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Spatial variability of stream bed scour and fill:
a comparison of scour depth in chum salmon
(Oncorhynchus keta) redds and adjacent bed

Colin D. Rennie and Robert G. Millar

Abstract: Scour depth in egg pockets of chum salmon (Oncorhynchus keta) egg nests (redds) in a short gravel-bed
spawning reach (45 × 20 m) of Kanaka Creek, British Columbia, was not significantly different from that in the adja-
cent bed during 1997–1998 winter flood events, whereas the scour depth in tailspills of redds was greater. Over the
course of the incubation period, none of the egg pocket locations (zero of four), all of the tailspills (three of three),
and 17% of the immediately adjacent bed locations (three of 18) scoured to the assumed egg burial depth of 15 cm be-
low the initial postspawning surface elevation. Egg pocket scour depth has not previously been monitored, and the reli-
ance of earlier studies on tailspill monitoring as an indication of redd scour may have led to faulty assessment of
embryo loss. Only one flood event, which exceeded bankfull, caused widespread and deep scour and fill. Despite im-
plementation of the most spatially intensive array of wiffle-ball scour monitors to date, scour was so variable that there
was no spatial autocorrelation of scour depths.

Résumé: Le niveau d’affouillement dans les poches d’œufs des nids de fraye du saumon kéta (Oncorhynchus keta)
dans un tronçon de gravières (45 × 20 m) du ruisseau Kanaka, en Colombie-Britannique, ne différait pas beaucoup de
celui mesuré dans les portions adjacentes du lit pendant les crues de l’hiver 1997–1998. Par contre, le niveau
d’affouillement le gravier déplacé par le creusement des nids était supérieur. Au cours de la période d’incubation, 0%
des sites où se trouvaient des poches d’œufs (0 sur 4), 100% du gravier déplacé (3 sur 3) et 17% des sites surveillés
dans le lit adjacent (3 sur 18) ont été affouillés à la profondeur de 15 cm, qui doit correspondre à la position des œufs
au-dessous de la surface du nid recouvert. Le niveau d’affouillement dans les poches d’œufs n’ayant jamais été sur-
veillé auparavant, les études antérieures sur la surveillance du gravier déplacé comme moyen d’indication de
l’affouillement des nids de fraye ont peut-être mené à des évaluations erronées de la perte d’embryons. Une seule crue,
qui a dépassé le niveau de débordement, a causé un affouillement et un colmatage importants et profonds. Malgré la
mise en place du système le plus serré de surveillance de l’affouillement par balles de plastique jamais employé,
l’affouillement était tellement variable qu’aucune autocorrélation spatiale des niveaux d’affouillement n’a pu être
établie.

[Traduit par la Rédaction] Rennie and Millar 938

Introduction

The mobilization depth of riverbed substrate below the
initial bed surface (scour depth) during high flows is an im-
portant constraint on salmon spawning habitat. Salmon em-
bryos can be swept out and washed away if scour depth at
the site of the redd (egg nest) exceeds the depth of egg
burial. Montgomery et al. (1996) speculated that salmon
tend to lay their eggs at depths just below typical scour lev-
els for their natal stream. However, it has been shown that
changes in flow and sediment regimes can increase scour to
exceed egg burial depths with a correlated reduction in fry
abundance (Tripp and Poulin 1986, 1992). Also, scour
depths tend to vary spatially in a reach due to variability in

hydraulics and bed texture (Hassan 1990; Schuett-Hames
1996); thus, redds may be subjected to scour even if mean
scour depth is less than egg burial depth.

To assess the likelihood of embryo loss, the architecture
and construction process of a redd must be considered. A
redd (Fig. 1) consists of an upstream hole called the pit, a
constructed central egg pocket area, and an elevated down-
stream mound of loose cast-off material termed the tailspill
(Bjornn and Reiser 1991). Vertical architecture at the central
egg pocket area consists of four texturally distinct layers
from the surface down: cover, bridge, egg pocket (where the
eggs are placed), and undisturbed (Peterson and Quinn
1996). In chum salmon (Oncorhynchus keta) redds, Peterson
and Quinn (1996) found that the egg pocket layer is textur-
ally coarser than all the other layers, being composed of sur-
face armour particles and purged of materials <15 mm.
Based on a review of literature data, DeVries (1997) sug-
gested that a chum salmon egg pocket layer is typically
20 cm deep beginning at 15 cm below the original
streambed elevation. Thus, scour at the central egg pocket
area to a depth of about 15 cm could result in embryo loss.

Redd construction influences local morphology, grain
size, and particle packing, all of which may affect scour
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depth. The small local dunelike form of a redd may increase
local grain mobility due to convective acceleration over the
crest at the tailspill. Convective acceleration will increase
shear stress imposed upon the grains on the upstream side of
the bedform, with the maximum experienced at the crest

(Thibodeaux and Boyle 1987; Kinfu and Quick 1998). The
act of digging a redd during spawning both loosens and
coarsens the substrate at the redd, since the bed is disturbed
and fines are removed (Peterson and Quinn 1996). Looser
gravel should be more mobile due to reduced particle im-
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Fig. 1. Longitudinal and vertical architecture of a typical chum salmon redd. The tailspill is unconsolidated. At the egg pocket, the
cover, bridge, and egg pocket are purged of sand. The bridge consists of granules and pebbles, the cover is slightly coarser, and the
coarsest is the egg pocket, which includes surface cobbles.

Reach
Monitor
typea

Number
of
monitors Reach length (m) Reach width (m)

Monitor spatial
intensity
(no.·m–2)

Spawning
area, in
redds?

Bonanza Creekb WB 18 311 23 0.0025 Yes, no
Haans Creekb WB 18 312 19 0.0030 Yes, no
Hangover Creekb WB 18 400 20 0.0022 Yes, no
MacMillan Creekb WB 30 680 13 0.0034 Yes, no
Miller Creekb WB 18 660 20 0.0014 Yes, no
Piper Creekb WB 30 806 10 0.0037 Yes, no
Riley Creekb WB 18 247 20 0.0036 Yes, no
Sachs Creekb WB 18 500 13 0.0028 Yes, no
Saltspring Creekb WB 30 292 17 0.0060 Yes, no
Schomar Creekb WB 30 507 12 0.0049 Yes, no
Southbay Dump Creekb WB 30 260 18 0.0064 Yes, no
Tarundi Creekb WB 27 473 12 0.0053 Yes, no
Jacoby Creek (1978–1979)c SC 36 1 600 15 0.0015 Yes, no
Jacoby Creek (1979–1980)c SC 46 1 600 15 0.0019 Yes, no
Prairie Creekc SC 14 360 10 0.0039 Yes, no
North Fork Caspar Creek (1979–1980)c SC 11 230 5 0.0096 Yes, no
North Fork Caspar Creek (1980)c SC 8 230 5 0.0070 Yes, no
Nahal Ogd SC 18 1 000 5–12 (estimated 9) 0.0020 No
Nahal Hebrond SC 24 900 3–5 (estimated 4) 0.0067 No
Dungeness Rivere WB 29 25 600 10? 0.00011 Yes, yes
Kennedy Creekf WB 104 Four 100-m reaches 11 0.024 Yes, no
Carnation Creek subreach 1g SC 26 100 22 0.012 Likely, no
Carnation Creek subreach 2g SC 21 90 14 0.017 Likely, no
Carnation Creek subreach 3g WB 49 100 16 0.031 Likely, no
Carnation Creek subreach 4g SC 9 30 30 0.010 Likely, no
Carnation Creek subreach 5g SC 15 40 10 0.038 Likely, no
Present study WB 53 45 20 0.059 Yes, yes

aWb, wiffle-ball sliding bead type; SC, scour chain.
bTripp and Poulin (1986).
cLisle (1989).
dHassan (1990).
eOrsborn and Stephen C. Ralph Consultants (1994).
fMontgomery et al. (1996).
gHaschenburger (1996).

Table 1. Spatial monitoring intensity of scour studies and monitoring location with respect to spawning.

J:\cjfas\cjfas57\cjfas-05\F00-038.vp
Monday, April 17, 2000 2:47:09 PM

Color profile: Disabled
Composite  Default screen



brication, yet coarser gravel should be less mobile due to
greater particle mass and increased friction angles in better-
sorted sediment (Montgomery et al. 1996). Furthermore, dif-
ferent locations within the redd display varying degrees of
loosening and coarsening. The mobility of a redd, or parts of
a redd, relative to the surrounding bed will depend on which
of the above mechanisms are most important. At present, it
is not possible to quantify all of the factors. In particular,
quantification of bed packing remains illusive (Montgomery
et al. 1996). Thus, scour depth in a redd cannot presently be
predicted analytically.

Only a few studies have focused on scour depth in spawn-
ing areas (Table 1). One group (Orsborn and Stephen C.

Ralph Consultants 1994) measured scour in the tailspill of
redds. In general, scour depths were found to be highly spa-
tially variable and at some locations were observed to ex-
ceed egg deposition depths. However, scour depth in redd
egg pockets has not previously been measured. Thus,
because scour depth at egg pockets may differ from that in
the surrounding bed, the likelihood of scour-induced loss of
embryos remains uninvestigated.

This paper reports the results of a field study that was
conducted primarily to determine whether scour depth in
redd egg pockets is different from that in the the surrounding
bed. A short spawning reach was instrumented with a spa-
tially intensive array of scour monitors. Monitors were also
placed in the egg pockets and tailspills of all chum salmon
redds within the reach. Scour in redd locations was com-
pared with that in the adjacent bed. The spatial variability of
scour was also examined, since, while mean scour depth
may be less than egg burial depth, there remains the possi-
bility that excessive local scour can wash away embryos.
Quantification of the full distribution of scour depths can
give an indication of the likelihood of scour-induced embryo
loss.

Methods

Study site
Kanaka Creek flows into the Fraser River east of Haney (in the

outer suburbs of Vancouver) in the southwestern mainland of Brit-
ish Columbia, Canada (Fig. 2). It flows from headwaters in the
steep, forested Coast Range mountains to the lower catchment in
the agricultural Fraser Valley. The floodplain is protected by park-
land, but there has been increasing suburban development in the
lower parts of the catchment in recent years. The climate is coastal
temperate and dominated by heavy winter rains. Snow occurs at
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Fig. 2. Study site location map.

Mean bankfull width (m) 20
Mean bankfull depth (m) 1.0
Bed slope

Full reach 0.002
Scour reach 0.01

SurfaceD16 (mm) 14.5
SurfaceD50 (mm) 58
SurfaceD84 (mm) 110
Surface sorting (sf) 1.51
SubsurfaceD16 (mm) 6.5
SubsurfaceD50 (mm) 29
SubsurfaceD84 (mm) 67
Mean Corey shape factor 0.58
Approximate average Powers roundness Subrounded
Mean daily flow (m3·s–1) 2.8
Mean annual peak daily flow (m3·s–1) 42.2
Approx. bankfull flow (m3·s–1) 25
Drainage area at gauge (km2) 48

Table 2. Kanaka Creek study reach characteristics.
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higher elevations surrounding the headwaters, resulting in the po-
tential for rain-on-snow events.

A 210-m-long study reach was established in a gravel-bed sec-
tion 3 km upstream from the confluence with the Fraser River. The
study reach was a single-thread alluvial channel and contained
good salmonid spawning habitat. A Water Survey Canada flow
gauge (WSC-08MH076) is located 1 km upstream of the study
reach, and no major tributaries enter Kanaka Creek between the
flow gauge and the study reach. Reach characteristics are summa-
rized in Table 2. A short 45-m subreach that contained the most
suitable spawning habitat was established within the study reach
for scour monitoring. The subreach was essentially a riffle unit. A
diagonal bar composed of loose gravel filled most of the channel,
and the thalweg flowed over a clay and cobble bed next to a steep
clay bank on the right side (facing upstream). The clay extended
out under the channel and was covered with varying depths of allu-
vial gravel. The left bank was low (about 1 m), sandy, and secured
with vegetation.

Reach characteristics
A longitudinal thalweg profile and four cross sections were sur-

veyed in the long reach. Furthermore, 12 subreach cross sections
were surveyed three times during the 1997–1998 winter. Bankfull
elevations were estimated for each cross section using either peren-
nial vegetation root lines or changes in bank slope as indicators
(Harrelson et al. 1994). All surveying was performed using a tri-
pod-mounted level. Substrate surface and subsurface grain size dis-
tributions were determined by bulk sampling, with sample volumes
conforming to the criterion that a clast of sizeD90 accounted for
£1% of the total sample weight (Church et al. 1987). TheD90 parti-
cle size is defined such that 90% of a sample mass comprises parti-
cles smaller thanD90. A reach pebble count (Wolman 1954) of 200
grains was also conducted to determineD90 and to compare with
the estimated surface size distribution. The pebble count was per-
formed at two pace intervals using a pointer lowered to the
streambed with eyes averted.

Flow and shear stress
Shear stress for each flood peak was estimated to relate ob-

served scour depths to event magnitude. Rating curves for water
stage and surface slope were established using manual staff gauge
readings and the corresponding Water Survey Canada hourly flow
gauge data. The slope rating curve suggested that water surface
slope approached the long reach bed slope at higher (bankfull)
stages. This was reasonable, as the flow visually appeared to be
uniform during bankfull events. Thus, for each flood event of the
1997–1998 winter, reach average bed shear stress at the flood peak
(to) was estimated using the reach average event peak flow depth
(Y) and the study reach bed slope (S), i.e., to = gYS, whereg is the
specific weight of water.

Scour and fill measurements
Scour and fill were monitored during each 1997–1998 winter

flood event at 53 scour monitors (Fig. 3). To assess the local vari-
ability of scour and fill, monitor density almost doubled that of any
previously reported studies and exceeded some previous studies by
an order of magnitude or more (Table 1). Forty-three of the moni-
tors were installed in an approximate 4 × 3 mgrid throughout the
alluvial bed sections of the subreach (Fig. 4). An additional 10
monitors were installed in all of the four active chum redds in the
subreach, including a monitor in the egg pocket (four redds) and
tailspill (three redds).

Monitors were of the wiffle-ball sliding bead type (Tripp and
Poulin 1986; Nawa and Frissell 1993). All monitors were installed
in mid-November 1997, subsequent to the chum spawning that oc-
curred in the first half of November but prior to the coho salmon
(Oncorhynchus kisutch) spawning that occurred in late November

and early December. Coho spawning activity was concentrated at
the second from most upstream cross section: monitor 41 was suf-
ficiently disturbed that this monitor was excluded from further
analysis. The study period coincided with the period of chum incu-
bation: chum fry emerged at the Kanaka Creek fish hatchery on
March 5, 1998, and the final survey occurred on March, 12 1998.
Each monitor could record scour depths of up to 0.98 m. Fill
depths were estimated by surveying bed surface elevation after
each flood event. Scour was assumed to equal zero when deep fill
buried a scour monitor. Scour at such locations in subsequent
events was estimated by surveying changes in bed surface eleva-
tion. Thus, burial of a scour monitor reduced the reliability of sub-
sequent scour measurement, but this was unavoidable, since the
monitor could not be exhumed if the bed was to remain undis-
turbed for ensuing flood events. Further details on installation
techniques can be found in Rennie (1998).

Comparison of redd scour with adjacent bed scour
Scour depth in redds was recorded with respect to the initial

redd surface elevation, not the original streambed elevation. How-
ever, surveyed differences in initial elevation between redds and
immediately adjacent bed were small (less than a few centimetres).
This compared favourably with DeVries (1997), who suggested
that the difference between initial redd surface and the original bed
elevation is approximately 0–5 cm. Thus, there was little difference
between the initial surface and the original streambed elevation as
datum. It was therefore assumed that embryos were subject to de-
struction if scour depth exceeded 15 cm below the initial egg
pocket surface.

A statistical test was required to compare scour in redds with
scour in the adjacent bed. Parametric procedures could not be used,
since measured scour depths displayed nonnormal probability dis-
tribution functions. The functions resembled negative exponential
distributions (cf. Montgomery et al. 1996; Haschenburger 1999)
(Fig. 5), although if zero values were excluded, the distributions
for individual flood periods appeared lognormal. Also, the flood
periods produced very different degrees of scour (Fig. 6), and redd
bedform morphology tended to diminish in amplitude with each
successive flood (cf. Lisle 1989); thus, it was necessary to use a
procedure that reduced the variability due to different flood periods.

The maximum scour depth below the initial bed surface ob-
served over the entire flood season was compared in the three
treatments of egg pocket of redds, tailspill of redds, and riverbed
immediately adjacent to redds. Maximum scour depth over the
flood season was a useful metric because (i) this factor determined
the viability of incubating embryos and (ii ) variability due to dif-
ferent flood periods was avoided. Monitors immediately adjacent
to redds were used to represent the surrounding bed, since scour
depths within the reach were highly variable and were affected by
local factors such as woody debris and collapsing banks. Limiting
the surrounding bed monitors to immediately adjacent locations
provided a better test of the effect of redds on scour depth, since
immediately adjacent monitoring points were subjected to hydrau-
lic conditions similar to those of the redd location. The non-
parametric multiple comparison Nemenyi–Dunn test following the
Kruskal–Wallis test (Zar 1996) was used to compare mean scour
depth in the three treatments. This test only requires that the under-
lying probability distribution be similar for all the treatments.

Spatial variability of scour
Surface contour plots were generated for channel survey, scour,

and fill data by interpolation using a linear kriging algorithm in the
software package SurferTM. Interpolation procedures such as
kriging assume that site values are spatially autocorrelated and
vary smoothly across the area (Haining 1990). The interpolations
for bed surface elevations were more successful than for scour and
(or) fill, due to the greater density and spatial similarity of survey
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data. In fact, as shown in the Results, the scour data did not show
spatial autocorrelation.

The 3 × 4 mgrid scour data were analyzed for spatial auto-
correlation using both the Moran coefficient (I) and the Geary ratio
(c) (Cliff and Ord 1981; Goodchild 1986):
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where n is the sample size (number of scour monitors),xi is the
scour depth at monitori, x is the mean scour depth of then moni-
tors, andwij is the weighting value for the interaction between
monitorsi and j (in this case,wij = 1 if the monitors were adjacent
to each other andwij = 0 otherwise). Positive spatial auto-
correlation (I = 1, c = 0) suggests that similar values of scour occur
close together. Negative spatial autocorrelation (I = –1, c = 2) indi-
cates that dissimilar values are closely spaced. A lack of spatial
autocorrelation (I ® 0, c = 1) suggests a random pattern of scour.

Scour depth sample populations were tested for each of the six
flood periods, for the average of the flood periods, and for the
maximum scour depth below the initial bed surface.

A graphical method was also used to test scour depths for spa-
tial autocorrelation. A correlation coefficient was generated for all
possible pairs of scour monitors by correlating the5 × 1 matrix of
scour depths observed for the first five flood periods at a monitor-
ing location with the corresponding matrix at another location. The
correlation coefficient for each monitor pair was plotted versus the
distance between the monitors. Correlation coefficients were ex-
pected to be greater for smaller distances, since neighbouring mon-
itors were expected to display similar trends in scour depths over
the flood season. All monitors that recorded zero values of scour
for all five flood periods were excluded from the analysis, since
correlation coefficients could not be calculated from values of zero.

Results

Scour and fill measurements
Of the six monitored flood periods, only flood period 2

caused deep and widespread scour and fill (Fig. 6). Peak
daily flow for flood period 2 was 31.3 m3·s–1, which has an
estimated return period of about 0.9 year. Based on field in-
dicators of leaf-litter wash lines, the peak stage for flood
period 2 was 0.4–0.5 m above bankfull. No other events dur-
ing the scour monitoring period were observed to exceed
bankfull. During this event, a large tree (0.8-m-diameter
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Fig. 3. Hourly flows at Kanaka Creek WSC-08MH076 for the period August 1, 1997, to April 8, 1998. Vertical bars denote scour
monitor survey dates, with flood periods between survey dates. The scour survey on December 10, 1997, did not involve bed elevation
surveying; thus, the first two flood periods are grouped together as flood period 1.
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trunk, about 4-m-diameter root wad) floated down into the
monitoring reach (Fig. 4b) and caused adjacent local scour
and fill in the three most upstream cross sections. Also, the
upstream end of the steep clay bank eroded laterally more
than 1 m (not directly measured). This bank material was
deposited in the right side of the channel as fill. It is plausi-
ble that flow deflection by the root wad caused the bank to
collapse. Several monitors were buried under fill material or
under the tree itself. Finally, a sandy bar on the lower left
side of the reach (monitors 1 and 5) scoured out. The mean
scour depth for flood period 2 was 8.5 cm. Excluding the
large scour hole around the root wad, the mean scour depth
was 6.9 cm. The subsequent flood periods caused relatively
little scour and (or) fill.

Comparison of redd scour with adjacent bed scour
The primary concern of this study was to determine if

redds were more or less likely than the surrounding bed to
scour to sufficient depth to expose incubating embryos. The
maximum scour depth below the initial bed surface at the
three treatments (Table 3) was compared using the
Nemenyi–Dunn test. There was a significant difference (a =
0.10) between mean scour depth in tailspills versus adjacent
monitors but not between egg pockets and the adjacent bed

or between the tailspill and egg pockets. It was also note-
worthy that none of the egg pockets (zero of four), yet all of
the tailspills (three of three), scoured to depths greater than
the assumed egg burial depth of 15 cm. This result was sen-
sitive to uncertainty in the egg burial depth: chum egg burial
depths observed in other studies range from 5 to 45 cm,
depending on real variability in depth as well as variable
sampling methodology (DeVries 1997). However, if the egg
burial depth was more conservatively considered to be
10 cm in the egg pockets and 20 cm in the tailspills, one of
four egg pockets and two of three tailspills would have
scoured to egg pocket depth. It appears that embryos in egg
pockets may not have been subjected to scour.

Spatial variability of scour
Flood period 2 produced major changes in reach geometry

(Figs. 4 and 7). Zones of scour appeared around the root
wad, the left bank (facing upstream) sandy bar deposit, at
one redd, and downstream of another redd. Zones of fill
were apparent along the collapsed right bank and immedi-
ately downstream of the root wad.

Despite the apparent zoning of scour, tests of the Moran
coefficient and Geary ratio did not reveal significant spatial
autocorrelation (a = 0.05) in any of the individual flood
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Fig. 4. Contour plot of the Kanaka Creek scour monitoring reach. (a) Initial condition (November 26, 1997, survey); (b) following
flood period 2 (December 31, 1997, survey). Contour interval is 0.2 m. Numbered labels correspond to scour monitors (+, redd; ×,
nonredd). Bankfull elevation is approximately 0 m, with a mean bankfull depth of 1.03 m (Fig. 4a) and 1.06 m (Fig. 4b).
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period nonredd scour data sets. The maximum scour depth
below the initial bed surface observed during the entire
monitoring period showed significant (a = 0.05) spatial
autocorrelation (positive) by the Moran coefficient but not
by the Geary ratio. It should be noted that spatial auto-
correlation isscale dependent, and the lack of observed spatial
autocorrelation is for the established monitor spacing of an
approximate 3 × 4 mgrid.

Similarly, a plot of correlation coefficients for all scour
monitor pairs versus the distance between the monitors did
not reveal any trend with distance (Fig. 8). The correlation
coefficients close to 1.0 indicate that scour monitor pairs dis-
played similar trends of scour over the five flood periods.
This was fairly common, since many monitors had signifi-
cant scour for flood period 2 and little or no scour for all
other flood periods. A small negative correlation usually oc-
curred between monitors when one scoured during flood pe-
riod 2 and the other did not.

Discussion

Implications for scour monitoring
The results confirmed previous studies, which indicated

that scour and fill are extremely spatially variable. Despite
implementation of the most spatially intensive scour moni-

toring to date, no spatial autocorrelation of scour depths
could be detected. Given the high spatial variability in scour
depths, it behooves the scour depth investigator to justify his
or her choice of sampling intensity. If extreme values are of
interest, as is the case with quantification of the potential for
scour-induced loss of embryos, then the full distribution
must be characterized and sufficient monitors must be in-
stalled to properly sample the scour depth population. If the
shape and variance of the distribution are known or assumed
a priori, then a suitable sampling protocol can be designed
(Haschenburger 1999). Alternatively, a monitor spacing sim-
ilar to the lateral dimension of an egg pocket should be suf-
ficient to capture scour depth spatial variability relevant to
redd mobilization.

Full characterization of the spatial distribution of scour
may require even more intensive sampling. If particles are
mobilized in patches as opposed to individually, it seems
reasonable to assume that at some finite spatial scale, scour
depths should be spatially autocorrelated. The entrainment
of a patch of particles should cause a spatially continuous
lowering of the bed surface elevation. Thus, neighbouring
points within the patch should show positive autocorrelation.
It would be worthwhile to collect scour data, by some appro-
priate method, with sufficient spatial intensity to determine
the degree of monitoring intensity required to capture scour
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Fig. 5. Frequency distribution of maximum scour depths observed at all monitors over the flood season for the present study and at
Kennedy Creek (Montgomery et al. 1996). Zero values are isolated from the 0- to 5-cm bin in the present study but are included in
the 0- to 5-cm bin for the Kennedy Creek data.
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variability. This could be accomplished by testing for spatial
autocorrelation at varying monitoring point separation dis-
tances (i.e., test (xi , xi+1), then (xi , xi+2), and so on) to estab-
lish the minimum monitor spatial intensity required to
observe spatial autocorrelation.

Entrainment of the entire bed
The question can be raised as to whether spatial variabil-

ity of scour would be observed at Kanaka Creek during
larger flood flows that produce higher shear stresses. As
shear stress increases, a greater proportion of the bed area
becomes mobilized (cf. Wilcock and McArdell 1997;
Haschenburger 1999). At the highest shear stresses, it has
been postulated that complete mobilization of the bed sur-
face occurs, a condition that has been referred to as a “trac-
tion carpet” (Tacconi and Billi 1987). During traction carpet
transport, one could speculate that scour depths would be-
come more uniform throughout a reach, since the entire bed

is in motion, as opposed to the mobilization of discrete
patches at lower shear stresses.

Nondimensional bed shear stress can be defined as

t
t

g
*

( )
=

-
o

sd S50 1
, where to is the bed shear stress,g is the

specific weight of water,Ss is the specific gravity of the bed
material, andD50 is the 50th percentile particle size of the
bed surface. The peakt* estimated for flood period 2 was
0.036, and at Kanaka Creek, scour was not observed below
t* values of about 0.019; thus, shear stresses during flood
period 2 never greatly exceeded threshold conditions for bed
transport. It could be argued that a higher flood stage would
have produced less spatial variability of scour. Two scenar-
ios are possible: (i) a traction carpet or (ii ) an event of some
duration that eventually mobilizes the entire bed surface
through entrainment of individual, discrete patches of com-
parable depth. The likelihood of each scenario will be dis-
cussed through both empirical evidence and physical
arguments.

Theoretical and empirical evidence suggests that attain-
able shear stresses in alluvial gravel-bed rivers may be far
below that necessary to induce a traction carpet. Bagnold
(1966, his fig. 4) predicted theoretically that, for a gravel
bed, t* would have to exceed a value of about 0.25 for a
traction carpet to occur. On Kanaka Creek, the peakt* esti-
mate of 0.036 is almost an order of magnitude less than is
necessary for a traction carpet to develop according to
Bagnold’s (1966) criterion. It is hardly surprising, then, that
traction carpet transport was not evident in the present study.
Furthermore, nondimensional shear stresses computed for
gravel-bed rivers worldwide typically do not exceed 0.1.
Data for 176 stable, alluvial gravel-bed rivers in the United
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Fig. 6. Bed mobilization depth (scour) and fill for each monitor (monitor number increasing from left to right) for the six observed
flood periods.

Monitor location n
Range
(cm)

Mean
(cm)

SD
(cm)

Percentage
>15 cm

All nonredd 42 0–61 9 15 17
Immediately adja-

cent to redds
18 0–51 8 12 17

All redd 10 0–32 11 11 30
Egg pockets 4 0–12.5 6 5 0
Tailspills 3 17–32 25 8 100

Table 3. Maximum scour depths from the initial bed surface
over the entire flood season.
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Kingdom and North America were compiled from Charlton
et al. (1978), Bray (1979), Andrews (1984), and Hey and
Thorne (1986). Estimates of bankfullt* ranged from 0.009
to 0.14, with a mean and standard deviation of 0.047 and
0.027, respectively. Only six of the 176 rivers had values of
bankfull t* that exceeded 0.1, and all of these were de-
scribed as having banks that were stabilized by dense ripar-
ian forest. Also, average computedt* for 100-year flood
discharges was 0.068 in 24 Colorado gravel-bed rivers
(Andrews 1984). Greater shear stresses are not produced be-
cause rivers will convey large flows by eroding banks in-
stead of cutting deeper channels (Ikeda et al. 1988). We
conclude that traction carpet transport is unlikely in gravel-
bed rivers.

However, the question remains whether the entire bed sur-
face could eventually be mobilized through entrainment of
individual, discrete patches of comparable depth. If every
area of the bed scoured to an equal depth, then data from
typical scour monitors would reveal little spatial variability
in scour. Existing evidence does not support this scenario.
Scour and particle tracer studies have failed to reveal en-
trainment of the entire bed surface. Scour depth populations
tend to follow negative exponential distributions, with a
large number of bed locations displaying zero values
(Haschenburger 1999). Particle tracer studies also show
many immobile bed locations (cf. Hassan and Church 1992).
Furthermore, scour populations for larger floods (about an 8-
year flood, maximumt* of 0.11) still show negative expo-
nential distributions, with some areas of zero scour (20–30%
of monitors) and a few patches of deep scour (Haschen-
burger 1999).

The spatial distributions of bed shear stress and particle

entrainability may explain these observations. Local bed
shear stress tends to vary through a reach due to channel
curvature and variable bed roughness and topography
(Dietrich and Whiting 1989). Similarly, bed particle size dis-
tributions and structuring vary between locations in a reach,
which results in areas of variable particle entrainability.
These spatial patterns both create and are formed by channel
morphology. Spatial variations in bed entrainability and
shear stress produce spatially variable entrainment. Thus, as
long as channel riffle–pool morphology is maintained,
patchy spatial patterns of scour should be expected.

Implications for salmon mortality
The majority of salmonid lifetime mortality takes place

during in-gravel stages of incubation. Egg to fry survival is
typically estimated to be 10%, with values for chum in natu-
ral streams ranging from 0.7 to 85.9% in the studies summa-
rized by Salo (1991). Scour of redds has been identified as a
contributor to this mortality, but the relative importance of
scour versus other factors, including superimpositioning of
redds, burial, siltation, and poor water quality, is not very
well known. Certainly, dominance of factors will vary from
stream to stream. Previous investigators have found scour to
be an important element in embryo mortality based on mea-
surements of scour in spawning areas (e.g., Tripp and Poulin
1986; Lisle 1989), but their studies lacked direct measure-
ment of egg pocket scour. The present study attempted to
verify their conclusions by examining if scour in redds is
similar to surrounding bed scour.

The evidence indicated that tailspills were more suscepti-
ble to scour than the surrounding bed, but egg pockets were
not. The unconsolidated, elevated tailspill material was more
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Fig. 7. Scour and fill depths observed in the Kanaka Creek scour monitoring reach. (a) Maximum scour depth below the initial bed sur-
face observed over the entire monitoring period (November 26, 1997, to March 12, 1998); (b) scour depth observed during flood period 2;
(c) fill depth observed during flood period 2. The scour and fill contour interval is 5 cm. +, scour monitors; R, monitors in redds.
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readily mobilized than the surrounding bed, yet the rela-
tively well-constructed and coarser egg pocket material
maintained a mobility similar to that of the surrounding bed.
Investigators of scour in redds should be aware that, even if
scour is observed at tailspills of redds, embryos in the rela-
tively immobile egg pockets may not be exposed. In fact, if
an investigator does not wish to install monitors in egg
pockets for fear of disturbing embryos, scour in the immedi-
ately adjacent bed may be better than tailspill scour as an in-
dication of scour in egg pockets. However, these
conclusions are limited by the fact that, due to conservation
concerns, only a small number of redds were observed in a
single reach during a single flood season.

Furthermore, the mean scour depth was slightly less in
egg pockets than in the adjacent bed, although the small
sample size precluded a finding of significant difference. It
is possible that embryos are protected from scour in the
coarser, less erodible egg pocket. If so, scour may be less of
a factor in incubation mortality than indicated by previous
studies of scour in spawning areas that did not monitor egg
pocket scour. Further, direct investigation of egg pocket
scour is warranted.

In conclusion, based on this field study of a single reach
over a single season, it appears that scour and fill are spa-
tially oriented and depend on local factors such as debris,
banks, and surface texture. However, despite the most spa-

tially intensive monitoring to date, spatial autocorrelation of
scour depths was not observed; thus, even more spatially in-
tensive monitoring is necessary. Scour depths in the
tailspills of redds were found to exceed significantly the
scour depths in the spawning bed immediately adjacent to
redds. There was no significant difference between scour
depth in egg pockets versus that in the adjacent bed. Thus, it
appears that developing embryos in the egg pockets of redds
were no more susceptible to scour than the spawning bed it-
self.
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