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Abstract: Instream channel restoration is a common practice in river engineering that
presents a challenge for research. One research gap is the development of monitoring
techniques that allow for testable predictions of sediment transport and supply. Here we
use Radio Frequency Identification (RFID) transponders to compare the short-term (1-year)
sediment transport response to flood events in a restored and a control reach. The field site
is Wilket Creek, an enlarged creek in a fully urbanized catchment without stormwater
management control in Toronto, Ontario. The responses to three flooding periods, each of
which are at or above the design bankfull discharge, are described. Key results are that
(1) particle mobility is lower in the restored reach for all three periods; (ii) full mobility
occurs in the control reach during the first two floods while partial mobility occurs in the
restored reach; and (iii) the constructed morphology exerted a controlling influence on
particle entrainment, with higher mobility in the pools. Log-transformed travel distances
exhibit normal distributions when grouped by particle size class, which allows a statistical
comparison with power law and other predictive travel-distance relations. Results show
that three bedload transport conditions can occur, with partial mobility associated with a
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mild relation between particle size and travel distance and full mobility associated with
either a flat or steep relation depending on the degree of integration of particles in the bed.
Recommendations on seeding strategy and sample sizes are made to improve the precision
of the results by minimizing confidence intervals for mobility and travel distances. Even in
a short term study, the RFID sediment tracking technique allows a process-based
assessment of stream restoration outcomes that can be used to justify the instream
intervention and plan future attempts to stabilize and enhance the system.

Keywords: stream restoration; sediment tracking; monitoring; rivers; RFID transponders;
sediment transport; particle mobility; travel distances

1. Introduction

Stream restoration refers to a wide range of manipulations of streams and their riparian corridors
that are intended to improve the condition of the river relative to some degraded state [1,2]. Instream
structures such as artificial pools and riffles are commonly used for stream restoration projects due to
their perceived benefits for ecology and channel stability [3,4]. However, the practice suffers from a
lack of standards and design criteria [5,6]. Project evaluation is needed for adaptive management and
progress in engineering practice [7,8], but monitoring is typically ineffective due to relatively short
term monitoring projects that miss potential adjustments to relatively rare flood events, a reluctance
to include the additional cost, and a tendency to collect qualitative data rather than quantitative
data [9-12]. Urban streams represent a particularly acute problem due to well-known hydrologic
changes and intersections with human-built infrastructure that make them a common but challenging
target for restoration [13,14]. Reliable, cost effective, and repeatable techniques are needed to assess
stream restoration outcomes.

Hydraulic models and laboratory studies are commonly applied to the assessment of stream
restoration design hydraulics. Models of widely ranging sophistication are available, with many
examples of steady-state 2D and 3D models applied to as-built designs [15-19], and Large Eddy
Simulation (LES) applied to the resolution of turbulence around isolated or idealized examples of
in-stream structures [20,21]. Morphodynamic models are increasingly applied to predict channel
evolution in the area surrounding implemented in-stream structures [22,23], and many laboratory
studies have been carried out for this purpose [24-29]. Despite the increasing sophistication, however,
physical and numerical models are predictive in nature, and reliable quantitative monitoring techniques
are still needed to understand project outcomes.

In the field, restoration success or failure is often assessed by measuring bed topography or
geometry, for example by determining channel enlargement ratios [30], measuring local scour [28,31],
or by assessing the structural integrity of restoration designs [10,32—34]. Results are notoriously
difficult to compare, however, due to the time it takes for “success” or “failure” to manifest [12] and
the occurrence of both positive and negative consequences that may or may not have been part of the
design [34]. In fact, the reliance on geometry for the evaluation of restoration outcomes imposes a
static ideal for morphological trajectories that runs counter to fluvial geomorphic principles of dynamic
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equilibrium. Although absolute channel stability may be part of the design for some restoration
projects, most rivers have an alluvial component such that channel erosion and deposition are necessary
for the maintenance of sedimentary bedforms, long-term stability, and ecosystem function [2,35,36].

The science of bedload transport in rivers currently relies on a number of indices and metrics of
sedimentary behavior to compare different reaches. For instance, a number of studies in mixed-gravel
beds have demonstrated the prevalence of partial mobility [37—40], and characterized the relation
between particle size and travel distance [41-43]. Tracking methods using Radio Frequency
Identification (RFID) transponders have become common in the research community due to their
advantages over other tracking technologies in terms of individualized particle displacement
information, low cost, battery-free nature and robust design [44—51]. Sediment tracking has been used
to assess some restoration projects [52—54] but its potential for testable hypotheses to assess restoration
outcomes has yet to be fully realized.

The aim of this study is to develop and test a strategy for assessing stream restoration outcomes
through the use of sediment tracking data. This aim is a direct response to Wilcock’s [2] challenge for
the research community to develop robust methods that produce meaningful and testable predictions of
sediment transport and supply that could be used for restoration design. Statistical tests are described
that assess particle mobility and compare travel distance distributions in an urban creek in sections
with and without instream restoration. The described method is suited to gravel-bed rivers with active
layers that are less than the detection range of the system (~0.30 m [55]). The widespread application
of this method would help to bridge the gap between the science of fluvial geomorphology and
restoration design.

2. Methods
2.1. Field Site

Wilket Creek is a tributary of the Don River in the City of Toronto with a drainage area of 15.4 km?
(Figure 1). The watershed is underlain by the Halton Plain Till, a predominantly clayish cohesive till.
The creek profile cuts down through layers of glacial deposits with varying quantities of clay, silt,
gravel and coarser materials that supply a mixed load to the creek. Current land surface cover is
dominated by suburban residential areas with some commercial and higher intensity uses in the upper
watershed. The conversion from agricultural to urban land uses occurred in the 1950s and 1960s as the
City of Toronto expanded rapidly. The land use change resulted in many modifications to the drainage
patterns that are typical of urbanization, including increased imperviousness and more rapid routing of
surface runoff.

Wilket Creek itself was converted to a storm sewer in the upstream part of its catchment, leaving
only about 6 km of open channel (Figure 2). A riparian parkland was also left through the open
channel portion of the creek and is now heavily used for recreation, with a number of bridge crossings.
A sanitary trunk sewer was routed through the valley during the urban expansion, which resulted in the
channel being straightened in many locations. Erosion is endemic in the river corridor, with channel
enlargement and incision leading to bridge failures and exposure of the sewer where its route intersects
with that of the river. Measures such as gabion baskets (wire baskets filled with stone), riprap (angular
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quarried stone), and armourstone (large 1 % 0.5 x 0.5 m limestone blocks) have been extensively used,
but the failures of such measures can be readily observed along the creek. Massive erosion during
floods in 2005 and 2008 led to the development of a new management plan for the lower 3 km of the
channel [56] and restoration of a 300 m long section in 2011 that was monitored in this study.
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Figure 1. Geographical context of the Wilket Creek watershed. GIS layers were provided
by the Toronto Region Conservation Authority.
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Figure 2. Open channel section of Wilket Creek including locations of control and
restoration study reaches. The natural cover GIS layer was provided by the Toronto Region
Conservation Authority.
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The restoration approach involved the construction of coarse riffle-pool sequences through an
irregularly meandering channel (Figure 3). This approach was chosen to roughly match with riffle-pool
morphology in the rest of the creek while dissipating energy and working around constraints posed by
existing infrastructure [56]. Constructed riffles were coarser than the rest of the creek as they used
quarried angular material and buried lines of stones greater than 1 m in diameter to fix bed elevations
over sanitary sewer crossings. Given the coarse bed material and the relatively high slope of the
channel through the restoration section (So = 1.12%), these structures could also be considered
morphologically analogous to cascades with intervening pools. Angular stone was terraced on the
banks and vegetation was planted between terraces to enhance long-term stability. The channel
dimensions of the restored section were set to match the anticipated size of the urbanized channel.
Using the concept of critical velocity, the consultants forecast that the ultimate stable channel width that
would account for the change in hydrology as a result of urbanization within the watershed is equal to
13 m [56], which is approximately three times the pre-urbanization width but only slightly larger than
the existing top-of-bank width of 10-12 m [57]. Riffles and pools were designed to have bankfull depths
of 1.0 m and 1.5 m, respectively [56].

Figure 3. Photograph of restoration site July 2013, approximately 18 months after
construction. Note the rocky riffle upstream of the pool in the middle of the frame and the
point bar largely formed from deposited sand and gravel. Flow is from top to bottom.

2.2. Field Methods

Standard methods were used to measure topographical and sedimentological information about the
site. A centerline profile of the channel and channel cross-sections were measured to help understand
particle displacements and their relation to channel morphology. A total of 18 cross-sections were
established and additional points were added at slope breaks and within the floodplain following the
recommendations by Heritage et al. [58]. A digital elevation model (DEM) was created from this data
using linear interpolation between data points. Wolman pebble counts within the restored and the
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upstream control sections were completed to characterize the surface bed material (Figure 4).
A minimum of 200 particles >5 mm in diameter were counted, with the number of fine particles and
clay till exposures also recorded. A pebble count with 100 stones completed by the consultant prior to
the restoration construction was used for comparison [56]. The estimated Dso for the entire bed surface
ranges between 58 mm for the control reach and 115 mm for the restored reach. Approximately 22%
of the bed surface is covered with sand while 7% of the bed surface is exposing the cohesive till. If the
finer material is included, the median grain size in the control reach is approximately 40 mm.
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Figure 4. Particle size distributions of tracers populations and bed sediment samples
(pebble counts—PC) in the control and restoration reaches. Pre-restoration information
was completed by Parish Geomorphic [56].

Two pressure gauges and one barometric gauge were installed at the restoration site to record water
surface elevations. The instream stations consisted of steel pipes with drilled holes, two sizes of metal
screen wrapped and welded around the pipe, a drive point tip, and a bolted cap. Gauges were hung
from a wire attached to the cap so that they were suspended below the bed in order to ensure the
continuous measurement of low water levels. The screens prevented the majority of sediment from
coming in, although it was found necessary to pump out the material using a custom built hand pump
in the summer of 2014. The gauges were Hobo™ U20 water level loggers with a calibrated accuracy
of £3 mm and a range of 0—4 m. Gauge data were downloaded periodically and corrected for
atmospheric variations with the barometric gauge. Gauges were set to measure pressure at a one
minute interval during the summer and a five minute interval during the winter. Through the winter the
upstream gauge was removed due to the possibility that it would be damaged as a result of freezing.
The downstream gauge was left in as a test and was found to have functioned normally throughout this
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period. Due to poorly defined rating curves, the gauge data was used to estimate shear stress but
not discharge.

A range of particle sizes were tagged to characterize bed material dynamics within the channel.
The size distribution largely followed the size distribution in the control reach upstream of the restored
section (Figure 4). The y scale as defined in Parker [59] was used to delineate particle size classes
(D = 2¥ where D denotes particle size in mm). The tagging procedure consisted of collecting the rocks
from the site, drilling a small hole for the tag, inserting the tag and then protecting and securing the tag
by filling the remaining space within the drilled hole with a masonry caulking. Tagged particles were
measured, weighed, and their volume was determined using water displacement. It was not possible to
use either the very small stones due to the minimum size of the tags or the very large stones due to the
difficulty of bringing large stones back to the lab for the tagging procedure. Large angular stones
(>128 mm or 7 y) used for the riffles in the restoration reach were tagged in the field. Only the
intermediate axis of these stones was estimated as they were sometimes buried within the bed. Larger
RFID transponders were used as the size of the stone permitted so that 12 mm (model # TRPGR30TGC),
23 mm (model #RI-TRP-WR3P) and 32 mm (model # RI-TRP-WR2B) transponders were used in
the <5 y, 5-6 y, and >6 v size classes, respectively.

In total, 300 tracers were seeded on the restored site and 143 tracers were seeded on the upstream
control site (a second control site with ~150 tracers had to be abandoned due to excessive lateral
mobility and emergency restoration works). At each seeding site, approximately 10 tracers were
spaced ~1 m apart on a cross-section, with the total number of sections depending on the total number
of tagged particles in the respective reaches. The tracers were placed on the surface of the bed and
randomized based on particle size. The surface placement allowed us to isolate the effect of fluid shear
stress in the initial mobilization of the particles, but will tend to overestimate mobility and travel
distances relative to the rest of the bed particles. The size randomization ensured that all particle sizes
were represented in all areas of the bed for the initial test.

Particle positions were detected using a round loop antenna manufactured by Aquartis Ltd (Quebec,
Canada). The mean radius of detection for this equipment combination is between 0.05 and 0.41 m
depending on the size of tag and the orientation of the tag relative to that of the antenna [55]. A
conservative estimate of 1 m was used for a movement classification threshold following previous
studies [45,47]. The positions of tagged particles were mapped using a total station. Between the
period of August 2013 and August 2014, at least four events reached the design bankfull depth of 1.0 m
(0.63 m above baseflow) at the gauge located at the upstream limit of the restoration site (Figure 5).
Six surveys were completed at each site to characterize particle displacements. For the current
analysis, only the flooding periods in 2014 ending on 22 May, 25 July and 21 August were included
(Table 1). Smaller floods prior to the 22 May date did not result in significant mobility and the data
were aggregated with the 22 May survey. All three flooding periods had dimensionless shear stress
values that are close to a threshold value (t"c ~ 0.047 from [60]) in the restoration reach but in the order
of ~27’¢ in the control reach.
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Figure 5. Water surface elevation above baseflow at the upstream limit of the restoration
reach. Water surface elevations above baseflow at the downstream limit of the restoration
site were scaled to illustrate the degree of flooding in two periods where the upstream
gauge was not active. Note that water surface elevations could not be obtained from
1 August 2013 to 18 September 2013 due to an error with the barometric gauge. All survey
dates are indicated as are the periods used in the current paper for analysis.

Table 1. Floods and sampling period. Note that the start date for flooding period 1 was
later for the restoration reach than the control reach, but no significant flood occurred in
the intermediate period. Depth (Y) and shear stress (z) values are the maximum values
within the study period. Dimensionless shear stress values (T :r/((ps—p)gDSO) are

calculated using the Dso in the control reach (58 mm) and in the post-construction
restoration reach (115 mm). For reference, the bankfull depth in the control reach is 0.87 m
and the design bankfull depth in the restoration reach is 1.0 m.

Period 1 2 3
Start date August/September 2013 22 May 2014 25 July 2014
End date 22 May 2014 25 July 2014 21 August 2014
Maximum flood date 18 November 2013 25 June 2014 1 August 2014
Y (m) 1.01 1.13 1.11
T (N/m?) 80 90 88
T+ (Dso = 58 mm) 0.085 0.094 0.097

1+ (Dso = 115 mm) 0.043 0.048 0.047
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2.3. Data Analysis
2.3.1. Mobility

Particle mobility ( f)m) is defined as the percentage of particles that are displaced in a given flood

(note that the symbol ” is used to denote the entire population of tracers). For each flood, the sample
mobility (pm) was calculated as:

Pz (1)
where ns is the number of particles that were found (or whose positions could be inferred) at both
the beginning and the end of the survey period, and nn is the number of found particles that moved.
Positions were inferred where particles were not found in the survey at the end of the period but were
found in a more recent survey and determined to have remained immobile throughout.

To determine whether the restoration has a significant effect on p, , it is necessary to estimate the

precision of the samples (pn). Confidence intervals for p, can be estimated from binomial statistical

techniques based on the principle that, if it can be assumed that samples are independent and random,

repeated samples should yield a normal distribution of success probability [61]. Stated mathematically,
the standard error of p, can be calculated as:

and the z-scores of p» will have an approximately normal distribution:

_ Pu PnPn
SE(p,,) ©)
If we can further assume that:
SE(p,,)=~ SE(p,,) 4)
which is commonly done [61], then:
Pw=Pnt2,,5E(p,) (5)

where z,, can be determined from standard tables for the normal distribution for a given confidence

level (o).

In most gravel bed rivers, partial transport is dominant [39,40]. This condition is highly desirable in
restored reaches because it indicates that the larger particle sizes are less mobile than the smaller size,
which means that they are likely to provide some structural stability during a flood event, even if the
smaller size material is mobilized. The occurrence of partial mobility can be detected by a negative
relation between mobility and particle size. To determine whether such a trend was present in a given
reach during a flooding period, we used the runs test [62]. This non-parametric test is widely applied in
a variety of fields [63,64] due to its suitability for the determination of trends in binary data such as
particle mobility. Critically, it is not necessary for the binary results to have equal probabilities of
occurring. In the test, the number of elements is defined as N, and a run is defined as a continuous
sequence of elements either above (N*) or below (N7) a calculated mean (N ) in the series. The
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principle of the test is that the number of runs is a random variable whose distribution is approximately
normal. From Wald and Wolfowitz [62], N is calculated as:

— 2NN~
N=1+ = ©)
and the variance (o7, ) is:
. _(N-1)(N-2)
N TN )

If the number of runs is higher or lower than a given confidence interval determined with a z-score,
then the elements are not randomly distributed and the hypothesis of a stationary series is rejected.
In terms of mobility, a negative result indicates that partial mobility occurred during the flood.

2.3.2. Travel Distance

Travel distance was assessed by grouping the particles by size class and comparing mean travel
distances to the relation proposed by Church and Hassan [41] for travel distances in a gravel bed river:

P —\1.35
L_[l_logﬂl &
LDSO DSO

where Zis the mean travel distance for particles in a size class i, 31 is the corresponding mean
particle size, and L., is the geometric mean travel distance of particles in the median size class. In

their discussion, Church and Hassan [41] note that Equation (8) was derived from data obtained with
painted tracers for which only the first displacements of particles were available and only those
particles that were visible on the bed surface. Wilcock [65] notes that Equation (8) is representative of
gravel bed rivers that are partially mobile. For fully mobile particles, Wilcock [65] showed that the
distribution is expected to be flatter due to the effects of particle interactions. In contrast, Church and
Hassan [41] showed that unconstrained particles on the surface will follow a uniform inverse power law as:

Z B -2.0

=" 9
L Dy, ©)

D50

Confidence intervals can be drawn for Z using standard techniques if it can be assumed that the

sample of transport distances in a given size class (L) is normally distributed. The Kolmogorov-Smirnov
test was used to test both the absolute transport distances and the log-transformed travel distances for
this purpose (o = 0.05). In order to demonstrate the application of the test, log-transformed travel
distance histograms for the May 2014—July 2014 period are shown in Figure 6. Normal distributions
are evident for the 4-5 y and the 7-8 v size classes. The other distributions appear somewhat skewed
(67 y) or even bi-modal (5-6 ), but in all cases the hypothesis of a normal distribution was not
rejected with the Kolmogorov-Smirnov test. Similar results were found for the travel distance
distributions of both reaches and all flooding periods in this study. The hypothesis of normality was
frequently rejected for travel distance distributions where no log transform was applied, as it was
where null travel distances were included.
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Figure 6. Histograms of log-transformed travel distances by size class for the largest flood
(May 2014—July 2014) in the restoration reach.

3. Results
3.1. Basic Particle Tracking Statistics

Statistical analysis of tracer movement during a flooding period requires the definition of the subset
of the total population of particles that can be used in the analysis. As noted by Schneider et al. [48], it
1s not enough to report single survey recovery rates because particles must be found in both the
pre- and post-flood surveys to be useable. The quality of all surveys in the current study was high,
finding between 87% and 92% of the tagged particles in each site, but the intersection of the found
particles in the pre- and post-flood surveys is lower in the second and third flooding periods (Table 2).
Schneider et al. [48] also distinguished particle that were lost (i.e., were not found in subsequent
surveys—iost) from those that were merely missing and later “re-emerged” (i.e., were found in
subsequent surveys). Here we note that some positions of missing particles can be inferred (n:x) if they
were found in a more recent survey and determined to have remained immobile throughout, which
means that they can be added to the tally of particles that were located (n/) to get a total number of
“found” particles (ny). Missing particles that did move in subsequent surveys (7missing) and those that
were not found in any subsequent survey (nis) could not be utilized for statistical analysis. Future
surveys may change these numbers by shifting some lost particles to the inferred and missing classes.
In August 2014, lost particles accounted for about 10% of the total, with a higher proportion in the
restored reach (Table 2). In the control reach, particles that moved out of the reach were recovered in
the restoration reach, including five particles during the May—July 2014 flooding period, which
accounts for the difference in the rate of lost particles between the reaches.

Differences in overall particle mobility (p») show the effect of flood magnitude and antecedent
floods on sediment dynamics. In all cases, p» 1s higher in the control reach (Table 2). Minor overlap of
the confidence intervals (Clpym; a = 0.05) is noted for the second and third floods for the restored and
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control reaches. pm is highest in the first flood in the control reach (p» = 0.56 £ 0.09) but highest in the
second and largest flood in the restoration reach (p» = 0.30 = 0.06). For both the control and the
restored reaches, the mobility appears to decrease with subsequent floods, as pm is significantly lower
in the third flood as compared to the first flood, despite the higher peak magnitude of the flooding in
the third period. Reduced mobility of tracers is expected from previous studies [50,66], particularly
where the initial particles are seeded loosely on the bed of the channel as they were in this case.

Table 2. Particle tracking statistics for the three flooding periods in both the control and
restoration reaches, where n is the total number of particles present in the reach, n: is the
number located in the survey, niy is the number of inferred particles, #r is the number of
found particles, pris the percentage of found particles, np is the number of particles found
in both the beginning and end surveys for each period, ps is the percentage of particles
found in both surveys, nn is the number of particles that moved, pn is the percentage of

moved particles, Clpm is the confidence interval for pm, L, is the geometric mean travel

distance of the particles in the Dso size class that moved, Clpso is the confidence interval

for L npso 1s the number of particles in the Dso size class, Hmissing 18 the number of
D50 » s g

particles that were not found in the current survey but which were found in a subsequent
survey, nios: 1s the number of particles that have not been found in subsequent surveys, #exir
is the number of particles known to have moved downstream of the reach, and #nenser is the
number of particles known to have moved into the reach from upstream.

Flooding Period 1 2 3
Reach Control Restoration Control Restoration Control Restoration
n; 143 300 143 300 138 305
ny 120 244 132 257 126 267
Rinf 7 16 0 7 0 0
ne=n; + Ny 127 260 132 264 126 267
pr=ngn 0.89 0.87 0.92 0.88 0.91 0.88
np =nrng(t—1) 127 260 122 242 122 253
P = ip/hy 0.89 0.87 0.85 0.81 0.88 0.83
M 71 56 55 73 28 32
Pm = N/ 0.56 0.22 0.45 0.30 0.23 0.13
Clom 0.47-0.65 0.17-0.27 0.36-0.54 0.24-0.36  0.16-0.31 0.09-0.17
Ly, (m) 4.2 3.0 29 17 17 55
CI pso (m) 1.7-11 1.7-5.3 12-70 5.6-52 10-30 29-100
npso 5 5 7 9 6 4
Pimissing 11 25 5 14 2 0
Rlost = Ny — Hf — Nmissing 5 15 6 22 10 38
Hexit 0 0 5 0 1 0
Henter 0 0 0 5 0 1

Travel distance statistics also show the effect of flood magnitude and antecedent flooding,
but variability was too high in many cases to derive meaningful conclusions. One significant result was
that the travel distance in both reaches was lower in the first flood than in subsequent events.
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Thus, while mobility was relatively high in the control reach, the particles were moving relatively short
distances in this lower magnitude event. Short travel distances also were found in the restored reach.
In the second flood, transport distances are higher, but the variability is too high to conclude that the
restoration had an effect on travel distance. In the third flood, travel distance confidence intervals
overlap with those in the second flood and slightly overlap between the reaches. The relatively small
overlap (~1 m, or <5% of g in the control reach) suggest that the g might be higher in the

restored reach, which was not anticipated given that the potential to induce tracer deposition is
theoretically higher in the restored reach due to the wider channel, large angular riffle material, and
pool-riffle morphology. Overall the results suffer from the low number of tracers in the Dso size class
(ypso = 5.5-6; npso <10), and variability is quite high. For example, confidence intervals are as large as
71 m in the restored reach for the third flood period.

3.2. Spatial Results

Some of the most relevant data from a stream restoration perspective are the spatial results that
show locations of entrainment and deposition. Plotted at a reach scale, the starting (August 2013) and
ending (August 2014) positions of the tagged particles illustrate the degree to which the different sizes
of stones moved through the restoration section (Figure 7). Smaller tracers (4-5 y) generally moved
farther than the larger sizes. With the exception of a single stone in the 7-8  size class, the tracers
larger than 6 y did not travelled far downstream of their seeding positions, while the smaller size
classes moved well downstream, even reaching the end of the surveyed section by August 2014. The
transported tagged particles in the smaller size fractions were deposited primarily on the inner bank
(point bar) of pool 3 and near the cross-over (riffle) between pools 4 and 5.

A closer view of pools 1 and 2 shows that entrainment and deposition are a function of the riffle-pool
morphology (Figure 8). For the smallest size class, the particles from the upstream riffle were nearly
entirely entrained and moved downstream where they deposited on the second riffle and on the inner
bank of the bends. Some of the 5—6 y tracers remain in the upstream riffle and show an increased
tendency to deposit in the pools. In contrast with the smaller sizes, the 67 y tracers do not show
widespread entrainment because nearly all of the tracer positions in August 2013 are closely associated
with the positions in 2014. Localized entrainment is noted on the point bar between pools 1 and 2.
Entrainment of the 7—8 y tracers is noted only in the pools. Overall, the 2013 positions can be visually
correlated with the 2014 positions, which indicates that transport distances were short.
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Figure 7. Entrainment and deposition through the restoration reach over 1 year of tracking.

The elevation has been detrended by subtracting the overall slope (So = 1.12%) of the
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facilitate the description of the results.
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3.3. Mobility

The relation between particle size and mobility shows a number of important differences between
the restored and the control reaches. In the initial flooding period, significantly higher mobility occurs
in the control reach for particles with sizes between 5.5 and 7.5 vy, a size range that roughly
corresponds with the Dso to Ds+ particles (Figure 9a). No statistical differences are apparent for
particles that are either smaller or larger than this range. Confidence intervals are relatively large (up to
+0.25 of the vertical axis), which reduces the ability to statistically test hypotheses. This problem is
caused by the small number of tracers in each size class. For example, in the control reach, only 20
stones per size class were seeded, and sample sizes could be much lower where particles were missing
or lost. In the restored reach, the mobility was low and the samples were larger, both of which result in
a lower standard error. Another key observation from the mobility of the initial flood is that a flat line
can be drawn through confidence intervals for the control reach, which indicates that there is no
size-dependent relation, i.e., that it is fully mobile through the 8 y size class. In contrast, the smaller
sizes (< Dso) were significantly more mobile than the larger sizes in the restored reach. A check with
the runs test, however, shows that the hypothesis is accepted at a = 0.05 (Table 3), which means the
relation with size is not significant in either the control or the restored reach despite the higher mobility
of the smaller sizes in the restored reach. The runs test is sensitive to the number of categories
(Ncategories), which 1s low, as it refers to the number of size classes used to assess the trend (i.e., 8 or 9
classes). In the calculation, the relatively high mobility of the 6.0-6.5 v size class (Figure 9a) split the
mobility series into more runs, which meant that the overall trend in this first flooding period was not
significant. However, the error bars show that p» of any size class is relatively uncertain and that the
runs test is sensitive to sampling variability. Larger sample sizes would produce more robust results,
while a Monte Carlo approach to the runs test could be used to assess the effect of sampling variability
on the runs test.

Table 3. Assessment of trend in relation between mobility and particle size in control and
restored reaches using the runs test [62]. The rejection of the hypothesis means that the
relation between particle size and mobility is significant, which is indicative of partial mobility.

Period ! 2 3
Control Restoration Control Restoration Control Restoration

Neategories 8 9 8 9 8 9

N* 4 3 4 4 3 5

N- 4 6 4 5 5 4

Niruns 4 4 5 2 3 3
N 5 5 5 5.4 4.8 5.4
oY 1.7 1.5 1.7 1.9 1.5 1.9
Hypothesis accepted? Y Y Y N Y Y

In the second flood and largest flood, no significant difference in mobility is apparent between the
restored and control reaches in any size class (Figure 9b). The mobility of the smaller size classes in
the control reach is less than the mobility in the initial flooding period and the mobility in the restored
reach, but the large error bars mean that the observed differences are not significant. The mobility is
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generally higher in the control reach from Dso to Dss and also shows full instead of partial mobility.
A flat line can again be drawn through the confidence intervals for the control reach up to 8 vy, which
is not possible for the restored reach, and the runs test shows that there is a significant relation between
particle size and mobility in the restored reach during the second flooding period (Table 3).

D (mm)

a)

b)

0.9 b ............. -+ Upstream
|- Control

A Restored

Figure 9. Mobility for upstream control and restored for time periods: (a) August 2013—
May 2014; (b) May 2014—July 2014; and (¢) July 2014—August 2014. 95% confidence
intervals are shown as dashed and dotted lines for the upstream control and restored

reach, respectively.
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In the third event the particles in the control reach that are smaller than the Dso sizes are less mobile
than the Dso, a trend which is not expected from the literature. The apparent reduced mobility may be a
function of the use of smaller RFID transponders used for these size classes, which reduces recovery
rates due to shorter detection distances, or to the travel distances observed in the previous floods,
which meant that some of the highly mobile particles may have travelled downstream of the reach.
A spatial search of missing particles in this size class shows that all of the small (<5 ) particles that
were lost from the control reach had previously travelled more than 50 m downstream from the
seeding section and half had deposited in a sedimentary bar, which indicates that both the short
detection distances and travel out of the reach may have been factors.

3.4. Travel Distance

Travel distances are plotted on a normalized distance versus particle size plot following the method
described by Church and Hassan [41] for comparison between reaches, flooding dates, and with
Equations (8) and (9). The initial flooding period shows that smaller sizes tend to travel much farther
than those equal to or larger than the Dso. Based on a comparison with the trend lines, the smaller
particles fit the power law relation rather than that proposed by Church and Hassan [41]. Above the
Dso, however, the transport distances show no significant relation with particle size or between the
restored and control reaches (Figure 10). Travel distances overall are short (g ~ 3-5 m), so that

particles equal to or larger than the Dso all travel about the same distance, which is less than one
channel width. The maximum water level during this first event was 10—15 cm less than the maximum

observed flood.

b)

A Control
® Restored
------ Partial mobility : : o
I LOOSG C|aStS . .‘ ....... , .....

L)/ {Lpso)

05 1.0 2.0 5.0 1.0 2.0 5.0 1.0 2.0 5.0
D/ D,

Figure 10. Travel distances in control and restored reaches for (a) August 2013—May 2014;
(b) May 2014—July 2014; and (c¢) July 2014-August 2014. Lines representing partial
mobility (Equation (8)) and transport of loose unconstrained clasts (Equation (9)) are

shown for comparison.
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The relation between travel distance and particle size changes as a function of the flooding period.
The second and third floods have higher peak magnitudes, and travel distances are much longer overall
(Table 2). In the second flood, the control reach shows a power law distribution (Equation (9)) of
travel distances over the full range of tracked particle sizes (Figure 10), which is in agreement with
previous studies of large magnitude floods where particles are loosely seeded [41,45]. In the third
flood the relation is much closer to Equation (8), which indicates that the particles are worked into the
bed and are more constrained by their neighboring clasts.

The restoration does not exert a clear influence on travel distances (Figure 10). In the second flood,
mobile particles in the largest size class tend to travel relatively far in the restored reach in comparison
with the control reach, but otherwise the results follow Equation (9) and are not significantly different
from the control reach. In the third flood the relation is again much closer to Equation (8) as was
observed for the control reach, but the third particle size class seems to follow Equation (9). It is not
clear from the travel distance plot alone what the reason could be behind such behavior, although the
spatial plots show that these particles tend to become trapped in the riffle and the pool tail (Figure 8).
The trapping may thus be a result of larger particles and pore spaces in the restored riffle sections,
indicative of size sorting due to the restoration approach, or variability that is insufficiently quantified
due to the relatively low numbers of tracers.

4. Discussion

An explicit assumption in the commissioning of many restoration projects aimed at arresting
channel incision or protecting infrastructure is that the design will increase bed stability. In Wilket
Creek, converging evidence indicates that the design is succeeding in this regard. First, a difference is
shown in overall particle mobility between the restored and control reach that is significant for two of
the three flooding periods and just missing on the third (Table 2). Second, results from the spatial
displacements show that the larger particles in the riffle are rarely displaced in the restored reach and,
if they do move, it is over short distances (i.e., less than one channel width; Figure 8). Partial mobility
is also confirmed in the largest event for the restored reach during which full mobility occurs in the control
section (Table 3). Full mobility is particularly dangerous in a system like Wilket Creek’s, because the
largest material is typically glacial lag from bank erosion, a source that is increasingly restricted due to
bank protection measures. Other sources of gravel material such as tributaries and the upstream
catchment have largely been replaced with storm sewers, meaning that the supply of coarse material is
less than in the historical condition. When glacial lag material is moved, steps and riffles disappear and
glacial till is increasingly exposed on the stream bed (for example, after the floods in 2014), which
confirms that the channel continues to incise where it has not been restored. Significantly for
monitoring restoration outcomes, this conclusion was obtained after only one year of surveying, which
1s much faster than one would expect in order to observe significant differences in channel dimensions.

The picture of sediment transport that this study provides, however, is complicated by the
occurrence of at least three bedload transport conditions. The first is commonly known as partial
mobility and is characterized by a negative relation between mobility and particle size. As shown by
Wilcock [65], this type of transport is also characterized by a negative relation between transport
distance and particle size. This description fits the second flooding period in the restoration reach, and
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it is for this reason that the overall positive assessment of the restoration outcomes is given.
Full mobility, however, which is not characterized by a statistically significant relation between
mobility and particle size, can be associated with either a flat or a steep negative power law relation
between transport distances and particle size. It is the former condition that is typically called “equal
mobility” [65,67], while the latter is the result of unconstrained surface movement of particles over the
bed [41]. The occurrence of partial mobility in the restoration reach and the contrast with the control
reach could thus be explained by the surface roughness of the constructed riffles, which may be
modulating the transport and entrainment of particles at the bed surface. Over time, the large pore
spaces of this non-alluvial material may be reduced due to infilling, and the contrast of sedimentary
responses between the reaches may be similarly reduced.

One area of significant uncertainty in design is the sensitivity of sediment dynamics to pool-riffle
morphology. This widely used analog from natural gravel bed rivers is known to result in spatial
differences in particle imbrication [68], routing [69,70], and mean and turbulent shear stresses [45,71].
It is difficult to determine exactly why these differences arise or why they might be important for
riffle-pool formation and maintenance, which is likely why debate on the subject has persisted for so
long. While a full examination of the debate is beyond the scope of this article, the entrainment of
particles in the pool does indicate that shear stresses are sufficient to move gravel particles out of this
location while they remain stable in other locations. Similar results have been found in a forced pool [45].
Particle interactions may again be useful for explaining the different behavior as the surface material
was much coarser in the constructed riffle than in the pool. Lateral differentiation of deposition by
particle size in the pool follows what has been found in channel meanders and is thought to be related
to secondary circulation and reduced stresses at the inside of the bed [72]. Deposition in riffles follows
what has been found in other systems at high flows [73] and could be related to the trapping of
particles within the angular material used in the constructed riffle. Regardless of the precise
mechanisms, it is clear that sediment transport predictions should be themselves sensitive to
morphology. Predictions of mobility or transport rates based on equations that do not take morphology
into consideration cannot address spatial variability.

Our results also illustrate the need for a careful consideration of sample size and seeding strategy in
the design of monitoring projects. Statistical tests were implemented as a direct response to Wilcock’s [2]
call for quantified and testable hypotheses, but the current study also used some conventions from past
work, for example by tracking a large number of particle size classes with relatively small samples for
each class. This approach resulted in large error bars on mobility plots (Figure 9), which reduced the
ability to distinguish between reaches. From Equation (5), it can be shown that the confidence intervals
(assuming a sample mobility of 0.50) are £0.22 if the sample size is 20 particles, while 100 particles or
more are necessary to reduce the confidence intervals to less than £0.10. Larger sample sizes in fewer
size classes are more likely to distinguish differences in mobility between reaches. Additional
variability occurs as a result of morphology and the lateral position of the tagged particles relative to
the thalweg position (Figures 7 and 8). Variability could be reduced by seeding particles in areas such
as the thalweg and in riffles where spatial variability of entrainment is lower. A final consideration is
the placement of the particles on the bed. The strategy of loose seeding is advantageous because it
isolates the effect of fluid shear stress on entrainment from that of particle interactions such as
imbrication. However, it does tend to result in a power law distribution for travel distances instead of
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the curved relation expected for gravel beds in partial mobility [41,65]. Accurate estimates of travel
distance distributions, particularly in the initial floods after seeding, would thus necessitate a method
of particle replacement where tagged particles are placed within the surface and/or subsurface matrix
of particles.

5. Conclusions

The foregoing results and discussion support the following conclusions:

1. Using appropriate statistical techniques, sediment tracking can be applied to compare sediment
dynamics in restored and control channels as a means of assessing the effectiveness of stream
restoration projects;

2. The particular results of this field study demonstrate success in the sense that sediment
dynamics are positively affected by the pool-riffle design. Particles in motion tend to be trapped
in riffles and the mobility of larger particle sizes is reduced in comparison with a control reach
even as the smaller material is scoured from the pool and transported downstream into point
bars and the channel margins;

3. Careful attention should be paid to sample sizes and seeding strategies in order to maximize the
ability of the sediment tracking approach to distinguish differences in the sediment dynamics
between reaches.

The main advantage of the described approach is that stable, degraded, and restored reaches can be
placed in a continuum of sediment supply and transport. This advantage significantly advances our
ability to manage rivers because it links restoration with sediment supply and transport, which is a
critical gap in the planning and analysis of many existing projects. Continued monitoring of sediment
dynamics and topographic changes are recommended to assess the design over a longer time period.
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