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ABSTRACT: Monitoring large wood (LW: width > 10 cm, length > 1 m) in transport within rivers is a necessary next step in the
development and refinement of wood budgets and is essential to a better understanding of basin-wide controls and patterns of LW flux
and loads. Monitoring LW transport with coarse interval (≥1 min) time-lapse photography enables the deployment of monitoring
cameras at large spatial and long temporal scales. Although less precise than continuous sampling with video, it allows investigators
to answer broad questions about basin connectivity, compare drainages and years,and identify transport relationships and thresholds.
This paper describes methods to: (i) construct fluvial wood flux curves; (ii) analyze the effects of sample interval lengths on transport
estimates; and (iii) estimate total wood loads within a specified time period using coarse-interval time-lapse photography. Applying these
methods to the Slave River, a large-volume (103 m3 s-1), low-gradient (10�2 m km� 1) river in the subarctic (60∘ N), yielded the following
results. A threshold relationship for wood mobility was located around 4500 m3 s-1. More wood is transported on the rising limb of the
hydrograph because wood flux declines rapidly on the falling limb. Five- and ten-minute sampling intervals provided unbiased equal
variance estimates of 1 min sampling, whereas 15 min intervals were biased towards underestimation by 5–6%, possibly due to
periodicity in wood flux. Total LW loads estimated from the 1 min dataset and adjusted for a 15% misdetection rate from 13 July
to 13 August are: 1600±200 # pieces, 600±200 m3 and of the order of 1.3 ×105 kg carbon. The total wood load for the entire
summer season is probably at least double this estimate because only the second half of the summer was monitored and a large
early summer peak freshet was missed. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

In-stream large wood plays an important and necessary role in
the geo-eco-socio functioning of river corridors, coastlines and
depositional basins. The presence of wood within channels is
increasingly recognized as a contributing factor to large-scale
change in fluvial forms and processes (Corenblit et al., 2011;
Collins et al., 2012; Polvi and Wohl, 2013). In-channel wood
facilitates complex channel flow, enhances hyporheic flow
and creates more pool and backwater areas; thus its presence
enhances the biogeochemical cycling of carbon by increasing
residence times of particulate organic matter and dissolved
organic carbon (Battin et al., 2008; Skalak and Pizzuto, 2010;
Wohl et al., 2012). Export of wood to the oceans and storage
of wood along riparian corridors, lake shores and basins are
important for food webs and biodiversity (Gonor et al., 1988;
Everett and Ruiz, 1993; Naiman et al., 2002; Gurnell et al.,
2005). Artificial introduction of wood for stream rehabilitation
projects is a common management strategy (Beechie et al.,
2010). Large wood accumulations deposited during floods are
considered when designing in-stream structures such as dams,
weirs and bridges (Ruiz Villanueva et al., 2013). Coastlines are
stabilized from erosion by the presence of wood (Heathfield
andWalker, 2011). And lastly, human communities often depend
on driftwood as a fuel to heat their homes (Jones et al., 2013).

Although many studies quantify, either in the field or via
remote sensing, the potential stock of wood available for trans-
port along streams and rivers (Abbe and Montgomery, 2003;
Moulin et al., 2011; West et al., 2011), little effort has been
employed in monitoring and quantifying wood in transport as
it happens. The buoyancy of wood makes the use of imagery
ideal for monitoring wood transport. Just as sediment gauges
are integral for developing basin-wide sediment budgets, wood
gauges, in the form of cameras, could be used alongside stream
gauges to generate wood transport data to inform basin-wide
wood budgets. At the most basic level, a wood budget is a
change in wood storage along a reach equal to the inputs (from
the hillside, bank and upstream) minus the outputs (export
downstream or to long-term permanent storage on the flood-
plain). Previous attempts at generating wood budgets have
focused on estimating recruitment volumes and changes in
storage and then back-calculating wood export (Benda and
Sias, 2003). However, this approach may be underestimating
actual wood export by as much as a factor of ten (MacVicar
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and Piégay, 2012). Recently, Schenk et al. (2013) tracked indi-
vidual logs in transport using radio telemetry and combined
those results with data from aerial photographs and on-site
wood surveys to develop the first basin-wide wood budget on
the low-gradient Roanoke River in North Carolina.
A first attempt at creating a wood transport curve used video

monitoring of floods on the Ain River in France in 2011
(MacVicar and Piégay, 2012). The study focused on high
temporal-resolution (continuous recording at 5 fps) video
data over hydrograph peaks and then analyzed subsamples
via an automated MatLab program. Three major conclusions
were: wood transport begins at a threshold value of two-
thirds bankfull discharge; wood discharge increases linearly
with water discharge up to the bankfull discharge, after which it
becomes much more variable as the flood plain is inundated;
and wood transport rates are four times higher on the rising limb
than the falling limb (MacVicar and Piégay, 2012).
While video monitoring provides high temporal-resolution

data useful for computing rates of transport and fine-scale
relationships between wood and water discharges, time-lapse
photography allows a researcher to sample at broad spatial
and long temporal scales. Investigations at broad scales that
answer questions about basin connectivity are integral as river
scientists attempt to quantify system resilience and make
recommendations for managers in an increasingly uncertain
future. Sampling at long intervals (minutes) is also extremely
advantageous for studies with small budgets which seek to
install networks of cameras to be left up for months. This is
especially true for remote areas where access, travel costs or
project costs limit the practicality of video monitoring.
This study is part of a larger study investigating wood

transport in large rivers and export of LW to the Arctic from
the Mackenzie Basin, Canada. Part of the larger study involves
basin-wide questions of wood connectivity, differences in
transport thresholds between tributaries and relationships
between wood export and ice jam processes. Prior to installing
a network of eight remote cameras to be left up for months in a
basin which drains 20% of Canada, this study was conducted
to develop procedures to: estimate LW fluxes and total loads
during high flows with non-continuous coarse data; and
identify unbiased, equal-variance coarse sampling intervals
with the overall goal of selecting the coarsest sampling interval
possible in order to minimize post-processing time, on-site
power usage and memory storage. Using non-continuous data
from timelapse photography, this paper describes methods to:
(i) construct fluvial wood flux curves as probabilities, (ii) ana-
lyze the effects of sampling interval lengths on flux estimates,
and (iii) estimate total wood loads within a specified time
period.
igure 1. LW size thresholds from point jams. Wood pieces were
easured along transects using the line intersect method (LIM) in jams
ithin 20 km downstream of the camera location in 2012. Transects
ere laid along the entire length of the jam perpendicular to piece ori-
ntation. Any piece crossing the line was measured for its length and
o end diameters. The x-axis in this plot is the average of the two

nd diameters. For two transects, lines were drawn with spray paint
nd any piece with paint on it, no matter how small, was counted.
hese two surveys are represented as filled circles, black denotes sticks
r logs and grey denotes bark (B). The grey plus signs represent logs
om transects from which only logs>10 cm in diameter(d) and >1 m
length(l) were measured. The dashed lines are drawn at two thresh-

lds, dividing the log pieces into three categories: small (S) < d=10
m, l=1 m ≤ medium (M) < d=23 cm, l=3 m ≤ large (L). Using these
resholds, the point jam piece size ratio was 6(B):25(S):4(M):1(L).
The Slave River Study Site

The Slave River begins at the confluence of the Peace River with
the Athabasca Delta and flows north for 430 km, providing 74%
of the inflow to the Great Slave Lake (Gibson et al., 2006), one of
the world’s deepest lakes and the origin of the Mackenzie River.
The Slave River drains approximately 6×105 km2, with much of
its water originating from the melting of mountain glaciers and
snowpack in the Canadian Rockies in southern Alberta. The
Slave River freezes every winter and there are generally two
hydrograph peaks: the first corresponds to ice break-up and the
second is a freshet peak related to runoff from snowmelt.
However, not all years have a large ice break-up flooding event
because it is dependent on river flows and the formation and
location of ice jams (Beltaos et al., 2006). In some years, large
releases from the W. A. C. Bennet Dam (built 1963–1968, filled
Copyright © 2014 John Wiley & Sons, Ltd.
by 1971) on the Peace River and/or large summer rain events
can cause late-summer secondary peaks.

The Slave River flows through boreal forest, and recruitable
trees along the river corridor are predominantly fairly small
(<30 cm diameter) aspens and white spruce. However, it is
common to find driftwood tree boles of poplars and conifers
30–80cm in diameter (without bark) and 10–20 m in length
(many snapped) in the vicinity of the field site (unpublished
data). This suggests long travel distances (102-103 km) of in-
stream wood recruited from the northern Alberta plains and
mountainous forests of the southern Canadian Rockies where
trees are larger. Although not addressed in this study, ice
processes likely play a large role controlling annual flux of
wood from the Slave and other northern rivers. Trees which fall
into the river via bank failure or are stranded by high flows are
routinely transported by ice jams and associated floods.

A camera was installed next to the ‘Slave River at Fitzgerald’
gauge 7NB001 operated byWater Survey Canada (1921–present).
Based on a survey on 12 May 2011 by Water Survey Canada, the
cross-sectional area is around 5000 m3 with bottom depths of
8–12 m and a surface width of 300 m. The upstream gradient is
10� 2 m km� 1 and the gross drainage area is 6.06×105 km2.
Summer flows generally range from 2000 to 6000 m3 s-1, and
the highest recorded flow was 11 200 m3 s-1 on 5 May 1974
during an ice break-up event. The 1.5 year flood is 5700 m3 s-1

based on 45 years of data from 1966 to 2011. Ice break-up occurs
in May, freshet peaks occur in June and July, baseflows are
reached by September and freeze-up occurs in November.

The 10 cm diameter and 1 m length cutoff for LW commonly
used in instream wood studies (Naiman et al., 2002), and the
20 cm diameter and 3 m cutoff used by Schenk et al. (2013),
are both reasonable approximate size thresholds for the Slave
River based on analysis of size distributions of logs measured
in downstream jams (Figure 1). For this site, the upper threshold
was adjusted to 0.23 m diameter based on a natural break in
the data (Figure 1). Following convention, all pieces greater
10 cm in diameter and 1 m in length are considered as LW, with
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pieces smaller than this identified as small wood. An extension
to this categorization is that LW pieces less than 23 cm and 3 m
are considered medium LW, and pieces greater than 23 cm
and 3 m are considered large LW. The point jam ratio of
small:medium:large was 25:4:1. Using a simple formula for
a cylinder (tree boles are usually stripped of branches and
are fairly straight) and ignoring rootwads, the average LW
piece volume was 0.35 m3, s2 = 0.31 for n=127. Most of
the variance in LW volumes comes from the variance of large
LW, which had a mean volume of 1.01 m3, s2 =0.52 for n=35.
In comparison, the mean volume for medium LW was 0.09 m3,
s2 =0.01 for n=92. These are minimum estimates because they
do not include rootwad volumes. Approximately one-third of
the LW logs measured from point jams had rootwads. More work
needs to be conducted to develop rootwad volume relationships
with easily measured metrics.
Data Collection

In the summer of 2012, an Olympus X560WP camera connected
to an intervalometer captured photos at 1 min intervals for 32
days from 13 July to 13 August. Not all days were monitored
within the study period. The camera was not functioning on 18
July, 23–27 July or 1–8 August. The camera was placed on the
outside of a bend constricted by a bedrock point and looked out
across the river (59∘ 51′ 48′ ′ N, 111∘ 35′ 28′ ′ W, 120∘ azimuth).
For the majority of the channel and the majority of the flows,

it took close to, or longer than, 1 min for a log to traverse the
field of view. Therefore, the 1 min dataset is assumed to repre-
sent the true count of logs during the sampled periods. The
thalweg transported most wood (90% based on an hour of
on-site observation) closer than 100 m to the bank with down-
stream transport distances of 20–100 m in the field of view. The
channel length captured by the camera for the far shore is
around 400 m. The average velocity calculated by dividing dis-
charge by cross-sectional area ranged from 40 to 60 m min� 1

throughout the study period. Surface velocities measured by
Water Survey Canada on 12 May 2011 during a discharge of
4700 m3 s-1 ranged from 12 to 150 m min� 1. The peak flow
during the study period was 5000 m3 s-1, the average flow
was 4000 m3 s-1 and the minimum flow was 3400 m3 s-1.
A total of 12 761 photos were manually analyzed for

presence/absence and number of easily identifiable pieces of
LW such as tree boles, rootwads and larger branches. If present,
the number of pieces in each photowere tallied. If a logwas circu-
lating in the eddy near the shore or if it was at the top of one frame
and the bottom of the next, it was not counted more than once. In
total, 652 logs were counted and 7% of them had rootwads. This
task was not automated because the human eye performs better
than automated object identification schemes and the goal of
the study was to analyze the effects of sampling at coarser inter-
vals, not the detection of error rates for automated techniques.
In order to obtain an idea of error associated with mis-

counted logs in images, an hour was spent on-site viewing
and recording logs in transport in 2013. When wood floated
by the camera, the time, distance from shore (close: <60 m;
or far: >60m) and approximate size (small, medium or large)
were noted. Small pieces included sticks and branches esti-
mated to be under the 10 cm in diameter and 1 m in length
cutoff for LW. Medium and large pieces were tree boles or large
branches.Large pieces were estimated to be greater than 23 cm
in diameter and 3 m in length based on piece size distributions
measured from downstream jams (Figure 1). During the hour, a
total of 102 pieces were counted and the ratio of small:medium:
large pieces was 20:3:1. This ratio is similar to the ratio of 25:4:1
obtained from jams; thus the average piece size on point jams is
Copyright © 2014 John Wiley & Sons, Ltd.
likely a good approximation of average piece size for logs in
transport. Counted logs were then compared to wood identified
on photos taken during the same time period at intervals of 30 s.
Small pieces were generally not seen in the images. Twenty LW
pieces (medium or large) were counted with a success rate of
85% (17/20). Thirteen of the 20 logs were correctly counted,
while 4 of 17 logs were counted although they were not actually
present. All of the logs that were missed were medium-sized
logs marked as far from shore. There was 100% recognition of
large logs at any distance and medium logs close to shore. From
on-site field observations of floating wood, most logs were not
waterlogged and floated high on the surface; thus error rates
due to sunken logs are assumed to be negligible.
Wood Flux as a Probability

Statistical methods

Calculating wood flux as probability of occurrence (proportions
of photos) is very advantageous because it does not depend on
wood size or count, effectively eliminating large uncertainties
with calculating these metrics. It also allows for easy comparison
across drainages with different wood sizes and facilitates quick
post-processing of photos. In order to calculate a wood flux as
a probability, only presence/absence needs to be noted. An
additional level would be to include several quick categoriza-
tions (e.g. absent, single, sparse, clumped, congested or carpet)
and the probabilities of each. During this study, there was only
sparse wood transport, so categories were not utilized.

Unlike monitoring water discharge, it is impossible to ever
obtain complete absolute values of wood flux because there
will always be data gaps at night when it is too dark to capture
good imagery. Additionally, there are often data gaps when
equipment isnot working or not installed. Stratification of
proportion estimates (by time, by discharge or by any other
scheme) allows comparison between strata categories with un-
equal number of photos and extrapolation of data into unsampled
time periods. Precisionwill always be increasedwhen stratification
is used if variance within strata is minimized while variance
between strata is maximized (Scheaffer et al., 2012).

For the Slave River case study, both stratification by day and
stratification by dischargewere utilized. Daily proportions are the
probabilities, for any given moment, in any given day, of seeing
wood in transport. Discharge proportions are the probabilities
of seeing wood in transport for specified ranges of flows. Stratifi-
cation by daywas used to obtain insights into how LW flux relates
to water discharge. Stratification by discharge was used to
estimate total LW loads despite data gaps of more than 1 day.

Proportions, p̂, and variances, V̂ p̂ð Þ, were estimated based on
systematic sampling of a finite population (Scheaffer et al.,
2012, p. 228):

p̂ ¼
Xn
i¼1

yi

n
; V̂ p̂ð Þ ¼ p̂q̂

n� 1
fpc (1)

where
Xn

i¼1
yi is the total number of photos with logs present,

n is the total number of photos sampled (sample size), q̂ is 1� p̂,

fpc is the finite population correction factor N�nð Þ
N and N is the

finite population, the total minimum number of frames needed
to uniquely capture the entire wood load within a period of
interest. If the entire period of interest was sampled at intervals
equal to the amount of time for a log to travel across the frame,

the proportion can be computed exactly (V̂ p̂ð Þ ¼ 0). For n≪N

the fpc approaches 1 and V̂ p̂ð ) approaches the equation for an
Earth Surf. Process. Landforms, Vol. 39, 844–852 (2014)
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infinite population. For this study, 1 min intervals were used to
estimate N since this was the approximate amount of time that
it took a log to traverse the field of view during sampling
periods (see ‘Data Collection’, above).

If stratification was desired, p̂ and V̂ p̂ð Þwere estimated using
double sampling for stratification:

p̂st ¼
XL
i¼1

ŵ i p̂ i ;

V̂ p̂stð Þ ¼ fpc
n� 1

XL
i¼1

ŵ i p̂ iqi þ
1
n2

XL
i¼1

1� ŵ ið Þp̂ iqi

(2)

where L is the number of strata and ŵ i ¼ Ni=N, the weight for
each stratum. Weights were calculated post-sampling as the
proportion of the population (total # of intervals) in each
stratum. pi was calculated using Equation (1) for each stratum
and 95% confidence intervals were constructed using a bound

of 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V̂ p̂stð Þ

q
. V̂ p̂ð Þ is the sum of two terms. The first term is the

variance of the sampling, while the second term penalizes for
choosing strata after the fact (the number of samples within
each stratum was not known prior to sampling). In most cases,
the second term rapidly approaches zero as n increases and
can be considered negligible (this study included).
Slave river results

Within this 32-day study (13 July to 13August), LW flux (p̂) ranged
from zero to just under 20% and peak values corresponded well
with a freshet peak in mid July (Figure 2, top). The estimated
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Figure 2. Wood flux and transport thresholds, Summer 2012. Top:
comparison of wood flux as daily probabilities (bars) to water discharge
(Q) over the study period. The horizontal line segment at the top of the
graph shows the time period (13 July to 13 August) over which the total
wood loadswere estimated. Sampled periods are depicted as thicker bars.
Unfortunately, due to a camera malfunction, data were not gathered over
the apex of the humped peak in late August. For this year, ice-off occurred
on 8 May without ice jam flooding. However there were two prominent
freshet peaks. Camera installation occurred after the first peak, but
captured the second. Bottom: daily probabilities of seeing wood in
transport versus discharge. A transport threshold of Q=4500 m3 s-1 is
identified and shown in both graphs.

Copyright © 2014 John Wiley & Sons, Ltd.
probability from sampled images over the entire study period
was near 4% (Table I). Precision on this estimate was
increased by 6% and 9% if stratification by day and by dis-
charge were utilized (Table I). Strata by discharge included
two groups: Q< 4500 m3 s-1 and Q> 4500 m3 s-1 based a
transport threshold identified by comparing daily water dis-
charges to daily wood fluxes (Figure 2, bottom).
Analysis of Sampling Intervals

Statistical methods

In order to examine the effects of sampling interval on LW
flux and load estimates, data were split into sub-datasets at
fixed 5, 10 and 15 min intervals. Because the intervals are
fixed, there were five 5 min datasets, ten 10 min datasets
and fifteen 15 min datasets. Henceforth, each dataset within
a sampling period will be referred to as a trial. Variances were
calculated with the population total N equal to the 1 min
dataset rather than total number of 1 min photos possible over
the entire study period (see Equation (1) and Table I). This was
done to use the collected 1 min data as the known true pop-
ulation, p, when comparing the effects of sampling at coarser
intervals. Errors of estimation were calculated daily and for
the whole time period as p̂ � p, where p̂ is the estimate of p
obtained from the 5, 10 and 15 min trials. When the error of
estimation is negative, p̂ underestimates and visa versa.

To compare variances and bias between sampling intervals,
it is necessary to make the sample size of each trial over all
sampling intervals equal via bootstrapping. A simple random
sample of size n=100 for each 5, 10 and 15 minute trial was

repeatedly sampled 10 000 times. The mean p̂ and V̂ p̂ð Þ were
calculated for each trial, and the average of all the trials within

each time interval p̂ was compared to the population value p
from the 1 min data.
Slave river results

Non-stratified proportions of photos with wood present were
calculated for each trial using Equation (1). While the 5 and 10
min intervals provided unbiased estimates of the 1 minute pro-
portion (+ 10�4%), the 15 min dataset was biased towards
underestimating the actual value by about 5% (Figure 3 and
Table II).

All daily estimates of proportions for 5, 10 and 15 min trials
in relation to the 1 min data are shown in Figure 4 for the
freshet peak in mid July. Proportions have much more varia-
bility on the rising limb than the falling limb for all trials. Most
trials capture the peak in the 1 min data, but the 15 min trials
able I. Comparison of stratification versus non-stratification on p̂ and
s precision for the complete 1 min dataset from 13 July to 13 August

p̂ V̂ p̂ð Þ Bound %Δ Precision

o stratification 4.14e�2 2.23e�6 3.00e�3 —
tratified by Q 4.14e�2 2.11e�6 2.91e�3 + 6.25
tratified by day 4.14e�2 2.06e�6 2.87e�3 + 9.10

he finite population total was estimated to be the number of possible
ames taken at 1 min intervals within these 32 days (N=46080). Q
as stratified based on a 4500 m3 s-1 threshold for transport (Figure 2).
efer to Equation (1)for the calculations of p̂ , V̂ p̂ð Þ, and Bound. %Δ
recision was calculated as change in 1=V̂ p̂ð Þ from no stratification.
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Figure 3. Error of estimations for all trials. Open circles represent
errors from the 1 min data calculated for each trial, closed circles are
the average error of all trials for each interval. Circles plotted on the
dashed line show very little to no difference relative to the 1 min
dataset.

Table II. Mean errors over all trials for each interval

5 min 10 min 15 min

p̂ � p 2.34E�7 3.58E�7 �2.20E� 3

% difference 5.67E�4 8.66E�4 �5.30

p̂ is the estimated proportion of photos with wood over the entire
sampling period for each interval and p was estimated from the 1 min
data to be 4.14E�2.

p^

p^
V^

igure 5. Comparison of proportions and variance across sample
tervals using bootstrap sampling to achieve equal n. Each trial was
ampled for n=100, 10000 times and averaged. All trials were then
veraged to obtain an estimate for each sample interval. Dashed lines
present values from the 1 min dataset.

Figure 6. Frequencies of lag times between LW presence in images.
Time between presence decays fairly rapidly and evenly from 1 min to
about 14 min. This is expected since most wood is transported within
4 consecutive days of the 32-day study period (Figure 2). After the
curve decays to near zero at 14 min, there appears to be a slight
secondary jump in the number of instances corresponding to a
15–18 min lag between wood transport. A second, yet more subtle
hump occurs between 20 and 25 min.

848 N. KRAMER AND E. WOHL
appear to consistently underestimate peak values and do a poor
job characterizing the steep falling limb. The daily errors of
estimations confirm this pattern (Figure 4). While the 5 and
10 min datasets appear to be evenly split between under- and
overestimating the true proportion, the 15 min data consistently
underestimate. In addition, the errors are two to three orders
of magnitude larger for the 15 min data compared to the 5 or
10 min data, most notably near peak wood transport.
Although the 15 min trials are biased towards underestima-

tion, bootstrap sampling clearly demonstrates that the variance
is stable across all sample intervals (Figure 5). Although not
shown, the data were unbiased up to 14 min. This sudden bias
at 15 min suggests that there may be some periodicity in the
p̂
p̂

Figure 4. Time series of each trial over the freshet peak with daily errors. S
from each trial. The lower half of each graph shows daily errors. The dashed
the errors from each trial and then subtracting from the 1 min dataset. This fi

Copyright © 2014 John Wiley & Sons, Ltd.
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data. This idea is somewhat supported by a slight jump in the
number of instances corresponding to a 15–18 min lag
between wood presence in images (Figure 6).
olid bars show p from the 1 min data and grey lines are the p̂ estimates
line is drawn at zero error. Solid error bars were calculated by averaging
gure is available in colour online at wileyonlinelibrary.com/journal/espl
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Calculating Total Wood Loads

Statistical methods

The following equations calculate, in steps, the estimates for
total wood loads (count and volume) within a period of interest.
By calculating in steps, imprecision for each component can be
clearly compared to other components. Sampling strategies can
be employed to focus efforts on reducing variability in the most
efficient manner by addressing components with the most
imprecision.
For each stratum of interest, estimate:

(1) Total number of frames that logs are present:

T̂ f ¼ Np̂; V̂ T̂ f

� � ¼ N2V̂ p̂ð Þ (3)

where N is the number of frames within a set time interval
it takes a log to traverse the field of view and p̂ and V̂ p̂ð Þ
are computed using Equation (1). N is essentially the
minimum number of frames (moments in time) needed
to capture the entire LW population within a stratum in
a study period. For the Slave River, N was estimated to
be the number of 1 min intervals within each stratum for
the 32-day study period (see ‘Data Collection’, above,
for justification). However, N could be adjusted to
account for changing velocities. This may be useful for
rivers with rapidly varying flows.

(2) Total count of logs:

T̂ c ¼ T̂ f c; V̂ T̂ c
� � ¼ T̂ 2

f V̂ cð Þ þ c2V̂ T̂ f

� �
(4)

where c is the average number of logs in a photo when logs
are present, s is the sample standard deviation and
V̂ cð Þ ¼ s2=nf pc . For this study, the entire sample was
used, but c could also be computed using a subsample,
which could greatly increase processing efficiency.
Within any population smaller subsamples will be less
precise than larger ones. If a population has high variance,
more samples will need to be included to achieve the
same precision as a population with low variance.

(3) Total volume of logs:

T̂ v ¼ T̂ cv; V̂ T̂ v
� � ¼ T̂ 2

cV̂ vð Þ þ v2V̂ cð Þ (5)

where v is the average volume per log and V̂ vð Þ ¼ s2=n,
the sample variance. The average volume per log could
be calculated from a sample of the captured images,
estimated or measured from jams downstream. If v is mea-
sured directly from the sampled images, a finite popula-
tion correction factor should by applied to the variance,
as in Equation (1).

To compute total LW loads over an entire period of interest,
sum over all strata and compute a bound. For the equation be-
low, Ti denotes any of the above totals from a single stratum:

T̂ ¼ ∑
L

i¼1
T i ; V̂ T̂

� � ¼ ∑
L

i¼1
V̂ T ið Þ; Bnd95%CI ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffi
V̂ T̂
� �q

(6)

A carbon load can be calculated by multiplying the total
volume estimate by an average density and then multiplying
by the of fraction carbon.
Copyright © 2014 John Wiley & Sons, Ltd.
Slave river results

Three main assumptions were made during the calculation of
wood loads for the Slave River: (i) the sampled periods are good
representations of the unsampled flows; (ii) a log traverses the
field of view at about 1 min intervals for the duration of the
study; and (iii) logs measured in jams are representative of
the size distributions of large logs captured on the images.
The first assumption is reasonable because most of the
unsampled flows occurred beneath the 4500 m3 s-1 transport
threshold and wood transport under this threshold had low
variance (Figure 2, bottom). Based on on-site observation,
the unsampled peak in late August transported wood at
similar rates to sampled periods under 4500 m3 s-1. Wood
available for transport is likely stored along banks higher than
flows < 4500 m3 s-1 can mobilize.

The second assumption, that a log traverses the field of
view at about 1 min intervals for the duration of the study,
is reasonable based on image analysis and an analysis of
velocity ranges (see ‘Data Collection’, above). Although
more rigorous estimation of the total number of frames
needed to uniquely characterize the wood load is possible
by accounting for changes in velocity, using an approxima-
tion based on 1 min intervals was deemed acceptable to
obtain first-order estimates of wood flux and loads. Uncer-
tainty due to this factor was not included in the estimate of
total wood loads. An improvement to the techniques
presented here would be to rigorously estimate the minimum
number of theoretical frames needed to capture the entire
population of drift logs by incorporating changes of velocity.
Due to variability in velocities in wood transport paths,
uncertainty in river cross-sections and variability in channel
length in the field of view, this is actually quite challenging
to do. Futurework comparing time-lapse at short time inter-
vals to continuous video monitoring may help to constrain
these estimates.

The third assumption, that logs measured in jams are
representative of logs captured in images, is also reasonable.
The size ratio of small:medium:large logs from jams (25:4:1),
is similar to the ratio derived from on-site monitoring of
wood in transport (20:3:1) (see ‘Data Collection’, above).
Jams were measured the first season after they were depos-
ited by large wood flux in 2011 and were positioned above
the high-water level for 2012. Thus little to no winnowing
of smaller pieces had occurred prior to measurement. Jams
were also not reorganized by ice because no ice jamming
events were recorded by the upstream gauge in 2012. Mea-
suring logs directly from images has large uncertainties
given distortion from oblique viewing, submergence of parts
of logs and uncertainties of widths (MacVicar and Piegay,
2012). Estimating volumes and sizes of wood in transport
based on measurments made from large logs in temporary
storage can be a valuable proxy to measuring logs directly
from images.

Wood loads from 13 July to 13 August were calculated based
on proportion estimates stratified by discharge (Table III). 28%
of the study period was sampled. During peak transport
(Q> 4500 m3 s-1), 53% was sampled. Although stratifying by
day increased precision more than stratifying by discharge, it
was not used to estimate total LW loads because not all days were
monitored (Figure 2). Ice break-up and the first major freshet peak
were not monitored; thus the wood loads presented are not the
total estimate for the year but just for the second half of the
summer. Because the majority of wood transport likely occurred
during the first freshet peak in mid June (Figure 2), the total yearly
wood load for 2012 is probably more than double the values
summarized below.
Earth Surf. Process. Landforms, Vol. 39, 844–852 (2014)



Table III. LW load estimates for the study period (13 July to 13 August)
calculated from the 1 min data using Equations (1–6). Estimates include
a 95% confidence interval of ±2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
variance

p

n N n/N p̂
Q≤4500 8643 38322 0.23 0.08E� 1 ± 0.02
Q>4500 4118 7758 0.53 1.11E�1 ± 0.09
Q=All 12761 46080 0.28 0.41E� 1 ± 0.03

T̂ f c T̂ c T̂ v

Q≤4500 306±66 1.01± 0.03 310±68 109±39
Q>4500 864±73 1.27± 0.04 1096±97 384±114
Q=All 1170±98 1.24± 0.04 1406±119 492±120

n is the total number of frames sampled.
N is the total number frames needed to uniquely characterize the wood
load.
n/N is the proportion of the population sampled.
p̂ is the estimated proportion of time LWwas present (Equation (1) or (2)).
T̂ f is the total estimated population of frames with LW present
(Equations (3) and (6)).
c is the average number of LW pieces per frame.
T̂ c is the total estimated count of LW (Equations (4) and (6)).
T̂ v is the total estimated volume of LW in m3 (Equations (5) and (6)). An
estimated average piece volume of v ¼ 0:35 m3;V vð Þ ¼ 2:4E�3 was
used (see ‘Data Collection’ and Figure 1).
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The total LW loads, estimated from the 1 min data, are

1406± 119 # pieces (T̂ c ), 492±120 m3 (T̂ v ) and of the order
of 1.1 × 105 kg carbon. The misdetection analysis presented in
the ‘Data Collection’ section above suggests a detection rate
of 85%, meaning that these estimates are underestimating
actual load by about 15%. The wood loads, adjusted to take
this misdetection into account and rounded so that more
precision than present is not implied, are 1600±200 # pieces

(T̂ c ), 600 ±200 m3 (T̂ v ) and of the order of 1.3E5 kg carbon.

The bounds for T̂ c and T̂ v were both rounded up instead of
down in order to include any additional uncertainties that are
unaccounted for. For this study, mass of carbon was estimated
assuming an average density of 450 kg m� 3 (the main tree
species are poplar, aspen, white spruce, birch and larch) and
a 0.50 fraction of carbon (Lamlom and Savidge, 2003). The car-
bon estimate does not include a bound because uncertainties
associated with the density or fraction of carbon are unknown.

The total count of logs, T̂ c , from the 1 min data is more

precise than the total volume, T̂ v (Table IV). After comparing
variance contributions in Equations (3–6), it was determined

that the imprecision in the T̂ v estimate is largely due to
imprecision in average volume per log ( v ). Most of the

variance in T̂ v originates from variance in v (86%) rather than
Table IV. Comparison of LW load estimates between sampling intervals

1 min 5 min 10 min 15 min

Total count
T̂ c (m3) 1406±119 1406±287 1406±409 1314±482
% error 9 20 29 37

Total volume
T̂ v (m3) 492± 120 492±151 492±183 460±200
% error 24 31 37 44

Estimates for each sample interval were computed by averaging the
results for the trials within that sampling interval (see Figure 7). Load
estimates were obtained stratifying by Q, as shown in Table III. %
error = (bound/estimate) × 100.

Copyright © 2014 John Wiley & Sons, Ltd.
the variance in T̂ c. The variance in T̂ c mostly originates from
variance in p̂ (92%), rather than variance in the average num-
ber of pieces per frame (c).

Precision and accuracy of LW load estimates are compared
across sampling intervals in Table IV and Figure 7. While the
5 and 10 min data are unbiased compared to the 1 min data,
the 15 min data underestimates by about 6.5%. When bounds
are compared to the 1 min data, the 5, 10 and 15 min data are
2.4, 3.4 and 4 times less precise for the total count and are 1.3,
1.5 and 1.7 less precise for the total volume, respectively. By
comparing percentage error between count and volume, the
1, 5, 10 and 15 min count estimates are 2.7, 1.5, 1.3 and
1.2 times as precise as volume, respectively. Figure 7 shows
the 95% confidence intervals about the total count estimate for
each trial. All trials for the 5and 10 min data plot within the con-
fidence interval of the 1 min data, while 13% of the 15 min trials
plot outside the 1 min confidence band (dashed lines).

Based on these results, a network of eight cameras were
installed in 2013 on major tributaries of the Mackenzie River,
Canada, and set to take pictures every 10 min. The Olympus
X560WP camera connected to an intervalometer was not used.
Although the pictures were excellent, it was found that this set-
up used too much power to be practical without regular access.
Instead, A Brinno TLC200 time-lapse camera ($150) with
waterproof housing was connected to a 6 V Energizer battery.
Although this set-up captured lower-resolution photographs,
wood could still be reliably seen on images. Photographs
captured at 10 min intervals from 17 March to 9 July in 2013
used 0.15 V and only 1 GB of memory. Images taken with this
camera are stored as a movie file with a user-defined frame
rate. During periods of wood transport, individual frames can
be exported from the movie for detailed analysis.
Discussion

The methods presented are a good way to gather broad spatial
and long temporal wood transport data. Although imprecise,
these methods can be very useful to examine trends along a
igure 7. Total LW count estimates showing variability between trials.
orizontal lines are the 95% confidence intervals in total wood load for
ach trial. The solid vertical line and two dashed lines mark the esti-
ate from the 1min data and its 95% confidence interval. Filled points
ark the average estimate over all trials for each sampling interval
ummarized in Table IV.
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drainage network and trends through time, to help constrain
wood and carbon budgets, and to show general relationships
between water flux and wood flux. Sampling at coarse intervals
extends the amount of time cameras can be left without
maintenance by saving memory space and battery usage.
When project budgets are too tight to install fully equipped
monitoring stations with solar panels and automatic down-
loads, the use of coarse-resolution time-lapse photography
sampling provides a cost-effective way to monitor and estimate
wood loads. Coarse interval sampling also greatly reduces the
amount of post-processing time by reducing the number of
photos to analyze.
For the Slave River, time-lapse sampling at less than 15 min

provides imprecise, unbiased, equal-variance estimates of
1 min data (Tables II and IV). Periodicity in wood flux will bias
results for regular interval sampling if sampling interval is close
to the wavelength of the periodic flux. There may a slight
periodicity in flux for the this site of around 15–18 minutes
(Figure 6), which may be the cause of the underestimation bias
in the 15 min dataset. Future work should focus on analyzing
wood flux periodicity and relating it to drivers such as water
and/or recruitment fluxes.
Appropriate sampling intervals to achieve unbiased esti-

mates may be related to hydrograph and wood recruitment
regimes. For rivers similar to the Slave River, characterized by
less variable hydrographs (rise and fall of a peak flow takes
many days) and wood recruitment driven by hydrology rather
than upslope processes, sampling at 5 or 10 min intervals
should be adequate to achieve unbiased estimates of wood
load. For drainages with short event durations, it is likely that
sampling every 5 or 10 min may no longer provide unbiased
estimates due to undersampling compared to rates of change.
Although caution should be used when applying results from

this study to drainages with flashier hydrographs and/or more
episodic wood recruitment dominated by landslides, the statis-
tical and estimation methods discussed here can be used to
determine appropriate sampling intervals. Additional analyses
from many basins need to be conducted to determine if there
exists universal thresholds or predictable relationships for
sampling intervals which yield unbiased, equal-variance esti-
mates of finer sampling intervals and to illuminate processes
and patterns of wood flux across regions. Analysis of wood flux,
sampling interval and rates of change in water discharge
between locations, events and years would be an interesting
future endeavor.
A valuable outcome of monitoring wood fluxes using time-

lapse cameras is the rapid identification of transport thresh-
olds. MacVicar and Piégay (2012) identified a threshold for
transport near 2/3 bankfull. The 1.5-year flood (a proxy for
bankfull) for the Slave River is 5700 m3 s-1 and two-thirds of
that is 3800 m3 s-1. A 3800 m3 s-1 LW transport threshold
seems high for the Slave River (Figure 2, bottom), but is close
because there was less than 1% probability of transport for
flows less than 4500 m3 s-1 (Table III). The 4500 m3 s-1 thresh-
old identified in this study is similar to a 4000 m3 s-1 threshold
for ice jam flooding on the Slave River’s primary tributary, the
Peace River (Beltaos et al., 2006).
Estimates of total LW loads are useful for refining and

computing LW or carbon budgets. After a 15% upward
adjustment for misdetection errors, the total loads for the Slave
River between 13 July and 13 August were estimated to be
1600± 200# pieces, 600± 200 m3 and of the order of
1.3 × 105 kg carbon. These estimates of total load depend on
how well unsampled flows are represented by sampled flows,
estimation of the total number of frames (population total)
required to uniquely capture wood load and the estimation of
average volume per log. To help refine the methods presented
Copyright © 2014 John Wiley & Sons, Ltd.
in this paper, future work should focus on analyzing the
impacts of data gaps, comparing video monitoring to time-
lapse photography in order constrain estimates of population
totals and comparing log size measurements from imagery to
jams downstream. These wood load estimates are minimum
estimates for the time period because they do not include
sunken logs or rootwad volumes. Rootwad volumes were not
calculated owing to difficulties in estimating volumes and
because only a small fraction (7%) of LW monitored had
rootwads. Future work that focused on developing relationships
to easily estimate drift rootwad volumes would be valuable for
estimating total volumes and carbon mass for in- stream LW.

Precision decreased as sampling interval length increased
due to smaller sample sizes (Table IV). For example, the
percentage error for total wood count increased from 9% for
1 min data to 37% for 15 min data. Thus determining an
interval at which to sample becomes a balance between
precision desired and equipment, access and post-processing
time constraints. Precision can be increased by computing
estimates using stratification schemes such as stratifying by
day or discharge (Table I). Total count estimates are more
precise than total volume estimates (Table IV) due to large
uncertainties in the average volume per log. The most gain in
precision will be achieved by future work that focuses on
reducing the variance in average volume per log. This can be
done by experimenting with sampling strategies and increasing
the sample size.

It is important to reiterate that the total loads presented here
are not estimates of the total seasonal load for the Slave River
in 2012 because only the second half of the summer was
monitored. Actual wood loads are likely more than twice these
values since the larger first freshet peak of the season was not
monitored. In 2012 there was no ice jam flood. In years with
ice jam flooding, wood transport is likely much higher due to
the bulldozing effect of ice and sudden failure of ice jams that
release waves of water downstream. Multi-year analysis needs
to be conducted to determine if these values are typical for
any given year.
Conclusion

This study is part of a larger investigation of wood transport
dynamics in large rivers and export of large wood to the Arctic
from the Mackenzie Basin, Canada. Prior to the installation of
the network of cameras, this study was initiated todetermine
the longest sampling interval that achieved unbiased equal
variance results and to develop methods to compute wood
fluxes and loads from the data. Specifically, this study devel-
oped methods to: (i) construct fluvial wood flux curves; (ii)
analyze the effects of sample interval lengths on transport esti-
mates (both flux and load); and (iii) estimate total wood loads
within a specified time period from coarse-interval (≥1 min)
time-lapse photography.

There are many strengths to using time-lapse photography
to monitor wood fluxes and loads. It is a low-cost, low-
maintenance, power-efficient method. It can be used to
extrapolate into data gaps, such as night-time. It produces
conservative, first-orderestimates of minimum wood loads.
Also, it allows easy comparisons of wood flux to hydrographs
on long spatial and broad temporal scales. However, there are
several limitations. Estimates are imprecise. Total wood load
estimates rely on making several assumptions about repre-
sentative sampling, log travel times and average log size. Also,
sampling is limited to large pieces and has a limited range
(approximately <60 m for logs >10 cm in width and 1 m in
length; and <300 m for logs greater than >20 cm in width and
Earth Surf. Process. Landforms, Vol. 39, 844–852 (2014)
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3 m in length). As mentioned in the Discussion, future work
should focus on improving precision, analyzing the effects of
data gaps, estimating rootwad volumes, estimating sunken log
transport, comparing time-lapse to video monitoring, and identi-
fying intervals that produce unbiased estimates for a variety of
drainage sizes, hydrograph regimes and recruitment processes.
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