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Abstract

This study describes the dynamics of sediment transfer and storage in three headwater channels of the Walnut Gulch Watershed
in the Chihuahuan Desert, southeastern Arizona, USA. Spatially distributed information on volumes of stream-bed scour and fill
and the resultant net changes in sediment storage was collected from three channel reaches using dense arrays of scour chains.

Reach-averaged estimates of volumetric scour for individual events ranged between 0.001 and 0.11 m3 m~2. Scour volumes
combine with relatively little scatter when rated against peak unit stream power demonstrating that flood magnitude accounts for
much of the variance. As a result of locally compensating scour and fill, net changes in sediment storage during individual events
were small. Because aggradation and degradation fluctuated with no persistent temporal trend over the study period, sediment
transfers through the reaches were not significantly affected by movement of sediment into or out of storage. Measurements of the
volume of sediment trapped in a stock-pond downstream of the study sites suggest that scoured bed material travelled several

hundred m year" ' with a virtual velocity of about 350 m h_l.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Dryland rivers; Scour and fill; Sediment storage

1. Introduction
Headwater channels

in

semi-arid environments

receive large amounts of sediment from the surrounding
hillslopes due to the predominance of surface runoff and
its effectiveness in eroding sparsely vegetated soils
(Abrahams, 1972; Gregory and Gardiner, 1975).
Relatively little, however, is known about the sedimen-
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tary dynamics of low-order dryland streams and their
role in storing material during transit. Some workers, for
example, have suggested that the narrow valley floors
and steep gradients of headwater streams ensure that
sediment eroded from hillslopes is conveyed down
stream with little storage (Butcher and Thornes, 1978)
and that where hillslope and channel systems are
strongly coupled, channel behaviour may be controlled
by hillslope rather than in-stream hydraulic and
sedimentary processes (Lekach and Schick. 1983).
Both aspects are in marked contrast to the morphodynamics of higher order channels where sediment
transfers are likely to be mediated by the movement of
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sediment into and out of storage (Ham and Church,
2000) and, at a larger scale, the structure of the channel
network (Richards, 1993).
In order to develop a better understanding of dryland
headwater channel behaviour, information is required on
the spatial pattern of stream-bed scour and fill as it
occurs at the scale of the channel reach. Scour and fill
refer to the vertical fluctuations of alluvial stream-beds

that occur in response to the entrainment (scour) and
deposition (fill) of bed-material during flood events.
Whether a particular channel location experiences scour
or fill is contingent on the rate of bed material transport
at that location relative to locations immediately
upstream (Andrews, 1979). Scour will occur if the rate
ofbed material transport from a point exceeds that to the
point. Fill will occur if the converse is true. Channel
adjustment results from local imbalances between scour
and fill and reach-scale changes in sediment storage
occur if material lost through scour is not balanced by
sediment gained elsewhere through fill. As such, scour
and fill reflect the morphological response to the transfer
of sediment within dryland river channels (Thornes,
1994) and can be used to investigate the processes that
regulate the transfer of sediment through them.
Some observations from dryland channels with
sandy bed materials have been reported in the literature
(e.g. Colby, 1964). Most, however, are restricted to
isolated cross sections (e.g. Leopold and Maddock,
1953) or to chance locations where magnetically tagged
particles have become buried (e.g. Hassan, 1990). As a
result, there is considerable uncertainty about channel
behaviour (Andrews, 1979). Some researchers have
studied scour and fill more extensively. Leopold et al.
(1966), for example, measured stream-bed scour and fill
at 51 locations within a 10 km reach ofthe Arroyo de los
Frijoles near Santa Fe in New Mexico (see also Gellis
et al., 2005). Their data suggest that the stream-bed is
scoured extensively during rising flood stages and that
the channel is maintained in approximate balance by
compensating fill during falling flood stages. However,
the low density of data acquisition (the downstream
spacing between measurements was generally 300 m)
prevents an analysis of the spatial variability and pattern
ofscour and fill occurring within a reach. To address this
problem, we have deployed dense arrays of scour chains
in three sand-bed channels in SE Arizona to obtain

spatially intensive measurements of scour and fill. De
tailed statistical analyses of the variability and spatial
pattern of scour and fill for individual events have shown
that 1) mean depths of scour and fill increased with event
magnitude; 2) populations of scour depths were expo
nentially distributed and 3) stream-bed activity was
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highly non-uniform with scour and fill concentrated at
certain locations within the reaches, perhaps in response
to local differences in shear stress generated by secondary
circulations (Powell et al., 2005, 2006). In this paper, we
present an analysis ofthe volumes ofmaterial eroded and
deposited within the study reaches in order to examine
the relationships between the transfer of sediment
downstream and the storage of sediment within the
channels.
2. Field site

The study was undertaken at the Walnut Gulch ex
perimental watershed of the United States Department
of Agriculture Agricultural Research Service (USDAARS) in southeastern Arizona (Fig. la). The watershed
is representative of the shrub- and grass-covered
rangelands of the semi-arid SW USA in general and
the Sonoran and Chihuahuan Deserts in particular. The
mean annual rainfall and temperature is 350 mm and
17.6 °C respectively. Although rainfall can occur at any
time during the year, virtually all runoff originates from
intense summer thunderstorms generated by the North
American Monsoon. As a result, flood hydrographs are
flashy (flood peaks are attained within minutes of the
onset of rainfall) and the duration of runoff is short
(typically varying between a few minutes to a few hours
depending on the size of the event and the scale of the
watershed).
Measurement efforts were concentrated in subcatch-

ment 223 of the main watershed (also called Lucky
Hills; Fig. lb). The catchment area was approximately

0.5 km2 with a well-defined channel system that drained
into a stock pond. The stock ponds on the Walnut Gulch
Watershed serve the common purpose of supplying
water needed to support cattle ranching. Since they trap
sediment, a significant number have been routinely
monitored by the USDA-ARS to provide information on
sediment yields from the upstream catchments (Lane
et al., 1997; Nichols, 2006). One study reach was lo
cated on the lower portion of the main-channel (MCR;

drainage area=0.21 km2) approximately 300 m above
the stock pond. Two additional reaches were located on
upper and lower tributaries (UTR and LTR respectively)

with drainage areas of about 0.04 km2. The tributary
channels were incised by up to 0.5 m into the catchment
hillslopes and received water and sediment from
numerous rills as well as from upstream. Hillslope
channel coupling was less strong in the main-channel
and in its lower reaches, a small, discontinuous flood

plain acted as a buffer between the two systems. All
three channels, however, were single thread, relatively
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Fig. 1. Location of study area (a) and shaded relief model ofsubcatchment 223 (Lucky Hills) showing locations of the study reaches (b).

steep and narrow and with flat, planar beds of mediumcoarse sand and fine gravel (Table 1).

UTR over a three-year period. The chains were
resurveyed after each event by measuring the length of
the chain above the elbow where the chain had kinked

3. Methods

3.1. Scour and fill
Depths of scour (zs) and fill (zf) were obtained using
scour chains (Laronne et al., 1994). In each reach, scour
chains were inserted across 30 cross sections with a

downstream spacing of one channel width (w). In
general, between three and five scour chains were
installed at equally spaced distances across each cross
section in the relatively wide main-channel and lowertributary reaches. In the narrower upper-tributary reach,
chains were installed in an alternating sequence of one
in the channel centre and two at left and right locations
to ensure that adjacent chains did not become entangled.
Data were collected from ten consecutive events in
the MCR and nine consecutive events in the LTR and

following maximum scour (a) and the length of chain
exposed at the surface once it had been rest in
anticipation of the next flood (b). Most chains were
buried by fill and their locations after each event
required careful excavation at precisely measured
distances along the cross sections. The chains were
measured to the nearest 0.005 m (c. half a link length).
Depths of scour and fill were calculated as zs=a-bx
and 7l=a-b2 where b\ and b2 are the lengths of chain
exposed on the pre- and post-flood beds respectively.
3.2. Flow

Flow stage in the main-channel was measured to
±0.003 m with an ultrasonic water-level recorder that

was logged at 30-second intervals. Flows in the
tributaries were monitored with maximum-stage

Table 1

Characteristics of the study reaches

Discharge, m3 s '

Site

Reach length, m

No. of chains

Width,* m

Depth,* m

No. of events

MCR

87.0

99

3.1

0.45

10

1.9

1.3

UTR

29.8

45

1.2

0.75

9

0.03-1.1

1.9

3.2

LTR

58.7

95

2.0

0.42

9

0.04-1.2

1.7

1.8

0.2-11.4**

Slope, %

D50, mm

f mean bed width; * bank-full depth; ** includes two bank full flows (Qp~4 m3 s ' and one overbank flow (Qp= 11.4 m3 s" '); ~undifferentiated
sample of surface and subsurface material.
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recorders with an accuracy of ±0.01 m. Estimates of

peak stage were converted to peak flow depths (Yp)
using the geometry of the local cross section under the
assumption that the depths of scour recorded at the
measurement section coincided with peak stage. Dis
charge (0 was estimated using Manning's equation
since direct measurement was impracticable due to the
unpredictable and short-lived nature of the dryland
runoff regime, the difficulty of accessing the field site
safely during violent thunderstorms and the danger of
working in fast-flowing stream channels subject to rapid
increases in stage. The friction slope was approximated
by the reach-average bed gradient (S) as determined by
levelling down the centres of the reaches. The 95%
confidence intervals for the bedslope estimates range
between 0.06 and OAS. Roughness coefficients (w) were
estimated using the method of Cowan (1956) as
described in Arcement and Schneider (1989). The
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between adjacent chains along the section and declined
linearly to zero at the channel margins. yt was calculated
on the assumption that the area of scour at that cross
section was representative of the channel length be
tween it and the half distance to the adjacent cross
sections. Total volumes of scour and fill for the rth event

(Vr) and for the sequence of n events that occurred in
each reach over the study period (Vt)were calculated as
30

Vr = J2 Vt and Vt = Y, Vr

(2a,b)

/=i

Estimates of net volumetric change for individual
cross sections (Vnj), events (Vnr) and for the study
period (Vnt) were derived by subtracting volumes of
scour (Vsh Vsr or Vst) from volumes of fill (Vfh Vfr or
Vfi) as appropriate.

resultant values of 0.035 and 0.08 for flows within

and outwith the channel banks respectively seem
reasonable when compared with data and photographs
of other streams in Arizona (Phillips and Ingersoll,
1998; O'Day and Phillips, 2000) though none of the
published examples is directly comparable to the study
streams. Poorly constrained uncertainties in the values
of n and in the cross section geometry of the channel
greatly exceed those associated with the measurement of
stage and channel bedslope and generate considerable
uncertainty in the estimates of discharge. Tillery et al.
(2001) report errors in slope-conveyance estimates of
discharge in dryland streams of up to 25% which
suggest that the discharge estimates obtained in this
study should be interpreted with some care.

3.4. Uncertainty analysis
All sediment budgets are subject to uncertainty
(Martin and Church, 1995; Ham and Church, 2000).
Potentially significant sources of uncertainty in this
study arise from measurement errors and the down
stream and cross-stream sampling strategies. These
uncertainties were quantified using standard rules for
combining errors (Beers, 1957). All sources of uncer
tainty were analysed separately so their magnitudes can
be compared.
3.4.1. Measurement error

The uncertainty in V( due to measurement error is
given by

3.3. Construction ofsediment budgets
T 2

fdXj

The scour and fill data were used to construct a

sediment budget for each reach. Volumes of scour and
fill for the ith cross section were calculated by summing
the volumes of a number of prisms defined along the

f)i*)<W-

":-\

(3)

\XJ

where dx, dy, dz are the errors in xj, yt and zj re

cross section, i.e.

spectively, dx and dv=0.01 m, the precision of the

topographic survey, dz = yj2.(dz/2)2 = 0.005 m where

*+i

(1)

dz = y/da2 + db2 is the error in the depths of scour and

where Vh xj and Tj are the volume of scour (or fill), the

fill (=0.007 m). The uncertainties in the total volumes of
scour (or fill) for individual events (dVr) and for the
study period (dVt) are calculated from

yi = J2xjyiTJ
y=i

cross-stream distance and the mean depth of scour (or
fill) of the/th prism respectively, yt is the downstream
length of the prism and k is the number of chains along
the cross section. In applying the prism formula, it was
assumed that depths of scour and fill varied linearly

30

dV =

\

Y,dV?mAdV;=JY<dV?
f=i

r=l

(4a, b)
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Equivalent uncertainties in Vni(=dVn,i)) Vnr(=dVn'r)
and Vnt (=dVnft) were estimated as

I
30
aVnt = yj8Vtf
+dVs}\ dVn'r = x ^dVnf;

each reach. This strategy was not possible in the UTR
because the downstream alternating sequence of one
centre chain and two chains at left and right cross section
locations would have confounded the analysis. In this
reach, therefore, the cross sections containing two

chains were analysed separately from those containing

\i=i

one chain. In each case, Vx was defined by 10 randomly
sampled cross sections. The results of the separate
analyses were combined to get an estimate of dVr" for

w< =JtldVn!
(5a,b,c)
where dVJJ and dVsi are the uncertainties in Vft and Vs/
respectively.
3.4.2. Downstream sampling strategy

the reach.

3.4.3. The cross-stream sampling strategy
In general, scour and fill depths in the MCR and LTR
were measured at three cross section locations (left,
centre and right). However, chains were also installed at
left-centre and right-centre locations at five cross

Uncertainties in volume estimates due to the

sections in the MCR and at four cross sections in the

downstream sampling strategy arise from the spacing
and location of the cross sections within the study
reaches. Although the uncertainties due to cross-section
spacing cannot be quantified, they are unlikely to be
significant given that the cross sections were spaced
relatively closely at intervals of one channel width
(c. 1-3 m). Interestingly, an analysis of the effect of
relaxing the downstream sampling density on the
estimates of volumetric scour and fill suggests that
tolerable estimates of ±10% can be obtained using a
cross section spacing of 2w, but that errors can increase
to more than 20% at higher cross section spacings.
These results replicate those of Ashmore and Church
(1998). The effect of cross section location on the
volume estimates was assessed by deriving 10 esti
mates of volumetric scour and fill for each event using
random subsamples of cross sections. If Vx is the

LTR. These additional chains allow the uncertainty
associated with sampling at left, centre and right loca

volume associated with the xth random estimate of

scour (or fill) and V is the mean random volume
estimate, then the root mean square error (8)

10 /_

8 =

E (y,-y)'
r=l v
\

10

(6)

represents an estimate of the errorjn Vx due to cross
section location. Defining 2 = e/V gives the uncer

tions to be estimated as

dV,=

/=i

>\

(7)

in which V5i is the cross sectional scour volume for
the ith cross section calculated using all five chains,
Vii is the cross sectional scour volume for the same
cross section calculated using only the left, centre

and right chains and n=the number of cross
sections. Uncertainties in Vr (=W), V, (=dVt'")t
Vnt (=dVn/")t Vnr (=dVnrm) and Vnt (=dVntm) were
calculated by making the appropriate substitutions
for the error terms in Eqs. (4a, b) and (5a, b, c)
respectively.
The uncertainty associated with the cross-stream
sampling strategy in the UTR was assessed by
sampling from the LTR data set in a similar manner.
The uncertainty in volumetric estimates of scour (and
fill) derived from sampling odd numbered cross
sections at left and right cross section locations (V2i)
and from sampling even numbered cross sections at the
channel centreline (Vu) are c. 0.1 and 0.2 V3i
respectively. The resultant uncertainties in Vr =

tainty in Vr as dVr" =t Vr. Uncertainties in Vt (=dVt"\

ESi Pa + EJi K» m typically 0.1-0.2 Vr As a

Vnr (=dVnr") and Vnt (=6Vn,") due to cross section
location were calculated by making the appropriate
substitutions for the error terms in Eqs. (4a, b) and (5a,
b, c) respectively.
In the MCR and LTR, Vx was defined by randomly
sampling 20 of the 30 of the available cross sections in

result, d VJ"for the events in the UTR was estimated as
0.15 Vr.
3.4.4. Total uncertainty

The total uncertainty in the volumetric estimates of
scour (or fill) and net change for individual events (A Vr
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Table 2

Volumes of scour, fill and net change with associated uncertainty estimates
Event

Discharge Scour,

0p.m3
s-'

Vr

m3
m

Netchange, m3

Fill, mi3

dVr'

eVr"

dVrm

AKr

Vr

dVr'

dVr"

dVrm

AFr

Vr

dVr'

dVr"

dVrm

AKr

1.37

Main-channel reach
30/7/2000 MCR

4.6

11.7

0.12

0.76

0.57

0.96

15.0

0.12

0.79

0.57

0.99

3.2

0.17

1.10

0.81

10/8/2000

3.9

12.4

0.12

1.10

0.46

1.20

14.2

0.12

0.93

0.07

0.94

1.8

0.17

1.44

0.47

1.53

20/8/2000

0.2

3.4

0.11

0.25

0.16

0.32

3.1

0.11

0.21

0.16

0.28

-0.3

0.15

0.33

0.23

0.43

5/8/2001

0.7

7.7

0.12

0.65

0.40

0.77

6.4

0.11

0.41

0.15

0.46

-1.2

0.16

0.77

0.43

0.89

11/8/2001

0.5

8.1

0.12

0.45

0.16

0.49

4.0

0.11

0.24

0.07

0.27

-4.1

0.16

0.51

0.17

0.56

12/9/2001

0.3

2.9

0.11

0.18

0.18

0.28

3.2

0.11

0.21

0.12

0.27

0.3

0.16

0.28

0.22

0.39

19/7/2002

0.5

4.1

0.10

0.28

0.15

0.34

4.3

0.11

0.13

0.36

0.40

0.2

0.15

0.31

0.39

0.52

26/7/2002

1.5

9.8

0.12

0.41

0.33

0.54

8.5

0.12

0.60

0.41

0.74

-1.4

0.16

0.73

0.53

0.91

11.4

28.0

0.14

1.11

0.34

1.17

25.0

0.13

1.46

0.37

1.51

-3.0

0.19

1.83

0.50

1.91

0.4

8.6

0.11

0.48

0.63

0.80

10.6

0.11

0.54

0.58

0.80

2.0

0.16

0.72

0.86

1.13

96.8

0.37

2.05

1.20

2.40

94.4

0.36

2.15

1.08

2.44

-2.4

0.52

2.97

1.62

3.42

4/8/2002
30/8/2002
Total

Lower-tributary reach
30/7/2000 MCR

0.2

2.0

0.046

0.10

0.18

0.21

2.2

0.050

0.131

0.10

0.17

0.2

0.068

0.16

0.20

0.27

10/8/2000

0.3

2.3

0.049

0.11

0.16

0.20

2.4

0.050

0.127

0.071

0.15

0.1

0.070

0.17

0.18

0.26

20/8/2000

0.2

1.5

0.050

0.07

0.22

0.23

1.7

0.046

0.065

0.11

0.13

0.2

0.068

0.10

0.24

0.27

5/8/2001

0.04

0.36

0.039

0.04

0.036

0.067

0.73

0.045

0.037

0.11

0.13

0.4

0.060

0.056

0.12

0.15

11/8/2001

0.1

1.5

0.051

0.16

0.24

0.29

0.74

0.044

0.048

0.036

0.075

-0.8

0.067

0.16

0.24

0.30

12/9/2001

0.04

0.60

0.038

0.11

0.03

0.12

0.71

0.045

0.046

0.16

0.17

0.1

0.059

0.12

0.16

0.21

19/7/2002

0.3

2.4

0.050

0.10

0.11

0.16

1.7

0.048

0.087

0.33

0.35

-0.7

0.069

0.13

0.35

0.38

26/7/2002

0.6

3.5

0.053

0.14

0.10

0.18

2.6

0.047

0.135

0.16

0.22

-0.9

0.071

0.20

0.19

0.28

4/8/2002

1.2

7.0

0.059

0.28

0.20

0.35

4.5

0.051

0.270

0.26

0.38

-2.6

0.078

0.39

0.33

0.52

0.15

0.42

0.48

0.65

17.1

0.14

0.38

0.52

0.66

-4.0

0.20

0.56

0.71

0.93

0.17

21.2

Total

Upper-tributary reach
30/7/2000 MCR

0.1

0.7

0.021

0.017

0.10

0.11

0.9

0.022

0.018

0.13

0.13

0.2

0.030

0.02

0.16

10/8/2000

0.1

0.7

0.020

0.013

0.10

0.10

0.3

0.020

0.011

0.05

0.05

-0.4

0.028

0.02

0.11

0.12

20/8/2000

0.06

0.2

0.018

0.006

0.027

0.03

0.2

0.020

0.0031

0.02

0.03

0.0

0.027

0.01

0.036

0.046

5/8/2001

0.03

0.0

0.013

0.005

0.007

0.016

0.1

0.016

0.0059

0.01

0.02

0.026

11/8/2001

0.08

0.4

0.020

0.030

0.056

0.07

0.1

0.015

0.0073

0.01

0.022

12/9/2001

0.05

0.1

0.017

0.008

0.019

0.03

0.2

0.019

0.0064

0.02

0.03

0.0

0.020

0.008

0.015

-0.3

0.025

0.03

0.058

0.070

0.0

0.025

0.01

0.030

0.040
0.065

19/7/2002

0.1

0.1

0.018

0.003

0.016

0.02

0.4

0.020

0.0091

0.06

0.06

0.3

0.027

0.01

0.059

26/7/2002

0.3

0.7

0.022

0.024

0.11

0.12

0.9

0.022

0.012

0.13

0.13

0.1

0.031

0.03

0.17

0.18

4/8/2002

1.1

1.0

0.023

0.043

0.15

0.16

2.2

0.024

0.040

0.33

0.33

1.2

0.033

0.06

0.36

0.37

3.9

0.06

0.06

0.24

0.26

5.1

0.06

0.05

0.39

0.39

1.2

0.08

0.08

0.46

0.47

7oto/

and A Vnr respectively) and for the duration of the study
period in each reach (A Vt and A Vnt respectively) were

4. Results

calculated as

4.1. Reach-scale volumes ofscour,Jillandchannel change

AVr =yJdVr2 +dV°r2 +dV? and

Reach-scale estimates ofthe volumes ofscour and fill

(8a, b)

AVnr =yJdVn2 +dVn2 +dVn?

and net change for individual events are shown in Table 2
together with estimates of their uncertainties. It shows
that the magnitude of the uncertainties in estimates of
scour and fill are generally comparable. In the MCR and
LTR, uncertainties due to measurement error are low in

comparison with the magnitude of the volume estimates

AV, =JJ2 AV2 md AVn, =*ff^ ^Vnr (9a>b)

(0.005 <dKIVr<,0.11; mean {dV'jV) = 0.03. Mea
surement error assumes more significance in the UTR
where the lower discharges generated smaller volumes of
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scour and fill (0.01< dV^/Vr<0.26,dV;/V = 0.09).

100 F

a

The largest source of error in the MCR is due to the
location of the cross sections within the reach

(0.03<<9^/rr<0.09,dKryr = 0.06). In the LTR,

10 r

errors due to the location of the cross sections (0.04<

dVl/Vr^Om^dV'jVr = 0.06) and sampling along the
cross sections (0.03^3V'IVr<Q22\ dV"lVr = 0m)
contribute equally to the uncertainty in volumes of scour
and fill. Significant uncertainty is associated with the
cross-stream sampling strategy in the UTR (dV"'l
Fr=0.15). Overall, the total errors in the volumetric

0.1 r

estimates of scour and fill in the MCR, LTR and UTR

average 8,12 and 19% respectively for individual events
and equal c. 2,3 and 7% respectively for the study period.
In some studies of channel fills, stratification at the

depth of maximum scour can be traced to the channel
banks to give some idea ofthe depths ofscour and fill at
the channel margins. No such stratification was ob
served in the sediments of the present channels and the
volumes reported in Table 2 are based on the
assumption that scour and fill declined to zero at the
channel margins. To assess the sensitivity of the results
to this assumption, a comparison was undertaken with
estimates calculated on the assumption depths of scour
and fill at the channel margins of each cross section
were equal to the mean depths of scour and fill recorded
over the cross section. On average, volumes of scour
and fill estimated under the 'cross section average'
assumption are 30% higher in the MCR and LTR and
70% higher in the UTR than estimates based on the
'zero' assumption. The results suggest that the assump
tion of zero scour at the channel margins is a source of
potentially significant error that requires further inves
tigation through the deployment ofscour chains close to
the channel banks.

Volumes of scour and fill increase with event mag

nitude (peak discharge; Qp) in eachreach (Table 2).This
can be attributed to increases in both the mean depth
and areal extent of bed activity as has been shown in
gravel-bed rivers (e.g. Carling, 1987; Haschenburger
and Church, 1998; Haschenburger, 1999). In the mainchannel, for example, the increase in scour volume from

3.4 m3 at Qp=0.2 m3 s"l (the lowest flow) to 27.99 m3
at Qp= 11.4 m3 s~l (the highest flow) isassociated with
an increase in the mean depth of scour from 1.5 cm to
15.6 cm and an increase in the proportion of chains
registering more than 1 cm of scour from 0.57 to 0.98.

The ordinary least-squares relationships between
volumes of scour for individual events (Vsr) and peak

discharge (Qp) are shown in Fig. 2a. For each channel,
data from individual floods combine with relatively little
scatter and the resultant trends are represented well by

0.01

•*

0.01

0.1

1

10

100

Peak discharge, m3 s-1
1 r

0.1

r

0.01

r

o

*

O

*

A

0.001
10

100

1000

Unit stream power, W rrr2

Fig. 2. Volumes of scour as a function of peak discharge (a);volumet
ric scour per unit bed areaas a function of peak unit stream power (b).

In (a), the curves for the MCR, LTR and UTR are Ksr=7.72g£4<5,
r=0.89; Hrr=5.81£#74, r=0.96; Vsr= 1.67g£80, r=0.78 respectively.
In (b), the curve represents data from events with Kr^:0.01 m and is

&r=4.57xl0"3c£4i,r=0.88.

simple power-law functions of peak discharge. A gen
eral indication of the consistency of the results at each
site is provided by the relatively high correlation coef
ficients (0.78 ^r ^0.96). It should be noted, however,
that the data for the UTR indicate little increase in bed

activity atdischarges above 0.1m3s-1.This threshold is
unlikely to reflect a limitation in the depth of alluvium
available for scour since this greatly exceeds the maxi
mum depths of scour recorded in the reach. Further
information is required to clarify the relationship be

tween Vsr and Qp in this reach.
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1000
• MCR

OLTR
100 •

The net balance between volumes of scour and fill

determine the sediment storage characteristics of the

a UTR

channels. Volumes of scour and fill recorded in the three

reaches are compared in Fig. 3 as {Vnr) = VnrIVsr*
10 •

100%. The temporal sequences in scour, fill and net
changes in sediment storage are shown in Fig. 4. In the
main-channel, differences between volumes of scour

±1

21

and fill are small for the majority of events {(Vnr)<

c

>

20%). These relatively small imbalances between scour
and fill generate net changes in sediment storage

-10

o

<> A

o

o

volumes (Vnr) of 2-3 m3 during individual events

-100

-1000 l
0.01

0.1

1

10

100

Peak discharge, m3 s-1
Fig. 3. Plot of Vnr/Vsr.\00% against peak discharge.

(Fig. 4a) which are equivalent to changes in mean bedelevations (zb) of about 1 cm. The exceptions are 30/8/
02, 30/7/00 and 11/8/01 in which (Vnr)=23, 28 and
-50% respectively. These events generated channel
changes of 3-4 m (zb«1.6 cm). Reasons for the
uncharacteristically large differences between scour and
fill in the latter event are unclear. The event was the
middle of three low to medium flows that occurred in

It is interesting to compare the activity of the three
stream-beds, especially since the channels share similar
geomorphic characteristics and were subject to similar
flow events (Table 1). In Fig. 2b, we plot volumetric
scour per unit bed area (Vsr) against peak unit stream

2001 and was fairly typical in comparison with the
others in terms of rainfall characteristics (amount, dura
tion and distribution) and hydrograph shape. Overall,
the cumulative total net sediment loss of 2.4±3.42 m

is

power (cop) for individual flow events. The latter was

equivalent to a 0.9db 1.3 cm reduction in mean-bed
elevation and represents only 2.5% of the total volume

calculated as pgQJS/w where p = is the density of the

of sediment scoured from the channel. It should be

flow (kg m-3), and g is the acceleration due to gravity

noted, however, that some sediment would have been
stored on the flood-plain as a result of overbank sedi
mentation during the event of 4/8/02. The rainfall that
generated this event (34 mm of rainfall in 30 min) has a
recurrence interval of between 5 and 10 years (Osbom
andRenard, 1988).

(m s~ ). The plot reveals that the three data sets dovetail
exceedingly well once Vsr exceeds a threshold of about
0.01 m3 m-2. The six events below this threshold were

associated with patchy bed activity (on average, only
20% of scour chains registered scour in excess of 1 cm)
suggesting that the scatter at V~sr<0.0\ m reflects an

Absolute differences between the volumes of scour

arbitrary channel response at low stream powers (cop<c.

and fill recorded in the LTR and UTR are less than those

12 W m~ ). Excluding these events yields a least-squares
regression with a correlation coefficient of 0.88 indicat
ing that the three channels behaved consistently once
flows had become sufficiently strong to cause widespread

observed in the MCR (Table 2). However, scour activity

was also generally lower so values of (Vnr) are higher
(Fig. 3). In the LTR, - 52% < <Vnr) < 102%and (Vnr) <

bed mobilisation.

- 74% < <Vnr) < 251 % and <Vnr) <20% for only two

Scour
Fill

20% in only four of the nine events and in the UTR,

Net channel change
Cumulative net channel change

Fig. 4. Temporal variation in the volumes of scour, fill and net change over the study period.

160

DM. Powell et al. / Geomorphology 88 (2007) 152-166

i) 20/8/00, Qp*0.2m3s-i

y

S

oooi ooi

0.1

Scour. m3

0.01

A

0.001
9.001 0.01

/
0.1

y&*

001

0.1

1

0001 0.01

01

1

0001 0.01

01

1

0.001 0.01

0.1

1

10

Fig.5. Spatialpatternsofstream-bedscour, fill and net change forthe 10events recordedin the main-channelreach(a) and forthe five largestevents
recordedin the lower-tributary reach (b). In both channels, events are ordered by peak discharge. The scatter plots allow direct comparison of the

volumes of scour and fill recorded at individual cross sections for each event Zero scour or fill is recorded as0.01 m3 and is indicated by a cross
symbol.
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net changes in sediment storage of-0.95 to +0.37 m3

events. Moreover, the cumulative volume changes of
-4 ±0.93 m3 in the LTR and +1.2 ±0.47 m3 in the UTR
are equivalent to 23 and 31% of the total scour volumes
respectively. However, much of the change in the

(Fig. 4b) and the total net sediment loss of 1.49±0.77 m
is equivalent to 10% of the total volume of scour
(Table 2). For the same flow events in the upper-tributary

reach, -0.36< Vnr<0.27 m3 (Fig. 4c) and Vnt=Q±
0.29 m3 (Table 2). It is not known whether subsequent

volume of sediment stored within the tributary reaches
occurred during the high magnitude event of 4/8/02.
Prior to this event, the lower-tributary is characterised by

flows promoted restorative aggradation of the LTR and

Main channel 30/7/00; QD= 4 .6 m3 s"1
C^\

Lower tributary 26/7/02; QD= 0.6m3 s'1

Lower tributary 4/8/02; Qp= 1.2 m3 s-1
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Fig. 6. Spatial patterns of stream-bed scour for selected events in the main-channel and tributary reaches. Spatial pattern of scour depths (a);
downstream variation in mean cross-stream scour depths (b); autocorrclograms for mean cross sectionscour depths (c); scmi-variograms for mean
cross section scour depths (d). In (a), the dashed line shows die locus of die maximum depth of scour. In (b), (c) and (d) the dashed horizontal lines
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rangeand wavelength of the scmi-variograms (d) implythatthe downstream variation in scourdepthsshown in (a) and (b) has a wavelength of about
7 times the width of the respective channels.
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degradation ofthe UTR since the event of4/8/02 was the
last event to be monitored in these reaches. However, it
appears that for much of the study period, aggradation
and degradation fluctuated with no persistent temporal
trend so that sediment transfer through all three channels
did not lead to significant and progressive changes to the

lower-tributary channels are shown in Fig. 5. It is
apparent that although scour was longitudinally contin
uous, some areas of the beds experienced significantly
greater scour than others. The variation is such that
volumes of scour at individual cross sections differ from

the reach mean by a factor of 2-3 in the main-channel
and 3-4 in the lower-tributary channel. Powell et al.
(2006) undertook a detailed geostatistical analysis ofthe
spatial patterns using autocorrelation and semi-vario
gram techniques. Although the analysis was constrained
somewhat by the limited length and inherent noisiness
ofthe data, it suggested that stream-bed activity was not
random, at least at moderate to high flows, but varied in
a periodic manner along alternate sides of the channels
with a wavelength of approximately seven channel
widths. Some results from this analysis are shown in
Fig. 6. The quasi-regular downstream variation in
stream-bed activity is evident in the contour plots of
scour depth recorded at individual chain locations

volume of sediment stored within them.

4.2. Spatialpatterns ofscour, Jill and channel change
The previous section demonstrates that stream-bed
activity varied in a relatively simple manner with
increasing discharge and that the volume of sediment
stored within the channels did not change appreciably
over much of the study period. However, distributed
information on patterns oferosion and deposition within
the reaches indicates a more complex sedimentary re
sponse. Downstream variations in the volumes of scour,
fill and net channel change recorded in the main and
2000
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(Fig. 6a) and in the downstream pattern of cross section
average scour depths (Fig. 6b). It is reflected in the
autocorrelograms (Fig. 6c) and semi-variograms
(Fig. 6d) by the alternating sequence of positive and
negative correlations and by the cyclic variation in semivariance at increasing lag distances. In terms of
deposition, a comparison of the magnitude of scour
and fill at individual channel locations revealed a close

correspondence. This indicates that the neutral sediment
budgets developed as a consequence of locally com
pensating scour and fill that maintained stream-bed ele
vations and the planar bed topography. Fig. 5 confirms
the approximate balance between scour and fill at the
scale of the channel cross section. In the main-channel,

for example, mean values of the ratio Vs/Vf for indi
vidual events are generally 1±0.25.
The cause of these patterns of scour and the compen
sating nature of the subsequent fill is difficult to isolate
without detailed hydraulic information and direct obser
vations of the scour process. However, one mechanism
may be the generation of non-uniform distributions of
bed shear stress by periodically reversing helical sec
ondary flow (Rhoads and Welford, 1991 p. 132-140). If
correct, it suggests that the observed spatial patterns of
stream-bed scour reflect active bed-reworking at
particular locations of the stream bed where shear
stresses are augmented by the development of secondary
flows. The increase in the volume of material scoured

from the reaches at progressively higher flows results
from the general increase in flow strength and further
localised increases in shear stress and bed activity
caused by strengthening secondary flows. The neutral
sediment budgets can be attributed to the subsequent
infilling of the scour holes, perhaps as the secondary
flows weaken and shear stresses decline during the flow
recession, resulting in the approximate balance between
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from MCR with the volume of material trapped in the

downstream stock pond (Vp) (Table 3). The calculation
uses the identity

(10)

Ml-/V>) = £-W.zs (!-#&;

where ppo=0.49 and pch=0.34 are the mean porosities
of the pond and channel sediments respectively. Further
more, estimates of the virtual rate of travel (U; Einstein,
1937) can be obtained by dividing the distance of
sediment transfer by the duration of competent flow (T).

Estimates of Vp for2001 and 2002 wereobtained from
detailed topographic surveys of the pond. Estimates of zs
and T for the corresponding periods were made using data
from MCR. The former was estimated as Vs (Fig. 2b) and
the latter was estimated as the duration of flow above an

approximate threshold for scour (c. 5 cm; Powell et al.,

2005). Values of ppo and pch were calculated from
measurements of sediment density and bulk density
obtained for a number of random locations within the

pond and the lower reach of the main-channel. The
analysis assumes that there is no net scour or fill in the
channel between the MCR and the stock pond. Although
we are unable to verify this directly, it seems a reasonable
assumption given that sediment transfers through the

three study reaches were not mediated by movement of
sediment into and out of storage. A more significant
limitation of the analysis is its failure to account for
sediment delivered via hillslope and tributary inputs.
Significant sediment inputs to the channel reach between
the MCR and the stock pond will cause L and U to be
overestimated. With these provisos in mind, the results of
the analysis are presented in Table 3. The volumes of
sediment trapped in the stock pond during 2001 and 2002
imply mean annual particle travel distances of 401 and
734 m respectively. The corresponding virtual velocities
are 370 m h"1 for 2001 and 282 m h"1 for 2002. These

scour and fill at individual cross sections. This is shown

in Fig. 7 which illustrates the cumulative patterns of
scour, fill and net change in sediment storage over the

Table 3

three flood seasons.

and virtual velocities (U=L/T) for the lowerportionof the main-channel

Estimates ofannual particle travel distances (Z.= Kp(l -/;,„)/( zs.w (1 -pch))
2001

4.3. Transport distances and virtual velocities

An important question that has not hitherto been
considered in studies of scour and fill is how far the

eroded material moves. Information on particle travel
distances is usually obtained by monitoring the move
ment of tagged particles over a series of events. Tagging
and tracing sand-sized particles is technically difficult
and was not attempted. Mowever, crude estimates of
sediment transfer distances (L) for the main-channel can
be derived by comparing the volume of material eroded

2002

Volume ofsediment trapped instock pond, Vp,m3 113.8

436.6

Mean depth of scour, zs, m
Particle travel distance, L, m
Duration of competent How, T, min

0.071
401
65

0.192
734
156

Virtual velocity, [/, m IT'

370

282

The calculation ofL assumes that there is no movement of the channel

sediments into or out of storage and that the average depths of scour
recorded in the main-channel study reach arc representative of the
lower portion of the main-channel. Actual travel distances and virtual
velocities are likely to be somewhat lower than those calculated
because some of the material deposited in the stock pond will have
been derived from tributary and hillslope inputs (Fig. 1).
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travel distances and virtual velocities are for sand moving
over sand. Leopold et al. (1966) report similar travel
distances for gravel moving over sand in the ephemeral
arroyos of New Mexico. Although their data do not allow
the calculation ofvirtual velocities, it is likely that they are
comparable to those calculated in this study. Rates of
particle travel for sand and gravel moving over sand
appear to be two-three orders of magnitude higher than
those recorded for gravel moving over gravel at com
parable flow strengths (Hassan et al., 1992).
5. Conclusions

The dynamics of bed material transfers in three head
water channels of a dryland river catchment subject to
flash flooding have been examined. In each channel,
dense arrays of scour chains were used to derive spatially
distributed information on volumes of stream-bed scour,

fill and net changes in sediment storage for a range of
competent flows. The results demonstrate that sediment
transfers through the reaches were accompanied by
complex patterns of compensating scour and fill which
maintained the channels in approximate steady state. As
suggested by Butcher and Thornes (1978), sediment
storage did not appear to be a significant control on
sediment transfers. The efficiency by which fluvial pro
cesses delivered sediment through these dryland head
water channels is in marked contrast to the dynamics of
sediment transfers in humid-temperate upland environ
ments which are dominated by sediment storage processes
(e.g. Benda et al., 2005). Much of the variability in the
magnitude of stream-bed scour generated by individual
flow events can be explained by the magnitude of the
floods (cf. Lekach and Schick, 1983). Estimates of total
volumetric scour per unit bed area for the three channels
correlate strongly with values of peak unit stream power
and the resultant trend is described well by a simple power
law function. Accounting for the complex patterns of
compensating scour and fill within the reaches is more
difficult without more detailed hydraulic information.
They may, however, reflect spatial and temporal varia
tions in bed shear stress arising from the growth and decay
ofsecondary flows during the passage offlood flows. This
study also highlights the ability of scour chains to
document sediment transfers that do not result in

morphological change over the time of survey. As such,
scour chains may provide a methodological basis for the
application of morphological approaches to investigating
sediment transport (e.g. Ashmore and Church, 1998;
Haschenburger and Church, 1998) in dryland channels
characterised by compensating scour and fill during
individual events. These approaches have yet to be

applied in dryland settings despite their ability to
document spatial and temporal variations in erosion and
deposition and to overcome many of the problems
associated with deploying conventional techniques for
measuring sediment transport in these environments
(Laronne et al., 1992).
Notation

a (b)

Length of scour chain above elbow (exposed
on bed surface), m

g

Acceleration due to gravity, m s-2

L

Sediment transfer distance, m

/;

Manning's n

Pva (Pch) Meanporosity of stockpond(channel) sediments

Q Qp

Discharge (peak discharge), m3 s~l

Ru
S
T

Autocorrelation coefficient at lag h
Reach-average bed slope, m m~
Duration of competent flow, min

U

Virtual rate of travel, m h_1

Vp

Volume ofsediment trapped in stock pond, m3

Vi, Vr, V, Volume of scour or fill for the /th cross section,

rth event and all events in a reach, m3
Vtf

Volume of scour (or fill) at the /th cross section
calculated using k chains along the section, mJ
Vht, Vnn Vn, Net volume change for the /th cross section,

/•Ui event and all events in a reach, m3
Vf(Vsi) Volume of fill (scour) for the /th cross section, m3
Vf (Vsr) Volume of fill (scour) for the rth event, m3
Vf, (Vs,) Total volume of fill (scour) for all events in a

reach, m3

Vsr

Volumetric scour per unit bed area, m3 m~2

Vy

xth random volume estimate ofscour (or fill), mJ

V

Mean random volume estimate ofscour or fill, m

(Vnr)

Vnr as a percentage of Vs„ %

w

Channel width, m

Xj

Cross-stream distance of they'th prism, m

y>i

Downstream length of the prisms at the /th
cross section, m

Yp

Peak flow depth, m

Zb
zf (zs)
zs

Mean bed elevation change, m
Depth of fill (scour), m
Mean depth of scour, m

Ij

Mean depth of scour or fill of the/th prism

da (db) Error in a (b), m
dV/, dVr', dV,' Uncertainties in Vh Vr and V, due to

measurement error, m3
dVf/, dVsj Uncertainties in Vf and

Vst due to

measurement error, m3
dVn/, dVn/, dVn/ Uncertainties in Vnu Vnr and Vn,
due to measurement error, m
dVr", dV," Uncertainties in Vr and V, due to cross
section location, m
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dVnr", dVn," Uncertainties in Vnr and Vnt due to cross

section location, m3
dV/", dVr'", dVi" Uncertainties in Vh Vr and Vt due to

cross-stream sampling strategy, m3
dVn/", dVnr'", dVnt"' Uncertainties in Vnh Vnr and Vn,
due to cross-stream sampling

strategy, m3
dx, dy, dz Error in xJt y, and zy, m

AVn AVnr Total error associated with Vr and Vnn m3
AVh AVnt Total error associated with Vt and Vnh m3
e (e)

Root mean square error (relative root mean
square error)

yh
p

Semi-variance at lag h, cm2
Density of flow, kg m 3

cop

Peak unit stream power, Wm~2
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