ð025 m/m and peak
discharges ranged from 2Ð1 to 54Ð7 m3/s (Table III).

Of the 344 wood pieces that met the criteria for this
study, 110 (32%) were entrapped before leaving the
study reach; the mean length and diameter for entrapped
pieces was 3Ð42 and 0Ð19 m, whereas the mean length
and diameter for non-entrapped pieces was 2Ð51 and
0Ð13 m. Mean wood density was 0Ð81 and 0Ð71 g/cm3

for entrapped and non-entrapped pieces.
The final model for entrapment was highly signifi-

cant (p < 0Ð001) and included four predictor variables
(Table IV). Nagelkerke’s r2 for the final model was 0Ð25,
corresponding to a Goodman–Kruskal gamma of 0Ð50
and Kendall’s tau-a of 0Ð22. The four predictor variables
were the length ratio, weight, branching complexity and
rootwad presence. However, the individual p-values for
branching complexity and rootwad presence were >0Ð05,
and rootwad presence would have been excluded from
the final model if the AIC penalty were increased from
2 to 3.

Using the multiple logistic regression results, the
probability (P) of entrapment was calculated for each
predictor as

Pent D exp�ˇ0 C ˇ1 x1�/�1 C exp�ˇ0 C ˇ1 x1�� �4�

where ˇ0 was the intercept (e.g. �1Ð783 in Table IV), ˇ1

was the model coefficient for the variable of interest, and

Table IV. Variables retained in the final model for entrapment;
n D 344 pieces of wood (110 entrapped)

Coefficient SE Wald Z p-value VIF

Intercept �1Ð783 0Ð214 �8Ð34 <0Ð001 —
Length ratio 2Ð959 0Ð618 4Ð79 <0Ð001 1Ð205
Weight 0Ð044 0Ð018 2Ð41 0Ð0158 1Ð169
Branching

complexity
�0Ð011 0Ð007 �1Ð72 0Ð0846 1Ð230

Rootwad �0Ð805 0Ð573 �1Ð41 0Ð1599 1Ð034

Overall model p < 0.001 and Nagelkerke’s r2 D 0.25.

x1 was the value for the variable of interest, with all other
variables held constant. Using the model coefficient for
the length ratio (2Ð959 in Table IV), Equation (5) indi-
cated that a piece with the mean length ratio (x1 D 0Ð31)
had a 0Ð30 probability of being entrapped, whereas an
increase to one standard deviation above the mean (x1 D
0Ð67) was associated with a 0Ð55 probability of entrap-
ment. Taking the difference (0Ð55–0Ð30 D 0Ð25) indicated
that a piece with the higher length ratio was 25% more
likely to be entrapped, assuming that all other variables
were held constant. Similarly, increasing the weight of a
piece from the mean value (8) to one standard deviation
above the mean (35) was associated with a 15% increase
in the probability of entrapment (Figure 4). Branching
complexity and rootwad presence had weaker effects on
entrapment. Decreasing the branching complexity from
6 (the mean value) to 1 (no branches, the least value)
was associated with a 1% increase in the probability of
entrapment, and the probability of entrapment was only
7% lower if a rootwad was present.

Expanding Equation (5) to consider changes in the full
set of predictor variables yields

Pent D exp�ˇ0 C ˇ1 x1 C ˇ2 x2 C ˇ3 x3 C ˇ4 x4�/

�1 C exp�ˇ0 C ˇ1 x1 C ˇ2 x2 C ˇ3 x3 C ˇ4 x4�� �5�
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Figure 4. Expected probability of entrapment as a function of the length
ratio, weight or branching complexity

where ˇ1 x1 . . . ˇ4 x4 correspond to coefficients and
values for the four predictor variables. Combining the
prior examples, a piece of wood with length ratio of 0Ð31,
weight of 8, branching complexity of 6 and a rootwad
had a probability of entrapment Pent D 0Ð20. Conversely,
a piece with length ratio of 0Ð67, weight of 35, branching
complexity of 1 and no rootwad had Pent D 0Ð85.

A total of 166 new pieces were entrapped in 2008
(Figure 5). The most common method of entrapment was

pieces that were lying loose in the channel (n D 72),
followed by pieces that were braced by other pieces of
wood in the channel (n D 48), ejected onto the floodplain
(n D 18), braced by rocks in the channel (n D 14), braced
by the stream banks or bed (n D 9) and braced by live
vegetation (primarily trees) in the channel (n D 5).

DISCUSSION

We found two factors to be of primary importance
for wood entrapment in natural streams: the ratio of
piece length to effective stream width (length ratio) and
piece weight. The coefficient of determination for the
entrapment model, while not high (i.e. 0Ð25), was higher
than obtained in other studies (e.g. 0Ð01 by Jacobsen
et al. (1999) and 0Ð06 by Braudrick and Grant (2001)).
The reason may be that we evaluated a diverse set of
conditions. Our study included a natural range of wood
pieces, geomorphology and hydraulics from nine streams,
providing the entrapment model with much variability to
explain. Although a higher coefficient of determination
was obtained using a dense network of obstructions in a
flume (Bocchiola et al., 2006), the applicability of those
results to natural conditions is unclear.

Pieces with higher length ratios were more likely to be
entrapped, according to our multiple logistic regression
model. Previous studies have also determined that the
ratio of piece length to stream width was of primary
importance for entrapment (Lienkaemper and Swanson,
1987; Gurnell et al., 2002; Hassan et al., 2005; Wyzga
and Zawiejska, 2005). However, those studies used
bankfull channel width as the measure of stream width
rather than effective stream width, which takes into
account both the actual wetted width and the infringement
of woody vegetation. Our length ratio also influenced
mobilization, where stationary pieces with greater length
ratios were less likely to be mobilized (Merten et al.,
2010).

Weight was also important in the final model for
entrapment; heavier pieces were more likely to be
entrapped. Piece weight is the product of volume and
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Figure 5. Numbers of new pieces found in 2008 in three stream reaches, according to location or manner in which pieces were braced
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density, which suggests two possible explanations for the
positive association of weight with entrapment. Greater
volume may increase the probability that a piece will
contact obstructions, including submerged obstructions
as discussed previously (e.g. large boulders, islands or
other pieces of wood) or above-water obstructions such
as tree roots and low-hanging branches. Higher piece den-
sity increases draft, and thus the likelihood that the piece
will contact the stream bed. Weight may therefore relate
to the same mechanisms as draft ratio and blockage (i.e.
entrapment from contact with obstructions or the stream
bed) and is itself a component of momentum.

Branching complexity and rootwad presence were also
included in the final model for entrapment. Contrary
to our expectations, pieces with higher branching com-
plexity and rootwads were less likely to be entrapped.
An unknown mechanism may be at work with branch-
ing complexity and rootwad presence, or the variables
may be correlated with some unmeasured parameter that
decreased the likelihood of entrapment. However, the
statistical significance of both variables was weak (the
individual p-values for both variables were >0Ð05) and
the predictors may not be meaningful. Branching com-
plexity is influenced by the number of small twigs (New-
brey et al., 2005), which are unlikely to play a role in
entrapment. Small twigs break off if, for example, they
become caught between rocks and are unable to resist the
hydrodynamic drag acting on the full piece. Future stud-
ies might instead consider a branching ratio, such as the
combined length of large branches (>0Ð05 m in diame-
ter, excluding the main bole of the piece) divided by the
length of the main bole.

The final model did not include draft ratio, momentum
or blockage. Although previous studies have suggested
that draft ratio influences entrapment (Braudrick and
Grant, 2001; Haga et al., 2002), those studies minimized
the influence of the length ratio by using pieces that
were shorter than the channel width. Our dataset was
much more diverse in terms of length ratio, piece weight,
branching complexity and rootwad presence (Braudrick
and Grant, 2001; Haga et al., 2002) and covered a natural
range of conditions.

The final model Equation (5) can be applied to a
range of conditions, as outlined in Table III. Although
the current study included only a single year, the study
streams exhibited a range of geomorphic and hydraulic
conditions; thus, the final model is likely applicable to
at least a similar range of conditions in other streams.
The peak discharges for the study period varied from 2Ð1
to54Ð7 m3/s at the nine study streams, corresponding to a
range of mean wetted widths from 3Ð8 to 71Ð2 m. Lengths
of pieces were from 1Ð0 to 15Ð3 m with estimated weights
from 0Ð08 to 327 N. Our analyses are thus applicable to
natural pieces and streams that are of interest to stream
managers.

Our study can inform management of wood in streams.
For example, the model (Equation 5) could be used
to determine the effective stream width required to
reduce wood entrapment around road crossings or other

infrastructure, provided that data were collected on wood
characteristics. The requisite stream width, in particular,
could be used to design bridge spans or culvert diameters.
We noted that a pair of culverts in one study reach
entrapped a disproportionate number of pieces, including
42 marked pieces (that were excluded from analyses).
Using a mean piece length of 2Ð8 m, our model equation
associates a 33% reduction in the entrapment by replacing
a 3-m culvert with a 6-m span bridge.

Alternatively, our study may also be applied to pro-
mote wood entrapment in managed or restored streams
where wood is valued for its ecological functions. The
model Equation (5) can be used to determine the effective
stream width required to entrap pieces of a given length.
The model can also be used for a given stream width
to determine the length of pieces required to become
entrapped. If natural wood pieces of the required size are
not available, short-term wood additions and long-term
riparian management may be used to increase present
and future standing stocks of instream wood (Murphy
and Koski, 1989; Czarnomski et al., 2008).

Regardless of input levels, entrapment of wood in
streams begets more wood in streams (Abbe and Mont-
gomery, 2003; Bocchiola et al., 2008; Warren and Kraft,
2008). Of the new pieces of wood that were entrapped
in 2008, more pieces were entrapped by other pieces of
wood than were ejected onto the floodplain or entrapped
by rocks, stream banks or vegetation. No spanning log-
jams were present in 2008; scattered pieces of wood
provide valuable ecological functions and a positive feed-
back toward further wood accumulation even without the
influence of spanning logjams. Pre-existing wood may be
most effective at entrapment due to irregular shapes (pre-
senting more opportunities than rocks for wedging) that
can contact pieces floating at a variety of elevations. In
addition, more complex processes (e.g. three-dimensional
flow patterns) that led pre-existing pieces to be deposited
may remain in effect.

In conclusion, entrapment remains difficult to predict
in natural streams. Although the model derived in this
study explained more variability in entrapment than pre-
vious field studies, the coefficient of determination was
only 0Ð25. Of the new pieces entrapped in 2008, 43%
were lying loose in the channel and not entrapped by any
obvious obstruction. In some cases, entrapment may sim-
ply occur wherever the piece is located when high water
recedes (Jacobsen et al., 1999), particularly in systems
where length and draft ratios are low and obstructions
are sparse. The process of wood entrapment merits fur-
ther study for predicting the ecological functions of wood
and the success of restoration efforts.
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