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Abstract . e
This study %pvestigates the channel pattern of the Sturgean
River and the factags which affect it. Six short reaches

vere selected for study. Along these, data as to channe%

perimeter sediment, channel cross-section, valley and -
channel slope, and valley bottom width were collected. The

¢
factors which might account for the downstream change in

channel pattern along each reach are discussed. Simple and
multiple regression analyses are used to describe the
relationships between the collected data and the planform

variables: wavelength, radius of curvature, amplitude and

L1y ]

inuosity. The Sturgeon River data relations are compared to

those given in the literature. Overall, slope and|channel

W

width are significant in determining the planform along
these reaches. The channel perimeter sediment and the*valley

L
bottom width are important in places.

iv
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1. INTRODUCTION

1.1 Objectives

The aim of this study is to investigate the channel

/

pattern[g}zSthgean River from Big Lake to tﬁg North
Saskatcﬁe?aﬁ River and the factors which aﬁfeégaigff%he
location ééathe Sturgeon River, a meandering stream in
central Alberta, and the locations of the study reaches
along the Sturgeon River are shown on Figure 1.1.

With increasing distance downstream, the channel
pattern of the Sturgeon River changes, although the water
discharge remains relatively constant. It has been found
that the geometry of river meanders is related to stream
discharge (e.g. Leopold, Wolman, and Miller, 1964; Dury,
1964: and Carlston, 1965), although there is usually much
scatter in the regression lines fitted to the data.
Discharge data from two gauge stations, one near Big Lake,
and the other near the mouth of the Sturgeon River (Figure
1?1); indicate that only a very small downstream increase in
discharge occurs along the study reach. Thus, the Sturgeon
River offers the opportunity to consider other variables
which might affect the mednder geometry and so account for
gome of the scatter associated with meander geometry -
discharge relationships.

Also, along part of this portion of the Sturgeon River,

there is little evidence for lateral and downstream
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migration of the meandéf form through erosion along the
outside banks of bends and deposition along the inside
banks, as is commonly described for meandering streams (e.g.
Friedkin, 1945). A comparison of air photographs of the
§tufgean River dating from 1924 to 1976 reveals that much of
the study reach shows very little evidence of progressive
lateral or downstream meander migration Eé} this period of
time. Floodplain features and channel cross-sectional

i

features which are associated with the meandering process

[1y]

are only sometimes observed. Thus, although the river has a
meandering planform, evidence of the meandering process is

not always apparent. This allows éamparisan of the

characteristics of a channel which has a meandering planform

but few of the features generally associated with the

meandering process to the characteristics of more "typical”

meandering channels described in the literature, Some

‘portions of the study reach have been artificially

straightened. This permits the examination of the effects of
externally imposed changes on the pattern.
Six short reaches along the Sturgeon River betwéen Big

Lake and the North Saskatchewan River were selected for

_ study (Figure 1.1). Each of these reaches exhibits a

downstream change in planform. From a review of the
literature (Chapter 2), variables wvere selected for
measurement which are thought to be relevant to the channel
pattern: sediment size in the channel perimeter, channel and

valley slope, cross-sectional form and valley bottom width.
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Each of the reaches is described first in primarily
gualitative terms with respect to its channel pattern,
sediments, cross-sectional form, slope, and valley form.
Then the quantitative relationships found for the Sturgeon
Rivet data are described and compared to those given in the
literature for meandering natural rivers and laboratory

streams.

1.2 Summary of Methodﬁ

In order to investigate the changes in the&channel
pattern downstream, reaches were selected in which changes
in the channel pattern occur. In general, the aim was to
include several meander wavelengths for each of the patterns
existing in the reach. To investigate the changes in the
channel pattern through time, two reaches where patterns
have been modified by man were also selected. These two
reaches were chosen to include several meandef wavelengths
upstream and downstream of the modification.

Both bed and bank sediments were sampled along reaches
A to F. The sediment sizes were analysed in the"laboratory
using hydrometer and sieving techniques. Channel
cross-sections were surveyed in this study or obtained,
along with channel slope data, from Yaremko (1968), Szabon
(1975) and Alberta Environment Planning Division (unpub.).
The collected data were statistically analysed using

regression and correlation analyses to look for relations



between the planform characteristics and sediment, slope,

cross-sectional form and valley form.

1.3 Descfiptigﬂ‘af Study Area

The reach from Big Lake (53 37' N Lat., 113 40' W
Léng_) to the mouth on the North Saskatchewan River, (53 46°
N Lat., 113 10' W Long.) is approximately 92 km in river
length. The total basin area 1s 3354 km?., There are two
gauges along the study reach, one at St Albert, and one near
the mouth of the river (Figure 1.1). The record for the
station at St Albert is short. From 1913 to 1927, a manual
gauge was used and the flows were not usually recorded
during the winte: months. There is then a break in the
record until Mafgh 1976, from which time a continuous
recording gauge has been used for recording data from March
to October (Canada, Inland Waters Directorate, 1978; Canada,
Inland Waters Directorate, 1979). The record for fthe station
near the mouth of the river begins in 1913 using a manual
gauge to make some miscellaneous measurements. From 1914
until 1923 measurements were taken continuously through the

year, with a manual gauge. From 1927 until 1931, and from
1935 until present, a manual gauge has been used to measure
flows from March to October (Canada, Inland Waters

Directorate, 1978; Canada, Inland Waters Directorate, 1979).

Only one stage-discharge curve exists for the station

at St Albert because of the short length of record for this

ik



station (May, pers. comm., 1978). There are five curves for
the station near the mouth of the Sturgeon River. These
~curves cover the last 24 years and do not show a constant
trend towards either degradation or aggradation.

Mean monthly flow, based on 59 years of reccfa from the
gauge near Fort Saskatchewan, ranges from about 0.6 to 2
cumecs during fall and winter, reaching maximum values in
the spring of about 10.5 cumecs and then dropping off in the
summer to 1.5 to 4.5 cumecs (Simpson, 1977). Even though the
total discharge through the reach is nearly constant from St
Albert to the mouth of the river, the bankfull discharge
values are variable along the study reach. At St Albert,
bankfull is 14.2 cumecs, for Reach B bankfull discharge 1is
7 6 cumecs, and downstream of Reach B the bankfull discharge
increases, reaching almost 226.5 cumecs at the mouth
(Simpson, 1977). This very large bankfull value at the
downstream end of the reach is probably calculated based on
a low terrace level (e.g. Kellerhals and Church, 1980).

In April 1974, the largest discharges recorded along
the Sturgeon River occurred. At St Albert, the measured peak
was 104 cumecs on April 26, and at the station near the
mouth, the measured peak flow was 115 cumecs on April 27
(szabon, 1975).

Peak flow travel time through the whole Sturgeon system
is typically 12 days to St Albert, and 15 days to the mouth.
The only major tributary along the study reach is Little Egg

Creek (Figure 1,1). Tributary inflows along the Sturgeon



River system usually occur well in advance of the mainstream
peaks, resulting in very little increase in peak flows in a
downstream direction (Simpson, 1977).

Minimum discharges have fallen to zero or near zero at
both stations in all months except April and May (Simpson,
1977). Mean discharge for the station near the mouth is 4.1
cumecs, based on a 42 year record (Neill, et al., 1970).

The Sturgeon River 1is the source of water for one
country-residential subdivision, just downstream from St
Albert. Water 1s not withdrawn for municipal water supplies,
although the Sturgeon'River does carry effluent from
municipal sewage for Gibbons and Bon Accord. There is also
limited withdrawal for irrigation and stockwatering
(Simpson, 1977).

With regards to the groundwater flow systems in the
basin, Bibby (1974a,b) determined that, at all depths
considered, water levels showed a marked correlation with
surface topography and the (1974a, p. 5):

» ..flow directions have a downward component

relative to the water table over most of the area.
Areas of upward flow are restricted to narrow

bands coincident with the valleys."
Bibby (1974b) also stated that the flow pattern immediately
around the Sturgeon Valley cannot be clearly defined with
the data available to him.

The general topography of the region is flat to gently
rolling, river incision producing the major relief. Along

most of the study reach, the Sturgeon River is deeply



incised, the maximum relief being about 46 m (Bibby, 1974a).

The basin of the study reach is underlain by the Wapiti
Formation, a poorly indurated non-marine formation of Late
Cretaceous Age (Green, 1972). Green described this formation
as being composed of clayey sandstone, bentonitic mudstone
and bentonite, with scattered coal beds. Montmorillonite is
the dominant clay mineral of the bedro\::k,!andE because of
this, the formations 1in the Edmonton area have a high
plastici- v scker, 1973). The formation has a strike
northwest tc southeast, and a dip of about 4 m per km to the
southwest (Ground-Water Consultants Group, 1977). Where
rivers cut through the poorly indurated Upper Cretaceous
bedrock of central Alberta, the valley wall slopes very
often show slumping (Locker, 1973; Thompson, 1970; Thompson
and Yacyshyn, 1977). Slumping occurs frequently along the
Stﬁrgeon Valley walls where the river cuts deeply into the
Wapiti formation. Part or all of the channel perimeter of
the Sturgeon River is composed of bedrock in places.

Above the bedrock are discontinuous deposits known as
the Saskatchewan Gravels and sands. These preglacial
deposits cap bedrock uplands and also form valley fill and
terrace deposits. They are predominantly cémpcsed\éf
quartzose sandstone, jasper, and local bedrock fragments
(Westgate, 1969).

There have been several studieé on the preglacial
channel deposits around the study area. Carlson (1967)

determined that the Sturgeon River downstream from Big Lake
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follows preglacial thalwegs for at least part of its course.
According to Carlson (p.7), the Sherwood Ridge, "probably
the expression of*a relatively erosion resistant layer
within the Edmonton Formation", -formed a vatershed. Where
this ridge intersects the present Sturgeon River along and
downstream of Reach C, the valley becomes steep-sided and
narrow. Most of the preglacial valleys are broad and gently
sloping. Therefore, Carlson postulated that this section of
the valley'may not gave been in existence preglacially,
being the result of breaching during glacial or recent
times.

Topp (1969) proposed a preglacial thalweg along the
Sturgeon Valley near the North Saskatchewan River, referred
.to herein as the "Lily Incision" (Bibby, 1974b). Bibby
(1974a) indicated a preglacial thalveg flowing :cntiﬁucusly
from near Gibbons to Big Lake, and no thalweg along the Lily
Incision. Stein (1976) also did not show a preglacial
thalweg along the Lily Incision. Westgate (1969) stated that
the Sturgeon Valley downstream of Big Lake is "undoubgtedly
of glacial origin” (p. 133). According to Kathol and
McPherson (1975, p.23):

"Data are not sufficient to determine whether the

bedrock erosion along the Sturgeon River Valley

near St Albert took place in postglacial times.”

Usually the bedrock and/or the Saskatchewan Gravels and
Sands are overlain by till. In the study area, the till
forms ground moraine, producing a fairly level to gently

rolling surface (Bayrock, 1972). The till layer is commonly
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thin where it caps bedrock highs and thicker along the

buried valleys (Bayrock and Berg, 1966). The amount of
gravel-sized particles present in the till is variable,

although generally less than ten percent. The gravel is a (jsg
mixture of the local bedrock, igneous and metamorphic rocks

from the Canadian Shield, and Devoniar, carbonate fragments

these carbonate ffagmeﬂt5; The clay fraction in the till 1is
predominantly of montmorillonite, from the local bedrock,
causing the till to be sticky (Bayrock and Hughes, 1962).
Some investigators recognized two tills in the Edmonton area
based on colour, fabric and structural differences (Rains,
1969a; Westgate, 1969). In places the Tofield Sands, "
stratified quartzose Sénd deposits, occur between the two
till layers (WEStgate{'1959). Bayrock and Hughes (1962) and
Bayrock and Berg (1966) postulated only one till layer.

Above the till deposits are sediments associated with,
Glacial Lake Edmonton. The lake was short-lived (Hughes,
1958) and there are no well-defined beaches. At the base of
the thicker sections of Glacial Lake Edmonton sediments is a
deposit of sand. The basal sands and silts grade into bedded
silts and clays which become more clayey towards the top.
Thinner sections are composed of only varved silt and clay
layers with an uppermost clayey layer (Bayrock and Hughes,
1962). The bedded silts and clays form étgep bluffs in
places along the Sturgeon Valley. The Sturgeon Valley

?luvial Ssand outcrops along the Sturgeon River downstream of
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Big Lake, and occurs further downstream where it underlies

.<31acial Lake Edmonton silts and clays. Like the other basal
sand units in the area, it is composed of cross-bedded fine
to medium sand with some silt and the deposits are from 0.6
to 9 m thick (Bayrock and Hughes, 1962). The Sturgeon River
cuts through deposits of a pitted delta south of .Bon Accord,
where Reach D is located. The delta 1is composed of fluvial
sands, some silt, minor clay and occasional till pockets.
Once the main outlet for Glacial Lake Edmonton ceased to be
acfive, only a few small lakes remained, one of which was
Big Lake (Bayrock and Hughes, 1962). Bayrock (1972)
determined that the Sturgeon Valley follows the valleys cut
by glacial "meltwater channels" in some locations, although
in many places the valley appears to have been cut

postglacially through preglacial and/or glacial sediment

Two studies have been completed on small tributarie of

the North Saskatchewan River in the Edmonton Area, one on
the Whitemud Creek (Rains, 1969b) and the other on Weed
Creek (Shelford, 1975). Both channels are thought to have
three or four terrace levels which correlate with terrace
levels identified by Westgate (1969) along the North
Saskatchewan River in the Edmonton Area. There have not been
any studies of terracesialong the Sturgeon River Valley,
although Kellerhals et al. (1972) indicated that there
exists one fragmentary terrace level in the reach around the
lower gauge. The long profiles of Weed Creek (Shelford,

1975), Whitemud Creek (Rains, 1969b), and the Sturgeon River
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downstream of Big Lake ‘pre all convex, with oversteepened
lower reaches. The convexity of these profiles may be dué to
adjustment to lowering of the North Saskatchewan River which
acts as a base level for these streams.

The effects of postglacial uplift on the Sturgeon River
have not been determined. According to Bayrock (1964),
postglacial uplift in the Edmonton area has been more rapid
in the west than in the east. The Edmonton area was
glaciatg? by Laurentide Ice and, therefore, isostatic
rebound due to the unloading of giacial ice should produce
greater uplift in the east. Thus, Bayrock attribug;s‘the
observed uplift to tectfnic origins. However, the uplift
pattern which Bayrock groposed is based on Glacial Lake
Edmonton shoreline positions which are poorly defined.

The soils of the Sturgeon Basin are predominantly
chernozems on the fairly level plain areas, and regosols on
alluvium in the river valley (Bowser et al., 1962). The
natural vegetation of the area is classified as Aspen
Poplar, composed of aspen poplar, balsam poplar, with
scattered patches of white and black spruce, and some pine
(North, 1976). Much of the level upland area has been
cleared and is being used for agricultural or residential
purposes. Near St Albert, the land use along the Sturgeon
valley is urban and suburban residential as well as some
agricultp}al and recreational use. Further downstream most
of the land in the Sturgeon Valley is eith forested,

especially where the valley walls are steep, or cleared and



-

13

used for pasture or crops. Most cf the small tributary
valleys are narrow, steep-sided,and forested.

The climate of the area (Bibby, 1974b) is continental,
with relatively wvarm summers (mean temperature, May to
September inclusive is 13.3 C), and cold winters (mean
temperature November to March in¢lu5i§e, is -8.8 C). Mean

annual g§ecipitaticn is 444.5 mm. About 70 percent of this
Q

falls as rain and most of this occurs in June, July and

August. From November %o March, the precipitation is usually
in the form of snow. The average snowfall per year is 1270

mm but ranges from 254 mm to 2286 mm. The ground is frozen

about 150 days per year on the average.

1.4 Conclusion

This chapter has provided a description of the study
area and a brief introduction to the nature of the study
undertaken on the Sturgeon River channel pattern. Gauge
records show that the Sturgeon River's water discharge
increases very little from St Albert to near the river's
mouth. C@nsequenﬁly, @ﬁe of the variables affecting planform
is held nearly constant., The Sturgeon River has a meandering
channel pattern but shows little evidence of the meandering
process. Data were collected from six short reaches of the
Sturgeon River between Eié Lake and the North Saskatchewan
River. These data have been used.tc,compafe the relations

between the planform characteristics and the other factors



thought to be affecting the planform and to compare the

Sturgeon River data relationships with relationships given

in the literature.
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2. A Review of the Literature on Meandering Channel Patterns

2.1 Introduction

One way in which a stream adjusts to imposed
environmental conditigns is by modification of its channel
pattern. Figure 3.4 illustrates some of the dimensions used
to characterise channel pattern. Some of the variables which
are thought to affect the channel's planfcri are water
discharge, sediment load and éediment in the channel
perimeter, valley and channel slope, channel cross-sectional
form, and vegetation in and around the channel. The
following chapter is a brief summary of some of the
literatureSwhich concerns how these variables interact,

2.2 Discharge Relations

In much of the early literature regarding river
activity, there is an iﬁglisit recognition that water
discharge is a control of river morphology (see Dury, (1954)
for a review of this literature). Over the past few decades,
a common approach in river morphology has been to develop
empirical reiatiaﬂs between water discharge and variables
such as channel wiath; meander planform, and channel slope.
The relations are usually expressed as power equations
plotted on log-log plots. There has been criticism of this

approach because some of these relations appear to have no

£
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physical significance (Ackers and Charlton, 1970d) and
because some of the variables do not change linearly with
discharge but rather have thresholds where abrupt
transitions occur (Richards, 1973, 1977). Nevertheless, the
log-log regression relations with discharge are relatively
simple to calculate, and often can provide an overall

picture of the relationship under consideration.

2.3 Meander Wavelength

Meander wavelength, L, (Figure 3.4) is frequently used
to characterise meander geometry in morphometric
relationships. Chately (1940) was one of the first to
suggest the use of meander wavelength in river studies.
There is gen;ral agreement in the literature that L is
related statistically, either directly or indirectly through
its relation to channel width, to some.measure of the
river's discharge. The relation between wavelength and
discharge usually involves a large scatter of points about’
the regression line. There exist practical difficulties in
measuring L (Fergyson, 1975). Also, because natural rivers
are subject to a range of discharges, it becomes necessary
to choose a value which will be most closely related to L,
referred to as the "dominant discharge” (e.g. Benson and
Thomas, 1966).

Several workers have equated dominant discharge with a

discharge at or near bankfull (Inglis, 1941; Leopold, Wolman
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and MillerfAJ964; Ackers and Charlton, 1970c). It is this
value to which the channel cross-sectional size appears to
be adjusted which implies that this is an important
channel-forming discharge. Harvey (1969) has pointed out the
problems in defining "bankfull"™, and the possible vafiaticns
in bankfull along a stream and between streams of different

character.

[1) ]

Others have proposed that discharges smaller than
bankfull are more significant. Carlston (1965) showed that
mean annual discharge and mean discharge for the month of

maximum discharge are more strongly related to L than is

_bankfull discharge. Using data from a variety of stations in

the United States, Benson and Thomas {(1966) related
discharge values to maximum sediment load (only suspended
load data were available) in order to determine which
discharge value is responsible for transporting the greatest
amount of sediment. They found that most suspended sediment
is carried during a rangé of flows much smaller than
bankfull discharge. Similarly, Harvey (13975), using data
from three E}aglisixzziversi showed that discharges smaller
than bankfull are most strongly related to L.

There has been some discussion in theglitefatufe as to
vhether L is directly or indirectly related to water
discharge. Because the statistical felaticn_betﬁeendL and W,
channel width, is stronger than that betﬁéen L and Qb,

'bagkfull discharge, Leopold and Wolman (1957) concluded that



discharge, through a direct relation with channel width.
Some field data for natural rivers indicate that L is
-typiCally between 7 and 10 times the value of channel width
{Leopold and Wolman, 1960), However, Brice (1973), for
example, found much greater variations in meander laaprsize
along the White River. |

According to the literature, the relationship between
meander wavelength and channel width ffmaiﬁs near linear
despite different channel perimeter characteristics and
through almost eight orders éf %agﬁituée, from small

laboratory streams to' the Gulf Stream (Leopold and Wolman,
1%§0; Knighton, 1972; Gorycki, 1973). Leopold and Wolman
’(l960) postulated that this indicates that meander
~wavelength is (p.769) "determineéiprimafily by the dynamics
of flow rathe; than by relation to debris load™ and*that
(p.776) "sediment alt or affects but does not cause the
meander pattern”,

There have been some attempts to provide physical
explanations for the observed relation between meander
wavelength and channel width. For example, Yalin (1977)
proposed that meanders may be the result of a horizontal
analogue to the vertical eddies responsible for bed forms,
and that the scale of the horizontal eddies is controlled by
theichannel width. Leopold and Wolman (1960) reviewed some
of the theoretical work which supports the relation between
meander wavelength and channel width and pointed out that

the theoretical relations do not agree quantitatively with
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the empirical relations obtained from the field data.

2.4 Compound Meanders

A number of investigators have described meander
patterns which "seem to consist of a meander pattern of low
~ amplitude and vavelength superimposed on a larger pattern”
(Schumm, 1963, p. 1090). These are called compound meanders
(see Brice, 1974). Compound meanders occur along the
Sturgeon River study reach in some locations.

Dury et al. (1972) described a channel of reduced
discharge which has a new, narfower width, but a planform
;hich relates to the former, larger discharges. Pools, which
usually occur only near bends in the meander pattern (see
Section 2.7). are also found between bends in channel
patterns of this type. The spacing of the pools appears to
be adapted to the present discharge regime, that is, to the
present channel width.

The Colorado River also has a large meander planform
relative to its channel width, and its pool spacing is
related to the present channel width (Baker and Penteado,_'
1975; Looney and Baker, 1977; Baker and Penteado-Orellano,
1977). The changes in the Colorado River are thought to have
been brought about by climatic changes which reduced the
channel-forming discharge. Similarly;'Hjulstrém (1949)
stated that climatic change causing smaller dominant

discharges in rivers in Sweden produced meander bends of
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small wavelength within the old, larger channel patterns.
Hjulstfém postulated that these smaller wavelength bends
would, with time, grow larger as the channels adjusted to
the new discharge regime. i

Narrowing of chann&l width in order to adjust to a
reduced dominant discharge can be achieved guickly under
some conditions by deposition of excess load. Also, if the
channel is in an environment which permits rapid
establishment éné growth of vegetation along streams, the

lants will encroach upon the channel banks, reducing the

ol

channed width (see Section 2.12).

Keller (1972) and Lewin (1972) postulated that the
development of compound meanders can be the result of a late
stage of meander growth, and not the result of a reduction
in the dominant discharge. According to Keller, the process
of meandering results in increasing channel length which may
lead to the addition of new pools in order to keep the
poalariffle spacing constant. Lewin observed that, with the
development of compound meanders, there may be formed,
within the larger meander planform, a number of smaller
benés associated with the new pools. Lewin and Keller pcth
provided examples in nature of the development of compound
meapée:s, s

 Another pcésibility,f@f the genesis of compound
meanders is that the smaller meandefs are cféated during low
flow conditions and the larger meanders by higher flows,

such as the mean annual flood (Hjulstrom, 1949; Schumm,



1963).

However, the physical significance of compound meanders
is poorly understood (Brice, 1973) and these large meander
wavelengths may not be hydraulically related to a given

discharge or channel width.

2.5 Other Measures of Meander Planform

Along with meander wavelength, several other measures
of meander planform are sometimes used in the literature.
For example, meander amplitude (Figure 3.4), is also used to
characterise meander patterns. Experiments by Friedkin
(1945), in uniform sediment at uniform water diEEharges{
produced a meandering channel with a uniform amplitude.
Knighton (1972) measured meander amplitudes of streams
flowing on reasonably homogeneous material, glacier ice, and
found that meander amplitude correlates vell with meander
wavelength. Jefferson (1902) determined that the limiting
width of the meander belt is equal to 18 times the channel
width for channels on alluvial floodplains. He considered
only "mature ‘meanders", that is to say meanders where
meander belt width is between two and three times meander
length. | )
From their analysis, Leopold and Wolman (1960) could
find no confirmation that amplitude is a function of either
L or W . They concluded that amplitude is controlled by

other factors such as the erosional characteristics of the



increases with channel discharge, although to a lesser
extent as discharge increases. Ackers and Charlton (1970a),
using data from laboratory streams in sand, determined that
amplitude is a function of Q, water discharge, but the
relation shows more scatter than does the relation between
meander wavelength and Q. Ackers and Charltcn!prepcsed that
this may result because the stable meander wavelength is
established in the experimgnts before amplitude achieves a
stable size, and because amplitude may depend strongly on
factors other than Q.

Another measure of meandér geometry is the radius of
curvature of the channel bend, Rc (Figure 3.4). The strength
of the secondary circulation in a bend is partly a function
of Rc (see Section 2.8) and so Rc affects erosion and
deposition along the bend. Hickin (1978) found that there is
an abrupt reduction in the lateral migration rate of bends
when the ratio of Rc to the channel width, W, i€ less than
2. Leopold and Wolman (1960) found that the relation between
meander wavelength, L, and Rc is almcst‘linear, Gcryckié
(1973) and Leopold and Wolman (19%%;rha;e noted that the
relations between L, Rc, and W pfzﬁiée consistent
correlations through several orders of magnitude. Leopold
and Wolman (1960) found that, for natural meandering
channels, the ratio of Rc to W is usually between 2 and 3.
Knighton (1972) calculated an average value for Rc/W of 1.7

for supraglacial streams. However, Hey (1976) used data from
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some rivers in England and found much greater variations in
this ratio than had been indicated by Leopold and Wolman
(1960).

Channel sinuosity is also used to characterise the
channel planform. Several measures of sinuosity have been
used in the literature (e.g. Mueller, 1968) but the most
common is the ratio of channel length to valley axis length
(e.qg. Schumm, 1963). The sinuosity values so obtained do not
always distinguish between very different channel patterns
(Smart, 1977). For example, a long wavelength, and high
amplitude pattern may have the same sinuosity value as a

tortuous pattern with tight bends. Schumm (1963) and Woodyer

[

(1978) found that sinuosity is significantly related to the

width to depth ratio of the nnel cross-section and to the

cha
percent of silt and clay in the channel perimeter.

2.6 Influence of Channel and Valley Slope

It has been recognised in a number of papers that rivef\
slope is related to the discharge of the channel (Leopold ~
and Wolman, 1957), the valley slope (Schumm ahd Khan, 1972;
Ackers and Charlton, 1970b), the sinuosity of the stream
(Schumm, 1977), and the sediment size (Ikeda, 1970).

Generally, smaller sediment sizes are associated with
lower channel slopes and narrower and deeper channel
cross-sections. However, as Brush (1961) and Hack (1965)

stated, a cﬂ%nge in particle size is not necessarily

-



24

associated with a change in slope. Knighton (1975) found
that, for the Bollin-Dean River system, channel slope is
well correlated to the bed sediment size, for sediments
between 16 and 64 mm, but that almost no change in slope
occurs for mean grain diameters of 4 mm or less. Knighton
postulated that this is because, for coarse material,
channel slope is adjusted to provide the shear stress
required to transport the sediment. For finer material, it
may be that channel depth, rather than channel slope is
modified to provide the shear stress required for erosion
Bnd transportation of the sediment.

Channel pattern has been shown by several investigators
tro be related to the slope of the channel and of the valley.
Channel slope-discharge relations determined by Leopold and
Wolman (1957) and Lane (1957) divide braided channels from
meandering channels. Note that Lane's eguations use mean
discharge, while Leopold and Wolman's use bankfull
discharge. Lane also observed that there are indications
that, at much lower slopes than are represented -by his
equation for meandering streams, the channel pattern becomes
very tortuous and at extremely low slopes, the streams tend
to be straight. |

Ackers and Charlton (1970b) concluded that, for their
laboratory streams, there appears to be a threshold vallgy
slope between straight channels at lower slopes and
meandering channels at higher slopes. Schumm and Khan (1971,

1972) discovered that, for laboratory streams, as valley
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slope increased, there exist two thresholds where abrupt
changes in channel pattern take place, (Figure 2.1). A

n ral example of this is the pattern of the Guadalupe
Rivel which changes from tortuous to straight with »
decreasing slope (Morton and Donaldson, 1978).

Table 2.1 lists some of the equations given 1in the
literature which express relationships between slope,
discharge, and channel pattern, and also provides
information as to the type of sediment for which these
relations were derived. To generalise, as the stream power,
either through slope or discharge, increases, the channel
first increases its sinuosity. With further increases in
stream power, the channel decreases its sinuosity and
eQentually becomes braided (Schumm and Khan, 1972; Ferguson,
1973; Leopold and Wolman, 1957).

At which slope and dischargé the transitions in channel
pattern occur depends partly on bank erodibility. For
example, if the sediments are easily erodible then the
transition to braiding may take place at a lower stream
povwer than if the sediments are more difficult to erode.
Henderson (1961) showed that the éelationship between slope
and discharge is dependent on sg@iment size for sand and
coarser particles. For Alberta rivers (Figure 2.2), sand-bed
channels plot below gravel-bed channels on the
slope-discharge graph.

Several investigators noted that the slope - discharge

- planform relations do not apply to channels which have
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TABLE 2.l1. Slope-discharge relationsnips from the literature. Tue chan-
nel slope is Sc; the valley slope is Sv; discharge 1s 0; bankfull dis-
charge is Qb; mean discharge is Jm. Where necessary, the eguations have
been converted from discharge in cusecs tc discharge in cumecs.

A. Ackers-Charlton - from Ackers and Charlton (1970a) and revised by

(1)

(i)

e
Ackers (1980), for dividing straight from frean-
dering planforms.

iy 3 N ’

Sv = 0.0008 Qb 0.21 for laboratory and natural
sand bed channels. “hen 5v
is greater than this, the
chanriel meanders.

Sc = 0.0014 Q’D’lz For laboratory chananels in

fine sand. When Sc 1s greater
than this,-the channel
meanders. .

B. Leopold-Wolman - from Leopold and Wolman (1957). for dividing

(iii)

-

C. Lare -
(iv)
(v)

D. Chang -

(vi)
(vii)
(viii)

{ix)

(x)

meandering from braided channels, for natural
streams with the median size for bed material
ranging from coarse sand to cobbles.

s 0. 44 e _ ,
Se = 0.013 Qb l When 5c is greater than
this, the pattern is
braided.

-

from Lane (1957), for natural and laboratory sand bed
streams.

) i -Q, 25 i . . .
5c = 0.0041 Qm Q.25 Describes braided channels.
o =0.25 . .
Sc = 0.0007 Qm . Describes meandering chan-
nels.
from chang (1979), for sand bed streams, Jderived from a
theoretical basis.
o o s . =0.48 o . . o
Sc = 0.J0018 Qb No bedload movement.
sv = 0,00017 QbﬁDéézB No bedload movement.
_ -3.523 (vii)45v4(viii) straight-unbraided.
Sv = 0.004 Qb " ;
-0.486 (viii)<5v<(ix) Straight-braided.
Sv = 0.0043 Qb T
' {ix)<Sv<(x) Transition from
’ straight-braided -
o to meandering.
Sv = 0.0045 95’3’42 . ) :

(x)<Sv v From mesandering
to steep braided.
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"cohesive channel perimeters. Lane (1957) found that the Red
River, a meandering river which has cohesive bank material,
has g much Iower slope than the slope yielded by his
empirical relationship for meandering rivers. Chang (1979)
found that some sinuous channels plotted in the "straight”
region of his graph, and postulated that (p. 323) "Possible

steeper side slcges than those used in constructing the
diagram.” Riley (1975) studied the Namoi-Gwydir distributary
system in which the channel banks and fregently the channel
beds are cohesive. These channels are highly sinuous and yet
some of the data points plot in the "straight” region of the
Ackers-Charlton relationship. Riley postulated that this may
be because-the channels in the Namoi-Gwydir system are not
"live-bedded” and so the Ackers-Charlton relationship is not
épplicableg Taylor and Woodyer (1978) studied the
Barwon-Darling River, which is part of the Namoi-Gwydir
system and which has a very low slope and a highly sinuous
channel planform. Although much of this channel is
live-bedded (i.e. has transport of sandf bed materiél) the
banks have been stabilised by cl%y, Taylor and Ha@dye}-
conclude that, for the Ackers-Charlton relationship to
apply, channels must have both live beds and live banks.

The data shown in Table 2.2 are for channels in which
part or all of the channel perimeter is composed of fine

cohesive material, and the bed material is not coarser than

sand. No authors provided valley slope data, although it has



TABLE 2.2. Data from the literature for channels with cohesiv# Eaterial Ln the channel perimeter.
River Source 7lanform Sinuosity Channsl Valaey % an Barxfull Chanral
slopw flope* di,i@.-;;r;i ﬂ;ii%i,’:i PEELBgLAF
LS ¥ 2°/3) sedimentcs
Namoi - Riiey (197%) Tortuous n/s? 3.20036 4,8 L} 530
Qwydir - 2.000%6 - 51 104 milt &
system - J.00006 = 3 - [ & clay: silt
- 0.00012% = T 133 & clsy banks
- 2.0003¢ = 38 =03 with sand
— 9.0001% i 203 bed
- 7.00011% - 23 174
- 0.00091 = i1 147
- 3.00018 : & 7%
Illinois Lane (13%7)  sStraight- N/S J.00001 N/% 423 1942  sand bad
braided (Larel) ;8ilt
bad, silt &
clay banks
(Rubay, '19%2)
Aed River Lane (19%7) Mesandering N/S (a)}0.000127 H/3 13 116 cohesive
. () 0.000049 . 2 453 Dpneni somm
on bad
: %
st Clair Lane (1937)  Straighe- L V2 ] 9.000023  N/% 5192 14158  soms coh=
. braided ERLVE RACAT-
¥al;: sand
' bad
Nile Lane (19%7) Straight- n/s 0.000078 H/S 1554 6130 clay banks
braided sand bad
Nooksack Lane (19%7) Straight n/s 0.2004% . V4] L} ] 564 “fine"
Yangtse Lane (1957} ~ Straight~ w/s (a)0.00002) us 15485 JLi4%  sand beds:
braided - (b)0.00002 - - - *  zoms cohesive
natearial
-
Jerdigris Lane (19%7) mnud-rtg N/S 0.0001)8 L74 ] s - 630  sand bud:
soms cehasive
" material
Assiniboine Lane (1987) Tortuous /s #0.0002 [ 72 B 47 "340 on Glagial
Laky Agassiz
= : PLELR
® .
Minnesoca Lane (1937)  Tortuous n/8 0.00014 n/s [ 3 451 former gut-
: lat of G. L.
Agasaix
Athabascs Kellerhals straighe with 1 0.0002) 0.0022 i 2210 samd bed
pelow et al.(1972) sosme 1slands;  with leeal
Mcrurray sntrenched gravel, clay
: ‘ Edil€r sroali-
Athabasca Xellerhals Irreqular se- 1.38 0.00009 5.00012 787 280% silt & sand
at Embarras et al. (1972) anders vith islands clay & sile
Airpore N occasiopally con- N TBanks; sand
fined bad
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TABLE 2.2. continued: -
‘
Rwsr Source Planform Sinuosity Channel Valley Mean sankfull Channel
. slope siope discharge discharge perisetar
(al/s) (m”/8) sediments
Last Xellerhals Lrreqular with 1.4 0.2005 0.0007 6.9 9 silt & sand
Prairie st al.(1972) islands; tortu- or clay & silt
ous meandexs up- banks; sand
stresm, swasp down- bed
stream R .
Swan Kell als Tortuous meanders. 1.7 0.2002 0.00034 13 149 clay & silt
et al. m13-reach straighter banks: sand
(1972) . bed
vermillion Xellerhils Tortuous meaaders 2.2 0.00017 0.000814 1.4 ® silt & sand,
ot al.(1972) mod.erodible
rock banks;
silt & sand Ded
Lessar Kellerhals Contorted msanders 2.0 0.00011 0.00022 44 9 silt & sand
Slave et al. (197D} banks: sand
R or silt bed
Pembina Xellerhals Irreqular seanders 2.0 0.00011 0.00022 41 190  silt & sand
at Jarvie et al. with point bars banks; sand
(1972) with local
qravel over
clay dbed
‘\ N
Upper smith Anastomos ing 1.16 0.000096 0.000096¢ 37 271 sand bed,
Columbia (pers. COmm. (maximum) fine banks
1980}
1 valley slope = channel slope x sinuosity for the Kallazhals st al. daca .
2 N/S - a0t specified .
3 Combined discharges of the sour channels of the anastomosed river
a .
AN
“ N
1 . ~
. . . Pt R s R LI . .
. . R E g - L -
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been calculated here where both channel slope and sinuosity
values were given. Because very few data points vere
availablei‘alsc included are tortuous channels from Lane
(1957) which have sandy beds and which may have silty or
silty-clay baﬂks, perhaps glacio-lacustrine sediments: the
Assiniboine and Minnesota rivers.

The data are of variable comparability. Riley (1975)
did not specify which channels have perimeters entirely of
silt and clay and which have perimeters partly composed of
sand, Smith's (1980, pers. comm.)and Riley's bankfull

discharge values have been converted to mean annual

converted to bankfull values using Chang's (1979, Figure 13)
relationship. Note that Chang states that much scatter
occurs at lower discharges (i.e. from about 0.3 cumecs to 28
cumecs) for his bankfull-mean discharge relationship. The
bankfull discharge used for the Kellerhals et al. (1972)
data is the two-year flood. Although Kellerhals et al.

provide bankfull values for some reaches, most of the values

.are relatively large i.e, greater than the five-year flood

(see Kellerhals and Church, 1980). The two-year flood

discharge was selected-on the basis of evidence from Bray

(1972) which indicates that some bed material movement

occurred at this discharge freguency, that is it may be the
channel-forming discharge.
The channel pattern descriptions given in Table 2.2 are

from the source of the data except for the Yangtze, St.
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e
Clair, Nile and Illinois rivers. Lane described these stream
as "braided” in his Table I and "straight"™ in the text of
his article. These channels appear to correspond to Chang's
"straight-braided"” classification. They occur on very low
slopes and are almost straight but have occasional islands
which, in some cases, seem to occur at regular intervals.
Generally, most of the data points occur in the middle
~range of discharges. The scatter on Figures 2.3 and 2.4 may
be attributed,‘in part, to the variation in the accuracies
of the bankfull values and the slope values and perhaps
because of the varying proportions of silt and clay in the
channel perimeters of the different channels
All the data points occur at relatively low slopes and
there doés not appear to be any trend towards a change in
channel pattern with a change in slope. There may be a
change from tortuous to braided-meandering, braided or
straight-braided with increasing discharge. However, with so
few data points, it is difficult to know if this is an
actual trend or only the result of the small sample size.
These channels plot within the same region of Figures
2.2, 2.3, and 2.4 as the sand-bed channels and, in fact,
most of these channels do have sand beds. Many of the
streams plot below the channel pattern relations established
by Lane for sand-bed channels. All of the streams plot above
. Chang's "no bedload movement" line except the upper part of
Reach A ('straight portion') of the Sturgeon River. For

small discharges the channel pattern changes greatly with a
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small change in slope according to Chang. There are very few
points with valley slope data. However, the locations of
these few points do not correspond with either Chang's or
the Ackers-Charlton relationship.

Conseqguently, although there may or may not be
slope-discharge thresholds for pattern change in channels
with cohesive channel perimeters, the values obtained for
channels in sand and gravel do not apply to channels with

cohesive materials, according to the available data.

2.7 Channel Cross-sectional Form

The size of a stream cross-section is predominantly a
function of the magnitude of the dominant discharge
(Leopold, Wolman, and Miller, 1964). There has been some
work which suggests that it may also be affected by the
channel planform (A:kefsxand Charlton, 1970a; Schumm and
Khan, 1972). However, the nature of the relation is unclear.

A channel of éemicif:ulaf cross-section has the largest
possible hydraulic radius, and vater will flow fastest in a
channel of this shape (Rubey, 1952). However, if the channel
has erodible walls, it will not be able to maintain a
semicircular cross-section. Thus, natural channels have
widths which are much greater than their depths.

Usually associated with a meander pattern are "pools”,
or "deeps”, at the bends in the planform, and "riffles", or

"shallows", at the inflection points of the meander pattern.



Typically, the riffles have a trapezoidal cross-sectional
shape. The maximum depths in pools are usually skewed
towards .the outside of the bends (Friedkin, 1945). Often
pools are located just downstream of the apex of the meander
bend but may be just upstream of the apex or almost at the
cross-over (Leopold and Wolman, 1960). As discussed above,

\]
pools also may occur between bends as well as at bends (see

Section 2.4).

Laboratory studies indicate that pool development is an
integral part of meandering in sand bed streams. Ackers and
Charlton (1970a) observed that shoals and deeps begin to
form along the channel at alternate sides of the channel.
Initially, the channel remains straight while the shoals
migrate downstream. Then "almost simultaneously"” (p. 259),
embayments are eroded in the the banks beside the deeps, and
a meandering planform is developed. Schumm and Khan (1972)
sﬁawed that a relatively straight laboratory channel with a
pattern of alternating shoals develops into a truly
meandering planform only when the shoals are stabilised by
the deposition of clay, which had been added to the flow as
suspended load.

In the above two studies, the development of pools
occurs before the meandering planform is produced. The pools
and shoals of the straight pattern develop into the pools
and point bars of the meandering pattern. Thus, these
experiments seem to indicate that, for a meandering planform

, ) .
to develop in sand bed channels, initially there must be a
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pattern of alternating shallows and deeps. It is important
to note that the occurrence of pools and shoals is not
characteristic of all meandering channels. Prus-Chacinski
(1971) observed that shoals do not occur in some clay and

silt bed channels.

2.8 Flow iq, Bends

Once a bend in the planform develops, the main flow of
the water follows a curved path around the bend. A pressure
gradient is set up across the channel as the centrifudal
force causes the water particles to move towards the outside
of the bend. The water surface is higher along the outside
of the bend as compared to the inside of the bend and so the
pressure is greater along the outside of the bend. The
bottom layers of water are slowed by friction with the bed
to a greater degree than the upper layers of water.
Centrifugal force is a function of the mass of the water and
the square of the velocity of the flow, and inversely
related to the radius of curvature of the bend. Thus, the
of its relatively slow velocity. The retarded wate; along
the bed tends to flow towards and up the inside of the bend,
where the pressure is lowest, and the upper layers of water
along the outside of the bend tend to flow downward along
the bank. Thus, a secondary helicoidal flow is set up in the

bend. There is erosion along the outside bank by the
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downward flowing water and deposition along the inside bank
by the rising water. For more detailed discussions of
helical flow in bends, see Thomson (1876), Prus-Chacinski

(1958), and Leopold and Wolman (1960).

2;9 Channelisation

Channel readjustments to artificial straightening and
removal of pool and riffle seguences have been described in
several papers. Ferguson (1973, p. 38) stated that
adjustment to man-induced channel pattern changes "seem toO
require only tens or hundreds of years" and that "bed slope
is much more readily adjusted via sinuosity than by &
aggradation or incision”. However, neither of these
observations is strongly supported by other studies. In
fact, headward erosion, and downstream depgsitian are common
results after channelisation (Daniels, 1960; Emerson, 1971;
Yearke, 1971; and Morisawa, 1974). Some investigators
observed that, initially, these adjustments occur !apidlyg
but, with time, the rate of change declines (Daniels, 1960;

Yearke, 1971).

Il

n some cases, the straightened streams are
able to create new pool and riffle seqguences (Keller, 1975,
1978; Morisawa, 1975). It is not clear from the literature
if these chaﬁnels are able to return to a meandering
planform or only to a meandering thalweg. Sometimes the
readjustment to form a meandering thalweg is rapid

(Morisawa, 1974; Keller, 1978) but in other cases, the pool
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and riffle sequences are only poorly developed and unstable
even after. many years (Keller, 1975, 1978). Emerson (1971)
cited an example wherein a river was channelised 60 yea:s'-
previous to his observations, but was still entrenching, and
showed no sign of returning to a meandefiﬁg planform. Noble
and Palmguist (1968) found that the crcss=sectianal.fcfm of
some straightened channels eventually came to equilibrium
with the bank sediment type, but that even after 70 to 80
years, meander wavelength and amplitude were not correlated
with the percent of silt and clay in the banks. Keller
(1978) postulated that if a séfaightened sﬁannel remains
below a  .threshold slope, then the channel will be able to

reform pool and riffle seguences.

2.10 Influence of Channel Perimeter Sediment and Sediment
Load

Streams are ablé to meander in a variety of media
(Tanner, 1960; Lecpeldiaﬁd Wolman, 1960; Zeller, 1967). The
relationships between meandef;ﬁavelength, and channel yiéth,
and between radius of curvature and channel width are
similar, despite different media (Léc@cld and Wolman, 1960;
Gorycki, 19?3), According to Leopold and Wolman (1960, p.
769), this implies that meander ehape is "determined
primarily by the dynamics of flow rather than by the
rgiatian to debris load". However, athgrvstuéiés Save

indicated that, for alluvial rivers, sediment transport and
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friction are necessary to the development of meandering
(e.g. Parker, 1976).

The amount of sediment load has been shown to be
important. Griggs (1906) performed some simple experiments
in order to investigate the effect of load on channels. A
small swift stream was forced to follow a meandering
planform. At a point about halfway along the stream's
course, sand was added as fast as it could be carried away.
In the lower portion ;f the channel, point bars developed
and concave banks were eroded. The lightly-loaded upper half
of the channel became straighter than the originally imposed
pattern. Friedkin (1945) found that only one rate of sand
feeding will maintain a given channel cross-section and
slope. If there is less load than required, the channel
deepens and flattens; if there is more than required,
aggfadatiéﬁ occurs at the upper end of the channel and the
slope steepens.

Also important is the type of load which the channel is
transporting. As discussed above, in laboratory experiments
by Schumm and Khan (1971, 1972), the planform of the streams
becomes truly meandering, as compared to a meandering
thalweg within a straight pattern, only when suspendeé load
is introduced into the channel and the bed load fed into the
channel is reduced. Schumm and Khan postulated that the clay
stabilises the alternate bars of the meandering thalwdg.
This causes scour and deepening of the thalweg, permitting

the alternate bars to emerge to form point bars and
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sinuosity to increase. Another result of the addition of
suspended load to Schumm's and Khan's laboratory streams is
an increase in channel depth, a decrease in width and an

overall decrease in cross-sectional area.

Field data on the effect of fine sediments on river
channel geometry have been studied by Schumm in several
publications (1960a,b, 1961a,b, 1963). Although there has
been some criticism of Schumm's mathgmati;al analysis
(Melton, 1961; Miller and Onesti, 1979), there is general
agreement that the pr@partién of fine sediment in thé
channel perimeter is at least weakly related to the channel
geometry (Ferguson, 1973; Morton and Donaldson, 1978; Miller
and Onesti, 1979). Fine particles like silt and clay are
usually transported as suapended load, while coarser
particles are carried as tractive load. The clay fraction of
the sediment acts to decrease the permeability of the
channel perimetér and to increase the cohesiveness and thus
to increase the resistance to erosion of the channel
perimeter.

Schumm determined that W/D, the channel width to
chaﬁnel depth ratio, is significantly related to M, a
weighted silt-clay factor. M is weighted in order to
represent the percent of silt and cléy in the entire channel
perimeter. Melton (1961) criticised Schumm's analysis
primarily because M includes channel width and channel
depth. Thus, according t@_Heltan, W/D and M are

mathematically related, creating a falsely high degree of
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correlation. Ferguson (1973) reanalysed Schumm's data and
found that the per c;nt silt-clay in the banks is only
weakly related to channel widthy Miller and Onesti (1979)
also reanalysed Schumm's data. They determined that there is

a significant (at the 99% level of significance)

relationship between W/D and and the percent silt-clay in

the banks and a very poor relationship between W/D and the
percent silt-clay in the channel bed and between W/D and the

median grain size.
Leopold and Maddock (1953) found, from regression
analysis, that a river carrying a large proportion of bed

oad usually has a wide, shallow channel, while a river

[

carrying a high proportion of 5u5§gnéeé load has a deep,
narrow channel. Wolman and Brush (1961) using flume data and
some field data, determined that channel cross-sectional
shape is a function of the angle of repose of the bank
material and the force required to move the material.

Local variability in sediment type can also be
important. Friedkin (1945) showed that iniunifgrmly erodible
sandy sediment, uniform meanders are formed and the whole
meander pattern tends to migrate uniformly downstream
without forming cutoffs. In bank material of uneven
erodibility, the meander shape varies from 1cafamplitude
curves to sharp bends. Cut-offs can form if erosion on the
downstream arm of the bends is relatively slow as compared
to that on the upstream arm due to more resistant material

in the downstream arm. Locally resistant banks have been
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observed by Carey (1369) to generate sharp-angled bends.

When the stream impinges upon these relatively inerodible

i
banks, a large eddy may form upstream, causing a local
widening of the channel.

For alluvial rivers on the Great Plains, narrow and

deep rivers with a Bigh percent of silt and clay in their
perimeters usually have higher sinuosities, while wide,
shallawiﬁhannels with coarser sediments are of low sinuosity
(Schumm, 1963). Schumm (1967) showed that meandering rivers
meander wavelengths than meandering rivers of similar
discharge but transporting predominantly fine sediments.
studies on the past and present regimes of the Colorado
River (Baker and Penteado, 1975; Looney and Baker, 1977)
indicate that;the low sinuosity phases of the river were
gravel-transporting, wide Ehanﬁels¢ Higher sinucsitj phases
carried. sand and silt, and had narrowver cgannelsi Phases
with maximum sinuosity had significant quantities of silt

and clay in their Beposits.

“2.11 Channels with Low Slopes and Fine Sediments

Several authors have investigated streams with very low
valley slopes, and banks with high proportionsf fine
sediment. Griggs (1906) described the Buffalo River, the ¥
1cwérrfeach of which flows on the Glacial Lake Agassiz
Plain. This portion of the river has a low slope, clay banks

-
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and very turbid waters. it,is extremely crooked in planform,
its bends are relatively stationary and cut-offs are rare,
and the river appears to be cutting both banks in many
places. Lane (1957) discussed the Red River which also flows
through Glacial Lake Agassiz sediments. The Red River has a
low slope, high sinuosity aéd few cut-offs. The banks are of
clay loam and the water in the river is very turbid. Lane
believed that the slow migration of the river is due to the
low channel slope which limits the ability of the stream to
atta;k its banks. Welch (1973) observed for the Red River in
the Winnipeg area, that active erosion is ocgurring on the
inside banks of bends, while™the outside banks appear to be
relatively stable. He did not propose that this was
characteristic of low slope - suspended 1@36 streams:
Instead, he penglated that it was due to channel
straightening.

Rubey (1952) observed that the Illinois River cafries a
fine sedlmeqf 1cad has banks of clayey-silt, and narrow
channel cra55=5ectlcns. It was not actively ercﬂ1ng its
banks and had not shifted laterally for many years at the

ubey studied it. It has no scroll bar

(see Table 4.4)

T:U‘
0]

time ¥
on its floodplain, although there are levees along its
banks. It has a very low channel slope caused by low valley
slope rather than channel sinuosity.

Woodyer et al.(1979) studied a reach along the Barwon
River, a very low gradient stream carrying pfedamihantly

suspended load. The channel is narrow and deep, the average
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width to depth ratio being 8. It has a felatiéely high
sinuosit{ of 2.3. Most of the suspended load is clay and the
bed material is variable in mean sediment size, ranging from
sand to clay. The Barwon River has not shifted position
significantly since at least 1848, although there is local
bank erosion on the outside banks of bends in some places.
There is no ridge and swale topography assaciized with the
current phase of the river. The active floodplain is (p.
117) "a narrow and discontinuous surface within the stream
channel®™. These within-channel benches are deposited along
the banks of the stream, the higher benches being flooded
about once per year. Woodyer et al. proposed that
constriction of the channel by these benches may be one
cause of channel avulsia;i |

Generalising, channels with low valley slopes and
perimeters of predominantly silt and clay, usually transport
a large proportion of suspenaéé load and are often tortuous
in planform. They are usually characterised by narrow, deep
cross-sections. Théy appear to migrate only very slowly and
lack the ridge and swale topography which often

characterises more rapidly migrating meandering channels.

2.12 Effects of Riparian and Aquatic Vegetation
The vegetation along the channel, riparian vegetation,
and in the channel, aquatic vegetation, may affect the

" channel morphology. Maddock (1972) described some of the



effects of vegetation along the river banks. It increases
bank resistance to erosion by binding the bank sediment with
plant roots. It encourages deposition of sediments by
lowering the velocity of the water when it encounters the
vegetation. Riparian vegetation encroaches upon the channel
bed at low flow, reducing the effective width of the
channel. Many qgualitative observations have been made
concerning the effect of riparian vegetation, although few
quantitative investigations have been made (e.g. Burkham,
1972; Smith, 1976).

1f riparian vegetation established at low flow grows
larde and strong enough to withstand higher flows, the
channel width will be reduced and the channel depth may be
increased as erosion is concentrated on the bottom of the
channel- (Maddock, 1972; Hadley, 1961; Smith, 1976; Burkham,
1972). During very high flows, if the river cannot widen
itself because of the effects of the riparian vegetation,
much of the flood waters may be forced over the banks aﬂﬂ/or
the channel may cut dawnwafd_(Smith; 1976). 1f the
vegetation has deep roots whi:h protect the banks against
erosion, and if it has time enough between major floods to
secure itself, the channel may be very slow to migrate
(Leopold and Wolman, 1957). Schumm and Lichty (1961) and
Nevins (1969) described changes from wide, shallow channels
to narrower, meandering channels with the growth of E

stabilising bank vegetation.



”

48

Aguatic vegetation, like riparian vegetation,
stabilises channel perimeter sediments, slows the wvater
velocity which encourages sediment deposition, physically
traps debris around which sediments can accumulate, and

. .
reduces channel cross-sectional area (Stephens et al., 1963;
Guscio et al., 1965; Gaudet, 1974).

According to Gaudet (1974), emergent aquatic plants,
those which have only their lower portions submersed (Klots,
1966), are the most effective at trapping silt. If the water
current becomes strong enough, submersed aquatic plants,
those which are entirely submersed (Klots, 1966), will be
depreé%eﬁ and no longer able to reduce the velocity as
effectivély. Nevertheless, if submersed water plants occur
in thick mats, their effect can be important” (Stephens et
al., 1963).

Vegetation acts to modify sediment and flow conditioné
in channels. There is some debate in the literature as to
whether it is an active or passive agent (Everitt, 1979;
Graf, 1979). Its main effect may be the augmentation of
channel characteristics already present, by increasing

deposition on and stabilising slow-moving and/or shallow

areas in the channel.
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2.13 Conclusions

Me#nder wavelength, amplitude, radius of curvature and
sinuosity have all been used in the literature to
characterise meander shape in order to calculate simple
relations between meander planform and other relevant
variables. Variations in cross-sectional form, channel and
valley slope, sediment, water discharge, and vegetation are
all interrelated with variations in channel planform.
However, the changes and adjustments which a river makes are
often quite complex, especially along natural rivers where
many characteristics may vary to different degrees along a

given reach.



3. TECHNIQUES OF DATA COLLECTION AND ANALYSIS

3.1 Introduction

In this chapter, the techniqgues for field data
collection, laboratory analysis, and mathematical analysis
are described along with the problems involved. The
technigues discussed are cross-sectional measurement,
sediment sampling, laboratory sediment size analysi:,
mathematical analysis of the sediment data, planform and
slope measurement, and mathematical analysis of the

.relations between the variables under consideration.

3.2 Channel Cross-sectional Data

The cross-sectiénal data for Reach A are from Szabon
(1975) and Yaremko (1968). All the other channel
cross-sections were measured at two different times by me.
Initially, the entire éf@ES*sectién was to be measured when
ice covered the channel. Hovever, difficulties in drilling
through the thick ice cover prevented this. Therefore,
during the winter, the ice surface widths and the
cross-sections above the ice level were measured. The next
summer, the cross-sections below the water surface were

measured. These two portions were then fitted together.
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3.2.1 Field Measurement of Cross-sections -

The above-ice-level cross-sections were measured using
a self-levelling Wild level and a stadia rod. Because there
was snow along the channel banks in some places, the channel
edge was sometimes difficult to define precisely. Thus, the
channel widths may be slightly too large or too small. Reeds
and small bars also obscured the channel edge. The magnitude
of the error in defining the banks is not known.

To measure the below-wvater cross-sections, a calibrated
rope was‘stretcheé across the channel for width measurements-
and a calibrated pole was used to measure depths. Depths
were measured at approximately metre intervals uhaéever the
" total channel width. The pole had a small platform on the
bottom to keep the pole resting on the bed surface, rather
than penetrating into loosely compacted river muds.

This -method was simple, and required inf a single

™

person, but was not very accurate, The rope wvwas calibrated
when dry and it stretched slightly when wet, méking the ;
measured width values smaller than the actual widths. Also,
when the river current was strong, the line gf the rope
across the channel became slightly curved, causing the
measured widths to be greater than the actual widths. There
was no way to ascertain if-the pole vas exactly vertical ané-
so the measuredﬁdepthg may be slightly greater than the
actual depths.

Unfortunately, there was never a comparison made of the

rope-pole measurements with more accurate surveying methods.



The depth errors are likely greater when the channel is
relatively deep because, with only a short ‘gth of pole
above water, it becomes difficult to judge ;hether or not
the pole is near vertical. Similarly, the wider the channel
and the faster the current, the greater the errors in width
measurement.

In reaches B and C, wide areas of reeds are found along
the channel margins. It was extremely difficult to go
through these reeds. It was also extremely difficult to find
exactly where the water's edge occurred because the slope of-
the banks was very géntle and the ground surface was
irregular. Thus, for convenience, the boundary of the
emergent aquatic plants along the channel was used as the
edge of the channel for meagurement_purpésesi There is some
justification for using the reeds as the channel boundary.
At the time of measurement, the reeds interfered with the
water flow, so that the water was generally stagnant around
them. Therefore, the portion of the channel in which most of
the water flows was that beyond the reeés. It is obvious, |
however, that the reeds are subject to natural variatiéns
and that the "reed boundary" is not a continuous line.
Furthermore, the submersed aguatic plants also appreciably
reduced flow velocities along the channel margins but the
decisicﬁ Hés made to use the emergent -aquatic plants for the
boundary since their boundary was generally easier to

delimit.
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3.2.2 Fitting the Cross-sections

On; major problem in fitting the above-ice-level
cross-sections to the below-water-level cross-sections is
that the ice levels and the water levels do not represent
exactly the same discharges. It was assumed that the
discharges were approximately the same. The above-ice-level
cross-sections were measured between November and December
in 1978. The last discharge measurements in 1978 were 2.57
cumecs at the gauge near Fort Saskatchewan and 2.06 cumecs
at the St Albert gauge. Both measurements were taken on
November 2. Freeze-up took place shortly after this, in
mid-November, for the reaches near St Albert. The faster
flowing water in gravel bed reaches fufther downstream
probably froze at slightly later dates. There was some
precipitation between November 2 and the mid-November
freeze-up. Therefore the discharges may have been slightly
higher at freeze-up. The below-water-level cross-sections
were surveyed at discharges between 1.72 cumecs and 3.10
cumecs. Thus, the stages of the two sets of cross-sectional
data should be roughay comparable.

Another problem in fitting the data is that there are
errors in both the above-ice-level and below-water-level
crossi§ectional data, and the magnitudes of these errors are
not known. -~

In Reach E particularly, the exact locations of some of
the cross-sections were difficult to reestablish in order to

make the second set of measurements. In most other reaches,

~
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some object, such as a fence post, could be used as a marker
of the cross-sectional location, but Reach E was

predominantly forested.

3

some reaches, the fit of the two parts of

1
O
s

cross-sections was relatively easy. That is, when the water
surface widths fitted almost exactly with the ice surface
widths, no adjustments were made. In other reaches, there
was a markeé difference between the two measured widths. In
these cases, the praceés of fitting together the two
pctﬁié@i was rather subjective. As discussed above, errors
were possible in measurements of both types of
cross-sections..

The two parts of each cross-section were place§
together so that approximately the same bank slope ias
maintained above and below water for steep banks. For gently
sloping banks, it was assumed that the bank slope did ﬁat
change greatly from the above-ice bank slope to the
below-water bank slc?e, Where the above-ice and below-water
bank slopes did not match well, both were adjusted to fit an
averaged sla@e value,

For Reagh B and much of Reach C, the above-ice and
below-water cross-sections fitted together without any
'adjustments. The narrow, aeep cross-sections at the
downstream end of Reach C required more adjustment, probably
in part because of the occurrence of small barslalgng the
channel sides (Figure 3.1). The problems caused by bars

along the channel margins also apply to some cross-sections
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Figure 3.1 Comparison of measured ce-surface

width with measured water-surface width when
small bars occur along the channel margin.
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in reaches D, E, and F.
('

The worst fitting cross-sections were for Reach E. The
above-ice cross-sections were surveyed when the snow cover
was greatest. Also, as noted above, it was difficult to
identify exactly cross-section locations when the
below-water form was measured the following summer.

Occasionally, the above-ice cross-sections did not have
an exactly level ice surface. The average difference between
the elevations of the left and right side of the channel was
4 cm over a 15 m width. Part of this may be measurement
error in reading the level. It was assumed that most of the
difference was caused by a small bar, that is the elevation
of the bar, not of the ice surface was measured. In all
cases, this assumption is in aqgreement with the below-water
cross-sectional information.
| The "observed" channel width referred to here is the
fitted water/ice gurface width,»Observed channel mean depth
is the ave;age of all the measured depths from the water/ice
surface width. Observed channel maximum depth is the maximum
measured distance below the water/ice surface. Observed
channel cross-sectional area was calculated uﬁing a computer
program to sum the areas of the trapezoids which are formed

by the width and depth data.
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3.2.3 Bankfull Cross-sections
There has been much discussion in the 1i£gratu:e

felating to which discharge or combination of discharges is
the dominant discharge (see Section 2.3). Frequently, .the
"bankfull” values are selected for use in analysis of
chanﬁel characteristics, "bankfull™ being "a flow which just
fills the éh;nnel to the tops of the banks", (Williams,
1978, p.1f31&. If it is decided to use bankfull data in the
analysis, then the problem becomes how to define “pankfull‘i
Ajthough the concept of bankfull is relatively simple, it 1is
sometimes difficult to apply in practice., For. a critical
discussion of the various measures of bankfull stage and
bankfull discharge, see Williams (1978). In terms of the
present study, there were numerous difficulties in
determining which stage and discharge should be used as a
measure of bankfull in order to permit comparison with
relationships between the bankfull hydraulic geometry
va;ués, ahd channel pattern or sedimentary characteristics
found. for the Sturgeon River with those found in the
literature, as weil as for comparison between different
parts of individual Sturgeon River reaches--

~ Putting Pside the problems involved with the following
methods (Riley, 1972; Williams, 1978), grain size or
vegetation changes as markers of the bankfull stage could
'not be utilised here because the elevations of these
characteristics were not measured. In some reaches there éié
not appear to be a consistent downstream vegetation or
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sediment change with elevation above the river bed. Also, .

many of the reaches were surveyed when snow was covering
these features,

There were problems in utilising hydraulic geemﬁéfé
stage, and the stage which is associated with the break in

the slope on these plots is named as the "bankfull" 5£agei

For the Sturgeon River, the breaks in the slopes occur at

7]
lns

ages which represent markedly different discharges in
different p@ftians of individual reaches. Therefore, it is '
difficult to compare the :haractgristigsralang a given reach
in some cases. Furthermore, it is not knéwn which discharge
values these different 5£ages represent. Also, in some
reaches, the breaks in slopes occur near the 1 in 80 year
flood stage, and in some places, the breaks in slopes occur
at discharges lawér than the mean discharge. These unusually
low and unusually high recurrence intervals may not be
comparable to bankfull relations given in the literature.
The very low recurrence intéfvéls are probably not-
hydraulically meaningful. That is, if this river is
degrading, then the breaks in the slopes which are
associated with very high stages are probably related to a a
former floodplain (Kellerhals and Church, 1980).

There were also problems in selecting a stage
associated with some specified discharge interval thought to

be related to channel geometry. The stage was not measured



éi differ@nat discﬁarges for each cross-section or even for
selected cross-sections. All cross-sections measured by me
were surveyed at discharges slightly below mean discharge.
Tﬁerefore, stage-discharge curves for the various
cross-sections could not be developed. The stage-discharge
curves for the two gauges are not applicable to the
cross-sections in most reaches because of the greatly
differing cross-sectional forms, channel slopes, channel
patterns, bed materials and vegetational roughness.

The Manning Eguation cannot be used to estimate -a,value
because the surveyed slope data are for very low discharges
and so are not equivalent to bankfull slopes. The other
slope data are from map sheets and so are not accurate
enough for such calculations. Also, there is no means for
estimating Manning's n, the roughness coefficient, at
bankfull and it seems unlikely that it would fe£éiﬁ constant
with increasing discharge especially in some féaches where
bank vegetation is importanti.

Two measures of bankfull were taken, both employing
Wolman's (1955) method because the width and depth data
necessary for the.calcuiati@ns were available. In addition
to these "break-in-slope" values, the cross-sectional values
based on the water level at the time of survey were also
used in the data analysis. These "observed"” water levels
represent appfoximately the same discharge throughout any
given reach, and in fact all the reaches measufeé by me were

surveyed at about the same discharge (Table 3.1).

\
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TABLE 3.1. wWater discharges at the times that the below-water cross-
sections were measured (Canada Inland Waters Directorate, 1980). Cross- .

section locations are shown on figures 4.1, 4.21,

4.26, and 4.31.

- Reach Cfoss—section Discharge
Gauge near Gauge at
Fort Saskatchewan St Albert
(m3/$) (m>/s)
Reach B 1,2,2i,2ii, 267 1.89
2iii,3,4
Reach C ©1,2,3,31,4.5 a 2.67 1.89
Reach C 6,61 1.81 1.88
Reach C 4i ) . 1.74 1.76
Upstream of 1.86 1.72
Reach D )
Reach D 1,2,3,4,5,6 2.47 2.50
Reach E 1,2,3,4,5.,6 2.57 2.56
Reach F 1,2,3 . 3.10 2.85
Reach F 4,5,6 ’ 2.72 2.80
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AsAdepth gradually increases from the channel bottom
upwards, the water level where the width first begins to
increase rapidly with a small increase in depth is called
the "first-break-in-slope" water level. In portions of
reaches A to C, the first-break-in-slope water level is at
approximately th%,cbserved water level. This is referred to
here as the "first-break-in-slope” stage. This

"first-break-in-slope" value for these reaches sometimes

et

represents a relatively high freguency discharge in
comparison to the bankfull freguencies given in the
literature. Therefore, the break in the slope of the (width
vs depth) line which occurs where the valley flat begins was
also used in the analysis, and is referred to here as the
"valley-flat break-in-slope". For the Reaches D, E, and F,
the "first-break-in-slope” is close to or equal to the
"valley-flat break-in-slope” for most cross-sections.

A major problem arose in measuringithe valley-flat
break-in-slope data, particularly for Reaches B and C as
well as for some cross-sections in other reaches. The
cross-sections which I surveyed were not always long enough
to attain the valley-flat break-in-slope elevation on both
sides of the cross-section. In order to get a rough
approximation of this value, the measured data were
extrapolated using the last two data points (Figure 3.2).
TEis is meant to prigiée only a gqualitative comparison ta.
thé first-break-in-slope data for reaches B and C, and the

values were rarely used for mathematical analysis. In the
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Figure 3.2 Extrapolation of a valley-flat
break-in-slope cross-section.
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other reaches, the extrapolated lengths are small and the
cross-sectional values are thought to be more feléable,

For both the first-break-in-slope and the valley-flat
break-in-slope cross-sections channel width and channel mean
and maximum depths were calculated in the same ways as those
for the observed data (see Section 3.2.2). Channel area was
calculated by multiplying width times the mean depth.

For the slope-discharge relations, a number of
different values for bankfull discharge are used here. For
the reaches where the channel appears to be entrenched, the
mean annual flood, 24.1 cumecs (Neill et al.,1970) is used
for the bankfull value (Ackers, 1980). For the reaches gear
St Albert, the bankfull values calculated by Szabon (1975)
and Simpson (1977) are used. The mean annual flccd is used

for the other reaches for convenience.

~

3.3 Sediment Sampling

3.3.1 Gravel sampling

No bulk samples were taken from the gravel beds
primarily because of the inconvenience of removing anég
transporting the gravel to the lab for analysis. Instead,
measurements of the intermediate axes of the pebbles were
taken in the field along grids on éhanngl crogss-Sections.
Kellerhals and Bray (1971, p.1172) showed that the

combination of grid sampling of the surface layer of a paved

[}
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gravel deposit and frequency by number, rather than by
weight, yieldq a result equivalent to a "sieve curve of an
imaginary nonpaved deposit whose surface layer is identical
to the surface layer under investigation”. Thus, the results
of "grid-by-number" analysis are directly comparable to
results of bulk sampling using freguency by weight, used for
the sand samples. However, theré are several problems with.
this method. There is a higher probability of selecting
larger particles because the larger particles cover a larger
portion of the bed (Leopold, 1970). Furthermore, only the
gravel on the surface of the bed is measured and so there is
no information on the underlying sediments.

~ Only the intermediate axes-of pebbles were measured
(e.g. Leopold, 1970; Hack, 1957; Church and Kellerh;ls,
1978) and the means and standard deviations obtained from
the resultant distributions (Section 3.5). Because only
these statistics were used in the subsequent analysis, it
was felt that the extra time required for measuring the
other two axes was not justified.

A variety of sample sizes have been used in the
literature. For example, Church and Kellerhals used a sample
size of 50 stones thle Hack (1957) and Leopold (1970) used
100 stopes. For this study, a sample size of 60 was used.
Measurements vere made to the nearest millimeter, using a
ruler. To sample at a given cross-section, a variation on
Hack's (A957) method was used. A calibrated rope was
stretched across the channel, with a smaller, four-foot long

3
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rope attached and.allowed to float parallel to the direction
of flow of the fivéf (Figure 3.3). At one foot intervals
along the main rope, five samples were taken, each one foot
apart, along the smaller rope.

In all cases, either the water had a high suspended
ii!ﬁ, or the gravels had algae growing on them, This reduces
the problem of observer bias in, say, selecting relatively
larger rocks, because the gravel on the bed could not be
clearly seen. If a piece of gravel was large enough to be
sampled twice, i.e. greater than one foot in diameter, it
was not sampled twice, but a different rock was sampled at
the next sample site although, according to Kellerhals and
Bray, (1971), this is not the correct procedure.

,The gravel data are generally poor because too few
samples were taken, and of those taken, not all were

measured at comparable places along the channel (for example

all at riffles or all at bends).

3.3.2 Sampling of Eing-Sediments

An Eckman grab sampler was used to obtain bottom
samples of fine sediment. The bed sediments were sampled
from the deepest part of the channel except in a few
instances where the bottom was too deep to be reached from
the boat with the sampler (i.e. a depth greater than about 2
m). In thése cases, the deepest spot which could be reached
was sampled. Bank samples were taken from both banks, at or

near water level. Samples of the fine sediments were taken
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Figure 33 Gravel bed sampling method.
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at cross-sections where cross-sectional data had been
measured, as well as between feasured cross-sections.
Samples Here‘taken at successive bends and cross-overs along
each reach (details of the locations are given in the
discussions of individual reaches). Where vegetation covered
the surface at sample points, it was removed. The bed
samples sometimes included bottom fauna, mostly bivalves,
which were retained and removed in the lab.

At some cross-sections, more than one bed sample or
more than one bank sample was taken. Because this was
usuallf done only where there appeared to be distinctly
different types of sediment present, there are very few data
c?ncerning the variation in sediments across a given
cross-section. These data would have been very useful,
espeejiilyiuhen trying to evaluate the impaftan:;;af small
downstream variations in sediment size. Analysis of the few
duplicate samples which were taken is discussed in Section

3§§i3i

3.4 Laboratory Analysis of Sediment Size
The sediment samples were analysed in the laboratory
for grain size. The sand-gized particles were dry sieved and

hydrometer analysis was used for the silt-sized particles.
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3.4.1 Hydrometer Analysis

| Sediment sizes for .the silt portion of the sediment
samples were obtained by hydrometer analysis. Pipette
analysis is considered to be more accurate, precise and
reproducible than hydrometer analysis (e.g. Day, 1965;
Beverwijk, 196") . However, it was felt that tﬁe time saved
and the ccnvgnience.a:hieved by using the hygrometer
cutweighedbthe benefits of the pipette. Ultimately, the
sediment data were to be generalised into variables such as
mean sediment size, percent silt-clay, and Schumm's M (see
Section 3_5.2)§§Ee:ause of this, the more refined data
obtained by pipette analysis were not necessary. For
detailed discussions of hydrometer analysis and settling
theory see Day (1950,1965), Huféér (1967), Galehouse (1971),
and Brady (1974). *

The pafti:uiar hydrometer method used here was the
American Society for TestingQ and Materials (1978) Procedure
for Pargigle Size Analysis o% Soils, ASTM designation
"D422-63(1972)". This procedure was used because it was easy
‘to follow, and wvas i.ferreé tb or utilised by other
investigators (e.g. Galehouse, 1971; Ingram, 1971; and
Locker, 1973). Some modifications of the XSTH procedure were
found to be necessary. The ASTM procedure with these
modifications is given in Appendix 1.

To disperse adequately mpmples with a high clay
content, it was necessary to ?2crease the mixing time from

one minute to five minutes. Bouyoucos (1936) recommended a
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five minute stirring time for sands, ten minutes for most

other soils, and for soils difficult to disperse, twenty to

and that soft rock fragments will disintegrate under

prolonged mixing and so increase the amount of fines.

[

If the sample failed to disperse after five minutes of

mixing, the concentration of the dispersant was increased
from four percent‘ts ten percent (Galehouse, 1971). If,

despite increased mixing and hiigher dispersant

sample 3ei§ht was reduced from about 50 to 60 grams to about
40 grams (Galehouse, 1971).

Two of the field samples were taken from highly organic
s0ils. These would not disperse because the organic matter
interferes+with the dispersion (Ingram, 1971), and so they
were not analysed for sediment siZe, although the amount of
organic matter was determined by combustion (heating to 540°
C). It is possible to remove organic matter by using a
hydrogen peroxide treatment (Ingram, 1971). The large
amounts of organic matter would have necessitated long
treatments with hydrogen peroxide. Akroyd (1957, p.63)
stated that "appreciable errors may be introduced by the
action of large guantities of peroxide”. Also, none of the
other samples were treated with hydrogen peroxide and it was
fel“z that the results from these ‘two sﬁles would not

t necessarily be comparable. with all the other sample results.
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In certain reachés, the channel bottom was :Dveréd with
large numbers of gastropods and bivalves. Because these were
not removed in the field, the sediment samples inevitably
included large numbers of shells and shell fragments. These
shells were picked out manually which meant that small
fragments remained in the analysed samples. The alternative
to manual removal would be to dissolve them in HCl (Ingram,
1971). It was believed that the time necessary and the large
amount of HCl required to dissolve the shells made manual
removal acceptable (Akroyd, 1957; Ingram, 1971). However,
the shells and shell fragments affect the hydrometer
(Braithwaite, 1973), thereby interfering with the settling
of the other pdrticles by direct contact and indirectly by

)

A hydrometer bath was used to maintain a constant
temperafre in the sedimentation cylinders. The temperature
of the bath, was measured frequently, and it was found that
only very small changes in temperature occurred over the 24

hour period required for the silt-sized particles to settle,.

3.4.2 Sieving

The coarse portions of the samples were analysed using
the ASTM D422-63(1972) procedure for dry sieving with some
modifications, as giveniin Appendix 1.

Mechanical sieving was used and the samples were shaken

for ten minutes, a time within the limits suggested by some
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investigators (e.g. Muller, 1967; Caéle; 1955; and Ingram,
1971). The sieve nests had half phi intervals for 7
well-sorted sands and whole phi intervals for poorly sorted
sands usually from the tails of silty or clayey samples.
Half phi or quarter phi units are often recommended,
especially for identifying the subtleties in the tails of
the distributions (Folk, 1966).

Some decisions were made with respect to sieving Ef;gf
hydrometer analysis. When 5 to 15 grams of sand remained
after hydrometer analysis, another sample was prepared to
obtain more sand for sieving. If there were less than 5
grams of sand remaining, the weight of the entire sand
fraction was recorded and the sample was not sieved.

/
3.4.3 Reproducibility of Laboratory Analyses

In some cases, a pair of samples wvere analysed from a
single field sample in order to check the replicability of
the laboratory sediment size analyses. The chi-squared
dness of fit test was used to compare the entire
frequency distributions of the dupli:atﬁ laboratory samples
(Efsenhart, 1935; Speigel, 1961). To calculate chi-squared:

n
chi-squared «Z (0l - El) / Ef

i1
where:
n = sample size;

Of = ith observed value,

and E/ = ith expected value.



The chi-squared test rejects the null hypothesis, and
accepts that the observed distribution is different from the
expected distribution when the difference between the two
distributions is large. When this difference is small, the
null hypothesis is accepted and the fit of the distribution

is said to be "good". When~the difference between the two

distributions is extremely sma the fit is said to be "too

good", that is, "the probabili choosing samples that
agree so well from all possible Bamples is so small that one
suspects that they were not random" (Eisenhart, 13835,
p.142).

For this test, it was necessary to let one of the pair -
of samples be the expected distribution. The resulting
chosen to be the expected distribution. Theréfore the.
calculations were done twice for each pair of samples,
alternating the sample distribution used for the expected
distribution. If the null hypothesis was rejected in’eiﬁher

case, the samples were taken as being statistically

=

different from each Gtthl Because the Efequencieé in the
tails of the distributions were usually small, itCHES
necessary to group the data to ai?iﬁ very large chi;sqéared‘
values which could result from division by very small ' N
expected values (Breiman, 1973, pp.199-200).

Several types of sééiméﬁts vwere tested in this way:
“fine to medium sands;, sandy silts, silts and silt clays. The

fits for all these were eit?ef "good" or "too good" at the
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0.05 level of significance. A fit which is "too good” is not
_ s s . Ly, B . . 5 _ _
surprising given that the cbmparison 18 L een two samples

both derived from the same ariginaléérab sample. These
results indicate that the laboratory tests vere
repraéuiible.

Unfértunately, very few duplicate field samples were
taken. The chi-squared goodness of £i€ test was applied to
duplicate bed samples in the silty-clay sediments. There are
duplicate samples from three cross-sections and all were
significantly different. A pair of samples was also taken at
a cross-section composed priméfily of silty sand. The fit
was "good" between these two distributions.

Duplicate field samples of bank sediments were taken
only when the bank sediment changed markedly at a location,
so there are no quantitative data on the variations in bank

sediments at most cross-sections.

3.5 Computation of Sediment Size Measures

3.5.1 Graphical and Moment Measures

In Appendix 111 are listed the cumulative frequency
data for the sediment samples. All the sediment data were’
plotted on graphs of percent cumulative frequency against
gediment size. This was done in order to look for "kicks" in
the curves where one or two points do not correspond to the

general curve. These are usually caused by errors in the
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lﬁboratory sediment size analyses. Several measures of the
sediment size characteristics were calculated using the
numeric¢cal data. l i

The measures of'sédiment éize characteristics most
commonly used in the literature (e.g. Folk and Ward, 1957; 7
Flemming and Poodle, 1950; Friedman and éanders, 1978) are:
measures of central tendency such as the mean or median;
measures of dispersion such as the standard deviation or a
sorting coefficient; measures of skewness; and measures of
peakedness or kurtosis. These can be determined graphically
or computationally.

Fhe graphical approéch was developed when the
computation of statistical moments was performed without
:computers (Friedman and Sanders, 1978). Graphical measures
"use only a few points of the distribution whereas moment
measures take into account the whole.distribution (Folk,
1966). 1t was decided to use moment measures to calculate
the means and the standard deviations of the samples. The
equations for these calculations are given in Friedman and
Sanders (1978, p.78-80). According to Folk (1966, p.80), the
mean computed by the method of moments is the "best measure
of overall size". The mean was used freqguently in the
correlation and gre¢ssion {zélysesi

To calculate~moment measures, the entire distribution
must be known. This necessitated extrapolation of the

measured data because the clay fraction was not analysed.

Hydrometer analysis is Based on Stoke's Law of Settling and
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so this form of analysis cannot determine sediment diameters

¢

for particles smaller thén about 9 phi, where Stoke's Law r
does not apply (Galehouse, 1971). Herice, there are no data
for the clgy-sized portions of the sediment samples. The
clay-sized ﬁgrtions form quite large percents of some

samples and even graphical measures would require
extrapolations.

Extraﬁol;tion requires some arbitrary assumptions about
the unanalysed fractién. Folk and wWard (1957) graphically
extrapolaéed the last knowh point fram pipette or hydrometer
analysis to 14 phi, using a straight ﬁine on arithmetic
paper. There is no reason to suppose that the distribution
necessarily would form a straight line on arithmetic paper,
although Folk and Ward (p:13) believe that it is "probably
not too wide of the mark'".When percent cumulative
frequencies are plotted against sediment diameters, in phi
units on probability paper, the éiétfibutians often approach
normality i.e. the data 1ot as straight lines ginmani
1952).\in many cases, sediment distributions are composed of
several straight lines of differindg slopes, separated by
sharp breaks in the curQe (Friédman and Sanders, 1978). The
distributions usually divide into three regions which are
thought by some to represent suspended load, intermittent
suspended load, and traction load (Viard and Breyer, 1979).

It was assumed here that the clay sgaimentsaaefe

carried as suspended load. The line for silt sizes was

extrapolated into the clay range so that the data for clay



syzes formed alstraight 1in§ on probability paper. The
program for ‘this wag written by John Honsaker of the
‘.

University of Alberta. There seems to be stronger basis for
this extrapolation than for the method of Folk and Ward.
However, it is not entirely correct to assume that the
clay-sized sediments arg‘always carried as suspended load.
Because of the cahesiveﬁess of clay, the particles may not
be carried as discrete particles but rather as aggregates
‘and’fransported as suspended, saltation, or traction load.
Hydrometer analysis iﬁvelves dispersion of the clays so that
they do not occur as aggregates. Therefore, there are no
data for clay aggregates in this study.

The data were extrapolated arbitrarily to 20 phi. -
Although 20 phi is a very'small size, it was selected in |

order to avoid a large percent of the distribution being

unaccounted for.

3.5.2 Other Measures of Sediment Size Characteristics

Schumm, in several papers .

cross-sectional form and planform are sigp}ficantly related
to the amount of silt and clay in the channkl perimeter.
Schumm calculated a weighted mean percent silt-clay, M, such
that: ’ .

' M = (%SCBD x W + %SCBK x D)/(W + 2D)
where:

¥SCBD = percent silt-clay in the channel bed,



77

%¥SCBK = percent silt-clay in the channel banks,
W = channel uidthj(pcssibly for a 2.33 year
recurrence interval discharge),
D = channel depth (paggibly for a 2.33 year
, recurrence interval discharge).
There has been some criticism of this variable (Section
2.10) and other variables sduch ésviSCER. %XSCBD and the,
median grain size have been prapasea:és statistically better
than M. °

M, XSCBK, and XSCBD were all calculated for the
St;rgean River sediment data. Also, the percent of clay in
the banks, %CBK, and in the bed, XCBD, were determined. The
percent clay was calculated to better judge the effect of

the cohesive portion (Section 2.10).

3.6 Channel Planform Measures

3.6.1 Sinuosity

Sinuosity is a measure of the degree of channel
meandering. There are several methods for measuring channel
~'sinuosities (see for discussions, Brice, 1964; Mueller,
1968)., Sinuosity was calculated by the method most commonly
used (Lane, 1957; Schumm, 1963), that is, the channel length
divided by the valley length, Sin. This sinuosity value is
used here for the mathematical analysis of the relatﬁcns

between sinuosity and other variables because of its



compa - .ity with values in the literature. The location @f
-the thalweg is ng} known for the study reaches and so the
channel length wéé meafured along the channel centreline.
Sinuosity was measured on 1:12000 map sheets made from air
_photographs taken at various times in 1967 (Alberta A
Department of Agriculture, 1967). These photographs were
tafgn-at relatively 1Qw'di5charges and so the compound
ﬁeander pattern (Section 2.4)1s visible. The valley length

is the length of the valley axis, the line which bisects the

. valley bottom longitudinally.

3.6.2 Radiu

of Curvature, Wavelength, and Amplitude

These three variables were measured generally following

Brice's (1973) method. The radius of curvature wa

s
ée?éfminea by selecting the circle whose curvature »

best-fitted the curvature of the centreline of the bend.

Measurements were made on the 1:12000 map sheets described

above. In some cases, the fit of the curve was very good. On
other bends the curve selected intersected at least with the
centreline bend apex and the two inflection points (see
Figqure 3.4). The inflection points were chosen to be halfway
between bend apices for these cases. The faﬁii of these
circles are the values of the radii of curvature, Rc, used
for analysis.

Chords were drawn between the intersections of

successive arcs (Figure 3.4). Where a bend was adjacent to a

straight reach, the chord was drawn from the point where the
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Figure 3.4a Measuring radius ot curvature, Rc,
» meander wavelength, L, and meander amplitude,
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wavelength, L, is twice the chord I;ngth:

A Eénd height was measured perpendicularly to the chord,
from the chord to the apex of the arc (Figure 3.%). Meander
amplitude, Amp, was calculated as twice the bend height,.

One difficulty with this method is that it provides
=

_ ' 7 )
statistics for orfly simple meander loops, and the smal

[

meanders within the compound loops. To measure the planform
characteristics of the large bends of the ccmp@ggﬁ loops,
inflection points were designated to be halfway between the
bend apices of successive large bends. Fregquently, the
selection of the apex location was somewhat arbitrary. The
inflection points were joined by lines and perpendiculars
drawn to the maximum height of the stream centreline (Figure
3.5). Meander amplitudes and wavelengths were calculated
from the lengths of these lines. There does not seem to be a

method of fitting a circle to the large bends in order to

vere measured for the large meander planforms. -

3.7 Channel and Valley Slopes
Yaremko (1968) provided channel slope data (Figure 4.6)
for the Sturgeon River just downstream from Big Lake. The

channel slope through St Albert in December, 1975 (Figure



Figure 3.5 Measuri
and wavelength L
compound meanders.

chonnel centraline

-

ey
ng meander amglitude
for iarge behds within

#
¥
i
i
]
i
i
H
14
Ed
e
=
+* =
=
3
B
H
-




)

4.6) is from Szabon (1975) and the Alberta Environment
Planning Division surveyed the slope from Big Lake to the
bridge west of Namao (Figure 4.6). All three slopes vere
measured at relatively low discharges.

Channel slope is very low fér the Sturgeon River from
Big Lake through to the bridge west of Namao. Thus, small
errors in measurement can make significant differences in
the slope values. For both the Szabon and Planning Division
slope data, there are small portions where the measured
water surface actually rises with increasing distance
downstream. The Szabon slope méﬁsurements were taken when
ice was on the river. Perhaps ice flows piled up behind
bridge constrictions causing higher measured elev;tions.
Therefgre, the slope data were averaged over each portion of
the reaches involved, to remove the effects of these small
rises.

The other slope data used for this study were measured
from the 1:12000 topographic maps and are of poor quality.
The contour interval on these sheets is approximately 3 m,
and so does not provide a very detailed picture of slope
along either the valley or the channel. The valley bottom
slope was calculated using the drop in the vater.surface
elevation divided by the straight line distance (Ackers and

Charlton, 1970b).

,



3.8 Valley Widths and Meander Belt Width

The valley bottom and top widths were measured

1:12000 topographic maps. The valley bottom is the valley

%
flat for reaches D, E, and F. Along reaches A to C, the
valley bottom is Surface I, shown on Figure 4.1. The meahder

belt width is measured as shown on Figure 3.4.

3.9 Data Analysis

The relations between the channel perimeter sediment
characteristics, the channel cross-sectional
characteristics, the channel and valley slopes, and the
channel planform characteristics were analysed using simple
and mul@iple least squares log-linear regression and simple
and multiple correlation.

14

3.9.1 Corrglatian;

The correlation coefficient, r, is a measufegsf the
degree to which variables are linearly related. Both X and Y
must be random. The values of r range from +1, perfect
positive céffelaticnf to -1, perfect negative correlation.
When r is equal to zero, there is no linear relation between
the two variables. The significance of the value of r
depends on the sample size, efEecially for small samples
(Wonnacott and Wonnacott, 1972)., The coefficient of

determination, r?, is a ratio pf the explained variation of
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, >
r* for simple correlation. As variables are added to the

correlation, the size of the increase in the R' value
indicates how much the additional variables are improving

the explanation of Y (Wonnacott and Wonnacott, 1972).

3.9;2 Regression Analysis
‘Simple and multiple regression analyses have been used

commonly in the literature when considering relations -~

Between sedimentary, cross-sectional and planform variables
(e.g. Leopbld and Wolman, 1960; Schumm, 1967; Miller and
Onesti, 1979). This is the form of -analysis which is used
here in order to describe the relations between variables
and to compare relations for the Sturgeon River data sets
with relations given in the literature.

. Least sguares linear fegfessi@n should be used only to
form a predictive equation. According to Mark and Peucker
(1978), it is inappropriate to use this analysis for
describing a relationship or to test a model or hypothesis.
For these purposes, "functional” or "structural” analysis
should be used. Only when the independent variable is free
of errors, or the coefficient of determination, r?, is very
close to perfect correlation will the line obtained by

linear regression be the same as that obtained by functional

analysis.
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. If both the dependent and independent variables have
errors associated with them, then the line resulting from
linear regression of the variable X on'the variable ¥ will
be different from that resulting from the regression of Y on
X (Wonnacott and Wonnacott, 1972). Therefore, one must be
able to decide which is the dependent and which is the
independent variable. In a fluvial system, where all the
variables interact, it is difficult to determine physical
dependence. Furthermcre, "statistical dependence has nothing
to do with physical [dependence]"” (Mark and Peucker, 1978,
p.53). Thﬁs, there is no obvious method of choosing which
variable is to be the dependent variable.

Structural analysis distributes the residual variance,
due to measurement errors and random effects, among the
variables (Mark and Church, 1977). The calculation of the
slope of the equation includes,A, a ratio of the unexplained.
variance of Y to that of X. If this ratio is greater than
100, Y can be regressed on X and if it is less than 0.01, X
can be regressed on Y and the relations obtained will be
similar to that obtained from structural analysis. However,
" ..in all other cases the regression analysis
underestimates the slope™ (Mark and Peucker, 1978, p.55).

Unfortunately, there are no guantitative data on
relative error terms for the data here, so structural
analysis is not possible. Some of the slopes were
recalculated for meander wavelength as a function of the

radius of curvature setting ) equal to 1. The slopes from
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the siructurgi relations were similar to those obtained by
‘linear ;égressicn and only sometimes was the linear
regressicnxé%cpe an underestimate of the structural slope.

A pfim£f§;§chéfﬁ in the present study is how the other
variables affeé; the planform characteristics. Therefore,
the planform va%iables were chosen as the dependent

variables, even though, as noted, there is no statistical

basis for this decision.

in the literature, it was assumed that the equations were of

b

the form: Y = a ﬁ
and, for regression analysis, the transformation:
I1nY = lna + b 1lnX
was made. Thus, the scatter of points were fitted with a
log-linear eguation. This transformation of the data assumes
that the errors in the first equation are multzplicative,
i.e. as the values of Y increase, the errors also become
_large (Wonnacott and Wonnagott, 1970). This may not always
be a valid assumption. ;f
One of the assumptions for 1e§g§?§quafes multiple
regression is that the inéepenéent‘%éfiables,afe not
correlated. According to Jones (1972, p.203):
"The least squares estimates of the regression
coefficients differ unpredictably from the true
coefficients if the independent variables are
correlated. The estimates can be ‘too large in
absolute value, and may have the wrong sign.”
For the data considered herein, the independént variables

are often significantly correlated, and the multiple
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regression equations are not meaningful in these cases.
Yet another problem is that the relations are often

neither linear nor log-linear and putting a straight line

through the distributions can obscure some non-linear

variations in the data.

Occasionally, a dummy variable was used where there
exists a “yes-né" conditiaﬁ. For example, for the Reach D
data a dumﬁy variable was added for the "artificially
modified - unmodified"™ condition. That is, the data were
from either the portion that was artificially straightened
br from the portion that was not artificially straightened
The use of a‘dummy variable produces two lines, one for ea
state of the dummy variable. This assumes that each of the
two lines has the same slope, and only the intercepts are
changed. Th?L may not act&ally bevthe case. The other
alternative would be to split the data into two sets, one
for each condition of the dummy variable, and regress each
separately. However, according to Wonnacott and Wonnacott
(1972, p.311),.if splitting the data into two groups resul
in small éample sizes, "the very small sample may yield a
very unreliable estimate of the slope, and it may make
better sense to poél all the data to estimate one slope
coefficient.; - )

To determine the significance SE the regression
coefficjent; Student's t was used. The t test assumes that
the distribution of the depenéen£ variable is normal but,

according to Wonnacott and Wonnacott (1972, p.415) even if

ch

ts
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this is not the case, the t test femains‘”ngarly valid"”.

1

Naturally, it must be kept in mind that statistic
significance is not necessarily equivalent to geomorphic
significance. The equations are referred to here as

he -

rr

"statistically significant” if the statistic for

exponent is significant at 90% or more for a two-tailed t
distribution. That is, one can say that the exponent is not
equal to zero with 903 or more confidence, As noted above,
when the sample sizes are very small, estimates of the
exponents become unreliable and the statistical

significances are often small.



4. DESCRIPTIONS OF THE STURGEON RIVER REACHES

4.1 Introduction

The six reaches of the Sturgeon River are discussed in
this chapter in downstream order, beginning with Reach A
wvhere the river issues from Big Lake. Most of the reaches
‘were selected to illustrate a downstream transition from one
pattern to another pattern. Therefore, for discussion of the
. upstream pattern, the transitional pattern, and the
downstream pattern, the reaches are divided into three
portions: upstream, central and downstream. Reaches D and F
were selected to illustrate the efﬁects of diversions and in
each case, the central psrtian‘af the reach is the diverted
portion. The approximate boundaries of the different
portions are given on maps of the reaches. The base maps for

11 reach maps are from the 1:12000 map sheets (Alberta

W

Department of Agriculture, 1967). Most of the details on
these maps are based on air photograph and map data. No
field work was done on mapping and identifying terraces.
Valley surfaces, which may or may not be terraces, are
delineated on maps and are labelled where necessary to
accompany the discussion.

The channel pattern of Reach A changes from straight in
the upstream portion to sinuous in the downstream portion. A
compound pattern develops at the downstream end of Reach A

and continues along the Sturgeon River until the central

89
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portion of Reach C. The pattern along Reach B changes from
sinuous in the upstream portion to large amplitude meanders
in the downstream portion. In Reach C, the large amplitude
meanders die out and a contorted pattern emerges in the
downstream portion. Reaches A to C are contiguous and are
considered as a single unit for some of the discussion., The
natural channel of Reach D and the upstream portion of Reach
E also exhibit contorted channel patterns. The central
portion of Reach D was straightened in 1962-63. The planform
of Reach E becomes almost straight in the downstream

portion. The channel pattern along Reach F is sinuous in the
upstream portion and has compound meanders in the downstream
portion. The central portion is almost straight due to
natural and artificial cutoffs. The contorted portions of

the Sturgeon River are characterised by very wide and deep
cross-sections at bends which are very tight. There is a
short discussion of these bends in a separate section.

This chapter describes these patterns and discusses, in
primarily qualitative terms, the reasons for thé downstream
variations in pattern with respect to the sediment type,
slope, channel form and valley form for each reach.
References are made to equations listed in tables by giving
the table number followed by the reference number of the
equation. For example, (4.2-1) refers to the equation in
Table 4.2 with the reference number 1: the data are from
Reach A; distance downstream from Big Lake in km, dds, is

regressed against the percent of silt and clay in the



channel banks, X%SCBK; the exponent of XSCBK is -1.24; the
Student's t statistic of the exponent is -0.31; the
two-tailed significance of this t statistic is less than
50%; the coefficient of determination, r*, for the
ccfrelatian between dds and %SCBK is 0.013; and the sample

size is 9,

4.2 Reach A

Sinuosity is low along all of Reach A, although there
is a slight increase from 1.01 near Big Lake to 1.08 in the
downstream portion, where a compound meander pattern
develops (Figure 4.1). Generally, meander amplitude and
wavelength increase with distance downstream from the
central portion of Reach A, until the location of
cross-section 14, where the compound pattern begins (Figures
4.1 and 4.2). The amplitude and wavelength of the large
meanders continue to increase downstream of this location.
It appears that wavelength and amplitude increase to a
certain threshold at which’p@int compound meanders are
formed. Lewin (1972) and Keller (1972) both postulated that
incr;asiﬁg the meander path length would result in the
formation of compound meanders (Section 2.4).

The average wavelength for thexsimple meanders from
créss*sgctians 2 to 13 is 570 m. This is approximately twice
the mean value for the small meanders (380 m) and about half

the mean value for the large meanders (1220 m) of the



Figure 4.1 The Sturgeon River along reaches A |




\g reaches A, B and C.
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Figure 4.2 Variations in meander wavelength
and amplitude with distance downstream, for
Reach A.
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. compound pattern. Thus, the simple meanders are intermediate

in size between the 1afge’and small meanders of the ‘compound

Ly
o |

patter

I1f the valley bottom width is a constraint on meander
amplitude, then one would expect that, as the valley bottom
width increases, the meanders would grow in size. This
growth iﬂrmganaer arc length would then permit the
subsequent development of small meanders within the larger
pattern. Along Reach A, the valley bottom width decreases
from the upstream end to the downstream end (Figure 4.1,
Table 4.1) (t=-4.127, 99% significance level) and the valley
bottom width shows an insignificant decrease along the

downstream portion (t=-0.99, 50% significance level). In

fact, the meander amplit are larger than the valley
bottom widths in this portion because the valley bottom
meanders.

The small meanders within the compound pattern are
visible only at low discharges and are drowned out when the
discharge exceeds about 7 cumecs, from air photo evidence.
Hjulstrom (1949) postulated that the small meanders of a
compound pattern may be formed at a low river stage. One
would expect from this that the compound pattern would occur
along all the Sturgeon River reaches, since the discharge
does not change markedly from Big Lake to the North
Saskatchewan River. However, this is not the case. For some
reason, it occurs in only some pcftiéns of the'Sturgeaﬁ

River.
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TABLE 4.1. Averaged valley bottom widths and simple or large meander

amplitudes for reaches A to C. .

Reach Portion Averaged Valley Averaged Amplitudes
Bottom Widthd for the Simple or

Large Meandsrs
(m) (m)
A Upstream, at 264 6l
. cross=-section 1

A Central 104 53

A Sinuous 86 ' 111

A,B Sinuous with com-— 69 k}:'o)

pound meanders

B Central 64 212
) ' ;
B,C Large amplitude 710 672
meanders ‘
c Central - 253 74
\
c Contorted 258 &7
R {
= » = i bl ] = =ia o=
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Also, one would expect the small meanders to be related
to some smaller width, say the observed width or the
first-break-in-slope width, and the large meanders to some
larger width, say the valley-flat break-in-slope width,
Because of the small sample size for the compound portion of
Reach A, the statistical relationship between wavelength and
width is considered for the data from reaches A ﬁa C
combined. For the small meanders the relationships between
wavelength, L, and the observed width, Wo, and between
wavelength and the first-break-in-slope width are not
statisticadly significant (t=1.058 and t=-0.505,
respectively). For the large meanders, wavelength is
significantly related to the observed (t=2.631),
first-break-in-slope (t=2.891), and valley-flat
break-in-slope widths (t=1.525) but the weakest of these
three relationships is the one for the valley-flat
break-in-slope width, Wvf, Thus, there is little statistical
support for Hjulstrom's hypothesis that the two patterns
represent adjustments to two different dominant discharges.

* The observed width, Wo, and width to depth ratios,
(W/Dx)o and (W/Dm)o, decrease with distance downstream
(4.2-7 to 4.2-9). The observed cross-sectional
characteristics are most variable in the central portion.
The crcsséseétiens immediately upstream of bridges are
shallower than those immediately downstream of bridges (on
Figure 4.3 compare cross-section 2 with 3 or cross-section 7

with 8), suggesting that at least some of the variation in
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this portion is due to artificial modifications.

There are statistically significant downstream
decreases in all the first-break-in-slope cross-sectional
variables except mean depth, (Dm)fb (4.2-13 to 4.2-17). The
stage of the first-break-in-slope data is equivalent to the
stage of the valley-flat break-in-slope data in much of éhe
upstfeamip@rti@n (Table 4.3). In the downstream portion, the
stage for the first-break-in-slope cross-sections is near to
the stage for the observed cross-sections. The portions of
" reaches B and C which are also chéracteriseé by the compound
meander pattern also have first-break-in-slope stages
approximately equal to the observed values. The transition
in the first-break-in-slope size along Reach A occurs
between cross-sections 8 and 9, and near to where meander
amplitude and wavelength for the simple and large meanders
begin to increase with distance downstream. The valley-flat’
break-in-slope width, Wvf, mean dépth, (Dm)vf, maximum
depth, (Dx)vf, and area, Avf, significantly increase with
distance downstream from cross-section 1 to 16 (4.2-21 to
4.2-24).

No scroll bars were observed in the upstream or central
portions of Reach A. In the upstream portion, the channel
banks slope gently up from the river (Figure 4.3,
‘cross-sections Yar 23, 24 and cross-section 1); in the
central portion, the banks are generally U-shaped (Figure
4.3, cross-sections 3 to 8). The banks in both these

portions have been subject to artificial modifications and



TABLE 4.). Thaerwad wilths, .o, irst-break-in-slops widths, Wfb, &nd valley=flat prask-in=slops
widths, Wvf. {o5r the Sturgesn River reaches.

maach Cross- Distance L Wi Vet Reach  Cross-  Discancs o LA
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7 3.6k 1%5.4 43,
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. 1 7. 44 14.53 104 .0
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no conclusions should be drawn as to their natural features.
The 1924 air photographs of the reach are not clear enough
to enable detection of small floodplain features which may
have existed before artificial modifications.

The gently sloping point bars, the cut banks on the
outside of bends (Figure 4.3, cross-sections 9 to 16), and
the occurrence of scroll bars (Figure 4.1) in the downstream
portion are all evidence of meander migration. The pattern
of steep ups:ream and gently sloping downstream banks
(Figqure 4.4) :ndicates that the planform is migrating
downstream. The lack of meander scars (Table 4.4) on the
valley bottom (i.e. Surface I on Figure 4.1) indicates that
the entire pattern is moving uniformly downstream, SO
cutoffs do not form.

The existence of a single scroll bar per point bar
(Figure 4.5) suggests that either the depressions associated
with older scroll bars have become infilled by overbank
deposition or that the phase of river activity réspansible
for the erosion of Surface I has been active for a
geologically short period of time.

The water surface slope for the first approximately 600
m downstream from Big Lake is thought to be very low from
qualitative field observations which indicate that the water
velocity here is extremely low. A longitudinal bed profile
(Figure 4.6a), probably from the mouth 6f Big Lake to the
railroad bridge, shows a rise in the bed over the first

approximately 1200 m downstream from Big Lake. The magnitude
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Figure 44 Cross-section of a point bar n the
downstream portion of Reach A
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TABLE 4.4. Definitions of some features associated with meandering

channels.

Floodplain:

Point bars:

Scroll bars:

Meander scars:

Chutes:

Benches:

A strip of relatively smooth land bordering a stream
and overflowed at the <.me of high water (Leopold,
Wolman and Miller, 1964).

The loci of deposition on the convex side of the -
river bends (Leopold, Wolman and Miller, 1964).

Depressions and rises on the convex side of bends,
formed as the channel migrates (Leopold, Wolman and
Miller, 1964). :

Meander bends abandoned by cutoffs (which may or
mav not be occupied by water! (Thornbury, i€62).
These are called oxbow lakes when occupied by water.

Depressions on point bars which act as overflow
channels (Thornbury, 1969).

Accreting flat-topped bodies of sediment occurring
along the banks of a stream channel (Woodyer, Tayler
and Crook, 1979).
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Figure4.5 A scroll bar located on point bar at
cross-section 14 in the downstream portion
of Reach A.

Ve
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of the effect of dredging is unknown, although it may
account for this rise. However, the very low channel slope
in the upstream portion is natural, i.e. the result of the
low valley slope.

The slope (Figure 4.6b) for the portion from
cross-section 1 to 8 is 0.0000416 (Szabon, 1975). The
channel slope for the portion from cross-section 8 to
cross-section 16 is 0.000078, when the data from Szabon
;(1975) and from Alberta Planning Division (unpub.) (Figure
4.6b) are averaged. The valley slope for cross-sections 1 to
8 is 0.0000424. The valley slope for cross-sections 8 to 16,
averaging the Szabon and Alberta Planning Division data, is f)
0.000086.

Thus, the vailey slopes are only slightly greater than
the channel slopes for this reach. Schumm and Khan (1972)
‘postulated that a channel alters its pattern to provide a
uniform channel slope when the valley slope changes
downstream. This is not true for Reach A where the both the
channel and valley slope increase with distance dowvnstream,

Ackers and Charlton (1970b) showed that, for laboratory
streams in sand, there appears to be a threshold slope |
between straight channels at very low slopes and meandering
channels at higher slopes. This agrees with field
observations by Lane (1957) and Morton and Donaldson (1978),

5
as pell as with laboratory investigations by Schumm and Khan

(1971, 1972) and Friedkin (1945). Morton and Donaldson
(1978) generalised findings for suspended load systems
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(Figure 4.7). Their example is a deltaic system wherein the
slope becomes negative near the mouth. At extremely low
slopes, the width to depth ratio tends to be very large.
This ratio rapidly decreases to near minimum values between
Sinu8sity also rapidly increases from straight at very low
slopes to tortuous at low slopes. At maximum sinuosifies,
minimum width to depth ratios are attained.

This agrees with trends along the Sturgeon River
downstream from Big Lake. Initially the width to depth ratio
is very large (Table 4.5), but it rapidly decreases towards
St Albert with what is probably a very small increase in
channel slope. Perhaps a'dawnstream increase in slope from
Big Lake provides the channel with sufficient, power to erode
a more efficient channel form (Rubey, 1952) with
well-defined banks. Further downstream, higher sinuosities
and smaller width to depth ratios are achieved in reaches B
and C where the water surface slope is slightly steeper.

The channel slope of the Sturgeon River is 0.00016
between cross-section 1 and cross-section 2 (Figure 4.6b).
The channel slope is gentler than this in the central
portion. To acccount for the change in planform from
straight to meandering, Schumm and Khan (1972) hypothesised
that the increase in slope also increases thé effectiveness
of the helical flow. It may be that the initial steepening
of the channel slope from cross-section 1 to 2 is sufficient

-~

to induce helical flow which persists further downstream
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in chonnel characteristics of some
suspended load systems (from Morton
ond Donaldson, 1978, p.1035, Figure 4).
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TABLE 4.5. The observed channel width to maximum depth ratio, (W/Dx)o,
for Reach A. ’

bistance Downstream (W/Dx)o
from Big Lake
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despite the subsequent gentler slope and produces the
sinuous pattern of the central portion (Figure 4.1).
Alternatively, the channel slope at higher discharges may be
steeper along this portion. The increases in wavelength and
amplitude in the downstream portion of Reach A may be due to
the steeper channel slope there.

There are statistically significant downstream
increases in the mean bed and bank sediment sizes, MBD and
B’MBK, respectively, (4.2-3, 4.2-4). There are also
statistically significant relations between the wavelengths,
L, and amplitudes, Amp, of the simple and large meanders of
Reach A and the mean bed and bank sediment sizes (t=4.047,
t=2.126, t=2.818, t=1.,992). As the simple and large meander
wavelengths and amplitudes increase, the channel perimeter
sediments become coarser. Some investigators found that
;hére is a significant relation between meander wavelength-
é;d sediment size such that channels with coarser sediments
tend to have longer meander wavelengths for a given
discharge (Schumm, 1967; Ackers, 1980). Thus, the growth of
meander amplitude in tﬁéfdownstream portion of Reach A may
be related to a downstream increase in erod%bility of the
channel. perimeter seaiments which arises from the downstream
decrease in the percent of clay.

In summary, the wide shallow channel which issues from
Big Lake has an extremely low slope which prevents it from
carving an efficient channel form and from developing strdng

helical flow and a meandering planform. The steeper channel
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meandering pattern seen in the central portion despite the
low slope there. Also, the channel slope of the central
portion may be steeper at higher, channel forming
discharges. The valley and channel slopes increase in the
downstream portion as does the sinuosity, as predicted by
the Schumm-Khan (1972) relationship (Figure 2.1). This may
also be affected by the increasing sediment size towards

less cohesive and therefore, more erodible sediments,

=

Meander migration appears to have been predominantly in a
downstream rather than lateral direction in the downstream
portion. The reasons for the development of the compound
pattern are not clear. Along the downstream portion, the

channel slope is somewhat steeper, and the channel perimeter

sediments are more erodible. These factors may contribute to

the development of the largik meanders in the downstream
portion. The smaller meand - seem to develap once the arc

length of the simple meanders exceeds a certain value., This
is perhaps a means of creating a smaller pool spacing, more
appropriate to the channel width. This adjustment may be
particularly necessary during low flows, when the meander
arc lengths of the large meanders are especially large

relative to the channel width.
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'4;3 Reach B

The pattern along Reach B changes from a sinuosity of
1.08 in the upstream portion to a sinuosity of 2.68 in the
downstream portion, where there are large amplitude meanders
(Figure 4.1), The whole reach is characterised by a compound
meander pattern. The small meanders can be seen only at low
flows when gﬁg;altEfnate shoals, colonised by emergent
agquatic plants, become visible (Figure 4.8)5 Surface Ia
apﬁears to be associated with the small meanders of the
compound pattern and occurs only in the downstream portion.
There are no statistically significant trends in wavelength,

L, or radius of curvature, Rc, and only a very small

increase in amplitude, Amp, of the small meanders with
distance downstream (4.6-4 to 4.6-6).

Qualitative ébservatians along Reach B indicate that
aquatic plants markedly reduce the flow velocity and that
the roots of the emergent aqguatic plants provide a thick mat
which is not easily penetrated. The water surrounding the
emergent aquatic plants, and often that around the submersed
agquatic plants, is usually nearly stagnant. The gféwth of
this vegetation along the channel margins reduces the afea!
through which water flows. However, these plants must also
increase the roughness on the channel banks and it is not
known whether their presence increases the velocity by
éecfgasiﬁg the cross-sectional area éf decreases the
velocity by incfeasing channel boundary roughness. Aquatic
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small meander pattern (Figure 4.8a). This colonisation of
the shoals should promote maintenance of the small pattern.
by stabilising the shoals, increasing deposition on them
through reduction of the flow velocity, and enhancing’
erosion of the thalweg because the flov is concentrated
there (e.g. Stephens et al., 1963; Schumm, 1977).

The downstream increase in amplitude of the large
meanders may be due either to more easily erodible sediments
or to more erosive Elevg in the downstream portion.

There are statistically significant downstream
decreases in the mean bed, MBD, and bank, MBK, sediment
sizes and statistically significant downstream increases in
Schumm's M and the percent of silt and clay in the channel
bed, %SCBD (4.7-1 to 4.7-4, and Figure 4.9). One should
recall that the clay data are extrapolated and, furthermore,
the results of the chi-squared tegts show that the silty
clay sediments are statistically different at a |
cross-section (see Section 3.4.3). However, the evidence
indicates that, if anything, the sediments tend to be more
cohesive and so less erodible with distance downstream.
Channel slope increases from 0.000078 to 0.00015 along this
reach (Szabon, 1975; Alberta Planning Division, unpub.).
Thus, channel slope increases and so channel erosivity
probably increases with distance downstream,

The observed and fi:étibreakiinéslape channel
érassﬁggctiengl déta have no significant trends with

it

distance downstream (4.7-8 to 4.7-19 and Figure 4.10) except
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Figure 4 9 Sediment size characteristics from
the channel perimeter of Reach B

(o) Mean sedi-rent sizes of the bed
and bank samples vs distonce
downstream v

& bonk wdment
© Ded sedimaent

om

o
8

g

Meon sediment size (mm)
[=]
8

0 0005

10.0

7.0 7.5 8.0 85 9.0 9.5
Distance downsireom irom Beg Loke (km)
(b) Percent of sand and grovel n  « ' R
the bed samples vs distance
downstream
40
2. O
.:g 40
8
3 \;
3 o ,
] ™ v
] ) 10}
g 8
oo — e
7.0 7.5 80 as ?0 g5 10.0

Distance downstream from Big Loke (km)

121




Figure 410 Channel cross-sections along
Reoch B. Cross-sechon locations
are given on Figure 4.1
(i) Crass-section | at a cross-over
in the upstre am porton. s
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the first-break-in-slope width, Wfb (4.7-16). It should be
kept in mind that the first-break-in-slope data have a small
sample size, The observed cross-sectional data are
approximately equal to the first-break-in-slope
crcsssse:tianal;éata for this reach. As noted, this is the
case wherever the compound meandering pattern occurs along
reaches A to C. The valley-flat break-in-slope
cross-sections are much larger than the first-break-in-slope
or observed cross-sections (Table 4.3). These data indicate
that the large and small meanders may be adjusted to two
quite different formative discharges. However, there is no
strong statistical support for this as discussed above,
using the data from reaches A to C.

There are three meander cutoffs on the floodplain in
the downstream portion. Two of these are still partly

connected to the channel and are flooded most of the tim

(Pigure 4.11). The river had cut through the meander necks
of these two meanders by 1924 but infilling has been
extremely slow. The slow rate of infill indicates that very
little bed load is being transported by the channel. Coarser
sediments carried as beé.laad would settle out relatively
rapidlg-an;:éntact vith the relatively low velocity flow in
the incipient oxbow lake (Table 4.4) and this would result
in the infilling of the upstream arm of the oxbow lake.
suspended load settles out more slowly and so the entrance
to the oxbow lake remains open to the channel for a much

longer period of time.



Figure 4.11 The ridge-depressions of the

large amplitude meanders of Reach B.

ridges
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Very few of the equations for wavelength, L, amplitude,
Amp, and radius of curvature, Rc, for the small meanders of
Reach B are statistically significant when regressed on the
sediment variables (K-5 to K-8, L-5 to L-8, and M-5 to M-8).
For the statistically significant equations, the planform
variables increase as the sediments become coarser, as
predicted by the literature (see Section 2.10).

Because there are only a few large meanders in Reach B,
the data for reaches A to C for the large and simple
meanders were combined for analysis. For the large or simple
meanders, the only statistically significant relations are
between amplitude, Amp, and the mean bank sediment size, MBK
(t=-1.96, 90% sig.), and between the ratio of amplitude to
wavelength, (Amp/L), and the mean bank sediment size
(t=-2.508, 95% sig.) and the percent of silt and clay in the
banks, ¥SCBK (t=1,714, 80% sig.). Amplitude and the ratio of
amplitude to wavelength both increase as the bank sediments
become finer. Generally, the literature leads one to expect
that finer sediments are associated with smaller meander
dimensions (see Sections 2.10 and 2.11)..

The silty-clay sediments in the bed along Reach B occur
as small aggregates, about 4 mm in diameter when fi?ét
removed from the channel bed. Perhaps at high discharges,
these sediments are transported as aggregates rather than as
discrete particles and so carried as bedload. Therefore, the
increase in clay content might mean an increase in bedloaa

which would be associated with longer wavelengths and radii

1
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of curvature of the large meanders. However, if it is a
bedload channel, one must explain why the oxbow lakes do not
£i1l in more rapidly. Alternatively, it may be incorrect to
assume that the large bends of the compound pattern will
follow the trends iivgﬁ in the literature f@r:simple
meanders.

Perhaps the relatively wide valley in the dawnstfeam'
portion permits the outward growth of meanders and so
produces meanders with large amplitudes. Whete the valley
bottom is widest’, the ratio of meander amplitude to meander
wavelength for the large meanders is greatest (Table 4.8).
For reaches A to C combined, the ratio of amplitude to
wavelength for ;he simple and large meanders is
significantly related to the valley bottom widgh (t=2.984,
99% siggifi:ance level). Thus, although the i;itial
development of the compound meanders along Reach A does not
‘appear to be associated with the valley bottom width, the
occurrence of the large meanders seems to be strongly
associated with greater Galley bottom widths.

Although the channel perimeter in the upstream portion
has a mean sediment size in the silt range, most bed samples
have a ;ﬁall proportion of sand and sometimes gravel (Figure
4;9). Therefore, the presence of a scroll gar and a chute
(Table 4w4) on each peint bar (Figures 4.1 and 4.8b) and the
gently sloping point bars (Figure 4.10), which are
characteristic of bedlead rather than suspended load

channels (e.g. Woodyer et al., 1979), are not entirely



.8. The valley bottom width and the ratic of amplitude
wavelength for the large meanders of reaches A, B, and C.
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unexpected in the upstream pcrtigﬁ, despite the -
predominantly fine sediment in the channel perimeter.

However, these featurés are unexpected in the
downstream portion where even the bed sediments are very
fine (Figure 4.9). In the downstream portion, the scroll
bars appear as rows of low amplitude ridges and depressions
(Figure.4.11) which are not discernible on the ground.
S;roll bars are unusual for a stream with a very high
proportion of silt and clay in the channel perimeter.
Channel migration of streams in fine sediments is typically
very infrequent and takes place by means of avulsion or
"stepwise-migration” rather than by "continuous ,
lateral-migration” (Prus-Chacinski,1971; Taylor and Woodyer,
1978). Prus-Chacinski (1971) stated that alternate shoals
which are formed in sandy laboratory channels are typical of
non-cohesive sediments, but (p.180) "In a stream running
through clay, alternate erosion holes will appear but no
transverse alternate shoals". Hence, neither the alternate
shoals of the small meanders nor the wide, gently sloping
point’ bars of the large meanders are typical of channels
with high proportions of silt and clay in the channel
perimeters.

The ridge-depressions may be relict features associated
with an earlier phase of the Sturgeon River when the Surface
11 (Figure 4.1) sands (Bayrock, 1972) provided a source of
bed load sediment. The small relief between ridges and

depressions could then be explained by the erosion of the
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However, these ridge-depressions appear to be associated
with the current phase of river activity judging by their
close prcximity; both vertical and lateral, to the present
channel.
Riley and Taylaf-(1978, p. 91) noted "convex bank
deposits that resemble point bars but that are composed of
v

silts and clays". According to Riley (1980, pers. comm. ),

these point bars have "scroll like" features. Riley

than as discrete particles and that these flocs are behaving
as sands. As noted above, the bed sediments of Reach B are
composed of small silty clay aggregates. It may be that the
ridge-depressions are the result of gedléad transport of
these aggregates.

However, the bed sediments in .the upstream portion of
Reach B and the downstream portion of Reach C are also
composed of these silty clay aggregates, and yet there are
no ridge-depressions on either of these portions of the
Sturgeon River. The finest sediments in reaches B and C
occur where the large amplitude meanders exist (see Figures
4.1 and 4.9). Perhaps the effect of the silty clay
aggregates predominates in this portion and so produces the
unusual features observed there. Also, the steeper channel
slope of the large amplitude meander portion may be
necessary to provide the stream with enough energy éE

transport the clay particles as aggregates.



The valley slope also increases in a downstream
direction from 0.000086 to 0.0003. Schumm and Khan (1972)
observed that sinuosity increases with increasing slope on
the laboratory channels in sand up to a threshold slope
value where the channel begins to straighten again, and
eventually, with increasing slope, the channelébraiés.
Gorycki (1973) studied small laboratory streams flowing on
hydrophobic surfaces. He found that, as discharge increases
beyond the values necessary to initiate meandering, the
channel begins to migrate rapidly and eventually attains
vavelength and radius of curvature values which are large
relative to the channel width. Orre can also see (Figure
4.12) that the amplitudes and the ratios of amplitude to
wavelength are greater for the rapidly migrating channel.
Gorycki postulated that braiding in alluvial channels may
result from the inability of non-cohesive sediments to
contain such unstable meandering streams. Thus, an increase
in stream enerqgy, either by an increase in slope or
discharge would produce braiding in non-cohesive sediments;
in cohesive sediments it may produce a meandering planform
which is large relative to the channel width,

Péfhaps the steeper slope of the large amplitude
meander portion has produced a pattern similar to that
described by Gorycki. The large width of the valley bottom,
and the occurrence of rows of ridge-depressions in the
downstream portion suggest that lateral and downstream

migration is of greater magnitude here than in the river



Figure 412 Comparision of sinvous and
unstable meanders formed on o hydrophebic
surface (from Gorycki, 1973, Figures 50nd 7 ).

(a) sinuous pattern

(b) unstable pattern , which is produced by
increasing water flow beyond that
required to induce meandering.
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upstream where the valley bottom is narrower and vhere there
is only one scroll bar per point bar. The meanders of the
downstream portion of Reach B have large amplitudes and
large amplitude to wavelength ratios. However, the ratio of
wavelength of the large meanders to, the observed channel
width is not greater in the large amplitude meandgr portion
than in the portion immediately upstream.

To conclude, various possible explanations have been
put forth to explain the downstream changes in the channel
planform. The studies by Schumm and Khan (1971, 1972) and
Morton and Dohaldson (1978) indicate that at low slopes,
large changes in pattern can occur with small changes in
slope. This is the case through reaches A to C where very
small changes in slope are accompanied by large changes in
pattern. The results here support the hypothesis that there
are slope thresholds for channel patterns of streams in silt
and clay. Another alternative is that the downstream valley
widening permits the growth of meander amplitude. The
ridge-depressions and gently sloping point bars are unusual
for channels in fine sediments. They may be relict features
or perhaps the result of transportation of the silty clay
aggregates as bed load rather thar suspended load. The
downstream variations in the characteristics of the small
meanders are not statistically related to sediment size or

cross-sectional characteristics.
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4.4 Reach C

The planform of the Reach C (Figure 4.1) éhanges from
large amplitude meanders in the upstream portion to
contorted meanders in the downstream portion with a
transitional portion in between. The small meander
wavelengths, L, and radii of curvature, Rc, have small but
_statistically significant downstream decreases (4.6-7,
4.6-8). There is no significant downstream change in the
amplitude, Amp, of the small meanders (4.6-9). The variation
in each of these three planform variables decreases from the
upstream to the downstream portion (Table 4.9). Sinuosity is
greatest in the upstream portion, (2.68, for all the large
amplitude portion), lowest in the central portion (1.92) and
intermediate in the downstream portion (2.14). The
" wavelengths of the simple meanders are generally smaller
than those of the small meanders of the compound portion. In
fact, there is an overall downstream decrease in the
wavelengths, L, of the simple and small meanders from Reach
A to Reach C, despite the occurrence of the compound pattern
for part of this distance (4.6-19, 4.6-20).

The valley narrows along Reach C in a downstream
direction (Table 4.1). Surface Ia (Figure 4.1), the surface
associated with the small meanders, gradually dies out in
the transitional portion. In the transitional and contorted
portions, high steep banks are formed where the river
undercuts the valley walls of Glacial Lake Edmonton silts

and clays (e.g. 6% sand, 76X silt, 18% clay at sample



TABLE 4.9. Averaged planform data for the Sturgeon River from the down-

T
stream portion of Reach B to the Wownstream portion of Reach C for the
simple or small meander data. The planform variables used are radius
of curvature, Rc, wavelength, L, and amplitude, Amp.
Sturgeon River Planform Mean Standard
Portion Characteristic (m) Deviation

Cownstream por- Re ’ 158 81
tion of Reach B
and upstream L 380 198
portion of Reach C. ‘

Amp 93 . 103
Central portion Re 111 76
of Reach C. e

L 280 134

F]

Amp 74 : 42
Downstream por- Bc ' 75 56
tion of Reach C. )

L 209 103

Amp 67 46




135

location H, shown on Figure 4.1). The confining effect of
the narrow valley in the downstream portion may inhibit the
channel's ability to form the large amplitude meanders.

There are no statistically significant downstream
changes in the characteristics of the observed
cross-sections for Reach C (4.10-8 to 4.10-13). The
cross-sections are narrow and deep along the whole reach
(Figure 4.13). |

. The first-break-in-slope wiéthi-wfb, maximum depth,
(Dx)xb, and area, Afb, all increase significantly with
distance downstream (4.10-16, 4.10-17, 4.10-19). Where the
compound pattern accurs? the Eirst!bZEakiinﬁslape stage is
approximately equal to the observed stage (Table 4.3). The
first-bregk-in-slope stage increases downstream until the
acunstre;i end of the reach, where the first-break-in-slope
stage is eguivalent to the valley-flat break-in-slope stage
(Table 4i3)iVAs noted above, a first-break-in-slope stage
which is approximately egqual to the observed stage is
typical of the compgund pattern.

The channel slope is greatest in the upstream portion

where it is 0.00014. In the contorted portion, the channel

slope is 0.000033 if the last data point is excluded (Figure
4.6b). The last point occurs after an artificially
straightened portion (Alberta Department of Highways, 1968).
The straightened reach was shortened in 1969-1970 from 418 m
to 195 m. If the channel slope is recalculated, adding tke

extra 223 m, the nstufai’sla§e for the whole contorted
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Figure 413 Channel cross-sections along
Reach C of the Sturgeon River. Cross-section
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portion becomes 0.000106. There is only one water surface
data point for the transitional portion: the channel slope
from the end of the large amplitude. meander portion to tﬁe
middle of the transitional portion is 0.000139; the channel
slope from the transitional portion to the beginning of the
contorted portion is 0.000057. The valley slope for the
large amplitude meander portion #s 0.0003 and 0.00026 for
the contorted portion. Thus, the water surface slope and the
valley slope decrease slightly from tHe large amplituée
meander portion to the contorted portion.

With increasing distance downstream (Figure 4.14),
there is a small but statistically significant increase in
the mean bed and bank sediment sizes, MBD and MBK, from clay
to silt (4,10-3, 4.10-4), a highly significant downstream
decrease in the percené of clay, %CBK and %CBD (4.10-5,
4.10-6) and a sigﬁificant decrease in the percent of silt
and clay in the channel banks, %SCBK(4.10-1). Because the
variation is within the silt-clay range, the per cent
silt-clay bed seEi;Eﬁt data and Schumm's M have poorer
statistical relations with distance downstream (4.10-2,
4[§b!7)i Unfortunately, the sediment was not sampled to the
end of the downstream portion. The bed sediments continue Eg
be silty-clay aggregates with the exception of a gravel
riffle between cross-sections 6 and 6i.

. The contorted portion of Reach C is in many ways
typical of suspended load channels with very low slopes

which flow through fine sediments. It has a tortuous channel



Figure 4.14 Sediment size characteristics from
the channel perimeter of Reach C.
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(a) Mean sediment sizes of the bank 7
samples vs distonce downstream for
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pattern, narrow and deep cross-sections, steep convex banks

and lacks scrold bars (e.g. Lane, 1957; Riley, 1975; Woodyer
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Possibly, the large amplitude meander pattern is
associated with bedload transport of the clay aggregates
wvhile the contorted pattern is associated with suspended
load transport of silty sediments. AS discussed above, for
the large or simple meanders of reaches A to C, amplitude
and amplitude:wavelength increase as the sediment size
decreases.

The large or simple meander amplitudes, Amp, and
vave;engths, L, are not strongly related to the
cross-sectional variables (t has 50% or lower significahce
in all cases). Associated with the downstream change in the
channel pattern is a downstream change in the form of the
inside banks of bends. The point bars in the large amplitude
meander portion are wide and gently sloping; in the
transitional portion, the point bars are smaller and
.somewhat steeper; and in the downstream é@ftian, the inside
banks are almost as steep és the outside banks of bends
(Figure 4.13). Although the bend at cross-section 6 is
unusually wide and deep, the shape of the inside bank is
typical of other inside banks of bends in the contorted
portion. The unusually wide and deep bends, such as that at
cross-section 6, are here referred to as "enlarged bends”

and are discussed below (section 4.5).
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In the downstream portion of Reach C, small mud bars
are visible near or just above water level (when water
discharge is near 2 cumecs). They occur along the inside
banks of most bends, beginning near the meander apices and
continue along the inside banks on the downstream side of
the meander lobe (Figure 4.15). The small mud bars along the
inside ba;ks of bends are thought to be inchannel bencheé,
called "point benches" by Woodyer et al., (1979). Aquatic
plants were not well established on these benches at the
time of observation., Since these plants grow thickly on most
shallow, stable channel deposits, their sparse occurrence on
the point benches suggests that these benches are temporary --

features which are activated at higher stages.

The maximum velocity thread moves from the outside bank

to the inside bank as the bends become tight (Rozovskii,
1961; Hickin, 1978). Hence, for very tight bends, the shear
stress is high over the point bar and, therefore, deposition
here is limited. In the dewnstfeaﬁ\pcfticn of Reach C, the
radii of curvature are often émall. It appears that thex
shear stress along the inside banks of the bends is é;eat
enough to transport the predominantly silt and clay 1é§d
along the inside bank until the apex or just downstream of
the apex at low flows and perhaps erode the point benches at
higher flows. Thus, the meander points are steeply sloped.
The point benches are possibly the result of flow
separati@n‘al@ng the convex bank. According to Rozovskii

(1961, p. 117), where pressure increases rapidly along the



Figure 415 Sketch of point benches,
found where the channel pattern is
contorted.
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N direchion of flow
i point bench




144

flow then "fluid layers braked by the wall, have
insufficient energy to overcome it. These layers having
exhausted their feger;e of kinetic energy, turn in the
opposite direction”. In other words, an area of reverse

flow, i.e. a zone of separation, is set up along the bank,

The water surface contours of a tight bend (Figure 4.16)
show that there is a great difference in the water surface
height at the bend apex between the inside bank and the
outside bank. This is the result of the great strength of
centrifugal force at the tight bend because of the small
radius of curvature (see Section 2.8). The rapid increase 1in
the water surface elevation along the outside Gall_
downstream towards the bend apex means that there exists a
downstream increase in pressure. Similarly, along the inside
bank, the increase in the water surface elevation from the

bend apex to the bend exit leads to a downstream increase in

pressure at the bend exit. Thes

L4

rapid increases in pressure

result in separation zones in these two places along the
banks of tight bends (Figure 4.16). Rozovskii found that the
formation of separation zones also depends on the dffect of
the side walls on flow. Where the flow is deeper apd the
bank slopes gentler, the influence of bank Erictiaﬁ will be
greater and so the possibility of separation zcn§jffarming
is greater. In these areas of reversed flow, thé§§%r=§h
velocity declines and sediment is deposited from the flow to
form point benches or concave bank benches (Hickin, 1978,

Woodyer et al., 1979). Along the Sturgeon River, the point



Figure 4,160 Locations of possible formation
of separation zones clong o bend , shown
in plon. (Rozovski, 1961, p.5, Figure 3).

sparghon 1008 . #—= direchion
of low

wpor ohon 1008

Figure 4.16bPlon view of a tight bend, showing

the water surface contours in millimetres
(Rozovskii, 1961, p.116, Figure 44).
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benches are much more common than are concave bank benches.
This is probably because the inside banks are usually more
gently sloping than the outside banks (Figure 4.13) and so
the formation of separation zones is easier. In fact, in the
contorted portion, concave bank benches were observed only
at some of the enlarged bends.

The minimal deposition on the inside banks of bends
will inhibit lateral meander migration. The ability of the
channel to erode its outside banks does permit the lateral
and downstream migration of the outside banks but this
eventually must be limited by the development of concave
bank separation zones and the formation of cutoffs.

The absence of scroll bars (Figure 4.1), the fregquent
occurrence of meander cutoffs (Figure 4.17), and the steep
inside banks of bends of the contorted portion all indicate
that avulsion is more important than gradual laterél and
downstream migration of the meander form. Riley and Taylor
(1978) and Taylor and Woodyer (1978) proposed that channel
avulsion is one of the major causes of channel shifting in
the suspended-load Barwon River. They prbposed a number of
means by which avulsion could occur. One method is the
growth of inchannel benches and debris or vegetation clogs
which can constrict the channel and so cause avulsion.
Vegetation clogq alofg the Sturgeon River could develop when
plants grow along the channel perimeter during low flows,
and debris clogs could result from beaver lodges and dams.

No inchannel benches observed along this reach appeared to



Figure 4.17 Cutoffs in the contorted portion of
Reach C.

\
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be large enough for channel constriction.

Although it does seem likely that the Sturgeon River
moves by avulsion in this portion, avulsion has not occurred
in the time covered by the air photographs of Reach C.
Taylor (1980, pers. comm.) postulated that avulsion 1s a
long term process taking hundreds or thousands of years and
so these changes may not be observable over such a short
period of time.

To summarise, the downstream portion of Reach C has a
qpntorted channel pattern, as one would expect from the
literature concerning low slope - suspended load streams.
Also in common with other tortuous channels described in the
literature, are the steep convex banks, many cutoffs, and
the absence of scroll bars. These features indicate that the
chagnel is characterised by avulsion. The many tight bends
along the contorted portion produce flow separation zones
where inchannel benchee are deposited. As discussed in Reach
B, the downstream disappearance of the large amplitude

meanders and the compound pattern may result from the
decreasing valley width with'distance downstream, the small
reduction in slope, and from thg introduction of silty
sediments into the load. Although the change from large
amplitude meanders to contorted meanders is associated with
a downstream valley narrowing, the Sturgeon Valley widens
betveen reaches C and D and yet the pattern remains
contorted. The central portion of the reach has some

characteristics intermediate between the two reaches and is.

-~
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regarded as transitional between the two patterns.

4.5 Enlarged Bends

Enlarged bends occur frequently in the contorted
portions of the Sturgeon River. The channel cross-sections
at tMMse bends (Figures 4.13, 4.23 and 4.18) are much wider
and deeper than at other bends in these portions. No
quaptitative definition was'made to differentiate these
enlarged bends from the other bends. The great widths result
in unusually small values of the ratio of the radius of
curvature to the first-break-in-slope width (e.g. 0.77,
0.78). Also, maﬁy of the enlarged bends have-éanéave bank
benches. X

Several investigations have been made concerning
enlarged bends and concave bank benches. Hickin (1978, 1979)
observed concave bank benches which form at and just
upstream of the apices of tight bends along the Squamish
River. These benchés are composed of sediment much finer
than that on the channel bed and coincide exactly with the
observed zones of reversed flow. t

Carey (1969)"discussed abrupt angle bends along the
Mississippi River. These bends occur where the channel
direction is changed abruptly by impingement upon an erosion
resistant wall. Carey stated that a large eddy forms along
the concéve bank just upstream of the pointief impingement.

The eddy deposits fine sediments in a bar which eventually



Figure 418 An enlarged bepd between
Reach C and Reach D, in the contorted
portion of the Sturgeon River.

(g} The bend cross-section.

=

(¢) A sketch of the planform of the bend.
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joins with the mainland as the entir: configuration migrates
downstream along the valley wall (Figure 4.19)~ A "dead
water zone"™ is left behind by the downstream passage of the
pool and this provides room for eddy accretion to take
place. The largest channel depths form at these abrupt angle
bends.

Baker (1978) discussed the Rio Jurua of Brazil which is
characterised by unusually wide meander bends. This river
has a relatively narrow floodplain,Ahigh sinuosity, banks
stabilised by vegetation and cohesive sediment, no scroll
bars, and frequent cutoffs. Tricart (1977, from Baker 1978)
postulated that the development of the wide bends is the
result of the outside banks retreating faster than point bar
deposition can advance the inside banks. The limited amount
of deposition on the point bar is due to the small amount of
bedload in the channel, according to Tricart.

Woodyer (1970, 1975) and Woodyer et al. (1979)
described concave bank benches on the Barwon River. The
Barwon River is a low slope, high sinuosity, suspended load
channel which shows no evidence of downstream channel
migration. It has a narrow valley and the stream freguently
impinges upon the valley walls which are often composed of
resistant material. Woodyer (1970) noted that not all tight
bends along his study reach have concave bank benches. Those
that do have a rapid widening upstream of the bend, related
to an upstream eddy. Woodyer (1975) postulated that these

bends only form where channel expansion occurs because of
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Figure 419 Abrupt-angle eddy formation.

(from Corey, 1969. p.985, Figure 3).
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some special circumstance, for example where cutoffs join
the channel. This provides the spacé for eddy accretion
which is otherwise not available because the Barwon River

To summarise, these enlarged bends and concave bank
benches occur along streams with a high proportion of
suspended load, banks of cohesive material, and narrow
floodplains. The narrow floodplains promote the development
of abrupt angle eddy formation. The fine sediments allow the
development of tight bends because the cohesive sediments
usually éisacﬁfage chute formation, according to Tricart
(1977). Also, the fine sediment load is not deposited out as
quickly as coarser particles so that, if the shear stress is
high along the inside baﬁk, as it is for tight bends (see
the Reach C discussion), then deposition will be limited
along the inside bank which, in turn, limits the lateral
advance of the point bar. However, concave bank benches can
form in channels with coarser sediment loads (e.g. the
Squamish River) if tight be;;s can form.

At most of the enlarged bends along the Sturgeon River,
there were small bars along the concave bank gear watér
level when the discharge was about 2 cumecs. These bars were
usually colonised by aquatic plants. What was thought to be
a concave bank bench above water level was seen at only one
location.

At some enlarged bends, the channel is impinging on the

valley wvalls, which in many cases, are composed of Glacial



Lake Egwonton ats and' clays. For the example shown (Figure
4.20),\the channel is flowing towards the valley wall at an
éngle greater than 90°., Just upstream of the impingement,
the channel widens along the outside bank. The aquatii
plants along this bank indicate the presence of a shallow
bar, a concave bank bench. There is a point bench along the
inside bank. In this case, the enlarged bend may be
explained by abrupt angle eddy formation. The channel in the
contorted portion of the Sturgéon River does not seem to be
migfating downstream. This raises the question as to how the
space for flow reversal and eddy accretion has been created.
Perhaps the high angle of impingement encourages reverse
flow to the degree that this flow is strong enough to erode
the outside wall upstream of the bend at high discharges
(e.g. Woodyer, 1970). .

At some enlarged bends the river is undercutting the
valley walls by eroding a sandy layer underlyin§ the Glacial
Lake Edmonton silts and clays. At other bends, the channel
is eroding bedrbck which underlies the Glatial Lake Edmonton
sediments. In yet other cases, the enlarged bends.ételnat
impinging on the valley walls n

Although the river in the contorted portions is not
rapidly migrating downstream, it does not appear necesséry
to have the special conditions proposed by Woodyer to
provide the space §or flow reversal. In the bends,ébserved,

no such special conditions could be seen, although perhaps

they existed byt have become obscured through concave bank
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Figure 4.20 A sketch of an enlarged bend between
Reach C and Reach D, in the contorted portion of
the Sturgeon River. The flow is impinging on the
valley walls.
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deposition.

The unusually small ratios of radius of curvature to
width, as well as the great depths of these bends provide
the conditions favourable for the development of the concave
bank separation zones (Rozovskii, 1961). Perhaps at some
critical value of raéiﬁs of Eufvature:ﬂid%p, possibly in
association with an upvalle§ flow direction, the flow
reversal along the outside bank is strong enough at high
. discharges to erode the outside wall at and just upstream of
the bend's apex. At lower flows, a weaker flow reversal

occurs in the widened area and the reversed flow deposits a

. concave bank bench. The small amount of coarse load and the

high flow velocities along the inside banks of tight bends
reduce deposition on the point and, therefore, prevent the
lateral advance of the point. Conseqguently, the bends become
unusually wide. The great depth of these .bends is probably
the result of the very great strength of the downward flow

component due to strong secondary circulation.

4.6 Reach D

Before 1962-63, the S;ufgean River had a contorted
channel pattern along Reach D (Figure 4.21) with a sinuosity
of 1.92. The central portion was straightened in 1962-63
(Alberta Department of Highways, 1962) by creating five
cutoffs (Figure 4.22). Th§ straightened portion now has a

sinuosity of 1.17. Unfortunately, very little information is
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available on the diversion work done in this portion, or on
the characteristics of the pfedivérsicﬁ reach (Shalagan,
pers. comm., 1980). The preaiversianivaveleﬁgth, L, radius
of curvature, Rc, and amplitude, Amp, show no significant
downstream trends (4.6-10 to 4.6-12). The mean values of
radius of curvatufe and wavelength are very small for the
natural pattern, being 61 and 151, rgspectively. These means
are similar to but smaller than those for the downstream
portion of Reach C which also has a contorted pattern (Table
4.9). The channelised portion of Reach D has longer and
gentler bends but amplitudes which are similar to those of
the natural pattern.

Bayrock (1972) indicated that this portion of the

Sturgeon River occupies a valley excavated by a "meltwater

channel”. The valley bottom widths are fairly uniform along
Reach D, (Table 4.11). There are no terraces above the valley
bottom surface (Figure 4.21). There are meander scars across
the entire valley bottom (Figure 4.21). Before the channel
was straightened, the river undercut the valley walls in
several places. Thus, it appears that the channel has moved
across the entire valley floor, removing any evidence of

earlier alluvial surfaces. .

The Eifgtﬂbregk=in*slepe stage of the channel
cross-section occurs near or at the valley-flat
break-in-slope stage, as is the case for the downstream

portion of Reach C (Table 4.3). The only statistically

I

significant downstream changes in the first-break-in-slope

\



TABLE 4.11.

r bottom widths along Reach D.

Distance Valley Bottom
Downstream Widths
(¥m) (m)
53.1 420
53.4 432
53.6 432
53.9 444
54.1 456
54.1 420
54.3 408
54.4 432
54.6 468
54.7 492
55.1 372
55.2 348
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data are in width, Wfb, maximum depth, (Dx)fb, and area,
Afb, all of which have very small exponents (4.12-11 to
4.12-16).

The prediversion channel slope, 0.00021, was measured
from a 1:12000 topographic ma% and is not considered to be
very accurate. The valley slope for this reach is 0.00044.
Sinuosity is equal to the valley slope divided by the
channel slope. Solving for the channel slope of the
post-diversion central portion, we have (0.00044/1.17) =
0.000376, or 0.0004, when rounded off.

The natural channel slope of Reach D plots with the
data points for other tortuous channels (Figure 2.4). The
valley slope plots above the Ackers-Charlton line which
divides straight from meandering streams (Figure 2.3). The
absence of scroll bars (Figqure 4.23), the small width to
depth ratios (Table 4.13), the steep slopes of the inside

banks of bends, and the frequent cutoffs which characterise

1

each D are also often found Egzthese other low slope -
suspended léad streams with i;fiyaus channel patterns,

Although the natural planfdfm in Reach D is similar to
that in the downstream portion of Reach C, their channel
perimeters are not composed of the same type of sediments
(compare Figure 4.14 to Figure 4.24). Reach D has a sandy
bed and silty sand banks. Reach C has a channel perimeter of
silty clay. However, both reaches have valley walls composed
ofy Glacial Lake Edmonton silts and clays. It may be that

large afpunts af silts and clays are introduced into the
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Figure 4.23 Channel cross-sections along Reach D of the
Sturgeon River. Cross-section locations are given on Figure 4.21.
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TABLE 4.13. The observed width to maximum depth ratio, (W/Dx)o, and
the first-break-in-slope width to maximum depth ratio, (W/Dx)fb, for
Reach D.

DListance down- (W/Dx)o (W/Dx) fb
stream from
Big Lake

(km)

53.38 - 12.4 8.5

53.46 6.6 6.7

54.11 8.6 7.4

54.19 . 8.5 5.7

55.15 . _ 11+ g*

55.18 8.0 7.1
[

* These values are only approximate. All that is known
is that the mximum observed depth is greater than 2.8 m.
It was assumed for these calculations to be 3 m.



Figure 424 Sediment size characteristics
from the channel perimeter of Reach D.

(0) Meon sediment sizes of the bank samples vs distance
downstream for Reach D. Left ond right bank sediment
samples are averoged. '
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channel's sediment load when undercutting of the valley
walls causes calving of the sediments into the river. This
large proportion of suspended load may contribute to the
formation of the tortuous channel pattern. The valley bottom
ch C,

is covered by trees in the contorted portion of Re

wvhich may obscure some meander scars. However, it does
appear as if the valley bottom of Reach D has more scars
than the valley bottom of Reach C. Thus, the channel in
sandy sediments may be more active, although the planforms
are similar (compare Figures 4.17 and 4.22a).

Most of the sediment variables do not have
sfatisti:allg significant downstream trends in Reach D
(4.12-1 to 4.12-4) and the exponents are Vvery small. There
is a difference between the bed sediments of the natural
portions and those of the artificially straightened portion
(Figure 4.24). All the bed sediment samples in the central”
portion are well-sorted fine sand. The natural portions have

an gugiii}smean size of fine sand, but for individual

samples, the mean gediment sizes range from silt to medium

sand. The data also suggest that the pools iﬁﬂthe downstream
portion fiave finer sediments than the cross-overs. There is
little variation from pool to :rcss-oéer in the central
portion,

The smaller proportion of fine sediments in the central
portion may be due, in part, to the lower input of Glacial ‘
Lake Edmonton silts and clays. Before the diversion, the

river undercut the valley walls in four places along Reach



167

D. Now the river undercuts the valley walls at only one
location, Also, the greater energy expenditure caused bf the
steeper channel slope of the central portion should permit
the removal of finer sediments from the channel bed. The
fine sediments may then be trapped in the pools in the

downstream portion. The bed sedimenis in the .two

cross-sections immediately upstream oOf tXe central portion

are similar to those in the straighter Aortion. Presumably
N N . ! :
headward erosion has steepened the chanire slope Jjust

upstream of the diversion to produce this result (Yearke,

;-

1871).

The channel slope of the diverted portion plots close
to Lane's relationship which describes meandering streams.
Phus, the chann®l in the central‘p@:ﬁien‘may attempt to -
reform a meandering pattern in this portion, although
perhaps not a tortuous planform. If the input of silt and
clay into the channel is necessary to produce the tortuous
planform, say for the stabilisation of the channel banks,

ilt and clay in the central portion

then t%g reduction of
5§gy meah that the new stable :hénngl will be sinuous but” not
contorted. 7

The only inggfgbti@ﬂ pertaining to _the artificially
created channel cross-sectional forms of the straightened
portion is for the design cross-sectional form at the
highway bridge (see Figure £‘21); Mere the channel was to
have a bottom width of 15.2 m and bank slopes of 0.5.

Whether this was the form used for the artificial cutoffs is
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unknown. As of 1979, for cross-section 3, the inside bank

had a slope of about 0.2 to 0.3, and the olU'rajde bank about

0.4 below the observed vater level, and 0.8 above the
observed water level. The bank slopés at cfcsgssetticn 4 are
slightly steeper (0.6) than the artificial values. Below
water level, cross-section 3 is V-shaped and skewed towards
the right bank. Cross-section 4 is somewhat skewed towards
the left bank. Erom cross-section 3 the thalweg appears to
move from the right bank to the left bank at the location of
cross-section 4, and then to the right bankiat location 4a,
where a cut bank has formed (Figure 4.25). éif photographs
of this portion show that a small bend at cross-section 4 i
has formed since 1962-63 (Figure #.22). This indicates that’
the channel may be attempting to reform a mea;dgring pattern
in the central portion.

The width to d;pth ratios do not change markeél§ from
the artificially straightened portion to the natural portion
(Table 4.13). The observed cross-sectional form of the
channel appears to have readjusted to a form close to the
natural cross-sectional shape. As the bed sediments become
finer, the observed width to depth fat%cs, (W/Dx)o and
(Ww/Dm)o, decreases (A-91, A-92, A-97, A-98, A-87, A-88) as
one would expect from the literature (Schumm, 1961). The
‘regression analysis does not include cross-section 5 because
it is an enlarged bend. The fact that the straightened
portion does not have any of these enlarged bends may be

significant for the channel in terms of the water surface
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slope at lower discharges and in terms of the large

-

variations in sedimentation environments between the
enlarged bends and their adjacent cross-overs.

In ci@glusicn, the natural contorted patte:ﬁlaf this
reach is tygical of other low slope channels in fine
sediments. For Reach D, the fine sediments are provided by
the Glacial Lake Edmonton depasigs. The straighEEﬁeé portion
has a smaller proportion of fine sediment in the bed
sediments. This is probably due to gﬁe reduced input of
Glaci&l Lake Edmonton finé égpésits and to the greater
ability of the water to serode and transport fine sediments
because of the higher diversion channel slope. The
straightened portion appears to be reforming a meandering

planform.

4.7 ﬁg;:h E '
The sttfeam portion of Reach E has a contorted pattern
(Figure 4.26), similar to the natural pattern of Reach D and
the contorted portion of Reach C. The pattern in the central
portion is variable. In the downstream portion, the channel”
is nearly straight. From the upstream to the downstream
portion, sinuosity decreases from 1.74 to 1.01; mean meander
wavelength increases from 132m to 258m, and mean radius of

A

(\\The valley form in this reach appears to exert some

curvature increases from 46m to 110m,

-

\ . .. , e . ,
control on the planform. The valley bottom width (Table 4.14
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~ABLE 4.14. Valley bottom widths along ‘Reach E.
I M
portion ) Distance , val ﬂy ,
Downstream . Bottom Widths
(km) T (m)
%
Upstream 62.3 360
Y A 456 .
62.5 540
62.8 564
62.9 540
63.3 492
63.3 480
63.4 468
63.4 456
Central 63.6 384
63.8 264
63.9 144
64.1 132
64.1 180
64.2 240
pDownstreanm 64.7 144
65.0 84
65.2 60
65.4 72
65.5 60
65.7 48
65.7 36
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decréa=-- si 1fxcantly with distance downstream
. i
i(t2i12,189)_ The small valley bottom width and small meander

o ¢
amplitudes of the downstream portion both suggest that

channel erosion has been primarily vertical with only a

mall lateral iampghenti;?he wider valley bottom and the
frequent occurrence of m;ander scars (Figure 4.27) in the
upstream portion indicate greater lateral movement there.

' The fiver is accasicﬁally confined by the valley walls
in the upstream and central portions, and frequently
confined in the downstream portion. In the upstream portion,
these walls are composed of Glacial Lake Edmonton silts and
clays. In the central and downstream portions, the walls are
composed of bedrock capped by sands and;gfavels. The
difference in valley form may be due to gféatEf resistance
§Ef;he valley walls to erosion in the downstream portion.

It may also be that the valley in the upstream portion.

existed before the present Sturgeon River vhereas the valley

in the downstream portion is relatively young. It seems
possible that the silt-clay dép@sit'beéveen the Sturgeon
Valley and the Lily Incision (Figure 4.28) may represent a
continuation of the meltwater channel proposed by Bayrock
(1972) for the river upstream of R;ach E. TFe meltwater
channel and the valley with the silt-clay deposits have
similar valley top widths and both valleys are infilled with
Glacial Lake Edmonton sediments. Bayrock's "meltwater
channel” ends where the proposed "meltwater channel” begins

and then begins again where the proposed "meltwater channel"”
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Figure 427 Mezn
portion of Reach E
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ends. Thus, it may be that the meltwater channel which
excavated EPE valley along the upstream portion of Reach E,
also excavated this ctﬁer valley. The whole valley was later.
infilled with Glacial Lake Edmeﬁtaﬁ sediments and then a
portion of the valley was reexcavated by the Sturgeon River.
However, the Sturgeon River followed a new path downstream
of the reexcavated portion. In the downstream portion af
Reach E, the valley appears to be geologically young, and
lateral erosion has not been great enough to remove the
confining effect of the bentonitic shale and sandstone which
form the valley walls.

There is only one measured cross-section - the

upstream portion, and this was taken near the central

portion. There are no first-break-in-slope data fcr.
cross-section 1. In the central portion, the cross-sections
were taken too close together to have separate planform
data. Thus, the cross-sectional data\set is very small for
this reach, and, in fact, it is too small for statistical
analysis. The limited observed cross-sectional data do not
show any strong downstream trends (Table 4.3, Figure 4.29).

The channel and valley slope data are p&bﬂ; The channel
slope for the stretch which includes the upstream portion of
Reach E is 0.0006 and the valley slope is 0.0011. For the
~stretch including the central and downstream portions, the
channel slope is 0.002 and the valley slope is 0.0022.

In the upstream portion, features such as narrowv and

ections, the steep inside banks of bends, point

e
»
»
o
]
Lo
o
4,1
W
1
o
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Figure 4.29 Channel c:rosmiﬂs along Reach E
of the Sturgeon River. Cross-section locahons are
given on Figure 426.
(1) Cross-section 2 at o bend
in the central portion.

(1) Cross-sechon | at a bend
in the upstream portion.

-

(i) Cross-secton 3 at a cross:
over in the central portion.

(iv)Cross-section 4 ot a bend
in the central porton.

(v) Crosssechon5 at a\, ¢
cross-over 1n the k.4

downstream portion.

“(vi) Crots-section 4 at a bend in the
downstream portion.
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benches (Fiqure 4.29), and cutoffs (Figure 4.27) are
characteristic of the other étufgecn River reaches which
have tortuous channel patterns. The rélatively steep slope
of the upstream portion of Reach E compared with that of ;he
natural pattern of Reach D and of the downstream portion of
Reach C may be the result of qeasuriﬁg the slope from a

kY
topographic map: the slope value includes part of the

gravel-bedded channel upstream beyond Reach E, as well as
part of the central portion of Reach E.

In the central and downstream portions, the bank
sediments are variable and the bed sediments are
predominantly gravel ,(Figure 4.30). There are no
statistically significant downstream changes in 5ediﬁent
size al ng these two portions ;4g15—1, 4.15-2). No sediment
samples . e taken from the upstream portion but limited
field observations indicate that the beds are predominantly
sand with small amounts of gravel and tge banks are composed
of silty sand. Because of the poor quality of the sediment
data, no meaningful statistical relations between planform

characteristics and sediments can be drawn. However, the

data suggest that the upstream portion has sediments which

are similar to those of Reach D, i.e. a sandy bed with an
input of Glacial Lake Edmonton sediments from the valley
walls. In the éentfal and downstream portions, the channel
slope becomes steeper and the bed sediments much coarser.
This.agrees with observations in the literature which show

that an increase in sediment size is often associated with



aracterishics
Reach E.

‘ Figge 4.30 Sediment size ch
f

from the channel perimeter ©

(a) Mean sediment sizes of the bank samples
vs distance downstream for Reach E.
* Left and right bank samples are averaged.
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an increase in channel slope (see Section 2.6).

Only part of the valley flat was flooded by the 1974 1
in 80 year flood, and the area flooded decreases downstream
along the reach (Figure 4.26). In the davggtream portion of
‘Reach E, the discharge was near bankfull during the 1974
flood. Because the bhankfull discharge has such a large
return period, the dgwnstreém portion is considered to be

1

entrenched and the dominant discharge to be the mean annu
flood, 24.1 cumecs (Neill et al., 1970), as recommended for
entrenched channels (Ackers, 1980).

The channel siope!disgharge data point @E_the central
.and downstream portions plots near the Leopold-Wolman
relationship which separates meandering from braiding
channels on the slope-discharge diagram (Figure 2.2). If the
downstream portion is near the transition to braiding, one
may explain the lower sinuosity of this éarticﬁ in terms of
the slope-sinuosity relationship of Schumm and Khan (1972):
after a certain slope is exceeded, the meandering tendency
of the channel begins to decline and the channel straightens

hange to a braided pattern., Therefore,

Ty

as it approaches the

o
L1

ds the slope becomes steeper along Reach E, the channel
straightens.

In summary, the upstream portion's channel pattern is%
probably controlled by a low channel slope and fine sediment
load producing a contorted planform. &he downstream portion

is confined by the bedrock valley walls which restrict

lateral erosion, resulting in small, low amplitude meanders.
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The very limited data lead one to speculate that the valiey
of the central and downstream portions were excavated
entirely postglacially, after the disappeatance of Glacial
Lake Edmonton. The gravel bed sediments require a steep
slope for erosion and transport. To create this steep slope,

the river follows an almost straight channel pattern, and so

the amount of lateral erosion by the river is small. Thus,
the valley remains narrow and the channel confined and
nearly straight. However, the data for this reach are of
very poor gquality. There are so few bed samples that the
relationships between the bed sediment variables and
planform cannot be properly investigated. The
cross-sectional data do not cover the reach adequately and

the slope data are not accurate.

4.8 Reach F

The upstream portion of Reach F has a low sinuosity of
1.22. The downstream portion, with a sinuosity of 1.92, has.
a compound pattern (Figure 4.31). In 1966-67, the central
portion was artificially straightened (Alberta Department of
Highways, 1966). This removed two meander bends from the
central portion of the reach. A natural :utgff formed
gradually between 1924 and 1976 in the central portion,
downstream from the diversion (Figure 4.32). Thus, the
central portion, with a sinuosity of 1.01, is now almost

straight.
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The average wavelength of the simple meanders of the
upstream portion is 230 m, similar to the average value for
the small meanders, 200 m. The average wavelength for the
large meanders is 420 m. There are no statistically
significant downstream changes in planform for the simple or
small meander data (4.6-16 to 4.6-18) except for amplitude,
Amp, which has a very small exponent. The small meanders
appear to be maintaining a spacing similar to that in the
simple meanders. This supports Keller's (1972) and Lewin's
(1972) hypothesis that small meanders are created within a
large pattern so that the pool spacing is adjusted to the
relatively small width. However, this does not explain why
the large meanders are found in the downstream portion and
not in the upstream portion.

Just upstream of Reach F, the Sturgeon Valley makes an
abrupt change in direction from roughly a SW-NE to a NW-SE
orientation (Figure 4.33). The portion of the valley
following the NW-SE orientatien, including Reach F, is
called the Lily Incision (Bibby, 1974b). Bayroak (1972) .
indicated that the Lily Incision was formed by a meltwater
channel. The width of the Lily Incision valley top is
approximately constant along most of the incision, but the
depth of the incision is greater where the incisien is
occupied by the Sturgeon River (Table 4.16). This suggests

ncision since

(o]

that the Sturgeon River has downcut the Lily
the initial excavation of the whole incision, but that

lateral erosion by the Sturgeon River has been confined to
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Figure 4.33 éhe Lily Incision, from
(Bayrock, 19720
K Lily Lake

ey A
\ Lily Incision h’}igiﬁ;;'% the

Sturgeon River

Reach F
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TABLE 4.16. Valley top widths and depths of incision along the Lily
are shown on Figure 4.33.

Incision. The reach locations

Reach

e

Average Valley Depth of valley
Top Width Incision
{m) (m)

Lily Incision 600
upvalley of 600
the Sturgeon 700
River 500
700
750

Reach F 616
762
853
738
671
634
671
768
771
716

Gauge site 671
’ 610

625

588

579

533

600

642 approx. 15

720 26. .
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the valley cut by the meltwater channel.

The valley bottom width and the meander belt width both
increase downstream along-Reach F, but the proportion of the
valley bottom occupied by the meander belt increases
downstream (Table 4.17). In places in the downstream
portion, the channel is confined by the valley walls but the
channel in the upstream portion is not conflned by the
valley walls. From this it appears that the downstream
development of large meanders is not due to an increase in’

valley width.

(]

t has been found that meander wavelength increases as

o o

the sediment becomes coarser for a given discharge (Schumm,
1967; Ackers, 1980). There is no significant downstream
change in either bed or bank sediment size (4.18-1, 4.18-2
and Figure 4.34). Very few bed samples were taken and so the
regression relations are not reliable. It would have been
better to have data which in some way reflected what
proportion of the bank is composed of predominantly gravel
and what proportion is predominantly sand and silt. As it
is, these statistical relations are probably not
geomorphically meaningful.

The observed, first-break-in-slope, and valley-flat
break-in-slope channel cross-sectional characteristics do
not show any significant downstream trends (4.18-3 to
4.18-20 and Figure 4.35). The valley-flat break-in-slope
cross-sections are larger than the first-break-in-slope

channel cross-sections for this reach and the



TABLE 4.17. Meander belt widths and valley

189

bottom widths for Reach F.

Distance Meander Belt " Valley Bottom
Downstream from Wwidth width
Big Lake
(km) (m) (m)
72.69 122 268
73.10 146 i 229
73.42 192 207
74.06 244 280
74 .38 274 305
s 74.63 259 204
75.27 283 335
75.83 305 38l
76.07 352 396
76.80 320 320
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Figure 434 Sediment size charcctenstics from
the channel perimeter of Reach F.
(a) Mean sediment sizes of the bank samples vs
distonce downstream for React 7. Left and

. ght bank
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Figure 4.35 Channel cross-sections along Reach F.
Cross-sechion locations are given on Figure 4.31.
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first-break-in-slope cross-sections are larger than the
observed cross-sections (Table 4.3).

Unlike the small meanders of reaches A to C, the small
meanders of Reach F are visible at higher flows. This
indicates that these meanders might be related to some
channel width larger than the observed channel width, Wo,
say the first-break-in-slope channel width, Wfb. Hcéever,
the simple and small meander wavelength data are not
significantly related to Wfb (t=0.221, less than 50% sig.)
but are significantly and positively related to Wo (t=1.650,
80% sig.). The simple or large meander wavelength data are
not significantly related to either theXfirst-break-in-slope
channel width (t=0.368 and t=0.113, less than 50% sig.) or

the valley-flat break-in-slope width (t=0.176, less than 50%

sig.). However, the cross-sectional sample size 1s small and

W

so does not provide reliable statistical results.

Channel migration along this reach is predominantly by
avulsion rather than continuous lateral-migration as
evidenced by the presence of cutoffs, the small point bars,
and the absence of scroll bars. It seems that channel
erosion has been predominantly vertical rather than lateral,
resulting in channel entrenchment and small point bars.

Very little of the valley flat was flooded during the
1974 flood. Thus, this reach will be considered to be
entrenched (seg Section 3.2.3). Inchannel”benches occur at
some cross-sections (Figure 4.35) and may be related to some

more frequent recurrence interval than is Surface I
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(Woodyer, 1968).

The natural channel slope of the diverted portion was
0.000353 and the diversion slope is 0.00174, almost an order
of magnitude steeper (Alberta Department of Highways, 1966).
The valley slope is 0.00087. A possible reason for the
downstream change in the natural meander pattern is a 3
downstream change in valley slope according to Schumm and
Khan's (1972) slope-sinuosity relation. However, the valley
slope data are very poor and it is not known if the vallej
slope changes along the reach.

The slope-discharge data point for the pre-1966 channel
plots in the meandering range of the Leopold-Wolman relation
(Figure 2,2). The data point for the diversion is close to
the line between meandering and braiding, but is still
within the meandering range. Thus, the channel might attempt
to reform a meandering pattern in this reach (Emerson, 1971;
Keller, 1978).

The lag surface of fine gravels (Fiqure 4.34) on the
ééint bar at cross-section 1 indicates that there is a
relatively high shear stress on this point bar. This may
mean that headward erosion is occurring upstream of the
diversion, 5teep§ning the upper portion by straightening the
planform. At cross-section 2 (Figure 4.35), the small bar
along the right bank and the maximum channel depth along the
left bank are perhaps the result of a new bend developing in
‘the diverted portion as the channel attempts to reduce the

slope of this portion.
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CfDSETSECti@ﬂ 3 is located at the downstream end of the
diversiaﬁixaefare the diversion, there was a riffle at this
location (Alberta Department of Highways, 1966). As a result
of the diversion there is now a bend at this location.
Assuming that the planned work was the work done (Table
4.19), the following readjustments took place between
1966-67 and 1979:

(1) the inside bank slope has become gentler,

especia’ly below the observed water level;

(2) the outside bank slope has remained at

approximately the design bank slope;
and (3) the channel bottom width and the channel top

width have both become smaller.

From the comparison of the diversion cross-section and
the 1979 cross-section, deposition has occurred at |
cross-section 3. This deposition has been predominantly
along the inside bank where a gently sloping point bar has
formed. There has also been erosion along the Qutside bank
to form a cut bank. Thus, the channel form of thé 1979
cross-section 3 is skewed, as are the cross-sections at
natural bends along Reach F (Figure 4.35). However, the
channel cross-sections were measured at slightly lower than
mean discharge and the small bars at cross-sections 2 and 3
may be low flow features rather than readjustments to the
diversion.

Deposition usually occurs downstream of a diversion
(Yearke, 1971). However, in this reach, a cutoff formed

downstream. The airphoto data indicate that this cutoff was

forming before the artificial diversion, Consequently, any



TABLE 4.19. The form of cross-section 3 of Reach F immediately after the
divearsion (1966-67) (Alberta Department of Highways, 1966) and in July,
1979. It should be noted that the diversion plans were accompanied by
the disclaimer: "The actual work done may or may not have been in accor-
dance with these drawings.”

Date of Bank Slope Bottom Width Top Width
Cross-~ (Hor.:Vert.) of channel ©  of Channel
section Left Right when depth is 1l m
: Bank Bank {m) (m)
1966-67 2:1 T2:1 19.8 23.8
1979 2.8:1* 2.2:1* a.9 17.9
6.8.1** 2.2:1%*

* above water level, water discharge is 3 cumecs
*x* Below water level, water discharge is 3 cumecs

J
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post-diversion deposition which might have taken place has
not aQPEEéiably affected the formation of this cutoff.

In conclusion, the sediment, slope and cross-sectional
data are too poor to determine the reason for the downstream
change from simple to compound meanders. The amplitude of
the large meanders of the compound pattern is sometimes
limited by the width of the previously-cut Lily Incision but

there do not seem to be any valley width constraints on the

[V,

imple meanders. There is some evidence that the channel may
be reforming a meandering pattern in the diverted portion,
but it is not certain. It is not surprising that there is
little evidence for the reformation of a meandering pattern
after only thirtéen years, especially if much of the erosion .

is downward rather than lateral.

4.9 General Comments and Conclusions

Summaries of the factors affecting each reach have been
given at the end of each reach description. Some general
study reaches can be drawn from the above discussion. The
pre-existing valley form is often important in determining
the channel pattern by confining the channel ahd/or
determining the valley slope within which the channel slope
develops. Changes in planform are sometimes agsociated with
a change in channel perimeter sediment type, although not

always. It may be that sediment load rather than channel
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perimeter sediments should have been measured. The
downstream changes in channel pattern are also often related
to downstream changes in channel and valley slope. 1t seems
that, at low channel slopes, small changes in slope are
associated with very great changes in the channel pattern.
Unfortunately, the slope data are imprecise for several of
the study reaches. The downstream changes in channel form
are not always associated with downstream changes in

1

cross-sections measured as well as to the difficulties in

b

determining an appropriate bankfull stage. Obviously, the

planform. This may be due to the small number of

study of the effects of the diversions of reaches D and F
would have been better if the observations had been taken
over a number of years. The small amount of of data on the
Erediversian and diversion characteristics of Reach D also

hamper investigation of postdiversion changes.



5. ANALYSIS OF DATA

4

5.1 General Introduction

This chapter concerns the results of correlation and
regression analyses primarily between the planform variables
and the channel perimeter sediment variables, the channel
cross-sectional variables, and the channel and valley slope
variables. The regressions are log-linear and are feferfeéi
to as "stat st: ally significant” if the t statistics of the
exponents are significant at 90% or a higﬁer level.
Correlation analysis has been used in addition to the
regression analysis. First 4#he simple regressions and
and correlations. The regression relationships are given in
tables in Appendix IV and the relations are referred to
using the table letter and the reference number given in the
table.
significant are included in the text but Appendix IV lists
both the statistically significant and insignificant
relations. Summary diagrams are provided in'che text showing
the statistically significant results.

The relations have been calculated using data from
individual reaches, from grouped data of similar reaches and
from the data for all the reaches combined., Where there are

compound meanders, there are separate relations for the

200
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large meanders and for the small meanders of the compound
pattern. The "specific” planform data use the values of the
bends for which channel cross-sections have been measured,
wvhereas the "averaged” planform data use the mean of the
planform values for a number of bends near to the measured
cross-sections.

The cross-sectional measures have several values

depending on the water level used. The "observed”

W

cross~sectional values are those values obtained for the
water level at the time of survey and are denoted by the
letter "o". The "first-break-in-slope” cross-sectional data,

labelled "fb", are produced by using the water level at the

stage vhere the channel width begins to increase rapidly
with small increases in channel depth (Section 3.2.3). This

“fifst=bfeak§inéslape“ stage is used by some as a measure of
the "bankfull"” stage. Another method of measuring bankfull
is to use the stage just before the river floods onto the
valley flat, referred to here as the "valley-flat
break-in-slope” stage and denoted by the letters "vf", The
observed data are used in the analyses because they
represent approximately the same discharge along a given
reach, whereas the first-break-in-slope data represent a

wide range of discharges along some reaches.
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5.2 Channel Perimeter Sediments and the Width to Depth Ratio

The channel perimeter sediments and the width to depth
ratio have both been shown to have an association with the
channel planform (see Chapter 2). From Schumm's (e.g. 1961a)
work, one would expect that as the proportion of fine
sediments in the channel perimeter decreases the channel
should become wider and shallower. Table 5.1 summarises the
statistically significant relations between the width to
depth ratio and the sediment variables for the individual
reaches and for all the reaches combined for theiSturgean
River. The details of the regressions and correlations are
found in Appendix IVa.

. In this analysis, Schumm's M, %SCBK, and %SCBD are used
for comparison with relations in the literature. Because it
is predominantly the clay component of the silt-clay
fraction which is cohesive (Brady, 1974), the percent of
clay in the banks, ¥CBK, and in the bed, %CBD are also used.
The mean bank sediment size in mm, MBK, and the mean bed
sediment size in mm, MBD, are used as well.

Schumm's width to depth ratio appears to be for a
bankfull discharge (a 2.33 year recurrence interval).
Conseguently, it was hoped that (W/D)fb would provide
relations similar to those found by Schumm. All of the
relationships with the first-break-in-slope r;Eieszafe
. statistically significant (A-235 to A-248), but the signs

are opposite to those expected from the literature. Thus, as

the bed and bank sediments become finer, the channels become
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wider and shallower. Also, in many cases, the exponents have
relatively small magnitudes. The relations with bank
sediment variables are statistically stronger than those
with the bed sediment variables.

Some explanation is required of;the discrepancies
between Schumm's results and those for the Sturgeon River,
Schumm's relation applies to stable, alluvial channels with
little or no gravel in the channel perimeter. The Sturgeon
River reaches may not be stable alluvial channels. Incision
may be occurring which accounts for the relatively large
"bankfull” stages (see Section 3.2.3),\and, in some plqces}
part or all of the channel perimeter is composed of |
non-flu?ial sediments (bedrock or glacio-lacustrine
sediments).

Although all the width to depth ratios are within the
range of Schumm's (1961a) data, this is not the case for the
sediment data, although for reaches A to C, the mean
sediment sizes of most of the bed and bank samples are
smallér than the rahge of median grain sizes given by
Schumm. That is, although the percent silt and clay values
are similar, the sediments for reaches A to C probably haye
a larger proportion of clay than do the sediments in
Schumsw's channels. For reaches E and F, aithough the bank
sediments are someéimes within Schumm's range:_the bed
sediments are much coarser than ;re those from Schumm's

rivers. The Reach D sediment data are entirely within

Schumm's range for both the bed and bank samples. Although



[ %]
o
[¥y ]

the Reach D sample size is small, all the statistically
significant equations have exponents with signs in agreement
with Schumm's equations, and the magnitudes of these
exponents are generally comparable to those given in the
literature (A-87, A-88, A-91 to A-94, A-97, A-98).

Thus, although statistically significa%t relationships
are found for the Sturgeon River, these do not generally
correspond to those presented by Schumm. The differences in

material sizes in the two studies and possible contrasts in
river stability are thought to be responsible for the lack
of agreement. These results generally illustrate the dangers
of generalising and extrapolating fluvial fglétianghips

beyond the conditions for which they are developed.

5.3 Planform and Channel Cross-sectional Characteristics

5.3.1 Meander Wavelength and Channel wWidth

A number of investigators have found that meander

wavelength, L, has a statistically strong linear
relationship with channel width, W (Section 2.3). In general
terms, one would expect the vavelengths of simple meanders
and small meanders of the compound pattern to be positively
related with some characteristic width, say the
first-break-in-slope width, which controls the flow in such
a way as to produce me;nders of these wavelengths. The large

=

meanders of the compound pattern should be positively
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related to some larger width, say the valley-flat
break-in-slope width.

To help alleviate the problem of small sample sizes for
the individual reaches, the data were grouped together. In

contrast to the statistically weak results for the

individual reaches from A to C (Table 5.2, Appendix IVb),
when these data are grouped together, the exponents of the
relations with observed channel width are statistically
significant and close in magnitude to those given in the
literature (B-16, B-18, B-20, B-22). The relations with Wib
are statistically weaker and the exponent of channel width
is smaller for most of the equations (B-17, B-19, B-21).

Wwhen only the large meander data for reaches A, B, and
C are regressed against either Wo (B-22) or wfb (B-23), the
exponents are positive, close to unity, and have strong
statistical significaﬁcesi When these meander data are
regressed against the valley-flat break-in-slope channel
width, Wvf, the relation is not statistically significant
(B-24). This result is contrary to the expectation that the
large meander wavelengths would be significantly related to
Wvf and not to Wo or Wfb, and suggests that the large
meanders are related to channel widths associated with
relatively high E:équency discharge events. This is contrary
to any suggestion that the large meander form might be

relict.

For the large or simple wavelength data of reaches A to

C, the relation between wavelength and observed channel
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width is quite close to linearity (B-20), whereas the
relation bet'ween L and Wfb is statistically weak and the
exponent of Wfb is small (B-21). This result is in agreement
with the results for individual reaches.

When all the Sturgeon River data for the small or
simple and specific wavelengths are grouped tvgether, the
regression equation for meander wavelength as a function of
Wo (B-44) is significant and the exponent 1is similar to that
given in the literature. When L is regressed as a function
of Wfb, the resulting equation is not statistically
significant and the exponent of Wfb is small (B-45).

Therefore, both the small and large meanders appear to
be responding to high frequency discharges suggesting that
an explanation of the meander forming process must relate
both scales simultaneously to contemporay& flow conditions,

There appear to be some differences between the
relations for the reaches near Big Lake, reaches A to C, and
those for the reaches further downstream, reaches E and F.
When the small or simple and specific data for reaches A to
C are combined, the exponent of Wo is strongly significant,
positive, and close to, but smaller than; the magnitudes of
the exponents in the literature (B-16). When data from
reaches E and F are combined, the relation between L and
either Wo or Wfb is positive but the exponents are large.
However, the equations are significant only at the 80% level
(B-41, B-42). Reaches A to C are characterised by low valley

and channel slopes, and both channel beds and banks are
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often predominantly composed of silts and clays; reaches E
and F have relatively steeper slopes, and coarser bed
sediments,

In conclusion, the statistically significant relations
for the Sturgeon River data are usually near linear and
positive, as expected from the literature. Leopold and
Wwolman (1960) used "mean bankfull™ channel widths in their
calculations of wavelength as a function of channel width.
However, only a very few of the Sturgeon River data
rélati@ns between wavelength and Wfb are statistically
significant and very few are statistically better than the
relations between L and Wo. Furthermore, the exponents of
Wfb are generally not similar to those given in the

literature. v

5.3.2 Meander Wavelength and the Channel Width:Depth Ratio

From the literature (see Chapter 2), one would expect
that narrower and deeper channels would have smaller meander
wavelengths than wider and shallower channels. That is,
wavelength should be pééigivgly related to the width:depth
ratio.The relations for the Sturgeon River are found in
Appendix IVc and Table 5.3 provides a squafy of the
statistically significant results.

The statistically significant relations for Reach A
have negative signs(C-2, C-3) while those for reaches B and

C are positive (C-15, C-21, C-22, C-23, c-29, C-30).
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When the wavelength data for reaches A to C are grouped
together, they are éignifiéantly and positively related to
almost all width to depth ratios (C-31 to C-48). In
addition, the exponents of the large or simple and specific
grouped data ére near unity while those of the simple and
specific data are near 0.5.

Thus, as was the case for the relationships between
meander wavelength and channel width, when the data from
reaches A to C are grouped together, the relations usually
are positive and statistically significant.

When the data from all the reaches for the $imple or
small and specific meander wavelengths are regressed against
either the observed or the first-break-in-slope width:depth
ratios, the resulting eguations are highly significant (C-75
to C-78). The exponents are slightly larger for the
first-break-in-slope width:depth data. For these eguations,
meander wavelength is a function of, roughly, the square
root of the width:depth ratio. The exponents are also
similar to those for most of the small or simple grouped
data for reaches A to C (C-41 to C-48),

In conclusion, when the data are grouped, the
statistically significant relations are positive and often

on (W/D)o and somewhat larger when L is regressed on
ratios have either about the same or stronger statistical

significances and signs as the comparable relations for



channel width. This suggests that the form of the channel
may be as important or more important than the actual width

in determining wavelength,

5.3.3 Radius of Curvature and Channel Width and Width to
Depth

Generally, frém the literature,one would expect the
relation between radius of curvature, Rc, and width, ﬁi to
be positive and near linear (e.g. Leopold and Wolman, 1960).

The data in Appendix IVd and Table 5.4 reveal that
highly statistically sighifi:ént results with exponents
close to one are obtained when the data for reaches A to c
or'for all the reaches are grouped together. Comparison of
equations D-19, D-21, and D-25 with D-20, D-22, and D-26
Vshows that the results with the observed width, Wo, are
somewhat statistically stronger, and the exponents of width
are larger than those for the firstfbreak*inislap; width,
Wfb. The regression for the grouped data for reaches D, E,
and F against Wo is statistically significant (D-23) but the
exponent of Wo is relatively large.

For the observed widths, the data from reaches A to C
combined have the smallest exponents (1.19, 1.03); the data
from reaches D to F combined have the largest exponent
(3.39); and the data from reaches A to F have an
intermediate expaneﬁé (1.21). This suggests that the
relationship between Rc and W may change depending on the

characteristics of the channel, as does the relation between
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wavelength and width.

Discussion in the literature also indicates the the
Rc/W relationships depend on the individual characteristics
of the rivers studied. Leopold and Wolman (1960) stated that
for many rivers in the United States, the ratio of Rc/W is
between 2 and 3. Hey (1976) determined that for the rivers
Tweed and Wye, the radius of curvature was relatively large
compared to the data from Leopold and Wolman. Hey proposed
that the relation between Rc and W 1is d;pendent on the
meander arc angle and hypothesised that Leopold and Wolman's
data are from "well developed" meanders (p.482) with meander
arc angles of approximately 150°. Meander arc angles for the
rivers Tweed anégﬁye generally are smaller than this. For
the Sturgeon River, the meander arc angles vary widely and
the values of Rc/W are rarely between 2 and 3. However, they

do not fit well with Hey's scheme where the plot of Rc as a

The relations between Rc and the width to depth ratio
~are summarised in Table 5.4. These fégrgssicns are R
statistically strong for the grouped data for reaches A té C
(Appendix I1Ve, E-35 to E=§2L and for all ghg-:eaches -
zambined kE*i? to E-50). For the data ffgifreaches A to C,
-tﬁe relations for the observed width to depth ratios (B-35,
E-36, E-39, E*SO) are statisti:ally stronger and the
exponents are usually closer to being linear than is the

case for the relations for the comparable

Eir;tsbreak-in‘slape data (E-37, E-38, E-41, E-40). The
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strong relation with Wo supports .the earlier conclusion that
the channel forms of reaches A to C are related to

contemporary, high frequency flow conditions.

5.3.4 Sinuosity, Width and Width to Depth

Appendices IVf and IVg and Table 5.5 present the
regression results for sinuosity as a function of width and
width:depth, respectively. Because the sample size for
sinuosity is very small for individual reaches, regression
equations have been calculated only for the groubéd data.

For sinuosity as a function of the width to depth .
ratio, the statistically significant relations are for the
observed ratios for reaches A to C (G-1, G-2) and for all
the reaches combined (G-9, G-10). In all cases (G-1 to G-9),
the signs of the exponents are negative Pnd the magnitudes

of the .exponents are small. .

.

Schumm (1963) determipéd that, for rivers on the Grthv
Plains which have ten percent or less of the bed sediment as
coarse or coarser than coafse gravél: |

Sin = 2.54 (W/Dx)"*-?*’
Schumm's equation compares favourably with the results \
obtained here in terms of the sign and the magnitude of the
exponent. Furthermdre, (W/Dx) consistently provides sironger
statistical relations than (W/Dm) for comparable relations.
SEhumﬁ's (1961a) width to depth ratio is probably for a

bankfull va%ye (mean annual flood). However, the bankfuil

relations for the Sturgeon River are poor. Once again, this



TABLE 5.5. A diagram of those relationships between sinuosity and
width and sinucsity and the width to depth ratio which are statis=
cically significant for the Sturgeon River data sets. A positive
sign, +, preceding the name of the reach or reaches indicates that
the two variables are positively related and a negative sign, -,
indicates that the two variables are negaflvels related for that

data set.
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and the fact that, in some reaches, bankfull stage is
probably never achieved. Alé@, it is interesting to note
that the relations with width alone rather than those for

width:depth are statistically stronger for comparable data.

5.3.5 Amplitude and Channel Width and Width to Depth

The relations between amplitude, Amp, and either
channel width or width/depth are poor compared to the
relations between. the other planform variables and width,
From the literature, one expects a positive, near linear
although veak relation between amplitude and channel width
(Leopold and Wolman, 1960; Ackers and Charlton, 1970a).

The generally weak and sometimes negative relations for
the Sturgeon River between amplitude and width (Appendix
IVh, Table 5.6 and width/depth (Appendix IVi) suggest that
otheér factors are affecting the variations in amplitude, It
seems pfababie that valley bottom width often, although not

always, is an important factor (see Chapter 4).

5.3.6 Conclusions on Planform and Channel C%ﬁ::iii;tian;l
Bilntiah;

The gﬁpirical relations from the literature show that
radius of curvature, uﬁvelenééh} and amplitgde are each
aimast linearly related to channel width when data over
several orders of magnitude are used. %hé eqguations ., for

5

wavelength and radius of curvature are statistically better
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TABLE 5.6. A diagram of those relationships between amplitude and width
and between amplitude and width to depth which are statistically signi-
ficant for the Sturgeon River data sets. A positive sign, +, preceding
the name of the reach or reaches indicates that the two variables are
positively related and a ﬂégative sigr, -, indica=es that the =wo vari-

ables are negatively related for that data set. ]
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than those for amplitude both in the literature and for the
Sturgeon River data. Radius of curvature and wavelength both
have near linear relationships with the observed width for
reaches A to C combined and for reaches A to F combined.
Thus, it appears that the channel is related to contemporary
discharges, in this case high freqguency, low magnitude
discharges.

The equations for the Eifstgbreak-in—slcpe data are
E generally much poorer than those 'for the observed data. It
may be that Wfb is not a good approximation of bankfull
channel width. If the width related to the dominant
discharge could be calculatéd in some better way, ther
relationships between planform and width might be
statistically stronger. Wfb is associated with a wide range
of discharges depending on which portion of the channel is
congidered. Perhaps a width, like the observed width,
asscgifteé with some given recurrence interval along the
entire channel is necessary in order to produce equations
which gré comparable to those found in the literature.
Sturgeon River data relationships with those given in the
literature is the amount of scatter in the latter relations.
That is, although the relationships are statistically strong
over several orders of magnitude, for a small range 1in
channel width values, wavelength, radius of curvature, and
amplitude vary by large amounts (Hickin, 1980). Therefore,

for individual reaches, the relations are not necessarily



expééteé to correspond to those in the literature.
Nevertheless, for some of the grouped data, the exponents
are similar to those predicted even though the range in
width and width to depth is small. The relationships between
channel cross-sectional dimensions and curvature illustrate
that one should not disregard the variations in the planform
along a reach, as Leopold and Wolman have done by selecting
a "representative” meander. If, as Hey (1976) hypothesised,
the meander arc angle is an important factor, then Leopold
and Wolman perhaps achieved stronger statistical relations
by the selection of representative loops which, in effect,
holds the arc angle nearly c@nstant_i

There appear to be some differences between the
relationships for the grouped data for the low slope - fine
sediment reaches and those for the grouped data from the
higher slope - coarser sediment reaches. Generally, the
latter have larger exponents than the former, indicating
that the planform of the coarser, steeper reaches are more
strongly affected by va:iéticﬁs in channel cross-section.

An examination of Appendices IVa to IVi reveals that,

in most cases, the equations for the width to mean depth

r

ratio are very similar to those for the width to maximum

depth ratio for the same data sets. Schumm (1961a) used the

width:maximum depth ratio for his analysis but did not state

why maximum depth is preferred over (meap depth. The mean
depth is a good approximation of the hydraulic radius (Ruhe,

1975) and so may have greater physical meaning than max imum

-



depth. However, for the Sturgeon River data, the statistical
difference is small in most cases.

The Sturgeon River has almost the same annual discharge
at Ehe gauge near St Albert as at the gauge near Fort
Saskatchewan. Furthermore, the "observed™ cross-sectional
data were measured at approximately the same discharge level
for reaches B to F. Thus, the downstream variations in the
observed channel width are more a function of the channel
cross-sectional form than the discharge variation. .
Consequently, it is not surprising that Wo and (W/D)o often
produce similar statistical results in terms of the signs of
the exponents and the statistical significances of the
exponents for the grouped data.

In contrast, the first-break-in-slope width is not
significantly correlated with either (W/Dx)fb (r® = 0.003)
or (W/Dm)fb (r* = 0.000002), The variations in Wfb are
probably more strongly affected by the variations in
discharge than by the variations in cross-sectional form,
to those for (W/D)fb. More importantly, Wfb can be
considered as a surrogate measure of the discharge, call it

Qfb, with which it is associated.



5.4 Channel Pattern and Slope

The slope data have very small sample sizes for the
individual reaches. Therefore, regression analysis was
applied only to the grouped data. Reach D occupies an
intermediate position between reaches A to C and reaches E
and F in some respects. Its channel and valley slopes are
lower than those for reaches E and F, but higher than those
for reaches A to C. Its bed sediments are finer than those

-
of reaches E and F, but coarser than most of those found in
reaches A to C. The Reach D data were grouped with the data
from reaches A to C and E to F in order to increase the

sample sizes of these data sets.

Meander amplitude, Amp, is not significantly related to
channel slope, Sc, or to valley slope, Sv for any of the
data sets (Appendix IVj, Table 5.7). Once again, one can
conclude that other factors must be affecting the variations
in amplitude.

Radius of curvature, Rc and meander wavelength, L, are
significantly and negatively related to the channel and
valley slope data for reaches A to C combined, A to D
combined and A to F ceq?ined, (except for J-11, J-32, and
J-39). Sinuosity is significantly and positively related to
Sc and Sv for these data sets (J-7, J-8, J-30, J-31, J-38,
J-39). That is, as the channel and valley slopes increase,
the bends become tighter, the wavelengths shorter and the
channel more sinuous. In contrast, for reaches D to F,

sinuosity significantly decreases as both channel and valley

i
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slope increase (3-22, J-23).

Reaches A to C have low stream power values begaﬁse of
the very low channel slope. This agrees with findings in the
literature that at low slopes, near the transition from
straight to meandering, increases in sinuosity and
tortuosity require an increase in slope (Morton and
Donaldson, 1978). If one assumes that reaches E and F are
closer to the transition from meandering to braiding than to
the transition from straight to meandering, then the
reduction of sinuosity with an increase in slope agrees with
the trends noted in the literature (e.g. Schumm and Khan,
1972). The magnitudes of the exponents for the statistically
significant equations are larger for reaches A to C combined
than for all the reaches combined, for comparable relations.
This is probably due to the fact that there are two opposing

trends in the grouped data for all the reaches:

5.5 Planform and Sediment Characteristics
All planform variables are regressed against the '

percent of silt and clay in the channel bed and banks, %SCBR

and %SCBD, and against the mean sediment sizes of the bed

[w]

and banks, MBK and MBD. Schumm's M requires cross-sectional
data and because so few cross-sections were measured, M wvas
not calculated for Rc, L, or Amp. The sinucsiéy data have |
smaller sample sizes than the cross-sectional data so M was

regressed on Sin. Because the percent of clay in the bed and
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in the banks did not consistently provide statistically
strong relations with width/depth, it was Qecided to omit
these two variables from the subseguent aﬁalysis.

To generalise the information-discussed in Chapter 2,
much of the literature indicates that, as the channel
perimeter sediﬁents become finer, meander wavelength and
radius of curvature decrease and sinuosity increases, 1if
other factors remain constant (Schumm, 1967; Ackers, 1980).
However, Ferguson (1973) postulated‘that the effect of
sediment may vary depending on where thé channel is along

the continuug of channel patterns. .

For thé wavelengths of the Sturgeon River (Appendix
1Vk), the'st}ongest relations are for reaches A to F
cémbined but the wavelength increases as the sediments
become finer (Table 5.8). When all the Rc data (Table 5.9)
are combined, éhe functions for the bank sediment variables
are highly significant (Appendix IV1, L-30, L;32).'However,
the. bends become tighter as the bank sediments become
coarser.

Leopold and Wolman (19§0) postulated that the generaily
poor relations between meander amplitude, Amp, and channel
w%gth are partly because Amp is strongly affected by bank
characteristics. However, the regressioﬁvequations for Amp
as a function of channel periméte; sediment for the Sturgeon
'River data are poor (Table -5.10, Appendix IVm). For data

from all the reaches combined, Amp has highly significant

relationéhipS'for all the sediment variables (M-30 to M-33)
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TABLE 5.8. A diagram of the relations between wavelength and the
.channel perimeter sediments which are statistically significant

for the Sturgeon River data sets. A positive sign, *+, preceding
the name of the reach or reaches indicates that the two variables
are positively related and a negative sign, -, indicates that the

two variables are negatively related for that data set.

L]

l Wavelength -
| smal]l or simple

Wavelength
Llarge or simple




TABLE 5.9. A diagram of the relationshios between radius af curvature
and the channel perimeter sediments which are statistically significant
for the Sturgeon River data sets. A vositive sign, + sreceding the
rame of the reach or reaches indicates that the two variab.es are posi-=
tively related and a negative sign, =, indicates that the two variables
are negatively related for that data set.

Radius of
curvature
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TABLE 5.10. A diagram of the relationsh:ps between amplitude and the
channel perimeter sediments which are statistically significant for

the Sturgeon River data sets. A vositive sign, +, preceding the name
of the reach or reaches indicates that the two variables are.positivelv
related and a negative sign, -, indicates that the two variables are
negatively related for that data set.

Amplitude
small or simple

Amplitude
large or simple




and increases as the channel perimeter sediments become
finer.

Ferguson (1973) postulated that near the transition
from straight to meandering, a reduction in the amount of
fines in the channel perimeter would allow the stream to
exhibit a greater meande:ing tendency. The large gnd simple
.data for Reach A show this pattern (L-45, L-46, M-47, M-48)
as both amplitude and wavelength increase as the sediments
become coarser. However, for the grouped data for reaches A
to C, wavelength and amplitude become smaller and siqucsiéy
increases as the proportion of fines increases.

s Although Schumm found a vejy strong, positive relation
(r = 0.91) between sinuosity and M, for the Sturgeon River
data (Appendix IVn), sinuosity, Sin, has very poor
statistical relationships with the sediment variables (Table
5.11).

It was thought that the opposing trend of the Reach A
data might account for the poor statistical relations for
the data from all reaches combined. Therefcfe, data from
Reach A were omitted for part of the analysis (see also
Morton and Donaldson, 1978). The statistical strengths of
the relationships are improved for the sinuosity data when
regressed on the bed sediment variables or Mfb (N-24, N-25,
N-28). The signs of the exponents are in agreement with
Schumm's work, but the magnitudes of the exponents are very

small.
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TABLE 5.11. A diagram of the relationships between sinuosity and the
channel perimeter sadiments which are statistically significant for

she Sturgeon River data setg. A positive sign, +, oreceding the name
of the reach or reaches indicates that the two variables are positively
related and a negative sign, -, indicates that the two variables are
elated for the data set.

negatively r




Generally, the hed and bank sediment variables show
similar trends. The relationships for percent silt and clay
variables are statistically stronger and the absolute
magnitudes of the exponents are larger than those for the
mean sediment size data.

The downstream é@r;iﬂﬂ of Reach C and the natural (that
contorted channel patterns with small wavelengths and small
tadii of curvature. Thus, the channel perimeter sediment
samples for these contorted reaches may be sandy or clayey
(see Chapter 4) but there is a common input of silty
sediments through the undercutting and consequent calving of
the Glacial Lake Edmonton sediments. This indicates that the
sediment load should be %easufed in addition to the channel
perimeter sediments. Also, the silt component may be
impcrtant because sand particles and clay;aggreéates may be

carried as bed or saltation load while the silt particles

are carried as suspended load. Appendix IVo shows the
results of regressions of the planform characteristics on a
dummy variable for the (Glacial Lake Edmonton sediments / no

51

]
"]

cial Lake Edmonton sediments) condition. The equations
are highly significant (0-1, 0-2) for radius of curvature
and wavelength. Both L and Rc are smaller for the portions
along which the river undercuts Glacial Lake Edmonton
gediments. Furthermore, on the slope - discharge diagrams
(Figures 2.2, 2.3 and 2.4) lov slope channels with either

sandy beds or clayey beds plot in the same region of the
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graph and are both characterised by similar (usually
tortuous) channel patterns. Therefore, bed sediment
characteristics are not the determining factor in in this
channel pattern.

In conclusion, the planform - sediment relationships
often do not fit the relations described in the literature
for the channel perimeter sediments. The variations in
planform variables are dominated by other factors such as
channel slope and simple relationships, like Schumm's, are

not appropriate for this type of data.

5.6 Planform Interrelations

According to Leopold and Wolman (1960), meander
wavelength, L, has a positive, near linear relation with
radius of curvature, Rc. Almost all the Sturgeon River data
sets (Appendix IVp) have very strong, positive relationships
between the tyo planform variables (except P-1). However,
the exponents are all ‘between 0.47 and 0.73.

Figure 5.1 shows the geometric relationship between L
and Rc and meander amplitude, Amp. By simple geometrical
principles, if Rc and the arc angle are specified, then L
and Amp are determined. This indicates that arc angle would
. be a useful measure of channel planform.

To further investigate these relationships, a matrix of
values.of wavelength for various Rc and arc angle values was

created (Table 5.12a). The values used are within the range



Figure 5.1 Geometrical relationships between the arc
angle , 8. rodius of cyrvature, Rc, wavelength,
L, ond amplitude, Amp.

-

(c) & = 180°

‘o) § <180° . ® @ >18¢°
_ 4
Amp°7 , *
T
3
Wavelength . 2 ]
(L/2) = 2 Rc ~ 2 Rc cos@ (Law of Cosines)
e L = 2R 2R cost
Amplitude , A—
(a) 8 <180° (Amp/2) = Rc-h = Rc-\/Re - (L/4)  (Pythogorion
‘ — Theorem)
- -Amﬁ = 2 (Re -V Re™ - (L/4) )
b) 8> 180°  (Amp/i2) - Rch - Re <R - (4N
_ 3 2 2
* Amp =2Re =2V Re - (L/4)
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TABLE 5.12. wavelength, L, radius of curvature, Rc, and amplitude, aAmp,
all in metres, anC their association with the arc angle, 9, 1in degrees.

(a! Calculated L for specific Rc and

<:Ti:jlues.
RC )

{(m) 120 100 30 60 30

15¢ 346 306 258 200 104 .
200 692 612 5.4 400 208 -

300 1040 9320 772 600 310

400 1386 1226 1028 800 414

500 1732 1532 1286 1000 Sis

(c) Calculated L values for
varied © and specified Rc, com=

bined.
(b) Calctlated L for varied 8 and
specified Rc values. V\‘ Rc L
e (m 100 200
200 512
100 200 306 346 200 346 300 310
400 1028
200 612 514 514 100 612 ° 500 1732
300 310 772 1040 772 772 100 306
200 514
400 1028 414 800 1028 800 300 "273
SO0 1732 1286 1532 1732 518 400 414~
_ 500 1286
100 346
200 (i?‘
300 1040
’ 400 800
500 1532
100 200
200 400
300 772
: : f . 400 1028
/ ‘ s0Q 1732
Ce B J . 100 346
200 612
300 772
400 800

[ P S A I e m N a3m- -
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of values found along the Sturgeon River. When the

calculated L values are regressed on Rc, for a given arc

angle, (that is, the columns of the matrix in Table 5.12a)
)

the exponents of Rc are equal to ohe (5.124-1 to 5.124-5).

Thus, if the meanders are selected so that they fall within

a small range of arc angle values then the exponent of Rc
wil

1 be near one. For their analysis, Leopold and Wolman
selected a pair of symmetrical loops from each reach which
they felt was representative of the entire reach. This may

-

mean that, as Hey (1976) postulated, thgir data are for
meander loops with a limited range of arc angle values,
Leopold and Wolman's approach was not considered practical
for the Sturgeon River because only a few data points would
have been generated and because the selection of a
representative loop would, have been highly subjective
particularly along reaches where the ranges in values for L °
and Rc are large. Furthermore, there is some question as to
whether the Sel?itiéﬂ of a representative loop is an
appropriate method. Some investigators (Brice, 1973; Hickin,
z R =
1981) have proposed that the range in planform variation may
be important.

Another matrix (Table 5.12b) was created to investigate
the effects of a range of arc angle values. Values for eacg
column were chosen randomly from values in the appropf®ate
row of Table 5.12a. The exponents of Rc for the regressions
using the data from Table 5.12b have a wide range of values

from 0.36 to 1.31 and the statistical significances vary
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(5.124-6 to 5.12d-10). The data from Table 5.12b were
rearranged to form Table 5.12c in order to create a iafgé:
sample size. The result Es highly significant but the
exponent is less than unity (5.12d-11). )

Therefore, if meander loops are selected so that the
arc angle variation is limited, then the result of the
regression of L on Rc is predetermined. However, if the arc
angle varies and there are trends in the Gafiétian of Rc
with these variations in tﬁé arc angle, then the exponent of
Rc ;ill not be unity. If the arc angle increases as Rc
inQréases, then'ﬁhe exponent of Rc will be greater than
uﬁity; and if the arc angle decreases as Rc increases, then
the exponent of Rc will be less than unity. Thus,
particularly for small data sets, the variations in the arc
angle may be responsible for marked differences in the
relationship between L and Rc. The arc angle was measured
for 76 bends along reaches A to C. The minimum value, is 33°
and the maximum value is 253°. Therefore, there exists much
var}ation in the arc angle. Also, Rc is negatively
correlated with the arc angle, that is, Rc }pcreases as the
arc angle decreases (5.12d-12). Hence, from the above, it is
éxpected that the exponent of Rc will be less than unity,
which is the case.

Similarly, if the arc angle is held constant, the
regression of Amp on L is linear and highly statistically
significant, but if the arc angle varies then the exponent

of L also varies as does the statistical significance of the
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relation. For the Sturgeon River data, the exponent of L
varies greatly (P-10 to P-18) but the relationship is
statistically significant for almost every reach.

In conclusion, the planform interrelations are
dependent on the variations in the meander arc angle. Thus,
Leopold and Holman's result, for a nearly constant arc
angle, is different from those of the Sturgeon River data

vhich are based on a range of arc angles.

5.7 Multiple Regressions and Correlations for the Planform

Variables

5.7.1 Introduction

For' a natural channel, many factors may vary along a
reach and the combined effects of these variations may
result in variations in the channel pattern. Considering the
effects of single variables, as one does with simple -
regression, ignores the fact that the channel pattern
changes may be the fesult of changes in several variables.
Simple regression of one variable on another assumes that
the effects of all other variables have been held constant.
The indirect effects of these other variables on the
dependent variable of the simple regression may bias the
regression and produce a "wrong" sign (Wonnacott and
Wonnacott, 1972) that is a priori knowledge indicates the

opposite sign is appropriate. Consequently, multiple
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regression analysis is used in this study in order to avoid
such bias.

As discussed in Section 3.9.2, multiple regression
analysis cannot be interpreted sensibly when the independent
variables in the equation are correlated with each other.
For this study, if two variables in a data set are
are considered to be correlated and are not used together in
multiple regression analysis for that data set. This
restricts the combinations of variables and, in most cases,
only two regressors could be used.

One should bear in mind that the sample sizes for some
variables are not as large as those for other variables. A
means of evaluating how the strength of a relationship is
affected by the addition of a new variable is by the
comparison of the values for the coefficient of
deﬁetminaticn before and after the variable is added
(Section 3.9.1). Thus, multiple correlation is also used in
the analysis. The relation is marked with an asterisk in the
table if the R? value is significant at 90%. That is, if the
population coefficient of determination can be said to be
greater than zero with 90% or greater confidence.

The simple regressions showed that the results of
regressions with width to maximum depth, (W/Dx), are very
similar to those with width to mean depth, (W/Dm), for the
same water level. Thus, for the multiple regressions, cnlé

(W/Dx) is used. The sediment variables used are the percent
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of silt and clay in the channel banks, ¥SCBK, and in the
bed, %SCBD, and the mean bank sediment size, MBK, and bed
sediment size, MBD. The specific rather than the averaged
planform data are used.

5.7.2 Relations for Radius of Curvature

Generally, for the individual reaches (Table 5.13), as
the bank sediments become finer, and either the width or the
width to depth ratio increases, Rc increases. Generally, Rc
increases as the sediments remain about the same and one of
Wo, Wfb, (W/Dx)o increases for reaches A to C combined. For
reaches D, E, and F combined and for the data from all
reaches combined, as the sediments become finer and one of
Wo, Wfb, or (W/Dx)o increases, Rc increases (Q-58 and Q-62
to Q-68).

From the. literature, Rc should increase as the
seaiments become finer '(Ferguson, 1973) for reaches ﬁeér the
straight - meandering transition that is for reaches A to C
of the Sturgeon River. Also, Rc should increase as the
channel becomes wider and shallower (Morton and Donalson,
1978). To some extent, the relations for these reaches do
show these trends Table 5.13). Rc increases as the sédiments
become finer for the data from reaches A and C. For the data
from reaches A and B, and for reaches A to C combined, Rc
increases as the width or width to depth ratios increase.

‘According to the literature, for channels closer to the

meandering-braided transition, larger Rc values are
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TABLE 5.13.- A diagram of the statistically significant multiple -
regression relations with radius of curvature, Rc, for the

Sturgeon River data sets. The '+' or '-' indicates the sign of

the exponent when the variable or one of the variables is regressed
on Rc.

SSCBD 5422§Si*=§§f Rc, Reach A —— 'W/DX)0O
MBKAMBD
+ ) +
MBK/MBD — Rc, Reach B ——————— (W/Dx}fb
ASCBK/ASCBD ——— - °c, Reach C .————— Weh
f ) = =
MBK/MBD / “’\‘«K"“"— (W/Dx) £b
ASCBK/%SCBD ——————— Rc, reaches A to C —_— Wo/ (W/Dx)o/Wep/
,,,,ggi;ggéé*??‘? combined "~ (W/Dx) fb
MBK/MBD — )
_ 45GBK/ASCBD ———————— Rc, Reach D ——————i— (W/Dx)fb
* =
B 'MBK/MBD/, -!
| ASCBK : —~ Rc, Reach F ——————— ¥o/Wgy/ (W/DX) £b
= . i R * _
MBK — Rc, reaches D o F —— Wgp
combined .
+ ' + , :
ASCBK/8SCBD — Rc, all reaches ———— Wo/ (W/Dx)o/Wey,
- combinad -7

MBK/MBD ~




associated with less sinuous streams which are, in turn,
associated with coarser sediments and wider and shallower
channels for a given discharge, Consequently, for reaches E
and F, and perhaps reach D, which have relatively steeper
slopes, one would expect that Rc would increase as the
sediments become coarser and the channel wider and
shallower. However, the former is only true for Reach D and
the latter for Reach F and reaches D to F combined. The
effect of artificial modifications on the planform -
‘cross-section relations may accau%t for the negative
exponents of (W/Dx)fb for the Reach D data. That is, the
planform has not readjusted as quickly as the
cross-sectional form. It may well be that the unexpected
relation with the sediment data is the result of the poor
quality of the sédiment data. I
In all cases, slope decreases as Rc increases (Q-35,
Q-36, Q-70, Q-71, Q-72). From the work of Schumm and Khan
(1971, 1972), one would have expected this result for
c?annels near the straight-meandering transition. Thus, the
qualitative discussion (Chapter 4) and expectations based on
the literature are supported by the gquantitative data for
reaches A to C. This result isgnct expected for the steeper

reaches, E and F which probably illustrates that these

reaches are not truly stable,
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5.7.3 Relations for Meander Wavelength

of the data from reaches A to C combined, wavelength, L,
increases as the sediment size increases and width or width
to depth increases (Appendix IVr, R-51 to R-58). For the
simple or large meander wavelength data of reaches A to C
combined, the regression relationships are often strong
(R-59 to R-77). Usually, the simple or large meander

wavelength increases as slope decreases, Wo or (W/Dx)

w

increases and as the bed sediment size becomes slightly
coarser and the bank sediment size slightly finer. For the
combined, wavelength increases as the bank sediments become
finer, and W or W/Dx increases (R-102 to R-104). The t
statistics for the sediment variables are the strongest,
Many of the relations for the data from all the feéches
combined are statistically signifi:angﬂTR=1DB to R-115). The
-t statistics are uguélly large for affxﬁhe variables. As the
sediments become finer, and cross-sections become wider or
relatively wider and shallower, the small wavelengths
decrease. |

The signs of the exponents of the sediment variables
vary between the different reaches or groups of reaches fér
.thg small or simple m&ander data. In almost every case for
both the simple ér small and the simple or large meanders, L
increases as either W or W/Dx increase. L increases as slope

decfeases but the relationships with slope are rarely



TABLE 5.14. A diagram of the statistically significant m!pl! regras=
sion relations with wavelength, L, for the Sturgeon River Jata sets.

The '+' or '-' indicates the sign of the exponent when the variable or
one of the variables is regressed on wavelength.

VSCBD T L, small or simple, ——————— Wo/ (W/Dx)o/Wgp/ (W/Dx) £b

= lE ¥ -
/ Reach A

o

WS5CBD —— — — L, large or simple, —

/Regch
MBK/MBD

————— Wo/ (W/Dx)o/Wgy,/ (W/Dx) fb

>

+

MBK/MBD ——— L., small, Reach B —— (W/Dx) fb

e _ _ + _ . . .
SSCBK/MSCBD —= -—— L, small or simple, - Wep

. — smeacnc T~
MBK/MBD (W/Dx) £b -

SCBK/%SCBD/ = . L B + o N
MBK/MBD L, large or simpla, — Wep/ (W/Dx) fb

ASCBK/MSCBD -

, small or simple, ————— Wo/ (W/Dx)o/Wep/ (W/Dx) £b
eaches A to C, combined \

o

MBK/MED

%SCBK/VSCBD/MBK ~—— L, large or simple, —_— W@/(WXD:@)@KH&;’ (W/Dx) fb
+ Reaches A to C, combined ™= o
MBD - : ™ sv
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TABLE 5.14. Continued,

ASCBK/ASCBD ~——————— I, Reach D —————— (W/Dx) b

+

ASCBK — ———— L, small or simple, - Wo/Wep/ (W/Dx) Eb
= Reach F

. 7 ,
SSCBK — S — L, small or simpel, —— Wo/Wgy/ (W/Dx)o

:ggsggssfgn Reaches D %o F
MBK. combined

+ - .
$SCBK/%5CRD —_ L, small or simple, —— Wo/(W/Dx)o/Wey

- S?gfg All reaches combinad

MBK/MBD",
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statistisally significant. .
That larger wavelengths are associated with larger
channel widths, even though discharge does not vary greatly

with distance downstream, can be considered as statistical
support for the hypothesis that wavelength is controlled by
width and that the relation between wavelength and discharge
is an indirect one through width (Leopold and Wolman, 1960).
The peéitive relations with widtg and width to depth
hold whether the meanders are simple, small or large except

for data from Rkach A (R-1 to R-24) and Reach D (R-84,

also becomes larger and so the meandering planform becomes .
better developed with distance downstream. Thus, the chanﬁgﬁ
has a greater meandering tendency as the channel becomes
narrower and deeper, as one would expect. The difference for
the Reach D data is probably due to the artificial
stféighteningg That is, the channel cross-section may be
readjusted but not the piani@fm—

The relationship between the simple or large meander
wavelengths and the gediment variables is not ccnsistent_
For Reach A, the downstream growth of wavelength ié.strcngly
associated with a downstream coarsening in sediment. In
contrast, for Reach C, the downstream disappearance of the
large meanders is associated with a small downgtream
CQEFSéDiEQ in sediment size. As a result, when data for

reaches A to C are combined, many of the t statistics for
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the ‘sediment variables are poor and the exponents small.
Thusgxalthcugh fhe initial development of the larger
wavelengths along Reach A may be asggéiated with coarser,
more erodible sediments, the occurrence of compound meanders

is not dependent on easily erodible sediments.

The large or simple meander amplitudes for reaches A to
C combined (Appendix I1Vs, Table 5.15) increase as the bank

sediments become finer and the bed sediments|coarser, valley

——

slope decreases, Wfb decreases and Wo, (W/Dx)o and (W/Dx) b

increase (S-60, S-63, S-71, S-?Eibsﬂis to §-77).

The ratio of (the large or simple amplitude) to (the
large af simple wavelength, for the data from reaches A to C
(not given in Appendix IVs) shows well the difference
between the large amplitude meander portion and the channel
pattern up;t:eam and downstream c{gthis portion. (see
Chapter 4). Much of the variatiaﬁiiﬁgthe ratio of* amplitude ¢
to wavelenéth for the large ¢r simple meanders of reaches A
to C combined can be attributed to variations in valley
bottom width.

When the amplitude data from reaches D, E, and F are
combined, many of the multiple regressions have large t.
statistics for the sediment variables §-102 to S-106).
Amplitude increases as the bank sediments become finer, as

Wo, (W/Dx)o, or (W/Dx)fb increase or Wfb decreases.
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TABLE 5.15. A diagram of the sﬁat.i;ticalfy significant multiple
regression relations with amplitude, Amp, for the Sturgeon River

data sets. The '+’ or '~' indicates the sign of the exponent when
the variable or one of the variables is regressad on Amp.

ASCBD/MBK/MBD —————— Amp, small o
Reach A

Lt

simple =———— (W/Dx}0O

3SCAD ————— ——— Amp, large or simple — - Wo/ (W/Dx)o/

MBK/MED

$5CBD —————— Amp, large or simple ——— (W/Dx)fb
- Reach C ’
MBK/MBD/VSCBK —

* +

SSCBK/MEBD — Amp, large or simple Wo,/ (W/Dx)o/

= reaches A to C, combined- (W/Dx) fb
MBK/ASCED — v' \\

ASCBK ——— Amp, Reach D ————————=——— W¢y/ (W/Dx) b

SSCBD/MED

8SCBK ———— —— Amp, small or simple ————— Wg,/ (W/Dx)fDb
= Reazh F :

SSCBK/MRD —— Amp, small or simple =

) i/ reaches D to Fi:aﬁbing\é’X

MBK : Wy

FY - = kal . s 5 =
ASCBK/ASCBD —=————— Amp, 3mall or simple ———— Wo.

/ raaches A to F,:@iﬁbinga\
- MBK . We

— (W/Dx)o/ (W/Dx) fb



249

For the data from reaches A to F conined (s-108 to
S-118), the t statistics are generally strong for the
sediment and slope variables although the exponents for the
slope ;né sediment variables are usually small. Amplitude
increases as the sediments become finer, as slope decreases,
as Wo increases and as Wfb decreases.

‘Generally, the variation in the small or simple
amplitudes are often poorly and/or inconsistently (in terms
of the sign of the exponent) related to the sediment

variables. Even where the t statistics for the sediment
variablé;:are large, the exponents are usually small. This
does not support the hypothesis of Leopold and Wolman (1960)
that the poor relations between amplitude and channel width
are the result of the effects of erosion characteristics of
the channel perimeter. The t statistics for the width and
the width to depth ratio are very often poor, especially for
the small or simple data, although some relations,
particularly those for the first-break-in-slope data, are
statistically significant. This supports Leopold and
Wolman's (196ﬁ) finding. Thus, the data available indicate
that meander amplitude is not strongly controlled by the
channel CfQES’SEEtiDﬂVDE the channel perimeter sediments.
The valley bottom width at times acts as a control on

amplitude.
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5.7.5 Relations for Sinuosity

The sinuosity data from reaches A to C combined have
some statistically significant relations (Table 5.16) when
the first-break-in-slope cross-sectional variables are
regressors (Appendix IVt, T-7, T-9). For these regressions,
sinuosity increases as the channel perimeter sediments
become finer and Wfb or (W/Dx)fb becomes smaller. When
valley slope is used in combination with the mean bed
sediment size, the correlation with sinuosity is good (T-5).
Sinuosity increases as the slope increases and the sediment
remains about the same size.

According to Ferguson (1973), at very low slopes, near
the transition from straight to meandering, a reduction in

the amount of cohesive material in the channel perimeter

1]
[
=

leads to an increase in sinuosity, other things being

[ad
=g
m

equal. At higher slopes, nearer to » meandering-braided
transition, sinuosity should increase as the sediments

¢ ascertain at

[ns

become finer. Unfortunately, it is difficult
what slope the change in this relation occurs for a given
natural channel. For example, the highest sinuosities for
reaches A to C éccuf where the finest material aécursipeven
though the slope is low,

This transition along reaches A to C to higher
sinuosity is also associated with a small increase in slope.
Morton and Donaldson (1978) found that at very low slopes, a
small increase in slope can havg marked effects on the

channel pattern (Figure 4.7). This is confirmed by the
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trends in the data for reaches A to C combined. It appears
that the changes in slope may be more important for reaches

A to C than changes in the percent of silt and clay in the

size variations.

As slope inﬁféase? the channel becomes less sinuous for
the data from reaches D, E and F. This is in agreement with
relations in the literature for channels at higher slopes,
although the Stureon River relations are often not
statistically significant.

When the sinuosity data for all the reaches combined
are regressed, the effects of the slapeg§nd sediment
variables are minor. This is probably because of the
opposing trends in their effects at different channel slopes
and because of the poor quality of some of the data.
Sinuosity increases as the Qidth and the width to depth
ratio decrease. This negative relation with sinuosity is
consistent for all the multiple regressions shown in
Appendix IVt. Thus, the channel becomes more sinuous as it
becomes narrower and deeper, as§5chumm (1963) determined and
the magnitudes of the exponents for (W/Dx)o using the data
from reaches A to F combined (T-20 to T-24) are close to

-0.27, the value obtained by Schumm,



5.7.6 Summary of Multiple Regression Relationships
With respect to multiple regression analysis in

general, additions of variables to simple regressions do

L]

improve the strengths of the coefficients of determination.
However, the increases in the coefficients of determination
are not always great, particularly when the simple
correlations are weak. When the simple regressions are
statistically significant, the signs of the exponents
usually remain the same in the!multiple regressions.

The literature leads one to expect that radius of
curvature and wavelength will increase log-linearly with
increasing channel width and sinuosity will decrease with
increasing width to depth ratio. For most of the Sturgeon
River reaches, the bends do, in fact, become longer and more

gentle and the pattern less sinuous as the channel becomes

w

wider. The results for amplitude are less consistent as

expected from Leopold and Wolman (1960). The channel becomes

straighter as the slope decreases for reaches A to C
combined. This is as expected for low slepé rivers from the -

literature (Heftén and Donaldson, 1978).

Radius of curvature usually increases as the sediments
become finer. The relationships with the sediment data are
often poor for wavelength, amplitude and sinuosity, and the
sign of the exponent may vary. The relation between blanform
and sediment may not be log-linear (Ferguson, 1973) and the
effects of other variables, such as slope or valley bcttcm:

width on planform are probably more important than the



effects of sediment variables.
Even in the multiple regreséion analysis, the
regressors do not affect amplitude in a consistent manner

from d

[+"]

ta set to data set. The effects of factors such as

valley bottom width seem to be particularly important for

amplitude,

5.8 Conclusions
- 5 3 | N *
First, a brief summary of the regression and

Those relationships

m
o |
o8
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—
o
£

correlation results is giv
which are -comparable with relations in the literature are
given special attention. Following that, some general
conclusions from the analysis are discussed.

The relations for amplitude are often poor for the
especially those with field data also are statistically
weak. Contrary to some suggestions, the Sturgeon River data
do not indicate that sediment is a primary factor affecting
amplitude. In fact, no single variable consistently affects
amplitude strongly. Valley bottom width is an important
control at times.

The simple relationships with channel width are near
linear for radius of curvature and for wavelength for the
grouped data from reaches A to C and from reaches A to F.

These results are in agreement with Leopold and Wolman's

(1960). It may be that the relationships with width are

[
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different for channels with relatively fine sediments and

lower slopes than for those with coarser sediments and
exponents tend to be larger for the latter. The télatively
strong relationships between wavelength and width are
interesting if one accepts that discharge has been held
nearly constant. It supports Leopold and Wolman's (1960)
hypothesis that wavelength is indirectly related to
discharge through its direct relation with width. That is,
along the Sturgeon River, where the discharge doesn't vary,
wavelength varies with channel width. For sinuosity, the
relation with (W/Dx)o for the grouped data from reaches A to
C or A to F is similar to that found by Schumm (1963).

The multiple regression relationships show that, for
both wavelength and radius of curvature, the relations with
width ate fairly consistent in terms of the sign of the
exponént, This is exée:tgd from the literature because L and
Rc increase with channel width, no matter where the channel
is along the straight meandering - braided continuum.

For the data from reaches A to C combined, A to D
combined, and A to F combined, the bends become shorter and
tighter and the pattern more sinuous as either the valley
slope or the channel slope increases. This is expected for
low slope channels (Schumm and Khan, 1972). For the dat{
from reaches D to F combined, sinuosity decreases as the
slope increases, as expetted for channels at higher slcpeé

(Schumm and Khan, 1972). Often either or both valley and
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channel slope are correlated with the other variables and so
there are few multiple regressions with slope as a
regressor. However, the trends in the multiple regressions
with slope are similar to those in the simple regressions.

For the Sturgeon River data) the relationships with
sediment are generally statistically weak for both the
imple and multiple regressions éltheuéh there are some
ignificant relationships in individual cases. Radius of
curvature- tends to increase as the sediments become finer.
Amplitude, wavelength and sinuosity often show weak
relations with the sediments and/or relations whose sign

es from reach to reach. The statistically significant

<
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egressions for the data from reaches A to F combined

H

S

simple

I“ll
Ly

show that radius of curvature, wavelength, and amplitude

increase as the channel perimeter sediments become finer.

This is what one would expect only for channels near the

W
rr
"~
W

ight - meandering transition. The generally poor

statistical results do nof mean that the channel pattern is
gegma rphically unrelated to the sediment type. They may be
in part attributed to the poor sediment sampling procedures,
Also, sediment load might be more important statistically

and geomorphically than channel perimeter sediment. !

Furthermore, variations in other variables may override the

effects of the channel perimeter sediment in some instances.

‘During this study, several points were noted concerning

[y -]

the comparability of the Sturgeon River relations to thos
in the literature. The regression relationships given in the

X



literature are statistically strong over several orders of
magnitude but within a sm all range of variation in width,
meander wavelength may vary substantially. A number of lines
could be drawn through the data points from Leopold and
Wolman (Figure 5.2) especially if only a few points are
used. JEEEES for most of the Sturgeon River data regressors
usually fall within a small range. However, the relations
between wavelength and observed width and radius of
curvature and observed width are often near linear for the
grouped data of reaches A to C and A to F.

Relationships obtained from laboratory data are
achieved by holding all but a few of the variables constant.
The complexity of natural channels makes comparison with
labefatcfy%stfeams difficult especially if some
characteristics are varying so as to counteract the effects
of changes in other variables. Nevertheless, the laboratory
data do.provide a simple basis for the study of natural
channels, even though prediction of natural channel activity
may not be possible in every case.

The relationships obtained from field data are not

l;ays directly comparable with the Sturgeon River data. For

example, Schumm's (1961a) relationship between the width ta
tepth ratio and M does not apply to much of the Sturgeon
River data because the sediments are outside the range of

Schumm's data. But other relationships, especially for some

of the grouped data, are quite similar to results from field

data reported in the literture.
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Figure 5.2 Wavelength-width data points from
Leopold and Wolman (1960) which are within
the range of the Sturgeon River width data.
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Some of the relationships given in the literature are
not log-linear and so log-linear regression relationships
may be weak where a significant range of data are
zaﬁsidegeé_ There is no clear vway to determine exactly where
a natural channel may be along the non log-linear relation.
Fortunately, the Sturgeon River along reaches A to C goes
through a transition in pattern from staight to sinuous so
that its position on the curve can be more easily
determined.

Many of the relations given in the literature are for
stable channels flowing in alluvium. The relationships may
be different for gedlegicallyéycuﬂg channels uh;fe not all
the characteristics are adjusted to the present channel
regime., The valley slope is a constant over a geologically
short period of time and the channel slope is dependen?ftc
some degrei‘ﬁn the valley slope. Valley bottom width, also a
‘constant over short time intervals, may exert a strong
influence when it confines the river's activity. The

char
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cteristics of both these variables may be relict from
egzgéér river phases and formed under conditions different
from those of the present day.

The planform variables used herein were selected so as
to be comparable with those used in the literature,.
Different methods of measuring the planform variables, such
as the selection of representative loops (Leopold and
Wolman, 1960), may have provided stronger statistical

relationships. Also, it was found in this study that other’
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variables, such as the meander arc angle, may be useful in
describiné planform,

The observed channel width usually has relations
similar to those for the observed width to depth ratio. This
is probably because the observed water level is associated
with a nearly constant discharge along a reach. ‘
Cohsequently, the variation§ in the observed width .iise
largely from variations in the channel form. In some cases,
the exponents of the first-break-in-slope width, Wfib, have
signs opposite to those for the Eirst*bfeakiiﬂislapgfwidth
to depth ratio because discharge is not being held constant
for these data. Consequently, the variations in Wfb are
primarily a function of discharge variations.

One reason for selecting the Stufgbén River for this
study was thé fact that gauge data re@vealed that water
discharge remains nearl;'constant between St Albert and the
gauge near tﬁe mouth of the river.\fhus, the variations in
planform could be attributed to facters other than
discharge. But .is this actually the case? For example, if
thg first-break-in-slope w’iff level ‘represents a
significant channel-forming discharge, call i1t Qfb, then

this discharge should be used as a regressor as well.

- Nevertheless, it was shown that much of the variation in Wfb

can probably be attributed to varistions in Qfb.and so Wfb

could be considered as a surrogate %@ Qfb. Furthermore, the

-

relations with observed width are often as good as or better

than those with Wfb. Consequéntly, Qfb may not be the
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dominant discharge in terms of meander planform.

Some comments can also be made with respect to the
sediment rélatiénshipsi The field sampling of sediments was
inadeguate in some instances which very likely affected the
results obtained. It was originally thought that the clay
component, because of its cohesive character, might be m@ge
important than the silt-clay component of the sediment in
promoting bank stabilisation and the formation of narrow and
deep cross-sections. The Efsults of the regression analysis
indicate that a percent c:fi sii and clay variable may be a
good variable to describe channel perimeter cohesiveness in
some cases. But, in other cases, it is important to know
whether the channel perimeter is compvsed of clayey
aggregates or silt particles, It is thought that these two

L
types of fine sediment are transported in two different

wvays, accounting fqr the different channel patterns. This

‘also leads to the conclusion that information concerning the

type of sediment load may be important. ¢

The physical significance of compound meanders is
poorly understood (Brice, 1973). It is not known whether the
relations for the small meanders or those for the large
meanders or both should be considered to be camgafable to
the relationships for simple meanders given in the
literature. The relationships for the large and simple data
from reaches A to C are generally good. Some relations, for
example those with the channel pefimetgf‘sedimi‘;s, show

opposing trends with respect to the planform variables,

1
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along different portions of -this compound pattern. Hg;evgfffs
both the large and small meanders are statistically related
to high frequency contemporary discharges.

In conclusion, the Sturgeon River data for radius of
curvature, wavelength and sinuosity sometimes yield results
very similar to those reported in the literature,
particularly for the regressions with width, Despite some
problems with the data, the relations with slope also agree
with trends given in the literature. The relationships for
amplitude are often poor because other variables such as
valley bottom width account for much of the variation in

places along the channel.



6. CONCLUSIONS

The aim of this study was to investigate the channel
pattern of the Sturgeon River and the factors which affect
it. One approach used in the literature to study such
relatéaﬂs is log-linear regression analysis and this is the
mgin method of analysis used here. There is usually much.
scatter in these empirical relations. This scatter may be
explained by the effects of other variables on the planform.
From the literature, the variables which are thought to
affect the channel pattern are discharge, cross-sectional
characteristics such as width or (width/depth), sediment
characteristics such as the proportion of fine sediments in
the channel perimeter, and channel and valley slope.

Data were collected from six reaches along the Sturgeon
River between Big Lake and the North Saskatchewan River.
This portion of the Sturgeon River vas selected because .
gauge data indicate ghat water discharge remains

pproximately the same along this resch. Thus, one of the

‘affecting planform is held constant. The six reaches
were selected beéaus!}they each show.a dowfstream ghange in
channe] pattern. Data on the channel cross-sections, the
channel perimeter sediments, the channel slopes and valley
slopes were collected from these reaches. Valley bottom i
widths were also measured because the valley walls Eanfine'
the meanders in some places. The downstream planfcrmgchanges
and their association with changes in the other variables

vere described gualitatively for each reach.

263
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The channel patﬁern of Reach A changes from straight in
therupstream portioﬁ to sinuous in the downstream portion. A
compound meander pattern develops near the downstream end of
Reach A. The river is wide, shallow and almost straight as
it issues from Big Lake. Qualitative evidence indicates that

the channel slope is extremely low here. Th%s low slope

~

prevents the river from carving an @ ient channel
cross-section and from developing he flow and a
meandering pattern. The slope becomes eper as St Albert

is approached. This steepening appears to be sufficient to'
induce meandering which persists through the central pbrtiaﬁ
despite the low slope there. The downstream portion is
slightly sSteeper and is also more sinuous, as predicted by
Schumm ané Khag‘(1972). The }ncreasing singosity may also be
associated with the decreasing cohesiveness and so. )
increasing erodibility of the channel perimeter (Feréuson,
1973). The increasing sinuosity means that the simple
meanders grow larger so that the pool spacing eventually
becomes too large with respect to the channel width (Keller,
1972). A smaller pool spacing is achieved within this Iafger
pattern.by the development of small meanders within the
large meanders.

The compound meander pattern occu’; all along Reach B.
The pattern is sinuous along the upstream and central -
portions. In the downstream portiqn, the large meanders have
unusually large amplitudes, The downstream increase in slope-

may result in an increase in channel erosivity causing the
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increased amplitude. Also, the downstream increase in valley
¥ 5‘\{ ) i . |

bottom width allows less restricted growth of meander

amplitudes: The ridge-depressions and gently sloping point

bars in the downstream portion are unusual for a channel

with the transport of the silty clay aggregates as bed load
rather than as suspended load. The variations in the small
meanders are not related to variations in sediment size or
cross-sectional characteTristics.

The 13%9& amplitude meanders die out along Reacg C and
are replaced by simple meanders vith a égﬁtcrtéd pattern in
the literature doncerning low slope susﬁendéé load channels.
The downstream portion of Reach C is characterised by steep
convex banks, many cutoffs and an absence of scroll bars,
which all indicate channel movement by avulsion. The tight
bends along this portion have point benches deposited in

separation zones at and just downstream of the point. The

o ¥

ecrease in valley bottom width along Reach C may account

«for the disappearance of the large amplitude meanders. The
input of predominantly silty sediments along the écﬁﬁstfeam
portion of Reach C from the valley walls of Glacial Lake
Edmonton sediments may mean that much of the load is in
suspension at mcst\discha:ges_ The ?gcrease in sinuosity may

also be asscci§5%§éwith the small decrease in slope along

the reach.
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"Enlarged bends*,ibends which are unusually wide and
deep, are found where the planform is contorted. They have
very small fatiﬁ?\gf radius of curvature to width and

limited erosion along the outside banks. The” maximum
velocity threads are along the inside banks so there are no
well-developed point bars. In some cases, the river is
impinging on the valley walls and the formation of these
bemds is probably due to abrupt angle eddy formation (Carey,

196%). In other cases, the

river is not impinging on the
valley walls where these bends occur. Small fétias @f radius
of curvature to width tgPd to produce separation zones along
the concave baﬁis and perhaps at high dis&haﬁges-the
velocities in the separation zones are high enough for
erosion along the concave banks.

The natural pattern of Reach D is contorted. The
central portion was straigh;eneé in 1962-63. The contorted
pattern is typical of other low slope channels in fine
sediments. The straightened portion has aismalier proportion
of fine sediments probably due to the increased channel
slope. Also, the input of Glacial Lake Edmonton silts and
clays has decreased because the diversion does not undercut
the valley walls. The diverted pertia@ appears to be
ref@fming invm more sinuous pattern.

The upstream portion of Réach E has a contorted pattern
and the downstream portion is almost straight. The contorted
pattern is probably controlled by a low slope and a fine

sediment load, similar to the conditions for the natural

-
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pattern of Réach D. The downstream portion is confined by
: Y

the narrow bedrock valley. The coarser sediments in the

downstream portion also require a steeper slope for erosion
and transportation. By following a relatively straight

course, the river creates a steep slope and so lateral

erosion is limited.

The channel pattern is sinuous along the upstream

T3]

portion of Reach F. The central portion is almost straight
due to natural and artificial cutoffs. The downstream
portion has a c@mp@uné(pattern_ The limited data do not show
any signfficanc relationships between either sediment size

or cross-sectional characteristics and the planform

cteristics. The valley bottom confines the channel

[

char

occasionally in the downstream portion but does not limit

"the meandering width in the upstream portion. It seems

likely that the small meanders of the compound pattern
develop in order to maintain a pool spacing similar to that
in the upstream portion. However, no explanation was found
for the development of the large meanders based on the

available data. Some of the evidence indicates that a

" meandering pattern is reforming in the central portion.

Log-linear simple and multiple regressions and simple
and multiple correlations were used to analyse the data
collected from the six reaches. The results of this anal§515
can be briefly summarised in general terms.

The simple relations with channel width are near linear

for radius of curvature and wavelength, as predicted by
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- Leopold and WOlman-(1960), for éhe grouped data from reaches
A to C and from A to F. The expondhts are larger foé the
grouped data from reaches D to F, suggeéting that the
relation with width is different for channel;fzith
relatively fine sediments and 1oy slopes as éompa‘%d to
those witﬁ steeper slopes and coarser sééiments. The sign of
the exponent 1s not consistent for the relétions with
emplitude. The relationship'between sinuosity and the ratio
of the observed width ‘to the maximum depth for the observed
water level is similar to that'{;und by Schumm (1963) when
the grouped data from reaches A to C and A to F are used.
The multiple regression results show that yavelength and
radius of curvature are usually positively related to width.
This is expected from the literature: wavelength and radius
of curvature increase with channel width ho matter where the
channel is along the straight - meandering - braided
continuum. These results also support the hypothesis of
Leopold and Wolman (1960) that wavelength is directly
related to width and only indirectly related to discharge
through its relation with width. That is, along the Sturgeon
River the discharge does not vary greatly and wavelength
still varies with width. ’

The often weak and/or negative relationship between
amplitude and width also supports the findings oflLeopold
and Wolman (}960). In contrast, there is no support from the
sturgeon River data of their hypothesis that the variations

in amplitude can be related to variations in bank



erodibility, assuming that the bank sediment characteristics
are related to bank erodibility. The relationships between
amplitude and the sediment variables are often weag and/or
inconsistent in terms of the sign of the exppnent. In
places, ampli;uéé is strongly affected by the valley bottom
width ihich‘bi 5sgs.the results with other variables,

Wavelength and slan51ty also have poor statistical
relations with the‘sgdiment variables. The statistically
significant simple reg?éssicns for the data from reachés A
to F show that radius of curvature, wavelength, and
ampliéude increase as the sediments become finer. This is
what one would expect only for channels near, the straight -

ng transition, i.e. only for reaches A to C:
The generally poor statistical félatiéﬁs with the
sediment data are probably due in part to the poor "quality
of some of the sediment data._In addition, the
:elatiénships; with sediment may not be log-linear

(Ferguson, 1973). In some cases, the effects of variations

[a]

in the sediment variables may be overridden by stronger
opposing effects of variations in other characteristics,
" such as slope.-Also, evidence‘frem this study indicates that
a sediment load variable might provide stronger relations
than the channel perimeter sediments.

The relation between slope and channel pattern also is
not log-linear For the data from reaches A to C, A to D, and
A‘to F, the bends become shorter and tighter, and the

pattern more sinuous as either the valley or channel slope



increases as expected fcr low slope channels (Morton ané
Donaldson, 1978). For the data from reaches D to F combined,
sginu@sity decreases as the slope increases, as predicted by
Schumm and Khan (1972) for channels nearer to the meanééring
- braided transition. Trends seen in the muiéiple
regressions with slope are similar to those in the simple
‘regressions,

Some general comments can bg!made concerning the
variables used. The width to maximum depth ratio was found
to yield results very similar to those for the width to mean
depth ratio. The observed width to depth ratio and the
observed width varied in similar fashions. A different

statistizal relationships with the cross-sectional

of silt and clay is a useful means of

r

n

m

variables. The perc
describing bank characteristics in some éagésg However, an
increase in this value does not necessarily mean an increase
in channel perimeter cohesiveness. AlSé,;Ehéﬂ the percent of
clay is very high, much of the load may be carried as
aggregates rather than as discrete particles. Of the
planform variables used, radius or curvature and wavelenéth

trongest results. The

L]

usually provided the statisfically
relations with amplitude were very often weak indicating
that other factors affect -its variation. There are
indications from the work done that meander arc angle and

arc length might be useful planform variables.
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As “important as the detailed ;esults from the analysis
are some of the conlusions as to the usefulness of
log-linear red}ession for this type of study. Log-liﬁear
relations may be appropriate for only parts of the curve
describing the whole relationship. Some of the non-linear
relations are affected by the channel's position along‘the
straight - meandering - braided'continuum and this is
difficult to determine this for a natural channel unless it
actually goes through such é transition. Much of this study
has concentrated on comparing the Sturgeon River data
relations with those from the literature. However, in some
cases, the data measurement methods differ or the data are
collected from laboratory or natural channels where certain
character{stics are held constant or near eonstant. Some
planform relations in the literature are strong only over
several orders of magnitude. In cogtrast, much of the
Sturgeon River data is within one or two order; of magnitude
and so does not aiways yield relations which are
statistically similar to those for data with a larger range
of magnitudes. Despite these problems, the larger sample
sizes usually generate relations with trends similar to
those described in the literature.

Qualitative considerations of the study reaches
indicated some possibilities for explanation of the observed
c&qnnel pattern changes. The guantitative analysis revealed

of the complexi}IﬂE of variations along a natural channel

Y



and the non log-linear Felat%@nships for some variables.
Channel slope can be a very imp@rtant variable in
éetérminiﬁg channel pattern especially at thresholds such as
the pattern transition from straight’ to tortuous. Valley
bottom width also exerts an important control on the
planform at times. The channel perimeter sediments have some
effect on the channel pattern but rarely seem to be the
determining factor. Although over short reaches, width and

width to depth do not always exhibit a strong ffect on

m

channel pattern, there appearsgtc be an overall control of

planform dimensions by width and channel form,
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APPENDIX 1 - Laboratory Procedures for Sediment Size

s+ Analysis

‘ This procedure is modified from the American Society for

* Testing and Materials (1978) procedure D422-63(1972).

Preliminary procedures
1.Prepare hydrometer bath and allov to come to room
temperature.
2.Prepare a 4% solution of sodium metaphosphate using
distilled water.
3. Take 125 ml of 4% sodium metaphosphate solution and
make up to 1000 ml with distilled water. Place solution
in aﬂsedimentation cylinder and place cylinder in
hydrometer bath. Allow solution to come to temperature
of bath. Record temperature. Insert hydrometer into

cylinder and record reading at the top of the meniscus.

Pﬂfparation of Sample
4. Air dry field samples.
5. Break up aggregates with a mortar and pestle, being
careful not to break up small stones.
6. Mix sample thoroughly and quarter it into
approximately the amount required for analysis. Use

about 100 g for sandy samples and 50 to 60 g for silty

or clayey samples.



7. Weigh the sample and record the weight to two

decimal places.

Separation of Coarser Fraction

8. Using a 2 mm sieve, separate the portion retained on
the sieve. Grind any aggregates remaining on the sieve
and pass the sediment through the sieve again. These
large particles set up turbulence as they fall which
disrupts the settling of the other particles.
9. Wash the sample remaining on the 2 mm sieve with

~distilled watef‘xafem@ve any fines. Be sure to retain
these fines, let dry and mix with those fines which
passed through the sieve in,step 8.
10. Dry and weigh the portion remaining on the 2 mm
sieve. Use sieviﬁg procedure described below for these

samples.

Hydrometer Analysis
11. Place the sediment which passed thr@ugé the 2 mm
sieve in a 250 ml beaker and add 125 ml of the 4%
- solution of sodium metaphosphate. Stir until sample is
thoroughly wetted.
12. Allbd’%ample to scak for at least 16 hours.
13. After soaking, transfer slurry to dispersion cup,

washing the residue out of the beaker and into the
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dispersion cup with distilled water.
14. Attach dispersion cup to mechanical mixer and mix
sluffygfcr one minute.
15. Transfer slurry to sedimentation cylinder and make
up volume to 1000 ml with distilled water.
16. Stir vigorously with mixing rod and let stand for
24 hours.
17. Check for flocculation, which appears as a "mushy”
layer at the bottom of the cylinder. |
18. 1f flocculation is present, begin again at step 6
and try, successively and then in combination:
a. 5 minute mixing time, h
b. stronger dispersant concentration, up to 10% of
~sodium metaphosphate, remembering to make a new
control cylinder (step 2) using the proper
concentration, and —
.c. smaller sample size, down to about 40 g,
until flocculation does not occur.
19. 1f no flocculation can be seen, place sedimentation
cylinder in the hydrometer bath and allow the slurry to
come to the temperature of the bath.
20. Prepare data sheets, with times of readings.
21. Stir cylinder for one minute with a mixing rod,
that is abc;t 60 up and down motions.
22. Take hydrometer readings at 2, 5, 15, 30, 60, 250,
and 1440 minutes after stirring is finished. Careful

timing is required especially for the first reading,
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23. In some cases, the surface of the slurry will be
foamy after stirring (step 21). To permit accurate
reading of the first few hydrometer measurements, add a
few drops of amyl alcohol (Bouyoucos, 1936).

24. Tb take‘hydrometer readings, carefully insert
hydrometer about 20 to 25 seconds before reading is to
'be taken. Read the hydrometer scale at the top of the
meniscus and record the reading. Carefully remove the
hydrometer and clean it off with distilled water.

25. After each reading, record the temperature of the
"water bath. _

26. After the final hydrometer reading, transfer'the.
slurry to a 0.062 mm sieve and wash the sediment until
the water passing through it is clean.

27. Let dry the material coarser than 0.062 mm.

Sieving Analysis
28. Weigh and record weight of dried sediment coarser
than 0.062 mm,
29. Using a nest of sieves at 1/2 phi intervals, pour
the sediment through the top sieve, making sure that
the collection pan is at the bottom of the nest.
30. Shake the nest of sieves for 10 minutes.
31. Weigh the amount retained on each sieve and the
collection pan and check the total weight to make sure

that it is closely equal to the original total weight
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(step 28). °

Calculations
32. Calculake Ehe percent weight data for the sieved
portions of thé sample. Divide the mass on a sieve by
the total mass of the original sample (step 7) and
multiply by 100.
33. Calculate the percent of soil in suspension. The
hydrometer 4151H was used for this study. The composite
correction for temperature, dispersant and meniscgﬁ;isz
(Actual hydrometer reading) - 1 = Corrected Readiﬁgﬁ
The formula for the calculation is:

P = ((100000/W) x (G/G-G,)) x (R-G,)

where:

P percent of soil remaining in suspension
at the level at which the hydrometer measures
the density of the suspension,

R = hydrometer reading, with correction
applied,

W = (dry sediment mass/percent passing
through the 2 mm sieve) x 100 , in g,

G = specific gravity of the soil particles

’ (assume for convenience that G is 2.65
g/cm?®), in g/cm?, and

G, = specific gravity of the liquid in which

the particles are suspended. Use G, = 1.
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34. Calculate the diameter of the soil particles in
suspension using:
d = K{(L/T)

where:

d = particle diameter jn mm,
L = distagce from the surface of the suspension to the
level at which the density of the suspension is being
measured (from the hydrometer reading, using Tdbles).
T = time interval from the beginning of sedimentation
to the time of feéding, in minutes, and
K = a constant, depending on the temperature of the
suspension, and the specific gravity of the particles
(assume 2;65 g/cm?*) from Tables. |
27. Plot the cumulative percent frequency data against
sediment size. If any large "kicks" occur in the silt

ized da

ta, redo the hydrometer analysis, as the kicks

w

may indicate flocculation hias occurred. The initial
hydrometer measurement at 2 minutes may be inaccurate
because the hydrometer reading changes very rapidly

during the first few minutes of settling which may also
1

consistently for one particular sieve size, this may
mean that the sieve is not accurate, and perhaps has

had some damage done to the screen.
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APPENDIX IZI - Padius of curvature, Fc, -
small meanders of the Sturgecn Kiver reaches. Ths data for reachad D and F &
form values. .

Distan
Reach Re 9 Amp dewnatraan Reach R L
. from Big Lake
n) m) {icm: Ty ()
A 342.9  S48.% §1.0 1.82 c £2.4
J42.9  39¢.: 0.4 .77 142.9
342.9 487.& 8.8 1.09 42.8%
J42.3  640.1% 1.1 1.41 42.%
247.68 JoL.@ 140.1 . 218.¢
342.9  6M.6 il.3 4. 131,18
190.5  457.12 73.1 4.5 . 42.3% .
152.4  487.6 139.8 _ 4 33,15
209.8 677.% 179.8 5 . 87..%
209.55 3l.s 125.6 5.66 299.55 L2
. 304.79  426.0. 1.2 6.15% [ .2
182.4  335.2 8.0 &£.11 11.8 .8
| 3 S 1%2.4 0 39612 61.0 6.47 45.2% .9
171.45 213.4 18.2 - 6.6 ‘ 121.85 103.6
142.9  27&.4 0.4 £.79 23.8 18.2
190.5  196.1 48,8 6.9% 66.7 122.0
2647.65 884.2 168.2 7.27 21.8 73.2
8%.7 211.4 42.4 1.8 142.9 61.0
A 8%.7  243.8 .. 7.7% 50.0 42.%
114.3  241.8 0.4 7.91 ) &2 &0
114.3  243.8 0.4 a.o8 k11 1%
190.5  6092.6 152.4, 8.24 &7 24
354 _§.73 24 4
! by ~ 81.0 9.04 190 12
ot a &€1.0 .21 9 "
1 * 61.0 9.37 171 4
! 42.% .69 11 b
T 2 9.2 9,8% a1 1
] = 131.6 10.49 1 b
- g £1.0 10.98 118 1%
[+ ’ 47.6 11.14 al i
4 1.4 11.130 19 ¥%
H i8.2 11.4& . fL 120
-3 6.6 11.94 - 19 12
- 41v.0 12.2% 14 ]
- o ois.a 12.58 24 L1] 4
S 30.4 12.74 9 128 a8
od 19%.0 11.90 4D 144 4
2 73.2 143 FLT 14
0.4 62 194 12
. . % L 1%
N ' 30 i1% %
b £ 13 H
40 120 14
» L 1) 24
FE 12 4
17 Y] 21
% 180 4
40 144 a8
1%.32 u 20 &0
15.44 152 e 14
15.64 11 72 4
15.80 H 120 ad
15%.9%
16.12
. ik 18
16.44 * '
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APPENDIX II - continued:

Distance
Reach Re 4 Amp downstream !
from Big Lake
‘) (m) (m) (xm)
1 43 168 72 62.30
3 132 72 62.46
81 168 24 62.46
$7 120 12 62.62
19 72 24 62.62
93 180 24 62.78
n 108 24 62.94
3 144 a8 62.94
38 132 24 63.10
© 120 24 €3.27
3 120 24 63.27
$7 156 24 63.43
24 96 3 63.43
€2 168 6 63.59
a3 156 48 63.7%
% 300 96 63.91
1" 168 24 64.07
38 144 72 64.07 *
133 300 3 64.23
38 144 72 64.39
182 468 9% 64.71
n 292 60 65.06
7 180 3 65.20
133 208 3 65.38
20 204 24 €s.52
108 264 48 €S.68
190 360 48 65.68
r . 180 48 72.20
124 288 4 12.44
'3 180 .0 12.76
36 144 48 72.92
210 432 60 73.08
67 204 « 73.24
u 72 % 73.24
11 132 - 73.24
143 204 24 73.40
N 487 456 2 73.72
13 120 1] 73.89
38 144 Y ] 74.0%
1711 348 60 74.21
$0 180 60 74.37
03 $82 12 74.83
52 144 24 14,69
3 144 3 1488 T '
50 168 ) 7%.01
110 0 12 75.17 !
229 168 12 7%.17 -
143 192 24 vs.33
» 132 24 75.49 !
$2 168 36 75.66 3
10 240 12 78.82 2
100 240 13 75.98 . -
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0.02 o.47 0.10 1.61
0.0% 1.34 0.22 2.44
0.13 1.08 a.3% 3.8
0.74 §.0% 0.64 7.08
1l.48 3%.60 719 Li.02
84626 .97 15.43 16.44
90.22 9%.27 5415 I1.8%
4.9 .79 53.97 16.91
! 25.7% 57,68 7%.213 36.17
11 90 94 %
”» 1 " 4
9 L ¥ a9 5
1) 33 92 &5
L1 24 %3 7
" 11 %4 7%
IiL J18 J1K I3 ElB EIR EIL L1B LiR
8.0 G.0a
$.0 : a.66
4,00 1.13
1.1 1.1
2.00 : 0.00 1.52 3.00
1.41 8.00 - 6.10 0.00 1.69 9.02
1.00 0.17 0.00 0.37 9.10 1.97 0.02
3.711 5,30 0.17 0.64 5.1% 7.91 9.04
0.500 G.aM 3.47 2.6l 9.127 8.36 0.11
0.3%4 a.78 5.7% 19.71 1.932 ‘ 5.90
a.1280 1.122 1.41 57.40 18.7% 44.08
0.177 14.74 11.133 79.13 45.11 25,00
0.1 16.07 24.02 85.0% §1.37 94.%2
0.o88 31,28 1.0 a7.22 71,34 .81
0.063 §0.12 40.7% .12 76.00 9%. 9%
9.03% 13 53 21 as ]
0.J20 7% &4 92 - ”»
5,012 '} ! (%) %0 ”»
0.006 Y 17 94 sl 100
0.303% - = " 1
0.0020 " [} 97 94




CUMULATIVE FEACINT FREGUENCY COARSER THAN
Sample Mame

"l niRm ®iL H18 | Fi HIL =11 )

5.0 8.00
4.00 3. D.&7
1.83 a.00 3. 1.6%
1.00 0.00 0.47 2. .M
1.41 a.a3 8.7 8. 8.00 2.51
1.00 0.11 o.e1 0.00 0.06 3. 9.9% 0.0 1.78
8.71 6.21 2.912 a.13 0.01 1. 8.11 8.18 3. 34
0.%00 0.3 1.17 8.%3 3.0% 4.3 3.%0 0.11 3.1
0.354 ;,s: .12 7.88 9.72 18, i.ca .79 19.97
0.2%0 .62 £).5% .57 10.87 8%, 18.91 5.88 42.%%
8.177 2% .44 “.» 54.00 43.33 as. 18,38 10.5%4 53.39
0.11% i, 57 21,34 £3.11 68.47 a9, 1546 32.36 59,76
6.388 74,47 23,68 73.13 77. 47 e w3 9% 16,49 64.832
G.061 N, 79 23.09 75.9% ag.62 E &8 .45 53.568 a7.39
6.03% a7 23 84 a7 34 T4 &1 74
Q.00 [ ] 5 aa » 9% ao T4 Jl
6.012 91 2% 2 a1 37 as 79 81
0.006 L} £ %1 93 27 " 84 a3
0.001% 93 »7 9% 33 37 ae 2% -
0.00830 11 11 25 2 Y L a7 as

oiL 1 31 FIR 1313
5.0 9,00
4.00 6.11
1.13 - 0.41
1.00 0.4
1.41 0.%0 8.0 0.74 a.00
1.00 o.o8 0.0 1.:0 8.1
6.7 0.12 0.9 7.64 6,458
G.500 0.7% 1.0 $.47 6.70
0.3%4 12.93 14.77 49.47 1.09
0.180 %0.11 38,94 83.64 12.7%
6.177 76,98 0.3 $2.9% 37.5%4
8.12% 7%.73 &7.48 94.09 44,532
o.0m 0,121 70,63 94.52 51,19
0.063 82.11 72.63 94.71 13,7y
0.013 - ™ 1) L7
2.210 1 - 1 71
2.812 33 a7 7 75
0.008 ” ” 27 )1
a.003% ” 131 5 2 . -
9.0010 " ” »” ' :

-

iy



“ A g
Sediment CUMULATIVE PERCENT FREQUENCY COARSIR THAM
Diasmter Sample Name N
(o) AlR AdL BlR 3L ClRr caL S1R DL, ELR
2.00 0.00 3.0 0.00 0.00 2.00
1.41 2.07 0.04 0.9 0.60 0.00 0.18 0.67 0.00 0.00
1.00 0.19 0.28 3.1 9.7 0.1 0.136 0.92 g.18 0.58
9.7} 9.6 0.9 0.30 1.06 0.29 0.59 1.10 ¢.22 0.74
0.%00 0.7 2.09 0.48 1,39 0.40 o.86 1.3 ] 0.%
0.3%¢ 2.83 1.2 1.%0 1.9 0.96 1.44 1.74 0.47 1.4
0.2%0 11.58 4.48 10.40 3.:4 4.21 2.93 7 3.40 3.13 1.4
9.177 34.93 7.97 34.9% 8.6 15.14 9.9 8.61 17.48 12.4
0.128 $0.9% 13.67 $5.36 18.77 - 29.58 16.87 18.28 311.49 9.5
0.008 61.48 2¢4.60 69.91 15.98 41.36 27.%9 30.54 4878 41.12
0.063 67.3% 36.08 77.22 50.11 49.40 36.8% 41.80 .48 49,49
0.03% ” 50 87 68 62 $7 $9 71 &3
0.020 a3 L1 (1] 19 67 69 74 gl 72
0,032 [ 62 [ 1} 24 k3 7% [ [ 11 7
Q.006 as [ 92 86 78 80 [ 3] 87 [ 1
0.003% [} ] 70 [}) (¥ 77 82 [ 13 [ ] [ 3]
0.2020 90 74 94 [1] 79 8s 87 as [ 1]
4T rip reL Gan GAL H1R 4L IR I4L
8.0 0.00
5.0 0.00 0.84 0.00
4.00 .42 0.00 2.74 .92
2.83 0.00 2.9% 0.03 3.06 1.6
3.00 0.00 » 0.0 31.01 0.10 4.98 9.7 0.00
1.41 0.42 0.00 1.3 ).04 0.68 8.3 0.00 1.08 0.19
1.00 0.59 0.4% 1.56 3.2 1.01 6.11 0.08 1.1 0.43
0.71 0.78 Q.61 1.7% 3.46 1.8% 6.64 s.07 1.90 q.62
0. 500 1.03 0.81 2:00 3.7% 3.3 7.22 0.13 2.%6 a.m2
0.3%54 1.4% 1.29 21.%9 4.36 11.%6 0.3 - 0.96 1.83 5.07
0.2%0 2.02 2.91 4.67 6.6? 19.58 12.44 13.09 7.80 2.4
0,177 5.90 .91 14.58 12.69 29.10 21.13 36.75% 12.80 48.82
0.128 17.03 19.88 31.44 19.24 40.26 30.72 $8.%0 .57 %3.74
0.088 32.23 30.12 44.9%6 25. 48 $0.20 39.43 72.%7 59.21 11.%0
0.063 43.68 37.%8 $4.6) 30.13 $6.62 45.72 78.81 67,97 78.9%
© 0.038 61 s4 69 a - 1] LT 78 a7
0.020 74 6S ? 49 78 67 91 &4 1
0.012 90 71 83 11 79 73 9 a7 93
0.006 . [ 5] 73 s 61 [ 3] b3 LY L1 94
0.0018 (1) 70 [} (13 s 0 F1] 0 94
o.oo‘zo_.! [ 2] [ 3} [ 70 97 [ 3] s L} L 4]
CY

b



Sedimant COMULATIVE PERCENT FREQUENCY COARSER THAM
Diameter Sampla N
(sm} IsL J1R KiR EAL
20 0.00
10 22.54
0.0 23.93
$.0 0.c0 24.4% a.00
4.00 0.31 25.18 9.1%
.03 .9 5.2 .21
3.00 0.8% 28.3%8 5.00 5.127
1 0.97 1s5.81 5.120 a.44
1 0.88 33.94 a.28 a.57
[} 0.89 26.11 9.80 4.7}
0 0.92 26.38 0.53 1.00
‘0. L I3 6.9 a.96 1.47
0 15.08 28.21 1.82 4.18
39.% 34.79 §.41 3%.5%8
$1.43 .08 14.6% 51.34
$8.07 $3.14 21.60 £5.70
%964 €0.03 18.07 71.74
€2 7 40 sl
7 79 49 [ 1]
69 2 5% a7
7 s &1 L ]
7 .7 113 90
[ ” 70 L 31
AAB . ] L
1l 9.00
304 0.00 0.00 1.87
218 3.00 1.67 5.00
1852 13.88 1.67 &.67
108 38.18 11.67 9.00 15.00
76 47.70 2%.00 .67 21.34
s4 $8.47 45.00 18.34 .34
1] 64.62 61.67 41.47 §5.01
27 73.8% 7%.00 66.67 78,34
19 90.00 76.67 81.13 91.87
13 “04.62 95.00 98.31 100.00
9.5 90.77 .33 100.00
6.7 92.31 100.00
4.8 96.92
3.4 96.92
2.4 100.00

o
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MEACH T
Sedimsnt CUNILATIVE FENCENT FREJUDNCY COARSER THAM
Dismmtar : i

() ALL BlL [ ¥ 1 oiL eolL ooDLL oD 2%
4.00 6.00
.01 a.o8
1.00 . 8.00 0.00 0.11
1.41 o.00 0.00 0.0% a.32 Q.18
1.00 6.00 o.08 o.00 0.00 6.02 0.11 0.5 a.1
6.71 8.11 2.17 9.21 0.10 a, 0.47 0.20 a.82 0.2
0,510 0.1% 319 0.1 g.47 1. 9.2 0.11 1.08 4.3
0.1%4 o.64 1.9 0.94 9.8 1. 4.15 0.%7 1.32 .
0.2%0 5.9) 7.71 5.42 2.30 1. 21.47 2.12 4.07
0.1717 .48 19,21 27.99 5.08 11.% $3.3% 15.96 14.41 14.02
a.12% 64,37 29.90 58.1% 17.21 29. §9.61 41.04 27.91 31.40
a.088 6. 65 w.00 71.31 2%.61 42.6 76.45 £9.0% 41.93 50 .04
J.083 B1.76 .39 79.%9 19.41 &0. 79.54 §9.37 51.85% 61.17
0.035 [} &l [ ¥ $7 72 w? 0 70 s 7%
a.070 ] (1) a7 71 ks ) 30 " " 12
8.012 91 7% a 17 83 92 [T} [ 1 [
o.004 22 ” " L 87 94 71 84 )
0.0021% 2 L ¥ 90 (5] a7 94 [ F] 87 %0
0.30%0 93 L1 [ }% as [1] 9% 92 [ ] L}

DOD0 LL DODDIR EiL EIR FlL rin GiL Gix H1L

4.00 0.00
i.41 o.04
1.00 9.04 ]
1.41 0.04 a
1.00 o.04 0.00 0.00 ] 0.00 0.00
0.71 0.63 0.0 2.11 9.00 0 0.3 0.11
9.500 0.1 o.18 o.18 1.2 g.00 1.00 0.43 0.24
0.3%4 .88 1.64 1.72 1.5% 1.01 1.3% 1.2 5.74
0.2%0 13.56 11.66 23.78 2,51 2.47 1.60 &_04 1.34
8,177 10.38 .37 42.78 7.43 6. G4 4.17 1.21 20..%
9.128 44,17 56.31 48.41 16.22 14.08 §. 2 %.17 43.%0
a. 088 4.0 &7.97 51.92 14.94 13.40 1.6 51.18 .37
0.08) 62.50 74. 24 £3.08 37.5%3 32.46 ) 62.61 L ]
9.01% 7% 0 57 L%] 52 [ 9
9.320 [ § [ 1] [ %] (1] & a1 11
0.912 4 [ ] &7 7% 7% 86 87
0.006 a7 [ ] 73 k4 | 1l a7 aa
0.001% [ 20 7% a2 a3 19 [, ]
0.0020 20 91 -] a [} [ }8 21



AR 7, continusd:

Sedimgnt CUMULATIVE FEAENT FREQUENCY CCARSIE THAN
Diameter Sample Hams

(o) nae 1L 12R JiL JIn KLL EIR LiL LIR
2.00 0.00 0.00
1.4 9.48 o.00 8.92
1.00 0.00 0.00 a.11 0 o.04 0.00
0.1 1.18 0.00 c.87 0.27 8 0.08 0.00 0.00 o.08
0. %00 1.%6 0.43 Q.85 8.51 a 6.14 0.12 6.87 | 0.0%
0.3%4 2.72 0.63 1.24 .83 o 9.11 0.44 a.71 .76
0.12%0 1.27 1.98 437 11.9%4 ] i.u8 1.07 11.7% 1.94
0.177 22.29 8.31 19.21 14,732 1 231,74 4.1 61.90 10.04
0.128 10.79 8.7 37.31 51.1% 3 44.84 12.9% ai.58 21.12%
6.088 $1.28 29.70 51.68 €3.17 7 61.00 11.60 [ ¥ 11.61
0.083 $9.%0 44.22 64.47 1.9 14. 71.32 6. 0% 3. .
0.038 7 64 78 a3 2 [ 5] &2 ” 54
0.020 [ 33 7% [ 3] s 46 a7 7 4 “
0.012 [ 80 (Y] 30 41 %0 7] 97 74
0.006 87 [}] ] L F] 50 L [ 7] 97 ks )
0.003% (] c e 9 )] 15 L} ] as 27 [ 11
0.0020 90 87 9l 94 61 93 A 3 31 a

mL nIR NlL ik

s.0 0.00
4.00 0.2%
2.8 0.46 :
2.00 0.00 0.67 0.0
1.4 0,01 0.01 0.40
1.00 0.00 0.02 1.09 a.7%
9.71 . 0.2% 0.05 1.2 1.10
Q. %00 0.38 0.1) 4.14 1.83 .
0.3%¢ 0.92 0.52 12.99 3.28 ’
0.2%0 2.92 8.63 "25.68 LN ]
0.177 11.32 24.16 42.42 27.43
0.12% 27.20 37.33 $6.43 19,133
0.088 44.09 50.458 6%.1% 48.97
0.083 $7.43 $7.46 71.16 .5
0.03% 73 67 79 “ .
0.020 sl 76 o4 71
0.012 ss [} o7 78
0.006 [ [T ” [ 7]
0.0023 ” % 20 [ T )
0.0020 %0 " [ 3} 57
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APPENDIX 1V

Detailed regression analysis results for the

Sturgeon River data sets
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App.IVa. Chennel width to depth ratios. W/Dx ind W/Dm, for the observed, o, and first-break-in-slope,
fh, water levels regressed on the channal perimetar sedimant variables for the Sturgeos River raaches.

|18 Data set . halation Ixponent student’s ™wo-tailed Coefficient Sasple
.. t of s1gn1ficance ot determine- sise
exponent of % (M) tion, rd
1 Peaach A (W/Dx)o = f(WCBK) Q.57 0.87 < %0 0.33 11
2 (W/Dm)o = £(SCBK) 0.56 0.% <s0 0.03 11
3 (W/Dm)e = £(%CBO) 0.17 0.%0 <50 0.03 11
4 (W/om)o « £(%CBO) 0.19 0.48 <30 9.02 11
s ' (W/Dm)e = L(LSCHK) =9.70 -4.0% R ) 0.e3 u
6 (W/Om)o = £(ASCBX) -10.63 -3.81 ” 0.62 1
? (/D)o = £(%CBO) 0.0 -0.43 <%0 3.02 1
e (W/Dm)o = £(38CB0)  ~0.31 -0.41 <%0 0.02 11
. (w/ox)o = (Mo} -0.43 -0.57 <%0 0.03 1n
10 M/bmie = £(Mo) -0.36 -0.%4 <%0 0.03 i
83 \W/Dx)o = £(MBK) -0.2% -0.45 <30 0.02 1
12 (W/Dmlo = f(MBK) -0.26 -0.42 <%0 0.02 1
13 (W,/DxYo = £1HBD) -0.01 -0.08 <30 0.0004 11
14 (W/Dm)o = £(MBD) -0.01 -0.06 (%0 0.0004 11
18 (W/OB) 1B = £(%CBK) 0.37 9.39 <30 0.02 11
16 (w/0m) b = £{VCBK) 0.38 0.31 <%0 0.01 11
17 (W/D%) b « £(3CBO) 0.08 0.24 <%0 0.006 11
18 (M/0m) b © £(3CBO) 0.14 0.34 <%0 0.01 11
19 (W/Dx) > = L(\SCEK) -7.40 -2.38 11 0.62 11
20 (W/0m) D « £(%SCBK) -10.91 -3.46 ”» 0.37 11
21 (M/0m) > @ £{v8CBD) -0.)8 -0.32 <30 0.03 1§
22 (W/Dm) fb = £(\SCBO) -0.3$% -0.42 <%0 0.02 11
23 (M/0x) D = £ (NED) -0.80 -1.88 %0 6.3} o 0
2e (M/Dm) D © £(Af>) -0.89 o -l.es 80 0.21 10
28 (W/Dx) b = £(MBK) -0.18 -0.36 < %0 o.oi 11
2¢ (M/0m) f = £ (MDK) -0.14 -0.21 <so 0.2%08 11
27 (M/Dx3 f& = £(MBD) 0.02 0.16 so 0.00) 11
. 'W/Dm) fo = ¢ (MAD) 0.00% 9.03 <so " 0.%001 il
29 Reach 3 (W/Dx)o = £(\CBK)  -0.29 -0.67 <%0 0.08 ?
] (W/Dmlo = £{%CBK)  =-0.01 -0.03 <30 0.0002 1.
n (W/Dxlo = £(%CBO) 0.02 0.03 <50 0.0001 7
32 (w/omio = £(VCBO) 0.36 0.64 430 0.2 7
b} (W/Ox)o © £(V8CBK) -13.40 -21.08 (1] 0.62 7
34 (M/Dm)o = £(NECBK) -11.41 -2.48 30 0.38 b
1) (W/Om)o « £(N&CBD) -~0.07 -0.13 <%0 9.003 7
% (M/Omio = C(NOCBD)  0.24 0.47 <o 0.c1 7
3 (w/Dx)o « f(M8) -0.22 -0.31 <30 0.02 1
10 (W/0m)o = f{MO) 0.20 0.30 (%0 0.02 )
3 (W/Ox)o = f(MBK) 0.09 0.57 <%0 0.08 ?
«© (w/Dmio = £{MBK) -0.01 -0.10 .9 0.002 7
a (W/Dmio « ¢(NBD)  -0.08  -0.3¢ <0 0.0 r
42 (W/Tmio = £(MBD) -0.14 _-1.08 %0 0.18 ?
3] (M/Dx) fh = £(CBK) 0.08 0.06 (%o 0.002 [}
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App. IVa. ocontinusd,
L 18 Cata sat B latiom Exponant Seudant's Tuo=talled Comfficient
s, . t of fignificance of detersins=
— —_— — i Y _sxpOnent _ot = (%) tion, £d
[¥] haach B (W/Tm) fb = £(WCBE) 6.19 0.2% €50 9.3 4
i3 . (W/Dx) s = f{vCBD) =0,04 -0.0% <50 5.301 4
- (W/Dm) 6 = flwCHD) =0.31 -0.02 <% a.001 4
47 (W/Tm) £ = f (VICBKE) J.15 . 0.13 £33 9.01 4
8 (W/Dm) fe = [(ASCBE)  10.3%0 0.%0 <50 0.14 4
o (W/Dx) f = f{SBCRD)  3.14 2.18 <%0 9.02 4
0 (W/0m) e = FIVECBD) 0.12 0.3l (4] 0.0% 4
L Y (W/0) 3 = {{NED) g.10 0.10 50 0.00% 4
53 (W/Tm) B = £({REH) g.23 0.2% %0 0.03 4
53 (W/Bx) B = f(HBE) =0.23 =0.10 430 9.00% 4
54 (W/0m) i = f(MBK) =0.0% =0.18 <%0 9.07 4
58 (W/Ox)fb = £(MBD) 0.0a 0.21 50 6.012 4
] (W/Dm) €6 = £ (MBD) 0.04 0.20 30 6.01 4
57 Rasch C (W/Dxle = f{wCEK) 6.78 1.12 ] 0.4 ]
58 (W/Dmie = f{WCBE) o.43 1.3%7 L 1 a. 1 ]
L ] (W/Dnie = £{WCEHD) o.8% 1.5 \m a. 9 ]
& (W/mmle = f(WID) 2.32 a.7% 50 0.09 ]
[ 31 (W/Dxje = [(MCBE) 1.40 1.40 30 9.2% ]
&2 (W/Dmlo = f(WBCHE) 1.83 1.732 ] 2.13 [ ]
43 (W/Dxja = {(WBCBD)  0.03 0.71 £ o.o08 [
[t} (W/Dm)a = f(WBCED) .01 0.%1 30 6.11 [ ]
[1] (W/omio = £(Mm) 0.14 0.68 30 a.97 ]
3 (W/mmie = £(We) 9.12 o." L 5] 0.12 ]
7 (W/Dmlo = f (ML) .17 =1.10 ] o.41 ]
«“ {w/tmic = f({MBK) =0.1% =1.57 [ ] 0.3 [ 4
”» R (W/Dxie = £(MBD} -0.03 =0.94 30 0.1% []
0 7 (W/emio = f(MBD) =56.01 =1.02 50 8.1% L]
n (W/Dm) fo = f(ACRK} 1.71 3.84 33 5.4} 5
7 (M/Dm) f = f{WCRK) 1.30 1.02 30 0.7% 5
73 (W/0x) fb = (WCBO} 1.09 1.87 33 0.83 5
7 (W/0l) fb = £ (WCBE) 1.81 3.12 ” a.7e 5
73 (W/Dx) fb = F{WBCBE)  4.485 1.1% 30 0.33 5
7 (W/Dm)fe = £(ABCBE)  4.08 1.0 30 9. 3
kel (W/Da) e = f{vBCBO)  1.30 6.33 % 0.04 3
™ W/om) s = [(VBCED) 1.18 Q.47 4 %0 2.07 H
™ (W/0x) e = £(RMS) 9.83 0.15% <30 4. 004 3
0 W/Om) b = f(MB) o.9% 0.7 <%0 0.32 3
[ 31 (W/0x) fb = £ {MBK) =0.5% -4.23 95 0.8 3
L F} (W/Dli B = £ (M) =0.48 =343 1] 0.90 5
13 (W/Ox) b = {{WBD) =0.50 =3.12 w 0.7¢ 3

(M/Om)fh = £(HMBD) 0. 40 =318 0 . s
[ 1] each 0 (W/DE)e = {{VaBEK) 6.17 0.59 50 9.11 3
[ (W/Dm)e = f{%CBE) 0.13 0.3% 3 . L]



314

App. IVa. contimued:

fef.  Data set folation txponent  Student's ™o-tailed sample
No. t of significance of detarwina= size
exponent af = (V) Tion, £ —
.7 Reach D (W/Dm)o = £(\CBD}  =0.31 -1.00 o0 0.57
(1) (w/Dm)o = £(MCBD) -0.41 -2.28 80 0.63 3
] (W/Om)o = £(\SCBX)  O.16 0.47 <0 0.97 L]
%0 (W/Dmio » £(\SCEBX)  0.16 0.2 <%0 0.08 5
L} (M/Dxio * E(VSCED) =0.40 -1.66 00 0.48 3
2 (w/0mio = £(\SCBO) <0.50 -1.n (] c.e
” (M/Dm)o o £{M0) -0.6$ -2.1) 80 0.60 s
e "M/Dm)e = £(M0) -0.82 -2.28 00 0.6 3
13} (w/Dx)o = £(MBK) -0.08 -0.2¢ s 0.02 ]
”* (w/omjo = {(MSK) -0.02 -0.07 - <50 0.v02 5
” _ (W/Dx)o = £(MBD) 0.3% 1.0 80 0.52 L]
% (W/Om)jo = £(MBO) 0.42 1.66 ”© 0.40 3
” (W/Dx)fb = £{\CBK) ~0.02 -0.12 <30 0.00% s
100 (W/DR) > = £(VCRRK)  =0.3) -1.08 so 0.28 5
101 (W/Om)fd = £(vCBD)  -0.06 -0.39 <30 0.08 3
102 (M/0m) 5 = £(VCBD) 0.0% 0.19 " <30 0.01 s
103 (W/Dx) > = £(WSCBK) -0.03 -0.18 <30 4 ;00 3
104 (M/Dm) fb = £(VSCBK) =0.38 -1.00 30 0.8 s
108 ' (W/0x) f» = £(v8CBO} =0.01 -0.04 <%0 0.000% s
106 (W/Dm) b = L{vSCBO)  0.16 2.44 <% 0.08 5
107 (W/Br) o = £(NfD) ~0.13 -0.47 <39 0.07 L
108 (W/Om) o = £(MEH) -0.10 -0.16 <30 0.07 3
109 (W/on) M = £ (MBK) 0.06 0.48 <s0 0.06 3
110 (w/Dm) b = £(MBK) 0.30 1.%0 50 0.43 3
um (W/Dn) b » £(M9O) 0.03 ~  o.l8 30 0.01 3
n2 (w/Dm) > = £ (MDD} -0.18 -0. <30 0.07 L]
113 Rheash £ (w/Dm)e o f(%CBK) 1.03 1.88 0 0.53 L]
114 (W/Dmio = £(%CIK) 1.44 1.97 [} 0.5 3
118 (W/Dx)o o £(\ECBK] 0.4 -0.44 <30 0.06 s
116 (W/Dmlo » £(ASCBK) =0.49 -0.47 <30 0.07 3
ur (W/DxIo * £(MB)  -0.68 -6 % 0.69 3
11¢ tu/Omio = f(Me) -0.08 -2.63 20 0.70 s
119 (w/dxj0 = £(MBK) -0.08 -1.18% so 0.3 5
120 (w/Dm)e = £ (MBK) -1.41 -1.87 s0 0.48 3
121 (w/Omio © £(MBD) 0.11 0.10 <%0 0.003 $
122 (w/Om)io = £ (MBD) -0.07 -3.08 <%0 0.0007 1
123 (/0x) fB = £{%CBK) 1.48 3.02 90 0.7% L]
12¢- . (W/Dm) b = f(%CBK) 1.63 .21 s c.82 3
128 (W/Dx) fb = 2(\SCBK) =-1.36 -4. 09 ” 0.0 . L)
126 . (W/Dm) fb = £(\SCBK) <-1.92 -3.98 ”» 0.92 $
127 ) ] (w/0x) (> = £ (rfd) -0.60  -l2.22 . 0.% 3
128 " (w/Dm) e = C(NEW) -0.02 -6.20 » 7w _i
129 {w/Dx) fd = €(MBK) -0.33 «0.13 (3] Q.04 $
3

130 (W/Dm) o €(MBK) 0.1% 6.12 <30 : 0.00%
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App. IVa. continued:

-t Caes sat P lation Exponent Stusdant 'y Two-=talled coafficient Sampla
LB t of significance of detersins- 1izs
777 _ _ _ _ _exponsnt_ _ otk (\ tion, £l .
111 Rasch {u/0E) b = £ (HMBOD) -1.63 -1.7% ~© 8.51 5
1 ‘w/Dm) s = f(HBD) -1.78 -1.4% % 0.41 s
113 Saach F M/Bx)a = £{WEK) 1.24 1.41 20 6.38 )
134 (W/Bm)e = £(WBK) 1.16 1.21 %6 8.5% .
113 (M/Dude = £{WaCEK] 0.9 1.11 0 0.%7 .
136 (M/pm)e = £(ASCEE) 0.74 1.0 0 0.1 .
137 (W/Dmia = £(Ae) -0.47 =0.93 30 0.18 &
1M (¥/omla = f(Wo) -0.8% -1.2% 0 6.8 '
119 (M/tm)a = f (MK -0.34 =3.12 20 0.5 &
140 (W/Dmio = [ (MBK) =0.18 -1.19 50 8.1 6
141 (/tm)e = [(AED) o.84 Q.93 50 o.18 &
142 (w/Dmlo = £ (WSO} 6.8 0.1% €30 6.03 ®
14) (W/Dx) 5 = {(VCBE) 8.712 1.17 %0 6.31 &
144 (W/om) fB = £({%CHK) a.1% 0.5 <%0 a.08 6
L45 (/D) €h = £(ASCRE) -0.08 -0.31 <%0 6.02 1)
1 (W/om) e = £0MBCEE)  -0.07 -a.3 <30 0.01 .
147 M/0x) BB = £(MfB) -0.12 =1.18 50 0.15 s
148 (w/Dm) B = £ (AfB) -0.18 -0.81 50 6.14 .
149 (W/om) 9 = £ (POK) a.08 0.4% %0 0.0% &
150 (w/Dm) fb = f(HBK) a.03 0.8 +30 - N-F s
151 (W/om) 5 = { (IO a.18 0.38 <%0 0.07 .
132 (w/omi B = £ (WD) a.14 0.37 430 0.03 &
151 Ramcham & t (W/tm)a = £ {sCBR] =3. 40 =0.87 50 8.01 k]
18 (W/Dmjo = [ WBK) =0. 4 =1.14 30 3.0% %
135 (W/tmla = £(%BB] -0.32 =1.01 20 0.1% 1
154 (W/mmle = £{WBD) =0, 38 =2.1% 5 0.17 %
157 (W/Dxlo = F(\GCBE) =3.41 -1.64 9.8 0.3% 7%
138 (w/pmic = [(NSCEBE) =4.0% -4.08 ”.8 a.41 1
159 (M/om)a = £(ASCBO)  0.06 0,97 %0 0.04 T
160 (w/pmio = £138CB0) 0,08 6.87 so 0.0} n
is1 (W/pmia = £(Mo) =3,.0% =0.15 <50 G.001 n
162 (W/pmlo = f(mo) -6.,07 -0.11 <50 8.002 %
143 (W/Dmie = £(HBK) a.1% 1.23 0 8.06 1Y
164 (w/pm)a =, £ (WK} 0.14 1.%0 "0 0.0% %
is3 (W/Dm)e = [{MBD) 0.02 0.1% <50 0.003 %
164 (w/omio = £y - 8.03 0.3 <% a1 1
167 (/ow) b = F(vCER) 0,17 -0.50 <0 0.01 1
164 (/tm) fb = f(ACEBE) =0.21 =0.60 <%0 a.01 19
189 (W/0m) b = £(vCBOD) =0.31 =1.73 "0 .13 192
170 (w/om) b = £(NCED)  =0.20 -1.51 0 0.12 1
1 (M/Dx) fb = L(ASCBE)  <3.36 2.1 ¥ o.n e
1712 (W/Dm} B = £(VBCEK) =3.90 -1.19 L1} 0.24 o
173 (W/0u) f = £(VECRD)  =0.87 =1.33 0 0.0% »
174 (W/Tm) 5 = fIABCBD) - =0.6D =1.0% L] 0.07 -]

-
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Ry lAE LoA Exponent Seudane’s fwo~-tailed Confficient Sampls

t of significance of determina- SiE8

— - - __exponsnt  oft, (V) ©i9n 3 _
W/Dx) b = £ MEB) ~0.91 =1.2% 9% ’ 0.1} 19
(v/om) Ep = £(RED) -0, 84 -..98 %0 6.19 19
\W/Cm) f = [ (MBEK) 5.04 0.30 €30 2.00% 19
(/om0 = £ (MEK) 0.04 0.33 <%0 0.00% 19
(W/Dx) fa = {(MRO) 9.10 1.63 ” 0.14 19
(W/0m) F8 = € (WD) a.09 1.4% 0 e.1i »
L (M/Dxie = £(WCRK) =0.07 -0.14 <%0 5.002 g 5%
W/ mle = £(WCBE) =0.04 =5.04 (%0 0.0004 i1
(d/pm)s = C(VECHX) 0O.14 9.40 <50 0.01 11
(d/pm)a = £(eSCEK) 0.0% 0.11 %0 0.001 11
(W/oxio = f(MO) -0.5% -1.63 E1] 0.44 11
{W/omip = f(M0) =3.43 =2.93 1] 0.49 - i1
(M/pxie = f(MBK) =5.08 =3.%0 {30 0.93 11
(¥/tm)ig = (MK} -0.12 =0.70 4% 0.03 11

(W/DRlo = f(FED) 0.78 . 1.47 80 5.19
(W/omia = f(MEOD} 0.48 0.74 30 0.06
tw/om) fu = £(CBE) a.16 0.54 <30 0.6} 11
(w/0am) fn = £{%CBK] =0.001 -0.003 %0 0.000001 11
(¥/Dm) o = [(\SCEE) =0.13 -1.38 30 9.17 i1
(W/om) f = £(NECBE)  =0.12 =1.51 [ ] 0.2 11
(W/om) fw = [(WfD) 2.1 -3.02 » 0.% 11
(M/mm) f = f(NED) -0.38 -2.01 3 0.47 11
(W/om) £ = f(MBK) 8.07" 0.84 %0 0.07 11
(M/om) fb = f(M9K) 0.0% 0.8 %0 o.08 11
(/%) fb = €MD) 0.06 0.18 €50 0,004 L]
) (W/omyfs = f(MED) q.0% 0.12 450 0.0082 1]
201 mmasches D.E, & F (W/Dmle = [{(WCBK) 0.69 1.4 ” 0.8 14
(M/omio = f{WHE) 0.58 1.9% %0 0.0 1%
(wy/Dm)a = £(AECBE)  0.80 1.%0 0 8.3l s
(w/Dmio = £INSCEE)  0.47 1.53 [ 1 a.14 is
(W/bmie = f(Mo) 0,48 -7.41 ".8 0.80 1%
(w/mm)s = £(ma) 0.42 -3.69 9.8 0.7a 16
(W/Bs)e = £(MBE) =0.18 =0.98 30 o.08 1s
(M/omie = f{(MBK] -8.12 =0.70 30 9.0 is
tw/gmie = {10 0.1 5.33 . 0.87 is
(w/Dmio = £({MBO) 6.1l 3.78 T 9.51 14
fw/px) e = £(WCRK) 9.4l 1.123 L1 0.i% 14
(w/om) b = f(ACDK) 0.18 0.7} 50 6.04 4
(w/Dom) b = F{VBCEE} O.18 0.04 %0 : 6.0% 14
(w/om) fo = f(\BCHK) =0.04 .17 {0 0.001 14
Ce/omifm = f(npy) 0.3 -7.17 wa  Om T
(w/mml M5 = f{NfB) =3, 30 =4.04 ”.. . 7
W/Dx) b = f{MBK) =0.004 -0.04 (%0 0,0001 is
(W/om) fs = (MWDK} 0.08 <30 0.03 is
.



App. IVa  contimwed:

Ref. Data =&t Balation Expanant Seudant's fﬁ@&g&k;ﬂ Comfficient Sampla
e . & of significance of determina-  Aise
S  emponeme _oto(vy wmen gl
219 Reeches O.LI.&F (W/Dxjfe = f(MBD) 6.08 5.27 9.8 0.47 14
10 (v/Om) fo = f(MED] 3.04 2.84 ” 0.37 14
221 Reaches A wa T W/bkjn = f(NCBK) 0.1l 0.99 50 a.02 a1
22 (W/Dmic = f(WBK) 0.08 9.%51 £ 50 o.008 a2
23 (M/Tmis = T{NCEO)  =0.04 -Q.74 50 6.561 41
12¢ ' . (w/omle = £(NCEO)  =0.04 .90 50 o.10 a
218 (W/Tm)o = f(VBCBE) 3.14 0. 44 0.02 42
12¢ ju/DBle = £(%8CEK) 0.10 a.59 €50 0.00% a2
i . (M/Omie = £(3C8D) =0.01 -0.63 £50 0.01 42
120 (w/Dmig = f{MICEBB) -0.02 =1.01 50 6.03 a2
120 ) (W/Dmla = f(MS) =g.07 =1.16 50 0.03 43
2% (w/Dmlo = £(W0) =0.04 =3, &8 50 a.ol 42
231 (W/omia = f£(MNBK) =g.32 =0. ¥ (%0 0.001 41
232 (w/tm)a = f({HBK) 0.004 8.07 <350 0.3001 41
233 (W/Dm) e = f(WED) 0.02 0.74 0 0.02 »
234 (W/0mie = £(MRD) 5.03 1.43 ] 6.0% »
238 (if'ur:)f; = f{WCBE} 0.41 s .1 8.13 »
236 (v/om) fb = ¢ (ACBE) 0.y 4.23 .8 0.42 ¥
237 W/m) s = f{CBD) 0.08 4.74 . LN 0.40 %
38 (w/om} fo = £(%CBO) 2.07 4.73 .8 0.8 »
) (W/Ox) s = f(WECBK) .54 4.8 .8 a.Mm »
240 h/om B = £{ABCBE} 0.34 1.40 .8 0.8 b
241 (/D) e = £(WBCBD)  0.04 1.08 L1 0.11 b
242 (w/om) f = f(\SCBD) 0.04 1.1 1 0.13 »
4 (W/ou) fe = f{AEH) a.1s 1.80 !l 8.17 b ]
244 (W/tm) fb = f(RES) 0.17 2.84 » a.19 3
28 (W/Dx) fo = f(HIBK) =0.19% ~3.0 .8 9.3 b
208 (W/Dm b = fOMK)  -0.18 -3.49 ", 0.28 T .
247 (M/Dx) o = f(MBD) =0.04 -1.0% 1] 0.11 34
248 ) (W/om) s = f(MBO) =0.0% -2.5% o8 0.18 4
i
* 3
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