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ABSTRACT: This paper provides comprehensive evidence that sediment routing around pools is a key mechanism for pool-riffle
maintenance in sinuous upland gravel-bed streams. The findings suggest that pools do not require a reversal in energy for them to
scour out any accumulated sediments, if little or no sediments are fed into them. A combination of clast tracing using passive
integrated transponder (PIT) tagging and bedload traps (positioned along the thalweg on the upstream riffle, pool entrance, pool exit
and downstream riffle) are used to provide information on clast pathways and sediment sorting through a single pool-riffle unit.
Computational fluid dynamics (CFD) is also used to explore hydraulic variability and flow pathways. Clast tracing results provide
a strong indication that clasts are not fed through pools, rather they are transported across point bar surfaces, or around bar edges
(depending upon previous clast position, clast size, and event magnitude). Spatial variations in bedload transport were found
throughout the pool-riffle unit. The pool entrance bedload trap was often found to be empty, when the others had filled, further
supporting the notion that little or no sediment was fed into the pool. The pool exit slope trap would occasionally fill with sediment,
thought to be sourced from the eroding outer bank. CFD results demonstrate higher pool shear stresses (t� 140 N m–2) in a localized
zone adjacent to an eroding outer bank, compared to the upstream and downstream riffles (t � 60 N m–2) at flows of 6 � 2 m3 s–1

(� 60% of the bankfull discharge) and above. There was marginal evidence for near-bed velocity reversal. Near-bed streamlines,
produced from velocity vectors indicate that flow paths are diverted over the bar top rather than being fed through the thalweg. Some
streamlines appear to brush the outer edge of the pool for the 4 �9 m3 s–1 to 7 � 8 m3 s–1 (between 50 and 80% of the bankfull discharge)
simulations, however complete avoidance was found for discharges greater than this. Copyright © 2013 John Wiley & Sons, Ltd.
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Introduction

Pools and riffles are mesoscale bedforms found inmoderate slope
river channels (< 5%; e.g. Montgomery et al., 1995). The
bedforms are important for creating a variety of ecological niches
for various in-stream species, as a result of spatial and temporal
hydraulic variability, and associated bed grain size character.
Research into the mechanisms for pool-riffle maintenance have
current significance for environmentally sensitive river engineering
and rehabilitation (Emery et al., 2003; Sear and Newson, 2004;
Wheaton et al., 2004a; Pasternack et al., 2008; Biron et al.,
2011). The remodelling of river reaches incorporating pools,
riffles, bars andmeanders aswell as the introduction of ‘designed’
substrates to provide spawning habitat for fish is increasingly
being applied to degraded reaches of river, for example
those degraded through flow regulation (Wheaton et al., 2004b)
or channelization. The morphological design of rehabilitated
reaches and the prescription of appropriate grain sizes, increasingly
uses geomorphological and fisheries data as a template on which
to base the rehabilitation project. River rehabilitation projects
that re-introduce pool-riffle bedforms must take into consideration
the maintenance of the bedform, in order for the project to be
sustainable. However, over 40 years on from the first proposed
model of maintenance (Keller, 1971), the mechanisms responsible
for pool-riffle maintenance are the subject of continued research
and debate (Thompson, 2011).
Pool-riffle maintenance

In simple terms, pool-riffle maintenance refers to the processes
by which the pools (low points on the bed long profile) are
prevented from being filled from sediment fed and delivered
from upstream, and the riffles (high points along the bed
long profile) are prevented from being scoured away. For the
majority of the flow range the tractive force in the pool is lower
in comparison to the adjacent riffles. Any sediment capable of
being transported on the riffles is therefore likely to be deposited
in the pools, thus filling the pool and lowering the elevation of the
riffle. Keller (1971) proposed the velocity reversal hypothesis for
pool-riffle maintenance. His data from Dry Creek, California,
USA, demonstrated that pool velocities increased at a faster rate
in comparison to the riffles for a given incremental rise in
discharge. Although he was not able to measure a reversal in
velocity, he was able to measure a velocity convergence (equal
tractive force), and he hypothesized that the pool velocity would
exceed the riffle velocity at bankfull discharge. Keller and
Florsheim (1993) were later able to simulate reversal for the same
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igure 1. Conventional sediment routingmodel, incorporating hydraulic
versal. The model demonstrates processes occurring at different flow
tages as a proportion of the bankfull discharge, tentatively based upon Lisle
979), Jackson and Beschta (1982), and Lisle andHilton (1992). This figure
available in colour online at wileyonlinelibrary.com/journal/espl
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reach using a one-dimensional (1D) hydraulic model. Using
Kellers original data, MacWilliams et al. (2006) have also used
computational fluid dynamics (CFD) to simulate reversal at the
Dry Creek site. This hypothesis provided a mechanism for any
accumulated sediment in the pools to be flushed out onto the
downstream riffle, whereby riffles acted as high flow storage
zones and pools as zones of scour. In this manner the pool-riffle
morphology could be maintained.
A number of studies have linked sediment transport

processes to Keller’s hydraulic model of maintenance, and are
conceptualized in Figure 1. Jackson and Beschta’s (1982)
two-phase sediment transport model suggests that below the
reversal threshold and for most of the flow range (Figure 1a),
Phase 1 transport (sand) dominates. At these flows the riffle
armour remains intact, however sand may be transported into
the pool over the stable (armoured) gravel bed provided there
is enough supply. Lisle (1979) and Lisle and Hilton (1992) have
demonstrated that pools are important storage zones for sand,
and have demonstrated the importance of flow stage and
sand supply upon sand volumes found in pools. Pool beds
composed of coarse lag gravels would be visible at low flow
if fine sediment is supply limited, however fines may cover
coarse lag in high supply scenarios.
At between 30 and 70% bankfull discharge, gravel transport

(Phase 2) is initiated as the surface armour is disrupted on
the riffles and coarse bedload is transported downstream. If
the tractive force of the riffles is still greater than that of the
pools, then pools may begin to fill with gravel at this stage
(Clifford and Richards, 1992) (Figure 1b). Some pool scour
and exit slope deposition may also occur. As pool tractive force
rises further it may eventually exceed that of the adjacent riffles.
During this condition (e.g. 70–90% bankfull, Figure 1c), any
accumulated pool sediment will scour, and any gravel that is
fed into the pool from an upstream riffle will be transported
through the pool to the downstream riffle. At bankfull discharge
(Figure 1d) pool tractive force exceeds that of the adjacent
riffles and transports sediment at a faster rate than the riffles.
The outer bank of the pool erodes and deposition occurs on
point bars and riffles. It is these sediment transport processes
which are thought to be responsible for the observed variations
in sorting of the surface layer of sediments between pools and
riffles, with riffles most commonly reported as being coarser
and better sorted than pools (Table I). Differences in surface
grain-size between pools and riffles also influence bed rough-
ness and thus channel hydraulics. One-dimensional hydraulic
modelling reported by Carling and Wood (1994) has shown
that pools that are hydraulically rougher are more likely to
show tractive force reversal.
Reversal hypothesis issues

Despite the elegance of Keller’s hypothesis, a number of workers
have disputed velocity reversal, largely due to the principle of
mass continuity. Velocity reversal (cross-section average) requires
the wetted cross-section of the pool to be narrower compared
to that of the adjacent riffles. However a number of workers
(e.g. Richards, 1978; Carling, 1991; Carling and Wood, 1994;
Thompson et al., 1999) have demonstrated larger cross-sections
for the pool, suggesting that cross-section averaged velocity
reversal is not possible. A number of studies have shown reversal
occurrence (e.g. Andrews, 1979; Lisle, 1979; Teisseyre, 1984;
Ashworth, 1987; Petit, 1987; Sear, 1996; Milan et al., 2001),
some have found that with increasing discharge the velocity
increases at a faster rate through the pool than over the riffle,
but have not observed reversal (Keller, 1971; Richards, 1976a,
1976b, 1978; Jackson and Beschta, 1982; Carling, 1991;
Copyright © 2013 John Wiley & Sons, Ltd.
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Clifford and Richards, 1992; Carling and Wood, 1994;
Robert, 1997), whilst some studies oppose velocity reversal
(Teleki, 1972; Bhowmik and Demissie, 1982). This debate has
prompted further studies into pool-riffle maintenance processes,
and a number of alternative hypothesis have since been proposed
which do not require tractive force reversal including (a) the
role of bed sediment structure leading to differential bed
mobility between the pool and riffle (Clifford, 1993; Sear, 1996;
Hodge et al., 2012), (b) sediment continuity whereby scour and
pool maintenance occurs in parts of the channel with a positive
downstream shear stress gradient, and deposition and riffle
maintenance occurs in parts of the channel with a negative
downstream shear stress gradient (Wilkinson et al., 2004),
(c) the role of obstructions in the pool e.g. boulders in ‘forced
pools’ or log jams and tree roots in alluvial pool-riffle channels
causing (i) a reduction in channel cross-section area and
(ii) influencing turbulent flow structures, thought to be responsible
for localized scour (Thompson et al., 1996, 1999; Buffington
et al., 2002; MacWilliams et al., 2006; Harrison and Keller,
2007; MacVicar and Roy, 2007a, 2007b; Thompson, 2007).
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Wilkinson et al. (2008) highlight that a better understanding
of pool-riffle maintenance may be gained through further
research into bar instability processes. Surprisingly, to date
these two research streams have seen little cross-fertilization.
Dietrich et al. (1979) and Dietrich and Smith (1984) however
provide a detailed account of sediment transport for a meander
bend with a point bar on Muddy Creek, Wyoming. Instead of
coarse bedload following the thalweg, as is assumed in the
pool-riffle literature, these workers found that the maximum
zone of bedoad transport followed an outward-shifting zone
of maximum shear stress; where at high flow bedload was
concentrated on the inner bank as it enters the meander and was
then fed outward across the bar surface towards the pool. Clasts
would then fall down the avalanche face of the bar into the pool,
against the direction of weak inward secondary circulation.
Conversely fine suspended sediment would initially follow the
thalweg around themeander bend, but get deflected by secondary
flow currents. Coarse and fine fractions were found to cross paths
on the top of the point bar. Although pool-riffle maintenance was
not discussed by Dietrich and Smith (1984), it is likely that pool
maintenance would have required hydraulic reversal to remove
the coarse bedload being fed into it from across the bar surface.
Keller and Florsheim (1993) highlight that hydraulics and
sediment transport processes are more complex in meandering
than in straight channels, and that processes that keep the bed
material out of the pool centre or that promote scour in the pool
should be considered further.
Although Milan et al. (2001) demonstrated marginal section-

averaged velocity reversal for four out of six pool-riffle units for
the River Rede, UK, clast tracing work on the same reach of river
(Milan, 2000; Milan et al., 2002) also suggested that clast routing
and the role of point-bars were important for the maintenance of
the bedform. These workers found that gravel appeared not to be
fed into pools, rather clasts were routed from upstream riffle to
bar, and then to the downstream riffle. CFD work conducted by
Booker et al. (2001) further supports the notion that sediment
may not be fed into pools, as their simulations demonstrate near
bed flow routing away from pool troughs. If sediments are not
fed into pools, then tractive force reversal may not be required
to maintain the bedform hence offering a possible new and
alternative hypothesis for pool-riffle maintenance. This investi-
gation uses a combination of sediment tracing, trapping and
CFD, to further explore this alternative hypothesis of pool-riffle
maintenance and aims to (a) investigate the role of sediment
routing in the maintenance of pools and riffles and (b) investi-
gate spatial patterns of sediment transport and sorting through
a pool-riffle sequence.
Study Location

The study was conducted on a 250 m reach of the River Rede, a
headwater tributary to the river North Tyne in Northumberland,
UK (Figure 2). Here the Rede has a Strahler stream order of four
and is a single-thread, sinuous gravel-bed channel with well
developed pool-riffle morphology. The Rede drains a catchment
of 18 km2 upstream of the site, with an impermeable geology of
Carboniferous sandstones and shales overlain by peat and till.
Themean annual runoff is 1026mmand the flow regime is flashy.
Bankfull discharge recorded at the study reach, and supported by
post-flood trash line observations, is approximately 10 m3 s–1.
Overall, the bed surface for riffle sediments was finer
(D16= 46 mm; D50 = 83 mm; D84 = 146 mm) than the pools
(D16 =71 mm; D50 = 109 mm; D84 = 167 mm). Furthermore,
the grain-size of the point bar surfaces was finer than the riffles
(D16 =26 mm; D50 = 52 mm; D84 = 95 mm). Bankfull channel
width is between 9 and 18 m and the average bankfull channel
Copyright © 2013 John Wiley & Sons, Ltd.
depth is 0 � 7 m. The mean gradient of the bed throughout the
reach is 0 �006. Results presented in this paper focus upon a
single 110 m length pool-riffle unit towards the head of the
reach (Figures 2b and 2c).
Methodology

This study uses sediment tracing and trapping to provide informa-
tion on sediment transport pathways and sorting. Tracer pathway
data are presented following a series of eight flood events. Tracers
were emplaced on 5 November 2006, and re-surveyed on eight
occasions following flood events (Table II). Data are also
presented from continuous recording bedload traps positioned
throughout a single pool-riffle unit. Although these were installed
in the study reach during October 2004, they were not fully
operational until 1 November 2005. Summary grain size data
are presented for the contents of sediment traps emptied on eight
different occasions following sediment transport (25/11/05;
13/12/05; 5/1/06; 7/2/06; 7/6/06; 4/11/06; 15/1/07; 3/3/07).
Fifteen-minute interval load cell data from the traps are presented
for a series of five flood events that occurred between 7 and
15 January 2007, to demonstrate spatial variations in sediment
transport rate, and between-trap differences in the timing of the
onset of sediment transport. CFD is used to provide information
on tractive force and near bed flow trajectories.
Clast tracing

Passive integrated transponder (PIT) tags were inserted into 98
clasts (D16=54 mm, D50=78 mm, D84=110 mm) selected at
random from the bed surface at the study site (Figure 2c). The
Dmin was 33 mm, limited by the ability to insert the 20 mm long
PIT, and the Dmax was 197 mm. The grain size of the tracers was
slightly finer than that recorded for the reach as a whole. PIT tags
have been used in a number of recent studies investigating
sediment transport dynamics (e.g. Lamarre et al., 2005; Lamarre
and Roy, 2008; MacVicar and Roy, 2010; Biron et al., 2011).
Lamarre et al. (2005) provides further details on the hardware
employed. Each PIT can be programmed with a unique identi-
fication, and can be detected, using a search loop antenna
system linked to a laptop, even when the clast is buried by
up to 0 �5 m. Importantly for sediment transport investigations,
this permits clasts to be tracked without them being disturbed.
Detection of two tracers positioned close to each other did not
appear to cause a problem as both PIT codes could be
detected. However, close positioning of multiple tracers could
potentially introduce detection issues. Tracers were seeded
throughout the pool-bar-riffle unit, by placing 10 clasts across
10 cross-sections, each approximately 10 m apart (Figure 3a).
Each clast was then surveyed using a Leica 500 differential
global positioning system (dGPS), to a vertical accuracy of
10 mm+1 ppm and a horizontal accuracy of 20 mm+2 ppm.
Re-surveys of the tracer clasts, following search loop detection
and dGPS survey, were undertaken on eight occasions following
introduction of the clasts to the river, between 5 November 2006
and 11 May 2008 following a range of geomorphically effective
flows, including two overbank events (Table II).
Bedload traps

Four continuous recording bedload traps based upon the
design of Sear et al. (2000) were installed at the study site in
October 2004. In order to detect spatial patterns in bedload
transport through the pool-riffle unit, traps were positioned
Earth Surf. Process. Landforms, Vol. 38, 1623–1641 (2013)
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Table II. Event sequence, and magnitude

Duration between tracer
re-surveys Discharge (m3 s–1)

Event 1 05/11/06–18/12/06 7 �8 (� 0 � 39)
Event 2 18/12/06–15/01/07 11 �5 (� 0 � 58)
Event 3 15/01/07–04/03/07 4 �9 (� 0 � 23)
Event 4 04/03/07–02/04/07 9 �0 (� 0 � 45)
Event 5 02/04/07–16/08/07 8 �1 (� 0 � 40)
Event 6 16/08/07–10/11/07 5 �0 (� 0 � 24)
Event 7 10/11/07–16/12/08 11 �9 (� 0 � 60)
Event 8 16/12/08–11/05/08 6 �2 (� 0 � 31)
Stage was measured using a Sentry pressure transducer located at the
upstream end of the study reach, and discharges predicted from the
stage-discharge rating relation. Error is indicated in brackets.

1628 D. J. MILAN
along the thalweg on an upstream riffle, pool entrance,
pool exit slope and downstream riffle (Figures 2c and 3a). The
traps, built from 5 mm sheet aluminium, comprise an
inner (0 �545 m�0 � 400 m� 0 �315 m) and an outer box
(0 � 610 m� 0 �465 m�0 �450 m) with a hinged lid, and an ap-
erture (0 � 220� 0 �330 m) to allow bedload entry. This aperture
was about 11% of the low flow wetted channel width at the pool
entrance, and only about 2% of the bankfull wetted width
(including the point bar surface). It was therefore possible that
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sediment transport could take place in the vicinity of the trap
without being detected, if the sediment missed the aperture.
The inner box has a capacity of 0 �066 m3 and sits on a specially
designed cradle that distributes mass evenly over a load cell. The
load cell is connected by buried cable to a bankside data logger
that recorded a calibrated mass every 15minutes (between 7 and
15 January 2007). In phase with the bedload trap measurements,
stage was recorded every 15minutes. Sediment samples were re-
trieved from the traps following flood events on eight occasions
(between 1 November 2005 and 3 March 2007). Grain-size data
for each trapwere obtained after dry sieving the sediment samples.
CFD modelling

The CFD code used in this investigation was version 1.1 of
SSIIM (Sediment Simulation in Intakes with Multiblock option;
Olsen, 2004). The model has been applied previously to model
free surface flow dynamics of gravel-bed rivers in the UK, in
particular to address hydraulics and sediment transport
processes through pool-riffle sequences (Booker et al., 2001;
Clifford et al., 2005; Clifford et al., 2010) and hydraulicmodelling
of fish habitat (Booker, 2003). The model solves the full three-
dimensional (3D) Navier–Stokes equations with a k-e turbulence
closer model on a 3D non-orthogonal grid
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where the term on the left of Equation 1 is the transient term and
the next term is the convective term. The first term on the right
of Equation 1 is the pressure term, and the second term on the right
is the Reynolds stress term. Non-compressible, constant density
flow is assumed. The k-emodel is used to calculate turbulent shear
stress for the 3D simulations within SSIIM. The eddy-viscosity
concept υTwith the k-e turbulence closer model is used to model
the Reynolds stress term

��uiuj ¼ vT
@Uj

@xi
þ @Ui

@xj

� �
þ 2
3
kdij (2)

In Equation 2, the first term on the right side of the equation
forms the diffusive term in the Navier–Stokes equation, the second
term is often neglected and the third term is incorporated into the
pressure. The k-e model calculates the eddy-viscosity as

υT ¼ cm
k2

e
(3)

where k is the turbulent kinetic energy, e is its dissipation and cm is
a constant. Further details of the modelling of k and e are given
in Olsen (2007). In this study the model was run with a free water
surface, for steady-state solutions. The water surface was calcu-
lated using the SIMPLE method (Patanker, 1980) for pressure
correction. This was used to couple all cells except those closest
to the surface and allowed calculation of a freewater surface. The
water surface is fixed at the downstream cross-section where the
pressure, Pref, is taken as a reference. A pressure deficit at each
cell is then calculated by subtracting this reference pressure from
the extrapolated pressure Pij for each cell and used to move the
water surface (Olsen and Kjellesvig, 1998)

Δhij ¼ l
rg

Pij � Pref
� �

(4)

Where l is the difference in the height between the water
surface at the given and reference points.
Roughness is specified for each boundary cell within the

computational mesh according to the law of the wall

U
u�

¼ 1
k
ln

30z
ks

� �
(5)

where U is the average velocity, u* is the shear velocity, k is the
von Karmen constant equal to 0 � 4, and ks is the bed roughness,
and z is the distance to the wall.
In Equation 5, ks is theoretically equivalent to the diameter of

particles on the bed, but, in practice, ks is obtained from n using
a modification of Strickler’s Equation 6 by assuming ks equates
to the D50 of the bed sediments

n ¼ 0:0151k
1

6=
s (6)

A value of n is required to fix an initial water surface profile
to start the simulation. An initial water surface is calculated
for successive upstream locations from the known downstream
water surface elevation and a 1D backwater model. Thus,
n was adjusted to yield the greatest convergence with known
water elevations and the discharge constraint. After this initial
calibration, the 3D model surface was allowed to adjust. For
the simulations presented in this paper, n was fixed at an opti-
mum value of 0 � 032 that yielded a skin friction of 90 mm, which
is almost equal to the reach D50 (87 mm). This similarity in mea-
sured (from Wolman grid measurements) and calculated results
for skin friction is an encouraging indicator of model suitability.
Copyright © 2013 John Wiley & Sons, Ltd.
Boundary shear stress was estimated from

t ¼ 0:3rk (7)

following Booker et al. (2001).

Boundary conditions

SSIIM requires the following input variables: (i) the 3D coordinates
of the bed; (ii) information on the boundary roughness; (iii) dis-
charge; (iv) water level at the exit cross-section; (v) 3D inlet veloc-
ities. The river bed topography of the Redewas surveyed at the start
on the investigation using a Leica 500 dGPS. Boundary roughness
was also quantified at the outset of the investigation through mea-
surement of the intermediate axis of 100 clasts (Wolman, 1954)
taken from pools, riffles, runs and bars for the full study reach used
in the flow simulation (Figure 4a). Roughness height was input into
the model based on 3 �5D84, following Clifford et al. (1992). SSIIM
also requires the specification of a Strickler value, the derivation of
which was described earlier in Equation 6. Bank roughness also
needs to be specified, and was ascertained through a calibration
process described later. Discharge was measured at a gauging sta-
tion situated at the upstreamend of the study reach. Awater surface
elevation rating curve was also available for the exit cross-section
of the model domain, through the use of a stage board that was
surveyed into the same coordinate system as the bed. Measured
inflow velocity profiles were not available for the simulations
presented here, instead an imposed uniform cross-stream velocity
pattern with a vertical logarithmic profile, with zero cross-stream
and vertical velocities was applied.

The computational mesh used in the study comprised a total
of 120 000 cells; 400 in the stream-wise, 20 in the cross-stream,
and 15 in the vertical (e.g. Figure 4b). SSIIM 1 does not simulate
wetting and drying. For the lower flow validation simulations
(1 �5 m3 s–1 and 3 �6 m3 s–1), blocks were used to simulate bars
and dry parts of the channel, knowing the position of the waters
edge. Banks were near-vertical in some areas of the model
domain, for example around the outer edge of the meander and
pool, hence vertical walls were used in the model. The channel
topography was interpolated for all the basal grid points of the
computational mesh using a linear interpolation scheme.

Grid dependence

Lane et al. (2005) advise that solutions for a range of grid resolutions
should be presented to demonstrate grid independence or grid-
convergent results. The possible role of secondary flow upon flow
vector direction and its influence upon clast transport pathways,
were of particular interest in this investigation. The vertical number
of grid cells is very important when modelling secondary flows,
where at least four cells are required in the vertical to resolve
a circulation (Booker, 2003). Grid resolution is also important
when modelling near-bed hydraulics, as this zone tends to
have the greatest velocity and turbulent kinetic energy
gradients. To examine the role of grid dependence further, a
similar approach to Booker (2003) was adopted, whereby the
1 �52m3 s–1 model was run with three different grid resolutions
in the vertical, with all cells distributed evenly throughout
the water column (10, 15 and 20 cells). All other boundary
conditions were held constant including the number of cells
in the x-y plane. Velocity profiles for points (A–P), the location
of which is shown in Figure 3b, were constructed in order to
calculate velocity at 0 � 02, 0 �03, 0 �04 and 0 �05 m from the
bed. Linear regressions were then performed on velocity values
for each of these depths, for each combination of grid resolutions.
All the comparisons involving runs with 10 cells in the vertical
Earth Surf. Process. Landforms, Vol. 38, 1623–1641 (2013)
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Figure 4. (a) Map of bed surface D84 (mm) and (b) planview of computational mesh. This figure is available in colour online at wileyonlinelibrary.
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Table III. Test of grid dependence through linear regression of
simulated velocities at the same height above the bed for different
vertical grid resolutions

Height above
bed (m)

Number of
cells in z m c r2

0 �02 15�10 0 � 570 0 � 079 0 � 795
20�10 0 � 480 0 � 100 0 � 804
20�15 0 � 817 0 � 040 0 � 951

0 �03 15�10 0 � 488 0 � 125 0 � 834
20�10 0 � 487 0 � 147 0 � 731
20�15 1 � 040 0 � 008 0 � 954

0 �04 15�10 0 � 483 0 � 155 0 � 841
20�10 0 � 467 0 � 181 0 � 737
20�15 1 � 014 0 � 013 0 � 960

0 �05 15�10 0 � 472 0 � 181 0 � 852
20�10 0 � 405 0 � 289 0 � 418
20�15 0 � 870 0 � 127 0 � 507
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were found to be grid dependent; where the slope exponent (m)
consistently showed a substantial deviation from one (Table III).
Runs that employed vertical grid resolutions of 15 and 20 cells
in the vertical were all found to be grid independent, hence this
study therefore used 15 cells in the vertical.
Bank roughness calibration

In the Rede study reach the key roughness elements were gravels;
there was no vegetation growing on the banks. Bank roughness
was attained through a calibration process, whereby the model
Copyright © 2013 John Wiley & Sons, Ltd.
was run at the 1 � 52 m3 s–1 discharge with four different bank
roughness values ranging from 0 �1 m to 0 � 75 m. This discharge
was used to calibrate the wall roughness in preference to the
3 � 6m3 s–1 flowas it was possible to obtain good spatial distribution
of velocity measurements around the bend, with points taken
through the pool (head, trough and exit slope), as well as the
upstream anddownstream riffles. This compareswith a dominance
of points taken on riffles at the 3 � 6 m3 s–1 flow, due to difficulties
taking measurements from the pool at this flow.

Simulated water depths, derived from subtracting the
modelled water surface from a digital elevation model (DEM)
of the bed, were compared with depths measured at points
A–P (Figure 3b). Water depths for points A–P (Figure 3b) for four
different model runs and the difference between calculated and
observed depths are shown in Table IV. Water depth increases
as bank roughness increases. Using a bank roughness value
of 0 � 1 m was found to produce the lowest difference between
measured and predicted water depths on average, and was
therefore employed in the rest of the simulations in this paper.
This value compares to a bed D84 ranging from 0 �092 to
0 �195 m within the study reach.

Simulated depths at positions K (0 � 40m) and L (0 � 64m) are in
the order of 0 �3 m greater than those measured at these points
(K=0 � 10m; L=0 �34m). This differencemay reflect survey error
and error in the DEMs of the bed and water surface used to
retrieve the simulated depth data. Survey accuracy was in the
order of 0 �01 m+1 ppm in the horizontal and 0 � 02 m+2 ppm
in the vertical. DEM error tends to be greatest where there is high
local topographic roughness, for example at bank or bar edges,
and least on flatter surfaces such as bar tops (Heritage et al.,
2009). Spatial variability in error for both the bed and water
surface DEMs was assessed through predicting local survey error
Earth Surf. Process. Landforms, Vol. 38, 1623–1641 (2013)
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Table IV. Bank roughness calibration, through comparison of measured and simulated water depths (in metres) for the 1 �52 m3 s–1 flow

Position Measured Depth (m) Sim 0 �1 Diff 0 �1 Sim 0 �2 Diff 0 � 2 Sim 0 � 5 Diff 0 � 5 Sim 0 �75 Diff 0 �75

A 0 � 28 0 �30 0 �02 0 �50 0 �22 0 � 31 0 � 03 0 � 31 0 �03
B 0 � 50 0 �28 �0 �22 0 �39 �0 � 11 0 � 35 �0 � 15 0 � 35 �0 �15
C 0 � 82 0 �88 0 �06 0 �99 0 �17 0 � 94 0 � 12 0 � 94 0 �12
D 0 � 48 0 �41 �0 �07 0 �53 0 �05 0 � 47 �0 � 01 0 � 47 �0 �01
E 0 � 24 0 �24 0 �00 0 �34 0 �10 0 � 30 0 � 06 0 � 30 0 �06
F 0 � 45 0 �39 �0 �06 0 �51 0 �06 0 � 44 �0 � 01 0 � 44 �0 �01
G 0 � 83 0 �72 �0 �11 0 �83 0 �00 0 � 78 �0 � 05 0 � 78 �0 �05
H 1 � 06 0 �91 �0 �15 1 �02 �0 �04 0 � 96 �0 � 10 0 � 96 �0 �10
I 0 � 33 0 �45 0 �12 0 �61 0 �28 0 � 49 0 � 16 0 � 49 0 �16
J 0 � 15 0 �26 0 �11 0 � 11 �0 �04 0 � 33 0 � 18 0 � 33 0 �18
K 0 � 09 0 �38 0 �29 0 �19 0 �10 0 � 45 0 � 36 0 � 45 0 �36
L 0 � 34 0 �64 0 �30 0 �47 0 �13 0 � 71 0 � 37 0 � 71 0 �37
M 0 � 22 0 �32 0 �10 0 �25 0 �03 0 � 39 0 � 17 0 � 39 0 �17
N 0 � 44 0 �36 �0 �08 0 �25 �0 �19 0 � 43 �0 � 01 0 � 43 �0 �01
O 0 �11 0 �25 0 �14 0 �20 0 �09 0 � 31 0 � 20 0 � 31 0 �20
P 0 � 12 0 �12 0 �00 0 �17 0 �05 0 � 18 0 � 06 0 � 18 0 �06
Average 0 � 40 0 �03 0 �06 0 � 09 0 �09
Simulated (Sim) and the difference between simulated and measured depths (Diff) are shown for bank roughness values of 0 �1 m, 0 �2 m, 0 � 5 m and
0 �75 m. Horizontal accuracy: 0 �01 m+1 ppm; vertical accuracy: 0 � 02 m+2 ppm.

Table V. Comparison of measured and simulated water depths
(inmetres) for the 3 �6m3 s–1 flow, using a bank roughness value of 0 � 1m

Position Measured Predicted Difference

A 0 �92 0 �91 0 �01
B 0 �98 1 �00 �0 �02
C 1 �05 1 �03 0 �02
D 0 �28 0 �26 0 �02
E 0 �38 0 �37 0 �01
F 0 �46 0 �36 0 �10
G 0 �29 0 �37 �0 �08
H 0 �42 0 �40 0 �02
I 0 �46 0 �36 0 �10
J 0 � 3 0 �51 �0 �21
K 0 �42 0 �43 �0 �01
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(difference between measured points and the DEM), from local
topographic roughness (seeMilan et al., 2011), and then calculating
the root mean square error. Vertical errors of 0 �05 and 0 �03 m
were found at points K and L, respectively. Further error may have
been introduced when recording the actual depth at these
points due to (i) the bed shelving away from a bar (Figure 3b),
and (ii) local variability in clast and local water surface roughness
(for example unbroken standing waves compared with a flat
water surface). However, the average difference between
measured and predicted water depths was within the reach
D84. The bank roughness value of 0 �1 was used simulate water
depths at the 3 � 6 m3 s–1 flow, as an independent test of the
roughness parameter (Table V). Although, depths are under-
predicted on this occasion, the magnitude of the difference was
similar to the 1 �52 m3 s–1 simulation.
L 0 �35 0 �34 0 �01
M 0 �34 0 �61 �0 �27
N 0 �34 0 �44 �0 �10
O 0 �25 0 �33 �0 �08
P 0 �44 0 �53 �0 �09
Q 0 � 5 0 �46 0 �04
R 0 �34 0 �35 �0 �01
S 0 �49 0 �76 �0 �27
T 0 �55 0 �52 0 �03
U 0 �44 0 �36 0 �08
V 0 �53 0 �86 �0 �33
W 0 �64 0 �61 0 �03
X 0 �36 0 �40 �0 �04
Y 1 �01 0 �97 0 �04
Z 0 �82 0 �99 �0 �17
a 1 �08 0 �99 0 �09
Mean �0 �04
Model validation

Model validation was conducted for 1 �52 m3 s–1 and 3 � 6m3 s–1.
These were the only two events that could be captured safely for
detailed velocity measurements, without the need for plat-
forms or structures mounted over the pool. Flows of up to
11 � 9 m3 s–1 were simulated in this investigation, well outside
the validation discharges, hence some caution needs to be
given when interpreting the output. A comparison of simu-
lated and measured velocities taken at both validation dis-
charges is shown in Figure 5, where the line shown is that
for one-to-one agreement. The locations of the velocity mea-
surements, taken using a Marsh McBirney flow meter are
shown in Figures 3b and 3c. For the 1 � 52 m3 s–1 flow, veloc-
ities were measured at 0 �1, 0 �2, 0 �6, 0 �8 flow depth where
depth permitted. For the 3 �6 m3 s–1 flow, velocities were mea-
sured at 0 � 1, 0 �2 and 0 � 4 of the flow depth. Although there is
some scatter, data plots around the one-to-one lines for both
the 1 �52 m3 s–1 and 3 � 6 m3 s–1 flows. For the 1 �52 m3 s–1

flow greatest deviation from the 1:1 line is shown for points
H, M, I and K. Points H and I are both situated close to the
bank at the outer edge of the meander before the deepest part
of the pool (Figure 3b). Point M is situated on the riffle
downstream. Point K is situated on the edge of the lateral
bar further downstream, and may experience secondary flow.
For the 1 �52 m3 s–1 simulation, linear regression yielded
Copyright © 2013 John Wiley & Sons, Ltd.
Usim ¼ 0:865Uobs þ 0:057 (8)

with an r2 value of 0 �56 (sample size 60), where Usim and
Uobs are the simulated and observed velocities, respectively.
For the 3 � 6 m3 s–1 simulation, linear regression yielded

Usim ¼ 1:051Uobs � 0:045 (9)

with an r2 value of 0 � 51 (sample size 81). To provide a better pic-
ture of model performance, and to check for bias in these
relationships, a standardized major axis regression (Warton
et al., 2006) was applied to all two sets of data to test for significant
Earth Surf. Process. Landforms, Vol. 38, 1623–1641 (2013)



0

0.5

1

1.5

2

2.5

0

0.5

1

1.5

2

2.5

0 0.5 1 1.5 2 2.5

0 0.5 1 1.5 2 2.5

P
re

d
ic

te
d

 v
el

o
ci

ty
 (

m
s-1

)
P

re
d

ic
te

d
 v

el
o

ci
ty

 (
m

s-1
)

Observed velocity (ms-1)

Observed velocity (ms-1)

(a)

(b)
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differences between a slope of one and an intercept of zero.
Thus p values were both in excess of 0 � 05 indicating no
significant differences for slope and intercept values for the
1 � 52 m3 s–1 and 3 �6 m3 s–1 runs.
Table VI. Tracer statistics over following eight resurveys between 5 Novem

20–70 mm

Event
Percentage
recovery

Proportion
transported>0 � 2m

Total clasts
retrieved

Proportion
avoiding pool

1 92 87 33 100
2 89 45 33 100
3 86 40 31 97
4 83 65 30 100
5 43 88 14 93
6 69 88 28 100
7 70 90 24 92
8 65 94 21 100

Copyright © 2013 John Wiley & Sons, Ltd.
Results

Clast tracers

Tracer recovery declined from 92% following the first event
to 65% at the end of the 18 month study duration (Table VI).
This is comparable to other studies using PITs embedded in clasts
(e.g. Lamarre and Roy, 2008), and is a substantial improvement to
earlier work conducted on the same study reach on the Rede
using painted clasts without PITs that showed a recovery rate of
only 21% after a 13 month period (Milan et al., 2002).

To provide an indication of clast pathways relative to pool-riffle
morphology, pre- and post-flood tracer loci for three different size
classes (20–70 mm, 70–100 mm, and 100–200 mm) connected
with a straight line for eight flood events between November
2005 andMay 2008, are draped over aDEMof the pool-riffle unit
(Figure 6). Greatest movement was shown during the first flood
event (7.8 m3 s–1), partly due to the overloose nature of the
tracers; all tracers were initially located on the bed surface rather
than in buried or structured positions. Greatest movement is
shown for the 20–70 mm size class following this event. There
is a clear tendency for all clasts, regardless of size, to be routed
onto and deposited on the point bar rather than being routed
through the thalweg towards the pool. A 70–100mmclast seeded
in the trough of the pool was ejected out of the pool onto a down-
stream bar, whilst three 100–200 mm clasts in the trough of the
pool were transported onto the pool exit slope. Event 2 also
resulted in some tracer movement from the upstream riffle onto
the bar. Little movement is shown after events 3 and 4. Tracer
clasts between 20 and 100 mm were transported from the
upstreambar edge to the downstream riffle after event 5. Significant
movement is also shown following events 7 and 8. During
these two events, clasts were transported onto the bar, there
was movement of clasts on the bar towards the riffle, and some
clasts were scoured out of the pool trough on to the pool exit
slope or the downstream riffle or bar. Very few clasts were
found to be transported into the pool (Table VI). Single clasts
in the 20–70mm size fraction were found in the pool following
events 3 and 5, and two clasts were found following event 7. No
clasts in the 70–100 mm size class were found to be deposited in
the pool. Single clasts in the 100–200 mm size class were found
to be deposited in the pool following events 1 and 2. There was
no significant difference in the routing of clasts by grain-size
(chi square test: chi square=0 � 098, p> 0 � 05). Although these
data are limited to a knowledge of tracer start and end position,
tracer data strongly suggest that clasts tend not to be routed
towards the pool at any flow stage. Occasional clasts that were
found in the pool (Table VI) are likely to have been routed across
the bar surface, and then rolled down the avalanche face into the
pool (sensu Dietrich and Smith, 1984).
ber 2006 and 11 May 2008.

70–100 mm 100–200 mm

Total clasts
retrieved

Proportion
avoiding pool

Total clasts
retrieved

Proportion
avoiding pool

31 100 25 96
29 100 24 96
27 100 25 100
28 100 23 100
14 100 13 100
21 100 19 100
22 100 21 100
23 100 20 100
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Figure 6. Tracer clast pathways following eight re-surveys between 5 November 2006 and 11 May 2008. Start and end loci for individual clasts
have been linked with a straight line. This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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Sediment transport

Continuous sediment transport (load cell) data for the four
bedload traps situated throughout the pool-riffle unit, for a
sequence of five flood events between 7–15 January 2007,
are demonstrated in Figure 7. Flood magnitude over this period
ranged between 4 and 11 �5 m3 s–1 (over bank flow). Sediment
appears to be transported out of the pool during the first flood in
the series late on the 7 January (4 m3 s–1), however no sediment
enters the traps situated on the upstream riffle and the pool
entrance indicating that sediment is not being routed into the
pool. During the second event in the series (7 m3 s–1), the
upstream riffle, pool exit and downstream riffle traps are all ac-
tive, with greatest sediment transport rate appearing on the
downstream riffle and the lowest appearing for the upstream
riffle. The third and largest event in the series (11 �5 m3 s–1)
demonstrates the largest (and similar) bedload transport rates
for the upstream and the downstream riffles, whilst intermediate
sediment transport rates are found at the pool exit slope. The
Copyright © 2013 John Wiley & Sons, Ltd.
bedload trap situated at the pool entrance for the first time
shows a response, possibly indicating a small amount of
sediment transport in this region, although the data here is
indistinguishable from noise in the data trace.

The trap situated at the pool entrance consistently filled with
the least amount of sediment, and often this would comprise of
only sand, whilst other traps would fill with gravel. On the
occasions where the trap did contain gravel, the clasts were
clearly derived from within a close vicinity of the trap as they
were still algae-covered; a characteristic of immobile clasts
located in the pool on the outside of the bend. Drops in the order
of 10 kg shown in phase with the secondary flood peak found on
the falling limb of the larger peak, on the afternoon of 11 January,
may represent remobilization of sediment covering the top of the
trap, which was occasionally observed. The fourth flood peak
(5 � 5 m3 s–1) on the afternoon of 12 January appears to mobilize
a small amount of bedload from the pool towards the pool exit
slope trap. The last flood in the series indicates the downstream
riffle to be transporting the most sediment, with some deposition
Earth Surf. Process. Landforms, Vol. 38, 1623–1641 (2013)
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1) Upstream riffle 3) Pool exit

2) Pool entrance 4) Downstream riffle

Figure 8. Material collected in the four bedload traps after the sequence of events shown in Figure 7, between 7-15 January 2007. Photographs taken
on 15 January 2007. Grain-size and sorting differences are visually evident between the traps. Trap 1 on the riffle upstream of the pool contains a very
poorly sorted deposit with a high sand content and coarse cobbles, with very little medium gravel. Pool entrance trap 2 has captured very little sediment
indicating negligible sediment routing through this part of the channel. The brick which is visible in trap 2 was used to apply an initial load to the load
cell. There is a very high sand content with occasional cobbles and bank material captured in trap 3 on the pool exit slope, whilst the downstream riffle
(trap 4) has collected medium gravel with a low sand content. This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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Figure 7. Sediment transport series for four bedload traps situated in different positions along the thalweg through the pool-riffle sequence, for the
period 7–15 January 2007. The trace in the figure shows cumulative sediment accumulation of the time period. This figure is available in colour
online at wileyonlinelibrary.com/journal/espl

Table VII. Mean and range (in brackets) weight, grain size, sorting and skewness data for material collected in bedload traps on eight separate
occasions between 1st Nov 2005 and 3rd Mar 2007. The sorting index used is the Graphic Standard Deviation (sG) (Folk, 1974), which measures
the deviation of the 16th and 84th percentiles ∅84�∅16ð Þ

2

Trap position Weight (kg) D50 (mm) Sorting Skewness

TRAP 1 Upstream riffle 91 (8-157) 17.7 (0.5-30.0) 2.1 (0.4-3.0) 1.2 (0.3-5.2)
TRAP 2 Pool entrance 7 (0-20) 18.6 (0.5-56.0) 2.9 (0.4-5.0) 2.0 (0.2-5.2)
TRAP 3 Pool exit 64 (0-157) 9.7 (0.7-23.0) 2.3 (0.5-4.4) 1.2 (0.3-4.2)
TRAP 4 Downstream riffle 81 (0-157) 10.9 (1.9-30.5) 2.6 (1.2-3.4) 0.8 (0.2-3.0)
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on the pool exit slope trap. The upstream riffle and the pool
entrance both appear inactive. The large peak occurring on the
afternoon of 13 January for the pool entrance trap is likely to be
due to noise in the data, as this is short lived and does not relate
to discharge peaks.
Sediment grain-size and sorting

Figure 8 demonstrates the material that accumulated in the traps
following the flood series shown in Figure 7, whilst Table VII
demonstrates the mean and range of grain size information
Figure 9. CFD results for 4 � 9 to 11 � 9 m3 s–1 simulations. Simulated flow
and boundary shear stress, for seven out of the eight events responsible for
the computation mesh at the head of the reach upstream, and across the ful
at wileyonlinelibrary.com/journal/espl

Copyright © 2013 John Wiley & Sons, Ltd.
(D50, sorting and skewness) for samples taken from a longer time
period; over eight different events between 1 November 2005
and 3 March 2007. For sediment accumulating between 7-15
January 2007 it can be seen that the upstream riffle trap
contains a large quantity of sand, with occasional coarse gravel
clasts. The fine sediment fraction caught in this trap consistently
had a very high organic content, and was dominated by fine
sands and silts. The fine sediment captured in the other traps
tended to comprise of medium-coarse sand. The pool entrance
trap contained very little sediment. This trap consistently
recorded the lowest weights over the full study duration
(Table VII). Bricks, one of which can be seen in Figure 8, were
trajectories draped over bed morphology DEM, streamwise (x) velocity
transporting tracer clasts. Origin of streamlines located in each cell of
l width of channel (Figure 4b). This figure is available in colour online
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used to apply an initial load to the load cell in each trap, in order
for any additional load to be detected. The small quantity of
material that had accumulated was sand, with occasional locally
derived coarse gravel, resulting in the poorest sorting and most
skewed grain size distribution (Table VII). Fine and medium
gravel never accumulated in this trap over the study duration.
The pool exit slope trap contains a large quantity of sandwithme-
dium gravel. Overall this trap collected the finest sediments over
the study duration (Table VII). Also noticeable is the significant
amount of bank material (soil and organics) caught in this trap.
Bank-derived material was found on a number of occasions in
this trap, andwas often deposited as spherical chunks of cohesive
material, rounded by transport along the bed. This suggested that
sediment was sourced locally from an upstream eroding outer
bank adjacent to the pool. The downstream riffle trap collected
the most material in the gravel size range following this flood
series (Figure 8).
In summary, both tracer and trap data appear to suggest no

sediment transport into pools along the thalweg. Instead material
is routed over the point bar surface, or along the edges on
the point bar. CFD was used to further explore the hydraulics
responsible for the observed sediment movement.
CFD findings

Steady-state CFD simulations were run for seven of the eight
flows responsible for tracer movement. Figure 9 illustrates maps
Copyright © 2013 John Wiley & Sons, Ltd.
of bed morphology, patterns of near-bed velocity and shear stress
for the range of flows considered. Velocity trajectories (stream-
lines) calculated using a streamline function that interpolates
near-bed flow vectors in the bottom cell of the computational
mesh (< 7% of the flow depth from the bed), were draped over
these. Streamlines indicate the path taken by a massless particle
in a steady-state vector field, with the start point positioned in
each near bed cell at the entrance cross-section of the model
domain. Local shear stress maxima have a tendency to be located
in a small zone towards the outer bank of the pool. Velocity
maxima are also found in this location, however a larger area of
high velocity is a feature across the downstream riffle for most
of the discharges considered, although there are some subtle
variations. Low shear stresses tend to be found just upstream of
the pool towards the bend apex for the higher flow simulations
(> 7 � 8 m3 s–1), and also on the inside of the bar throughout the
flow range. For the reach as a whole, shear stress and velocity
maxima appeared to occur just below bankfull discharge for
the 7 � 8 to 9 �0 m3 s–1 flows, rather than the peak discharges.
A reduction in velocity appears to be a feature over the down-
stream riffle for flows in excess of 11 m3 s–1. For the 4 � 9 and
6 � 2 m3 s–1 simulations, shear stress is high towards the centre of
the bar and the bar edge. This area of high shear stress extends
further upstream for the 7 � 8 and 8 � 1 m3 s–1 flows. Whereas for
the 11 �5 and 11 �9 m3 s–1 simulations the bar head exhibits
greater shear stresses comparedwith themiddle and tail of the bar.

Simulated flow trajectories strongly support the observed
tracer clast pathways. For each of the flows considered,
Earth Surf. Process. Landforms, Vol. 38, 1623–1641 (2013)
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Figure 10. Simulated secondary flow vectors for four cross-sections taken through the Rede pool-riffle unit for a discharge of 8 �1 m3 s–1. The
position of the cross-sections are indicated in Figure 3a. This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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velocity trajectories show strong convergence towards the
shallower left-hand side of the channel towards the point bar
head. Flow trajectories appeared to avoid areas of highest
velocity and shear stress, and clearly steer away from the
thalweg for all simulated flows. For all the simulations flow
trajectories are clearly routed over the bar surface, rather than
being routed around the thalweg towards the outer bank. For
the lower discharges (4 � 9 and 6 � 2 m3 s–1) flow trajectories
split into two main ribbons; with one that hugs the inside of
the bar top, and a second that feeds into the left hand side of
the pool, down the avalanche face of the point bar tail. The
two ribbons are also a feature of the 7 � 8 and 8 � 1 m3 s–1 sim-
ulations, although the outer ribbon appears to skirt round the
avalanche face of the point bar, avoiding the pool trough.
These findings would further support the notion that sediment
is not routed into the pool.
Cross-sectional flow patterns

Weak secondary circulations are evident for the pool entrance
and pool trough cross-sections (B and C), shown in Figure 10
for the 8 �1m3 s–1 simulation. The pool entrance section indicates
weak outward surface velocities and downwelling towards the
outer bank, that is likely to promote bank erosion. The pool
trough cross-section (C) indicates a well-developed cross-stream
Copyright © 2013 John Wiley & Sons, Ltd.
rotational eddy, with surface flow towards the outer bank,
downwelling at the outer bank, and upwelling, and near-bed
flow vectors directing flow inwards towards the point bar. These
near bed flow vectors are likely to promote bar edge deposition
of fine sediment. These cross-sectional flow patterns were also a
feature shown in the other simulations.
Discussion

Sediment Sorting through the Pool-Riffle Unit

Conventional notions of sediment routing along with the
hydraulic reversal model (Figure 1) are thought to be responsible
for the observed variations in sorting of the surface layer of
sediments between pools and riffles, with riffles being most
commonly reported as being coarser and better sorted than pools
(Table I). A number of studies (e.g. Clifford, 1990) suggest that if
pools exhibit higher tractive forces at peak flows in comparison
to adjacent riffles, then they should be competent to transport
every grain size that is fed into them, importantly including the
coarsest gravels within the system. Hence at peak flows, gravel
is stranded on the relatively lower competence riffles. Under
lower flows, not capable of transporting gravel, fines are then
selectively transported off the riffles and routed into the pools,
and stored until the next high flow event.
Earth Surf. Process. Landforms, Vol. 38, 1623–1641 (2013)
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Figure 11. Revised sediment routing model, where sediment is
predominantly routed onto bars rather than through pool, allowing
pool maintenance without hydraulic reversal. This figure is available
in colour online at wileyonlinelibrary.com/journal/espl
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Several studies have reported coarse sediments in pools
(e.g. Gilbert, 1914; Ashworth, 1987), most of which suggest that
these are lag deposits derived from erosion of bank material or
scour into till (Keller, 1982). This has also been suggested by
Leopold et al. (1964) to explain some of Hack’s (1957) results.
Bhowmik and Demissie (1982) and Thompson et al. (1999)
contend that the coarsest bed material should be found in the
pool troughs as pools represent zones of maximum competence.
Carling and Wood’s (1994) one-dimensional modelling suggests
that coarser pools may promote the likelihood hydraulic reversal.
As grain size character is most commonly observed at low

flow, the grain size patterns recorded by most investigators tend
to reflect a range of flow and sediment supply scenarios. Some
studies have highlighted the difficulty in gaining reliable grain
size data particularly for pools (Richards, 1976a; Carling,
1991), and some of the data published in many past studies
(Table I) may include information on low flow deposits or an
unrepresentative mixture of high and low flow materials. Pools
in gravel-bed streams with a high fine sediment supply, may
Copyright © 2013 John Wiley & Sons, Ltd.
exhibit low grain roughness at low flow as the fine sediment
covers the gravels beneath. However, during a flood event
the fine sediment may be flushed from the pool revealing a
hydraulically rough bed at high flow (sensu Lisle, 1979).

The role of fine sediment supply in determining the observed
low flow grain size has been shown to be significant (e.g. Lisle
and Hilton, 1992). In streams with a high supply of fines,
material deposited on riffles during high flow is selectively
winnowed into the less competent pools on the falling limb of
the hydrograph where it is stored until the next high flow event.
In supply-limited streams, such as the Rede, the quantity of
fines stored in pools is considerably reduced, hence the high
flow sorting patterns are easier to observe and are not disguised
by low flow deposits. Bhowmik and Demissie (1982) claim low
flow winnowing to be a primary factor responsible for the
reported sorting differences between riffles and pools, rather
than high flow velocity reversal as suggested by Keller (1971).
Sediment routing model of pool-riffle maintenance

The data presented in this study on gravel transport and flow
hydraulics, in conjunction with existing knowledge on gravel
pathways and sand transport within the reach (see Milan,
2000; Milan et al., 2002) allows a revision of the conceptual
model presented in Figure 1, this time accounting for stage-
dependent sediment and flow routing patterns (Figure 11). Sand
is stored mainly on bar tails and riffle margins, with no
sediment storage in pools, contrasting to some previous studies
(e.g. Lisle, 1979; Lisle and Hilton, 1992). At low flows up to
around 30% bankfull before the gravel armour is disrupted,
sand transport can take place if there is supply on the riffle
surface. This will have a tendency to be routed towards the
bar head. Any fines routed towards the pool are likely to be
deflected towards the bar edge by secondary flows (Figure 10;
Bathurst et al., 1979; Dietrich and Smith, 1984). At flows
between 30 and 70% bankfull, shear stresses in the pool head
and trough are capable of transporting gravels. The coarse pool
bed acts as a protective lag, limiting further vertical scour
(Milan, 2000). At these flow stages, most sediment is derived
from bank scour (trap 3; Figure 8). This material is fed down-
stream and dumped on the pool exit slope. At between 70
and 90% bankfull, prior to full bar surface submergence, clasts
are routed around the edges of bars. Clasts may fall down the
leading avalanche face of the bar, and get fed into the pool
trough at this stage, similar to Dietrich and Smith (1984). At
between 90 and >100% bankfull clasts are transported directly
onto the bar surface, and get transported along the inside edge
of the bar. At this flow stage these clasts may miss the ava-
lanche face of the bar, avoid the pool, and get fed directly onto
the downstream riffle. At this bankfull flow stage sediment
transport takes a much more direct pathway, with the pools
effectively becoming redundant in terms of sediment transfer
from upstream. Here, riffles are effectively behaving as the
pools and the bar tops are behaving as the riffles (sensu Hey,
1982), as the riffles have comparatively lower elevation and
greater tractive force in comparison to the bar top. On the
falling limb of the hydrograph both coarse and fine sediment
may be deposited on the bar surface, with some preferential
transport of fines towards the bar tail.

The findings presented in this study have similarities toDietrich
and Smith’s (1984) work on Muddy Creek, in that the point bar
appears to the zone of maximum sediment transport. However
their work strongly suggests routing of sediment into the pool
(Dietrich and Smith, 1984, p. 1370), contrasting with the findings
in this investigation. On the Rede, secondary circulations are
most likely to be too weak to deflect coarse clasts inward if any
Earth Surf. Process. Landforms, Vol. 38, 1623–1641 (2013)
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clasts were to be fed into the pool, but may be sufficient to halt
clasts that are fed over the bar top toward the bar edge. However,
very few clasts ever appeared to be transported into positions
where they may fall into the pool. Clast pathways appear to
follow streamlines, that have a tendency to track along the inside
of the point bar and avoid the pool, and hence appear to be
controlled by near-bed velocity vector direction.
There is a need for more work to test how widely applicable

pool avoidance of clasts is. Keller and Florsheim (1993)were able
to demonstrate that the velocity reversal hypothesis was valid
for a straight pool-riffle sequence on Dry Creek, however
acknowledge that more complex hydraulics and sediment trans-
port processes, such as those alluded to in Dietrich et al.’s (1979)
work on Muddy Creek, may result in alternative pool-riffle main-
tenance mechanisms in meandering channels. The degree of
channel sinuosity therefore could be an important control upon
the dominant pool-riffle maintenance mechanism. Furthermore,
the position of the pool trough relative to the point-bar morphol-
ogy also appears to be important. In situations where the pool is
channel wide and the channel is straight, clasts are likely to be
routed through the pool. However, pool avoidance by clasts
may be more likely where the pool cross-section has strong
asymmetry and where the planform is sinuous or meandering.
Conclusions

1. On the River Rede pool head maintenance occurs both
through clast routing which diverts material (delivered from
upstream) away from the pool over the point-bar surface,
and through hydraulic maintenance, where material that is
eroded from the outer bank is flushed towards the pool exit
slope downstream.

2. Sediment routing appears to show a strong linkage with
flow trajectories and is not necessarily linked to areas of
peak tractive force.

3. High tractive forces do appear to be important for maintaining
the pool trough, through flushing out bed material delivered
from (i) across the bar surface and down the leading avalanche
face of the bar, and (ii) bank erosion, rather than material
delivered along the thalweg as is conventionally assumed.

4. The conventional model of sediment transport into pool
troughs (Figure 1) does not apply to the Rede pool-riffle
sequence. Lower flow (winnowing) of fines into the pool
(sensu Lisle, 1979; Lisle and Hilton, 1992) does not occur,
as during these lower flows (0–30% bankfull) fines are
routed onto shallow riffle margins or pool heads. Gravel
does not get routed into the pool at medium flows either,
as sediment is not being routed along the thalweg. Sedi-
ment delivery to the pool from upstream requires bar sub-
mergence; on the Rede flows of 70 to 90% bankfull are
necessary for this to be achieved, however very few clasts
were deposited in the pool. At bankfull discharge and
above, flow trajectories and associated clast pathways
avoid the pool altogether.

In conclusion it is possible that pool-riffle maintenance can
be explained through sediment routing processes, without
recourse to the hydraulic reversal mechanism. River restoration
schemes aimed at reinstating pool-riffle morphology should
therefore consider this mode of maintenance in addition to
other models.
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