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Abstract

The study of stable, channelled, upland swamps is relatively new and the processes by which they
attain and maintain stability are of particular interest. Channels can adjust three elements of their
morphology: cross-section, bedform and planform. This thesis examines unusual extremes in the

adjustment of these elements in several swamp channels at Barrington Tops, New South Wales.

In these channels, high bank strength is afforded by dense vegetation that has enabled the channels
to achieve unusually low width/depth ratios. The resultant at-a-station hydraulic geometry is such
that width barely increases with flow stage, depth increases moderately and velocity increases
markedly; the channels have particularly high hydraulic efficiencies. Shear stress calculations
suggest that bankfull flows are more than capable of transporting the scant sediment with which
they are supplied. This economic use of energy means that, to maintain equilibrium, the excess must

be consumed by the remaining elements; bedform and planform.

Bedform magnitude (steepness) is strongly linked to flow resistance and there are large variations in
the scale of bedforms between the channels studied here. In the smaller but more sinuous Polblue
Creek, power is moderate and bed features display moderate steepness values. In contrast, the larger
but less sinuous Barrington River and Edwards Creek channels have higher stream powers and their
armoured bedforms have developed with much greater steepness. The considerable turbulence
associated with these larger features are unable to destabilise the highly resistant channel banks but

are sufficient to generate energy losses that reduce grain shear-stresses and prevent bed erosion.

Polblue Creek, Barrington River and Edwards Creek have each developed sinuous planforms, with
some examples of very tight bends. The reduction in the energy slope associated with planform
development and the substantial turbulence that these tight bends generate combine with bedform
development to counter the exceptional hydraulic efficiency of the channel cross-sections. The
development of extreme bedform and planform morphologies have enabled system stability, despite
high shear stresses and limited energy expenditure on sediment transport. This research suggests
that bed armouring, high bank strengths and the development of highly sinuous planforms are
integral to the maintenance of channel equilibrium, as has been demonstrated by channelled-swamp

stability over the last ~1ka.
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Chapter 1 Introduction and study area

1.1 Introduction

Streams that flow through wetlands are usually very sinuous and are bound by vertical,
organic and/or peat banks. Their beds are comprised of sand and gravel, peat or basement
material (bed-rock) and they tend to exhibit slot-like cross-sections. Some research has
focused on the cross-sectional and planform geometry of such organic streams (Jurmu and
Andrle, 1997; Jurmu, 2002), however, little if any research has examined their geometry-

flow interactions.

This thesis examines the morphology of several streams that flow through two upland
wetlands on the Barrington Tops plateau, New South Wales. These streams are remarkably
narrow and deep and as such, they offer the opportunity to study channel adjustments under
conditions that have rarely been examined. While nearly all the world’s streams have
relatively large width/depth ratios, this study offers an opportunity to examine flow
conditions when this element is remarkably low. The capacity for wetland streams to self-
adjust, and their subsequent stability, are assessed with investigations of five
characteristics: their evolution and Quaternary history; bedform morphology; planform
morphology; the development of secondary currents; an assessment of their “graded” or

equilibrium condition.

This chapter provides the geomorphic context within which this research is based and then
it identifies the specific research questions and objectives that have guided the project. It

then describes those aspects of the study area that are related to the objectives of the thesis.
1.1.1 Channelled swamps: their definition, morphology and significance

1.1.1.1 Swamp and floodplain classification
The term swamp is used to describe wetlands, mires and marshes (Gore, 1983) and previous

palynological studies of the Barrington Tops have also described them as swamps, mires
and wetlands (Dodson et al., 1986; Dodson and Myers, 1986; Dodson, 1987). The pH

values for water in the swamp channels at Barrington Tops range from ~6.0 to 6.9 and
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thereby define them as eutrophic (minerotrophic) fens (Mitsch and Gosselink, 1986). In
contrast to bogs, which predominantly obtain their minerals from rainfall (Mitsch and
Gosselink, 1986), fen minerals are supplied from surrounding soils. While a ‘quagmire’ of
terminology exists that might describe the Barrington environments (e.g. Gore, 1983;
Mitsch and Gosselink, 1986), this thesis deals largely with stream channels and therefore
more specific terminology is not required. For the sake of simplicity, they will be referred
to as swamps, consistent with the names that were given to each system by early Europeans

(e.g. Polblue Swamp, Edwards Swamp).

It is worth noting that while these features are truly swamps, near the stream channels they
also experience inundation and minor sedimentation similar to floodplains. Furthermore,
the relationship of the swamps to the streams closely mimics that of floodplains; they
receive overbank flows and the frequency and longitudinal consistency with which bankfull
flows were observed suggests their function, if not their sedimentology, mimics that of
alluvial floodplains. Nanson and Croke (1992) provided a floodplain classification system
based on sedimentology and energy (stream power). While the sedimentology of the
Barrington Tops channelled swamp systems is largely organic, their most appropriate
alluvial classification is the Class C Low-Energy Cohesive Floodplains, with specific
stream powers less than 10 W/m”. The swamp surfaces will therefore also be referred to as

floodplains where appropriate.

1.1.1.2 Channel classification
The swamp channels examined here at Barrington Tops are continuous, perennial and

apparently stable. Their continuity marks them as very different from the sand choked,
discontinuous channels of the Woronora Plateau (NSW) dells, described by Young (1983;
1986a; 1986b). They also do not exhibit obvious or significant bank or bed erosion and are
thus distinct from erosive groughs (Ingram, 1983). Ingram (1983) has described the process
by which swamp drainage channels become increasingly constricted by vegetation growth
and how they can be translated upward and outward over broad valley margins as the
swamps grow in these same directions. While wetland outflows are common features of
upland environments, specific reference to their hydraulic and geometric characteristics and

relationships are rare (e.g. Jurmu and Andrle, 1997; Jurmu, 2002).
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The channels in this study flow through swamps which may loosely be defined as riparian
wetlands (Mitsch and Gosselink, 1986). However, in contrast to the Barrington examples
the surfaces of riparian wetlands are generally inundated for extended periods. The
existence of well-defined channels at Barrington Tops appears to reduce the duration of

swamp inundation to relatively infrequent events.

The Barrington Tops swamp channels are not adequately covered by existing fluvial
classification systems. For example, the “River Styles” framework, developed in Australia
for channel classification (Brierley et al., 2002; Brierley and Fryirs, 2005) is an open-ended
and generic approach to the classification and management of alluvial and bedrock streams
but organic channels do not lend themselves to such classification. The River Styles
technique is also a means by which rare and unusual geomorphic features, worthy of
preservation, can be identified (Brierley et al., 2002; Brierley and Fryirs, 2005) and such

would appear to be the status of swamp channels.

A more prescriptive approach to river classification by Rosgen (1994) has described similar
alluvial channels within his classification of seven major stream types (Type A to Type G).
He described narrow and deep, sinuous, well vegetated channels that occur on low
gradients in broad valleys and meadows and classified them as Type E channels. They
exhibit a high to very-high sensitivity to disturbance, low to moderate sediment supply,
moderate to high bank erosion potential and a very strong influence from vegetation in
controlling channel morphology. These characteristics generally describe the Barrington
swamp channels. However, unlike the Barrington swamp channels, Type E channels are not
organic channels. Montgomery and Buffington (1997) classified channels based on their
bed morphology and the Barrington swamp channels conform loosely to their Pool-Riffle
Channels, but neither these, nor Rogsen’s Type E channels, can adequately describe the

unique morphological or hydraulic characteristics of the Barrington Tops channels.

The conditions in which these swamp channels occur lies somewhere between alluvial and
organic. Their very morphology is a balance between fluvial erosive forces, flow resistance
elements and boundary strength supplied by vegetation (Zimmerman et al., 1967), with a

minor amount of sediment transport and alluvial deposition. Their morphology and
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development are so unique as to prompt the suggestion by Ingram (1983, pp. 131) that

swamp channels are:

“...biologically driven, constrictive types of channel
formation [which have] no exact counterpart in other
ecosystems.”

This thesis does not specifically aim to classify these channels, as such an attempt would
provide little insight into their behaviour until matched by a thorough account of channel
longevity, geometry and flow hydraulics in a variety of swamp settings. Research so far has
examined only swamp-channel morphology. Jurmu and Andrle (1997) and Jurmu (2002)
have described the morphology of several wetland streams in the United States and found
that they are different from conventional alluvial channels in several ways. They have:
unusually tight bends, which lack point bars; lengthy straight reaches between bends;
narrow and deep cross-sections; and unusually wide bend apices. Jurmu (2002) concluded
that, owing to these anomalous morphological characteristics, the relationships between
swamp-channel morphology and fluvial processes require further investigation, a very

suitable justification for this thesis.

Thus far, the longevity of swamp channels remains largely unknown; are these transient,
erosive features or have they achieved some level of stability within the swamp landscape?
In Connecticut (USA) Jurmu and Andrle (1997) found that one such swamp channel had
existed and maintained position since at least the 1930’s. Young (1983; 1986a; 1986b)
described the episodic flushing of dells on the Woronora Plateau (NSW) following fire and
storm events during the Late Pleistocene and Holocene, but these are (currently)
discontinuous channels, choked with sand. Records of channelled swamp development and
behaviour over the longer-term have therefore not yet been determined. This is one of the

objectives of this study.

This thesis directly links swamp channel-flow hydraulics and channel morphology and
examines the nature of this relationship using established analytical techniques. Despite
their organic settings, swamp-channel processes can be investigated using the conventional

techniques developed for alluvial channels, as the channels demonstrate variations in cross-
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sectional form along their length, planform adjustment through meander cut-offs and
concave bank erosion, and the development of bedforms, in much the same manner as do
alluvial channels. As the morphology of a channel directly infers the adjustment processes
that have formed it (Rosgen, 1994), hydraulic geometry, bed and plan morphology analyses
will establish the ability of such channels to self-adjust and will reveal their geometry-flow

interactions.
1.1.2 Research questions, objectives and hypotheses

Several questions emerge from these considerations of swamp-channel evolution,

morphology and contemporary fluvial behaviour:
= How geomorphically persistent and hydraulically stable are these channelled swamps?
* What are the main morphologic and hydraulic characteristics of these swamp channels?

* What are the flow characteristics, and in particular the secondary currents, in such

unusually narrow and often sinuous channels?
= Have such channels adjusted to maintain stability and if so, how?
From these questions emerge the primary objectives of this thesis, which are to:
1. Assess the evolution and stability of the channel corridors within the swamps,

2. Describe interactions between channel geometry and flow in these narrow and deep,
sediment-deficient channels,

3. Describe bed adjustments in such narrow, sediment-deficient channels,

4. Describe the planform adjustments and bend-flow characteristics in systems with such

narrow and deep, tightly curving bends.
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1.2 Study area
1.2.1 Location and environment

The channels and swamps of the Barrington Tops are unusual for Australia in that they are
situated on an upland plateau ~1500m above sea level. The plateau is situated
approximately 200km north of Sydney and 100km directly north of Newcastle, between the
townships of Scone (to the west) and Gloucester (to the east) (Figure 1.1), and incorporates
both the Barrington Tops National Park (National Parks and Wildlife Service) and the
Barrington Tops Reserve (New South Wales State Forests). The rugged landscape supports
several endangered and vulnerable species including the broad-toothed rat (Mastacomys
fuscus), Hastings River mouse (Pseudomys oralis) and the brush-tailed rock-wallaby
(Petrogale penicillata). The plateau also supports the most southern extent of Australia’s
Antarctic beech (Nothofagus moorei), an ancient and primitive rainforest tree, and in 1986
was included on the Central Eastern Rainforest Reserves of Australia World Heritage

listing.

The plateau extends over an area of approximately 1000km?’. Zoete (2000) stated that mean
annual precipitation, in the form of rain, fog and snowfalls, reaches 2000mm in areas over
700m a.s.l. and Tweedie (1963) described a rainfall gradient across the Tops that declines
to 1000mm in the northwest. The western slopes rise ~1000m in less than 8km, from the
township of Moonan to the edge of the undulating surface of the plateau at ~1400m (Figure
1.1). Mount Barrington (1556m) and Brumlo Top (1586m) represent the highest peaks
(Figure 1.1). As a result of its high altitude and steep terrain the region is subject to radical
weather fluctuations and daily temperatures vary more than those in the valleys below. At
1300m a.s.l., average July temperatures range from -2.3 to 8.8°C and January temperatures
from 9.1 to 22.8°C (Tweedie, 1963). Areas above 1100m a.s.l. experience up to five
snowfalls each year, generally up to ~0.2m deep (Zoete, 2000). Montane Peatlands and
Swamps have formed in the broad, flat hollows (Dodson, 1987) of this sub-alpine
environment (Figure 1.1) and are listed as Threatened Ecological Communities by the

Department of Environment and Conservation (NSW). Many of the Barrington swamps
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Figure 1.1 Location of the study area. Red circles indicate location of Polblue (top) and Edwards (bottom)
swamps. Bottom map is modified from Dodson (1987).
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Edwards

Figure 1.2 (a) Polblue and (b) Edwards Swamps, showing each of their major channels and the study areas
that are examined in this thesis. The channels flow approximately centrally through each swamp. Note the
difference in scale between the two maps.

have developed meandering channels and this thesis specifically examines three such
channels in the Polblue (1480-1500m a.s.l.) and Edwards (1400-1420m a.s.l.) Swamps.
These are Polblue Creek, Barrington River and Edwards Creek (Figure 1.2). Each of these
channels drain sub-catchments approximating 4km?”, and Edwards Swamp is collectively
supplied by 8km” of catchment as it is situated at the confluence of both Edwards Creek and
the Barrington River. Both Polblue and Edwards swamps cover areas of approximately
0.5km®. However, elongated arms of Edwards Swamp extend further up both tributaries of
that swamp. The vegetation of the swamps are either Sphagnum hummock-hollow

communities or Cyperaceae-Restionaceae sedgelands, surrounded by Poa sieberana and
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Epacris paludosa in better-drained locales (Dodson et al., 1986; Dodson and Myers, 1986).
The beds of the channels are sparsely vegetated with several ribbon-weed species, but these

were not collected for taxonomic identification so are not defined more specifically.
1.2.2 Land use history

In addition to droughts and natural fires, swamp environments have long been subject to
direct (e.g. draining) and indirect (e.g. fires) land use pressures (Mitsch and Gosselink,
1986). The draining of many swamps and valley fills post-European settlement in Australia
is well documented (e.g. Eyles, 1977b; Fryirs and Brierley, 1998) and tempts the
suggestion that the swamp channels of the Barrington Tops may be anthropogenically
induced. A synthesis of the land use history of the Barrington Tops region provides a
perspective from which to view their contemporary condition and from which to assess the

contribution of human disturbance to their formation.

The use of the Barrington Tops plateau by Aboriginal people during summer months was
first documented by European settlers in the late 1800’s (Randell et al., 2003) and their
previous use of the area is evidenced by stone artefacts, scarred trees and the inclusion of
Barrington Tops locations in Aboriginal dreaming stories (National Parks and Wildlife
Service, 2005). While the scale of Aboriginal impacts on the area is unclear, mosaic
burning and hunting were likely to have been practiced at some level. However, Dodson et
al. (1994) suggested that, at Burraga Swamp located ~6km south of the Barrington Tops
plateau, these activities probably had little impact. On the other hand, more significant
modifications and threats to the environment have resulted from European occupation of
the area, starting in the Nineteenth Century. Randell et al. (2003) reviewed newspaper
reports, journal publications, unpublished reports and various other written and oral data
and produced a comprehensive anthropogenic history of the region. European farming and
colonisation of the lowland areas around the Barrington Tops was established by the
1830’s, but use of the Tops itself was limited to sheep droving across the plateau. By 1850
most suitable grazing land in the surrounding regions had become fully-occupied and

squatters increasingly utilised the Tops for summer grazing to extend their farming
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capacity. However, the high altitude and inaccessibility of the Tops protected it from year-

round occupation and grazing.

Lower altitude areas surrounding Barrington Tops were logged for cedar until ~1835, when
economically viable timbers were exhausted and the “cedar getters” were forced onto the
steeper slopes approaching the plateau itself. Gold mining had commenced by this time in
the surrounding lowlands, but did not extend onto the plateau. Ruby mining, however,
caused the reworking of the Gloucester Tops swamps, but the Barrington Tops swamps

escaped the same fate.

In 1892, 480ha near Polblue Swamp was dedicated as a camping area for stockmen to
facilitate summer grazing practices and presumably the swamp itself became subject to
increasing grazing pressures. Land purchases near both Polblue and Edwards Swamps in
1905 were followed by the construction of various huts around the plateau and the
increasing popularity of the Tops for both recreational bushwalkers and graziers led to their
more regular seasonal occupation. Stockyards around, and fences on, the swamps are
evidence of their past use (Figure 1.3), and photographs of a cricket match held in 1924 on
a flat-topped terrace near Edwards Swamp are testament to the accessibility and use of the

area at this time.

A proposal to dam Edwards Swamp for the purpose of developing a recreational lake and
adjacent resort was made in 1923 and in 1924 a further proposal was made to construct a
snow-skiing resort. While access problems dogged and subsequently defeated these
proposals, Edwards Swamp was in 1949 again under threat of damming when a plan to
construct a hydro-electric power station was proposed. By this time, the “conservation
movement” and economic good-sense prevented such a development. It was not until 1960
that logging of the forests on the plateau facilitated the construction of formal roadways,
resulting in the opening of the Tops to all-weather road traffic. In 1978 there were 10 000
visitors recorded over the Easter holidays alone; pressures on the swamp environments
from pedestrians, fishing and swimming were rising. Today, the widespread ownership of
four wheel drive vehicles by the general public has greatly added to recreational use of the

region, well away from the main public roadways.
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Figure 1.3 The remains of fence posts at Edwards Swamp are evidence of previous grazing in the region. Flow
is away from the reader, towards the hill in the background. Photo by Wynne Eldridge, 2002.

Early scientific research in the late 1930’s determined that, despite light summer grazing
and nearby logging activities, no important changes in the region’s flora had occurred.
Later researchers agreed with this conclusion and, primarily as a consequence of the
region’s inaccessibility and subsequent relative protection from European activities, it was
deemed worthy of conservation. In 1969 much of the plateau and its steep foothills were
declared the Barrington Tops National Park, which was later extended in 1984, 1997 and
1999 to its current extent of 75 000ha (National Parks and Wildlife Service, 2005). Annual
grazing leases ceased in the 1960’s. Current threats to Barrington Tops National Park
include invasions of scotch broom, increased four-wheel drive access (and the subsequent
spread of exotic weeds and erosion), the spread of Phytophthora cinnamomi (a root-rotting
mould that effects many native plants, including Eucalyptus, Epacris, Tasmannia and
Westringia species), feral animal predation and damage from brumbies (wild horses),
foxes, wild dogs, cats, pigs, goats and rabbits, and the stocking of plateau streams with

exotic trout (since the mid 1920’s (Randell et al., 2003)). Many of these threats are
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currently being addressed by the NSW National Parks and Wildlife Service. The
channelled, or otherwise, state of the swamps were not described in historical reviews of
the region and their development requires more detailed investigation. This is pursued in

Chapter 2.
1.2.3 Regional geology

The geology of the Barrington Tops region has played a significant role in determining
swamp development. The region is situated within the New England Fold Belt, a sequence
of marine and freshwater sediments that were deposited during the Palaeozoic (Roberts et
al., 1991). Uplift, folding and faulting of this sequence occurred during the Late Permian, at
which time granodiorite was also intruded. A period of relative tectonic stability and
landscape denudation followed (Sutherland and Graham, 2003), during which the

granodiorite became exposed at the surface (Figure 1.4b).

Volcanism commenced in the region around 69 Ma as eastern Australia migrated over
asthenospheric (lower crustal) plumes (hot spots) (Sutherland and Fanning, 2001). Basalt
flows were deposited over both the granodiorite and the Carboniferous beds (Figure 1.4b).
A large shield volcano had formed by about 50 Ma (Pain, 1983) (Figure 1.4a), and many of
the pre-existing valleys were filled with basalt (Sutherland and Graham, 2003). A number
of extrusive centres have been inferred (Sutherland and Graham, 2003) and are indicated in
Figure 1.4. While most basalt flows were deposited between 55 and 51 Ma, further flows
occurred up until 18 Ma with final volcanic activity around 5Ma at the south-eastern end of

the plateau (Sutherland and Fanning, 2001).

The erosion-resistant capping of the upper Cenozoic basalt flows have dictated most of the
major topographic features of the modern landscape (Galloway, 1963; Pain, 1983) and
basalt capping covers much of the plateau. Some of these flows are exposed in road-
cuttings on the Barrington Tops Forest Road. Figure 1.5 illustrates one such flow at the
western edge of the plateau, beneath which is a krasnozem palaeosol that developed over a
previous (lower) basalt flow. The deposit displays distinct columnar jointing, typical of

much of the exposed basalt in this region.
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Figure 1.4 Geology of the Barrington Tops region (a) generalised plan view and (b) generalised transect
through the Barrington Plateau. Both diagrams are modified from Sutherland and Graham (2003).
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Figure 1.5 A basalt flow, with columnar jointing, overlying a krasnozem palaeosol. The visible portion of the
post at bottom left is approximately 0.5m in height. Other flows lie beneath these exposures.

The Barrington Tops swamps have primarily developed over basalt lithology and often lie
adjacent to outcrops of granodiorite (Offenberg, 1967; Roberts et al., 1991). The eastern
extent of Edwards Swamp is bounded by granodiorite and accumulations of boulders from
this rock-type have combined with basalt cobbles to constrict the valley outlet. In Polblue
Swamp, the valley is also partially confined at its downstream end by basalt cobbles
(Figure 1.6). Basalt terraces surround both swamps and several terraces, presumably
resulting from incision through each overlying flow, are evident at Edwards Swamp. The
highest of these is marked in Figure 1.7 and can be traced between discontinuous outcrops

around the swamp margin.

Each of the swamp channels flow over basalt cobbles. These are either in-situ or were

redeposited via periglacial processes during Quaternary glacial maximums.
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Figure 1.6 A basalt terrace, ~100m downstream of Polblue Swamp, lies in the background and the foreground
illustrates a lower surface, underlain by basalt cobbles, that has been stripped of vegetative cover by water
overtopping the bank of a tight channel bend. Flow would have been from left to right.

Figure 1.7 Basalt flows appear as terraces around Edwards Swamp and their surfaces can be traced from
valley side to valley side, dissected by the channelled swamp. The white dashed line indicates basalt terrace
surfaces of approximately equal elevation. Note that the photo was taken standing on one such surface and
note also the channel (Barrington River) in the foreground, and its confluence with Edwards Creek at the left of
the photo, marked by a black arrow. Flow is from right to left.
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1.2.4 Swamp-channel hydrology

Field observations indicated that precipitation falling over the swamp surfaces was quickly
transferred to the channels, consistent with observations from other channelled swamp
environments (Ingram, 1983). The interaction between the swamp water-table and channel
flow appears to be very rapid, more so than in other less saturated alluvial settings. In
extreme examples of channelled swamps, discharge can decrease downstream as flow is
lost to the surrounding swamp, such as in the wetlands of the Okavango Delta (Tooth and
McCarthy, 2004). The Barrington swamps discharge does not decrease downstream, but
slightly increases. However, swamp-floodplain water tables and channel water levels are

presumably similarly closely linked.

Andeera Water Level Recorders were deployed in each swamp during two three-week field
trips, the first during November/December 2003 (early summer) and the second during
May/June 2004 (early winter). Field observations showed that the most significant water
level rises were directly linked to rainfall events, the steep rising limbs of the hydrographs
confirming this observation (Figure 1.8). However, a major difference between the
hydrographs for Edwards and Polblue Swamp channels is the steeper falling limb of the
Polblue hydrograph in summer, suggesting that its smaller catchment area produces flashier
flows. On the other hand, Edwards Swamp (at the location of the water level recorder) is
supplied by two major catchments, and runoff from both moderates the falling limb of its
flow hydrograph. Antecedent precipitation significantly affects channel and swamp
hydrographs (Mitsch and Gosselink, 1986). However, as detailed rainfall data were not

recorded for this study, more interpretation is not possible.

Figure 1.8 illustrates small daily fluctuations in flow stage in both the summer and winter
records for both swamp channels, but the pattern in the winter record is more subdued. In a
statistical sense, these fluctuations are comprised of trend (larger-scale fluctuations) and
seasonal (smaller-scale fluctuations) components. When the trend cycle (that component of
the hydrograph directly related to large rainfall events and slowly falling flow-stage) of the
summer water level recordings is removed from selected sub-datasets (see Figure 1.8,

circled in red) using an additive decomposition (see Appendix 1), a dominant seasonal-
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cycle of diurnal fluctuations is exhibited by both swamps. This is illustrated in Figure 1.9
and a more detailed description of the data analysis technique that identified these patterns

is provided in Appendix 1.

Depth of flow in metres {arhitrary datum)

0 5 10 15 20

Number of days

Figure 1.8 Flow hydrographs for Polblue Creek and the Barrington River over (a) one summer (2003) and (b)
one winter (2004) field season. Circled records are those used to determine daily (seasonal) stage
fluctuations.
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Figure 1.9 Average seasonal (daily detrended) flow stage variations in Polblue Creek and the Barrington River
for selected days during summer. A full description of the analysis techniques applied to water level data to
determine the average daily patterns (seasonality) of fluctuation during summer is provided in Appendix 1.

Channel flow stages fluctuate through 0.06m and 0.05m seasonal (statistical) cycles in
Polblue Creek and the Barrington River, respectively (Figure 1.9). In both channels, flow
reached its maximum stage at approximately 6am, immediately prior to sunrise, from which
time it dropped until ~2pm, levelled off and then rose again until ~10pm. From then until

midnight, the pattern plateaued, then rose again until 6am.

Daylight and/or temperature has a clear impact on summer flow fluctuations in the
Barrington swamp channels, consistent with the (statistically) seasonal variations described
by Todd (1964). Day-time losses in channel flow may well be related to the drawing of
water into the swamps by plants during daylight hours, when evapotranspiration is at a
maximum (Todd, 1964; Mitsch and Gosselink, 1986). Measures of the fluctuations in water
tables have been used to directly calculate the amount of water lost to evapotranspiration
(Todd, 1964; Ward, 1967; Mitsch and Gosselink, 1986), an estimation that is most accurate
in environments where plant roots are very close to the water table (Todd, 1964), such as in
swamps. As the plants need for water reduces during night-time hours, particularly between
the hours of midnight and 4am (Todd, 1964) (or 6am in the Barrington swamps) the

pressure gradient is reversed toward the channel, thereby increasing flow-stage. The result
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is the moderated release of water from the swamps and steadier base-flow supply to

lowland reaches.

Moderated flow releases resulting from swamp-channel interactions have important
implications for low flow release rates in both the swamps and the lower reaches (Mitsch
and Gosselink, 1986), with consequences for channel ecology (Ingram, 1983; Hope, 2003),
particularly during the summer months. Investigations by A. Wade (pers. comm., in Hope,
2003) revealed that after six months of drought, Snowy Flat Bog (near Canberra) was still
releasing 2.1 mega litres (ML) of water / day ( or ~0.02 cumecs). In comparison, the
Barrington River and Polblue Creek each discharge 62.2 and 28.5 ML / day during bankfull
flow, and approximately 3.5 and 2.6 ML/day during base flow, respectively. Clearly, they
too provide a significant quantity of water to their downstream reaches during both high
and low flows, the latter flow presumably regulated by moderated releases from the swamp

floodplain, with important ecological implications.

When swamp vegetation is significantly altered or destroyed, local and downstream
hydrology can be greatly altered (Mitsch and Gosselink, 1986). This can follow swamp
channelisation, which occurs consequent to catalysts for incision, that may include: fire
followed by large storms (e.g. Woronora Plateau dells (Young, 1986b)), or the retreat of
nick-points and subsequent peat bursts (Hope, 2003), caused by the collapse of super-
saturated peat. The expected response of a swamp to such events is that, as the water table
is lowered, existing vegetation dies and fluctuations within the swamp water table increase.
Swamp vegetation is then replaced by more terrestrial species and the cycle of swamp
development might recommence (Young, 1986b). In contrast, the Barrington Tops
channelled swamps illustrate healthy swamp vegetation and an intimate exchange between
the channels and swamp-floodplain hydrology. If the channel water levels were not
balanced with the swamp water-table, then it is expected that the swamp vegetation would
die. That the hydrological balance between the swamps and the channels is so satisfactory
to both swamp vegetation and bankfull flow frequency implies the stability of both
features. Furthermore, this balance indicates the importance of channel morphology in

determining swamp height. Channel morphology determines flow stage height, which, in
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turn, determines the height of the swamp water table. The swamp water table height
controls swamp growth, in a manner that closely imitates the link between more
conventional alluvial channels and their adjacent floodplain growth by overbank
sedimentation. The evolution of both the swamps and the channels is examined in Chapter

2, before channel dimensions are more closely considered in Chapter 3.
1.3 Thesis approach

While channelled swamp stability was implied by the channel-swamp hydrological
conditions described above, a more detailed account of their morphological adjustments
toward an apparently stable end-point are required. It is widely accepted that self-forming
alluvial streams are adjusted towards what are broadly termed “equilibrium conditions”.
G.K Gilbert recognised this in his summary work (1914) but Mackin (1948) enunciated the
concept clearly in his classic paper, focusing primarily on the river’s ability to adjust
channel slope, and describing such adjusted rivers as “graded”. His definition was

subsequently expanded by Leopold and Bull ( 1979, pp.195), to read:

“A graded stream is one in which, over a period of years,
slope, velocity, roughness, pattern and channel morphology
delicately and mutually adjust to provide the power and the
efficiency necessary to transport the load supplied from the
drainage basin without aggradation or degradation of the
channels. The threshold of critical power is passed and the
stream is not graded when the volume of load supplied is
insufficient or is too large to be transported, and the channel
bed aggrades or degrades”

They considered the inclusion of velocity, roughness, channel pattern and cross-sectional
morphology, in addition to slope, to be consistent with Mackin’s original considerations

(1948, pp. 484).

The evolution of a channel towards a stable endpoint, therefore, involves the adjustment of
all four morphological elements: slope, planform, bedform, and cross-section (Figure 1.10).

Slope and the vertical component of bedforms are measured on the vertical plane parallel to
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the flow, the channel cross-section is measured on the vertical plane perpendicular to the
flow and planform is measured on the horizontal plane, so that all four are best considered
separate elements of a channel’s morphology on three interconnected planes. These
elements respond to variations in water and sediment supply. Subsequent to Mackin’s
(1948) work, the importance of adjustments in each plane were investigated in various early
works: slope (e.g. Mackin, 1948; Leopold and Bull, 1979); planform (e.g. Leopold et al.,
1960; Bettess and White, 1983); bedforms (e.g. Simons and Richardson, 1966; Langbein
and Leopold, 1968) and cross-section (e.g. Leopold and Maddock, 1953). The
interconnectedness of each plane leads to a multi-focused approach, from which has come a
more comprehensive understanding of each plane of adjustment and a thorough basis with
which to examine a channel’s adjustment to supplied sediment and water, and to imposed

constraints.

planform

Figure 1.10 Morphological elements and planes of channel adjustment, modified from Knighton (1998).

The streams flowing through Polblue and Edwards/Barrington swamps’ provide an
opportunity for examining some rarely observed extremes in the adjustment of flow
resistance to cross-sectional efficiency through these planes. By definition, extremes lie

beyond the normal range and, therefore, they provide insights into which variables control
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particular channel characteristics and how this is accomplished. This thesis documents the
morphology of these unusual streams and examines the adjustments that combine to

produce such morphologies.

Channel adjustments might best be viewed in the context of the force of the flow and
resistance to that force. Flow force is represented by shear stress, but can be more simply
considered using flow velocity (m/s) of which it is partly a function. Flow resistance can be
divided into three main types: skin, internal distortion and spill (Leopold et al., 1960). Skin
resistance is provided by contact between the flow and the channel boundary, and channels
can best adjust this element by the modification of cross-sectional form. This changes the
ratio between the volume of flow and the area of resisting boundary, a relationship that can
be expressed in terms of the hydraulic radius (R), the ratio of cross-sectional area / wetted
perimeter. Internal distortion resistance results from the shearing between parcels of water
within the flow; such flow distortion usually results from bank and bed irregularities,
bedforms and channel curvature. Spill resistance occurs in critical flow, or in discrete
sections of sub-critical flow (Leopold et al., 1960), and is caused by abrupt changes in flow
velocity resulting, for example, from abrupt channel expansion or flow changes from
supercritical to subcritical. While present in many flows, spill resistance is very hard to
quantify. It also comprises far less of the total flow resistance than the other two elements,
especially in the slowly flowing channels that characterise Barrington Tops, and is

therefore is not pursued herein.

Considerations of flow resistance adjustments in the Barrington swamp channels are based
on the four morphological elements in Figure 1.10: 1. slope, 2. planform 3. bedform and 4.
cross-section. Adjustments in these streams are systematically examined using each of
these morphological elements, which also provide the two main types of flow resistance;
skin and internal distortion. The thesis is primarily structured around these planes of

adjustment.
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1.4 Thesis outline

This thesis is divided into seven chapters. The five substantial chapters are conceptually
linked in Figure 1.11, which illustrates the context of temporal and spatial scale
comparisons between the chapters that address these varying scales. Because of these scale
differences, the subject matter of each chapter is quite specific and necessitates reviews of

the relevant literature early in each chapter.

Chapter 2 provides the temporal context for the channelled swamps. It reviews and builds
on previous studies and adds new data on riparian stratigraphy and pollen and radiometric
analyses. These results allow the construction of an evolutionary model and indicate that
the channels have been present for ~1000 years and provide a temporal perspective with

which to view the remainder of the thesis results (Figure 1.11).

The next three chapters are principally concerned with channel adjustment that takes place
in all three planes, illustrated in Figure 1.10, each of which is dealt with in a separate

chapter.

Chapter 3 quantitatively examines the interaction between channel geometry and flow
hydraulics. It considers the interactions between channel shape, boundary characteristics,
bed material and bed morphology, and variations in flow velocity, resistance and shear
stress. The chapter primarily identifies the hydraulic efficiency of the swamp-channel

cross-sections and determines system constraints.

The role that bedforms play in moderating channel flows is examined in Chapter 4. The
capacity of the channels to adjust their resistance to flow by bedform development and
inferred sediment supply are provided by this chapter. In some channel reaches, bedforms

with unique morphologies are identified which contribute considerable flow resistance.

Chapter 5 examines the adjustment of planform as a means by which the swamp channels
reduce slope and expend surplus energy. The adjustments of cross-sectional geometry and
bedforms are then related to water-surface long profiles as a means of determining if these

channels have achieved graded or equilibrium conditions.
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Figure 1.11 This schematic illustrates the temporal and spatial scales that are addressed in each chapter. The
thesis moves from a long time-frame, swamp scale approach (Chapter 2) to a short-term, detailed investigation
of bend flow (Chapter 6), via considerations of three specific modes of channel adjustment.

In order to account for the channel planform and cross-sectional morphology, and
especially to account for the unusually tight bends, peculiarities in bend flow resulting from
extremes in channel adjustment are examined in Chapter 6. Bend flow structures resulting
from the unique cross-sectional, longitudinal and planform geometries of the swamp
channels are described in this chapter. The development and maintenance of peculiar

morphological features, largely specific to swamp-streams, are also described.

The results of this investigation are integrated and synthesised in Chapter 7, and the
findings are reviewed in terms of the specific objectives identified earlier in this chapter.

Chapter 7 concludes with the key outcomes of the thesis and suggests future research tasks.
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Chapter 2 The development of the Barrington swamp

channels

2.1 Introduction

Narrow, deep and sinuous swamp channels represent extremes in both the morphology and
hydraulics of natural streams. However, their unusual geometry and consequent flow
behaviour raises an important question. Are the channels transient features, arising as a
result of predominantly non-equilibrium fluvial processes and over a short period of time,
or are they more stable features in the swamp landscape, having evolved over a longer
time? This chapter attempts to answer this question by reconstructing the conditions that
have led to swamp-channel development using both new and existing stratigraphic, pollen
and radiocarbon dating data. The purpose is to develop an evolutionary model for Edwards
Swamp (containing both Edwards Creek and the Barrington River) and Polblue Swamp,

and to determine the longevity and hence the stability of the channels in these systems.
2.2 Quaternary climate and swamp development

Swamps provide detailed accounts of their own vegetative and climatic history through
palynological and sedimentological deposits (Hope, 2003). Radiocarbon dating of the
deposits in Barrington region swamps by various authors (Dodson et al., 1986; Dodson and
Myers, 1986; Dodson et al., 1994; Sweller and Martin, 2001) allow for detailed
interpretations of the Late Quaternary history of these environments. However, these
investigations have not incorporated the histories of the swamp channels and associated
alluvium, yet on the Woronora Plateau near Wollongong (NSW), other studies have
provided important information on interpretation of climate from geomorphic analyses of

similar swamps (Young, 1983, 1986a, 1986b).

A synthesis of previously reported Barrington swamp Quaternary data is provided below,
followed by the presentation of new alluvial stratigraphic data based on the present

research.
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2.2.1 Regional conditions during the Late Pleistocene

Burraga Swamp has the longest known sedimentological and palynological record of any
swamp in the region. It is located on an isolated ridge, 6km south of the Barrington Tops
plateau and at an altitude of 895m. The swamp has no channel drainage and has developed
in an enclosed basin, which presumably formed as a result of an ancient landslip (Sweller
and Martin, 2001), and has captured a possibly uninterrupted sedimentological and

vegetative record of local climate change over the last 40ka.

Sweller and Martin (2001) suggest that clay sediments at the base of Burraga Swamp
indicate a period of high lake levels (low energy) and low sediment input rates, indicative
of a fairly dry, yet stable, hill slope environment from 40-30ka BP. The introduction of
interbedded sandy material and clay deposits further up the sequence indicates an increase
in energy associated with greater slope instability from a lack of vegetative cover resulting
from a drying climate and low fluctuating lake levels, until 21ka BP. From 21ka BP to 17ka
BP, rapid deposition of coarser material resulted from increased slope instability caused by
an even drier climate, sparser vegetation and likely periglacial activity. This period
culminated in maximum sedimentation rates at ~17ka BP, when conditions were at their
driest and when periglacial activity peaked in south-eastern Australia (Barrows et al.,
2004). However, fluctuations in sediments, from gravels and sands to silts and clays, may
indicate substantial variations in slope stability and vegetative cover, even during this
period. A change to finer sediments and wetter conditions occurred by 15ka BP, whereby
the slopes became increasingly stable with vegetation and sediment grain size and rates of
accumulation reduced. Dicksonia spp. pollen, a wet rainforest fern, appeared in the swamp
stratigraphy around 15ka BP, indicating wetter conditions in the surrounding hills and
Nothofagus moorei, a tree which requires even wetter conditions (>1500mm/annum),
appeared around 9ka BP, then reached current levels of abundance by 6ka BP. Wetter
conditions peaked around 6.5ka BP, peat began to develop and cool-temperate rainforest

has since been a feature of the region (Sweller and Martin, 2001).
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2.2.2 Regional conditions during the Holocene

More specific Holocene sedimentological, vegetative and climatic interpretations of the
Barrington Tops have been produced using data from the Holocene swamps on the plateau.
These swamps range in altitude from 1170m to 1500m, considerably higher than Burraga
Swamp. Data sourced from nine swamps on the Barrington Tops and Gloucester Tops
plateaus by Dodson and Myers (1986), Dodson (1987), Dodson et al. (1986) and Dodson et
al. (1994) indicate that sediment deposition in these swamps started around 11ka BP.
Figure 2.1 illustrates a summary log of their data. Clay sediments at the base of swamp
profiles (beneath peat deposits) indicate accumulation under forested and stable conditions,
whereby slowly accumulating sediments were trapped on valley floors by denser vegetation
and less intense snow or snow melts (Dodson, 1987) than in the preceding period, or
alternatively under open water conditions (Dodson et al., 1986). Hope (2003) found that
peat swamp development in southern NSW was widespread by 10ka BP. Clay deposition
gave way to peat development in some swamps at the south-eastern end of the plateau
around 8.6ka BP (Dodson, 1987). This was followed by peat development in more centrally
located swamps at ~5.4ka BP (even later at higher altitudes in this area - 3.3ka BP), and at
about 2.5ka BP to 2.0ka BP in the north-west of the plateau, illustrating a gradient in the
timing of increased rainfall across the plateau, from the south-east toward the north-west
(Figure 2.1). Dodson’s (1987) data are consistent with other regional data (Bowler et al.,
1976; Cohen and Nanson, in prep) which suggest a Holocene peak in effective precipitation
between 8-5ka BP and an associated “gap” in regional lowland-catchment fluvial-deposit
basal ages spanning this same period and caused by larger river flows (Cohen and Nanson,
in prep). Around this time the swamps, including Burraga (Sweller and Martin, 2001),
began to accumulate peat and cool-temperate rainforests in the region reached their

maximum extent (Dodson et al., 1986).

From 5.0-1.6ka BP, pollen evidence suggests a drying and cooling of the Barrington Tops
region, as surrounding rainforests retreated and sediment accumulation in the swamps

accelerated (Dodson et al., 1986; Dodson, 1987). Renewed rainforest expansion in
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sheltered locations began 1-1.5 ka BP and in some areas as late as 500-200 years ago, likely

indicating slight increases in effective precipitation (Dodson et al., 1986).

The development of channels through these swamps may have occurred either: (i)
concurrently with swamp development, such as the varied open-channels described by
Ingram (1983) in swamp environments, or (ii) later, following incisional events. The
temporal gradient in rainfall change across the Tops during the Holocene suggests care
should be taken in the application of regional climate models as broad catalysts for channel
development; local factors may have more effect on the timing of this occurrence (e.g.
Young, 1983, 1986a, 1986b; Proser [sic], 1987). Recent findings by Eriksson et al. (2002)
in the Naas Valley, near Canberra, indicate two incisions of Holocene valley fill deposits
around 1500-1200BP and 700BP, which they suggest were likely encouraged by decreased
rainfall across the region during this period, but which were probably initiated by more
catchment scale influences such as fire. Fryirs and Brierley (1998) likewise documented
two incisional episodes in which Holocene valley fills were also partially excavated by
narrow, deep channel development in Wolumla Creek, NSW; one prior to 840BP and
another since European settlement. This latter episode is commonly acknowledged as a
period of enhanced gullying across large regions of NSW (Eyles, 1977a, 1977b) and
attributed to the transition from Aboriginal to European land management practices.
Stanley and De Deckker (2002) suggested that the period 5.5ka BP to present has been one
of instability, during which rainfall has fluctuated dramatically. Recent valley fill incisions
may be a response to these conditions, combined with more localised catalysts such as fire
and land management practices (Prosser et al., 1994) which are probably responsible for

the asynchronous timing of the incision of these valley fills.
2.2.3 Mechanisms of swamp channel development

While mineralogical (sediment rich) valley fills differ significantly from organic (sediment
deficient) swamp environments (Fryirs and Brierley, 1998), the timing of and triggers for
channel or gully development are probably very similar. Bedrock controls at the outlet of

the Barrington swamp channels have safeguarded these systems from the retreat of nick-
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Figure 2.1 Summary and synthesis of Holocene climatic and vegetative history of the Barrington Tops. Data
sources: text in red from Dodson et al. (1986), text in black from Dodson (1987) and text in blue from Sweller
and Martin (2001). Ages are in ka BP and arrows on the right of the core indicate 1ka intervals.
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points. Triggers for incisional channel development are, therefore, either locally specific
(e.g. fire) or climatic in nature. The asynchronous timing of swamp incisions on the
Woronora Plateau suggests that regional climatic shifts are not always the catalysts for
swamp incision (Young, 1983, 1986a, 1986b). Despite the extensive palynological and
sedimentological account of Holocene climatic conditions provided by the Barrington
swamp deposits, the timing and nature of channel development within these same swamps
has not been examined. As channel incision in swamps is often a catastrophic process
(Southern, 1982; Hope, 2003), the apparent equilibrium condition of channels in the
Barrington Tops swamps encourages further investigation to determine whether the
channels formed with the swamp, or whether they became stabilised following an

incisional event.
2.3  Stratigraphic techniques
2.3.1 Stratigraphic logging

A total of 61 auger holes and 18 pits were logged across 10 transects which were each
passed through meander bend apices (Figure 3.3). Most transects were on the floodplain
adjacent to the channels. However, one long transect of ~120m at Polblue Swamp (Auger

Transect 2) was surveyed to illustrate that swamp’s topography.

Sediment sampling techniques included the use of soil head (bucket) augers, D-samplers
and pit excavations (Figure 2.2). Depths were estimated to be accurate to £0.1m, owing to
both compaction during augering and uneven swamp surfaces confounding accurate surface
height estimations. Six transects were produced for Edwards Swamp and four for Polblue

Swamp (Figure 2.3).
2.4  Stratigraphic logging results

All of the floodplain profiles in both swamp systems consisted of basal sapric peat
(smooth), overlain by hemic (blocky) peat (McDonald et al., 1990), with the top of every

profile comprised of at least 0.1m of fibric (poorly decomposed organics) peat and roots.
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Figure 2.2 a. D-auger and b. pit stratigraphic logging and sampling techniques. Note the small vial marking the
position of the AMS sample (a) and a layer sampled for standard radiometric dating, (horizontal white lines)
(b), above the water table.

These sequences overlaid predominantly basal clays, in Polblue Swamp, and cobbles, in

Edwards Swamp (Figure 2.3).

Many pits showed piping (up to 0.1m diameter pipes) near the low-water level water-table.
Disturbed mud contaminated the water, but cleared via pipes which washed turbid water
away. Turbid water was sometimes observed entering the channel, downstream of the dug
pits, as obvious point-source entry flow. Some flows also pass through the peat material

itself (seepage) and through underlying gravel and sand deposits and pipe flow (Ingram,
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1983), however, the focal topics of this thesis are not significantly effected by these flow

volumes and they are not considered further.

Variations in the swampy floodplain surface sometimes coincided with stratigraphic
variations. Two dominant swamp surfaces were identified; the general surface of each
swamp is referred to as the upper floodplain and the lowermost unit adjacent to the
channels is referred to as the inset floodplain. In some cases there is an intermediate surface

referred to as the middle floodplain.

Examples of upper floodplain logs illustrated either very little (Polblue Swamp) or little to
no (Edwards Swamp) sand and gravel at the base of the peat profiles, immediately above
basal clay or cobbles. Inset floodplain profiles, however, were more variable in their
sedimentology, but all presented some degree of basal silt, sand and gravel interbedded or
upward fining sequences, grading into peat nearer the swamp surfaces. Inset floodplains are

thus consistent with fluvially derived deposits.

More complex stratigraphy was recorded in Polblue Auger Transect 1 and Barrington
Auger Transect 5. Outer bank floodplain deposits in both transects were comprised of
fining upward peat or interbedded silt, sand and gravel, respectively. These deposits appear
to be fluvially derived and their position on the swamp indicates deposition via the inward
migration of tight channel bends; such accumulations can be called concave bank benches

(Nanson and Page, 1983).

All transects illustrated floodplain surfaces sloping away from the channel, resulting in
large areas of saturated back-swamp. Such features were particularly apparent in Polblue
Auger Transect 2, in which paired levees isolated the alluvial region from the remainder of
the swamp on both sides of the channel. However, a fining upward sequence that may
represent a previous channel position was evidenced in the fourth profile from the left bank

in this transect.

The stratigraphic sequences differ primarily by the upper floodplain having developed

classic peat profiles and the inset floodplain consisting of similar peat profiles, which are
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underlain by interbedded or fining upward silt-gravel sediments suggestive of successive

fluvial origins.
2.4.1 Radiocarbon dating

Traditional radiocarbon dating utilises the standard radiometric dating technique, which
indirectly measures the radioactive emissions of relatively large samples. However, peat
samples are prone to contamination by younger carbon through root penetration and the
percolation of hemic and fulvic acids through the profile. The least mobile of all carbon
matter in peat is the pollen fraction (Vandergoes and Prior, 2003). This component,
however, comprises a very small portion of the total sample and requires the application of
the Accelerator Mass Spectrometry (AMS) radiocarbon dating technique, which directly
measures the number of '*C atoms and therefore requires a smaller sample. The AMS
technique is more expensive than the standard radiometric technique and a combination of

both techniques was therefore applied to this research.

D-samplers were used to collect eight samples for AMS radiocarbon dating by the
Australian Nuclear Science & Technology Organisation (ANSTO). Discs of peat 1.5cm
thick were extracted in the laboratory from solid cores (Figure 2.2a). Sample pre-treatment
prior to measurement was approximately consistent with the technique described by
Vandergoes and Prior (2003). At the Department of Archaeology and Natural History
preparation laboratory of the Australian National University (ANU), peat samples were
sieved through 180um mesh, then heat treated with HCL and NaOH and centrifuged to
isolate the pollen fraction. Pollen analyses were also conducted on the AMS samples to
determine the dominant vegetative species at their time of development and to search for

possible contaminants.

Four samples were obtained from the walls of pits dug into the swamp surface (Figure
2.2b) for standard radiometric dating at the Waikato Radiocarbon Dating Laboratory. They
were separated into fine and coarse fractions by wet sieving through a 2mm mesh, and then
chemically treated with HCl and NaOH to remove most contaminants prior to

measurement.



Auger Transect 2, Barrington River

inset floodplain inset floodplain upper floodplain

Auger Transect 4, Barrington River

upper floodplain in=et floodplain upper floodplain

Auger Transect 3, Barrington River

upper floodplain

i i inset fl lai i
middle floodplain . I oodplain upper floodplain

Auger Transect 5, Barrington River

dinsetﬂuuq:llain _ middie floodplain  upper ﬂml:blail‘_l_

0.5m

5.0m




b) Auger Transect b, Edwards Creek
inset
upper floodplain floodplain upper floodplain

KEY

coarse sand and gravel

sand (=605 )

sandy pest (=20% sand)
irterbedded sand, gravel and sitty peat

Auger Transect 7, Edwards Creek

fine san eat (=20% sand
o peat ) upper floodplain  inset floodplain upper floodplain
-—

pest, smocther toveard bese (=9% sandd)

roots, grass and heayy oeganics

clay bazement

e FOCk §cobble bazement
—_  hipe
T

fining upeeard 0.5m

Figure 2.3 Auger transects (a) Barrington River within Edwards Swamp, (b) Edwards Creek within Edwards Swamp and (c) Polblue Creek within Polblue
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Samples determined using standard radiometric dating were collected from the cleaned
walls of shallow pits and their retrieval was restricted to a constant layer <0.1m in height
(Goudie, 1990), with sampling extending as a recess into the pit wall (Figure 2.2b). Four

samples from the Barrington River Transect 2 in Edwards Swamp were collected.
2.5 Radiocarbon dating, pollen analyses and stratigraphic interpretation

Radiocarbon dating was used to interpret the chronology of the two major swamp units in
each swamp along each major watercourse; the upper floodplain (or general swamp unit)

and the inset floodplain. These are illustrated in Figure 2.4.

Twelve radiocarbon dates were obtained for eleven stratigraphic units across three transects
(Table 2.1). Two dates from samples taken in the same stratigraphic horizon in the same
log were used to compare results from the standard radiometric and AMS dating
techniques; these paired dates were statistically inseparable (770+50BP and 770+61BP,
respectively) and thus supported the direct comparison of results obtained by the two
techniques. Standard radiometric dates are illustrated within the dated transects in Figure
2.4. Relative amounts of wet forest, dry forest, shrubs, herbs and aquatic pollen species for
each of the AMS dated samples are illustrated in Figure 2.5 and provide a guide to the

prevailing regional conditions during swamp development.

Full pollen analysis results, on which the summary Figure 2.5 is based, are provided in

Appendix 2.

The Barrington Auger Transect 2 was the most extensively dated transect and the following
sequence is interpreted from this example. The upper floodplain unit commenced forming
within 20m of the present channel by approximately 3600 BP. The inset floodplain unit in
Barrington River transect yielded two basal dates: 800+60 BP and 770+61 (AMS) or
770+£50 BP (standard radiometric), indicating that this unit commenced forming at a time
when Nothofagus moorei rainforests were again expanding and conditions were becoming
wetter across the region (Dodson, 1987). A near-surface (and near channel) sample of this
same profile yielded a date of 659+61 BP. Evidently, the development of this unit was
rapid and has slowed significantly since ~660 BP (Figure 2.6). Additional samples from the
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inset floodplain at the outer bank provided dates of 697+43 BP near the base of the profile,
to 533+49 BP nearer the surface. These are not statistically different from the inside of the
bend and illustrate rapid vertical accretion during the development of this alluvial reach

(Figure 2.6).

Table 2.1 Radiocarbon dates, both AMS and standard radiometric techniques. All dates are expressed as
conventional ages, by which years BP relate to the year AD 1950 and the Libby half-life of 5568 years was
applied. Shaded dates represent the same unit, dated using both techniques.

Dating laboratory Sample ID Depth (from Date Error (1 S.D.)
code surface) (m)
Australian Nuclear Science and Technology Organisation (ANSTO) - AMS
OZH937 BAR 2-H5-1 0.75 770 50
OZH938 BAR 2-H6.5-1 1.09 800 60
OZH939 BAR 2-H8.5-1 1.22 3580 50
OZH9%40 EDW 6-H3-1 0.90 1220 40
OZH9%41 EDW 6-H4.5-1 1.06 950 40
OZH942 PBL 2-H1.5-1 0.88 1010 40
OZH943 PBL 2-H4.5-1 0.81 650 50
OZH9%44 PBL 2-H7.5-1 0.80 970 40
The University of Waikato Radiocarbon Dating Laboratory — Standard radiometric
Wk-15443 Jun AT 2H3 10-15 0.13 533 49
Wk-15444 Jun AT 2H3 55 0.55 697 43
Wk-15445 Jun AT2 H5 20-25 0.23 659 61
Wk-15446 Jun AT2 HS5 80 0.80 770 61

This transect therefore illustrates peat development from at least ~3600BP, at which time
pollen results illustrate more abundant #rue aquatics (Restionaceae spp.) and fewer sedges
(Cyperaceae spp.) (Figure 2.5), indicative of wetter conditions, followed by inset floodplain
growth from 800BP. Rapid vertical accretion of the inset floodplain continued until
approximately 660BP, during which time the pollen record illustrates the persistence of wet
conditions, but with fewer frue aquatic plants (Restionaceae spp.) than at the base of the
upper floodplain, and with more abundant species of tussock grasses (Poacaeae spp.)

(Figure 2.5).
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Figure 2.5 Pollen summary diagram for all AMS dated samples and sample EDW 7H1.5-1. Circled counts
highlight particularly high levels of Restionaceae, a genus that is indicative of saturated (and therefore likely
unchannelled or back-swamp) conditions.

Dodson (1987) identified increased accumulation rates within several swamps across the
Tops during the last few centuries, however the results presented here suggest that rapid
peat growth was also occurring at about 800 to 500 BP on the inset floodplain (Figure 2.4
and Figure 2.6). Since this time, slow accumulation of peat deposits have persisted within
this unit, indicated by the proximity of ~500-600 year samples near the units surface
(Figure 2.6). It is proposed that this change in rate may be the result of within-swamp
hydrological controls rather than overall climate change. In other words, the inset

floodplain surface grew vertically until reaching the approximate height of the upper
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floodplain and then slowed as the surface reached the elevation of the broader swamp
surface and became inundated less frequently. Thus far, the incised swamp model is
favoured over the co-evolution of the swamp and the channel owing to two key results: the
higher proportion of saturated pollen species in the older (upper) floodplain and the rapid
growth of the younger (inset) floodplain to just below the older floodplain elevation. This
means that growth rates for swamps are not necessarily just climatically controlled and
emphasises the points made by Young (1983; 1986a; 1986b); the geomorphic history of a
swamp must be understood as hydrological conditions (e.g. channel development) may

influence swamp vegetation and hence pollen preservation and the interpretation of climatic

records.
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Figure 2.6 Combined data from Dodson (1987) and new results (presented in this thesis), illustrating slow
growth rates of the swamps prior to 800-1220BP and then more rapid growth in auger holes JUN2-5 and
JUN2-3. The basal dates of inset floodplain features cluster around 800-1220BP and represent a period of
inset floodplain growth, probably following swamp incision.

The second dated transect, Edwards Auger Transect 6, is located 250m upstream of the
confluence of Edwards Creek and the Barrington River, and shows a somewhat different
result to that of Barrington Auger Transect 2. Despite the topographic inference of differing

units, radiocarbon dates support a vertical accretion model for a unit spanning the entire
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transect; the basal sample near the channel beneath the inset floodplain produced a date of
1220+40 years BP, an era associated with the onset of increased effective precipitation
across the region (Dodson, 1987), and the nearby date of 950+40 BP beneath the upper
floodplain most likely reflects a simple upward growth of the same inset floodplain unit. As
this transect also dissects the Edwards Swamp, it is expected that basal deposits in the
upper floodplain further from the channel would yield older dates, similar to that at
Barrington Auger Transect 2 (~3600BP). All pollen analyses of the Edwards Auger transect
6 samples also illustrated very similar vegetation structure to the inset floodplain of the
Barrington Auger Transect 2 samples. It is thus proposed that this transect also illustrates a
period of swamp incision dating back to approximately 1220BP, since which time the
swamp has rebuilt this inset floodplain and developed the channel. Since the formation of
the inset unit, the channel has likely been confined to a location near its current position,
with interbedded silt, sand and gravel deposits on the inner bank inset floodplains probably
indicating early point bar deposits. The timing of the onset of inset floodplain development
in Edwards Creek is similar to the 800BP date for the same unit in the Barrington River
transect. Wetter, or fluctuating (Stanley and De Deckker, 2002), conditions from around

lka BP (Dodson, 1987) may be responsible for the timing of the growth of these inset units.

The third and last dated transect, Polblue Creek Auger Transect 2, is similar to Edwards
Auger Transect 2 in that topographic variations in swamp height do not correspond to
different basal ages. A basal date of 1010+40 BP near the channel beneath the inset
floodplain is statistically no different to a slightly deeper sample taken further from the
channel of 970+40 BP beneath the upper floodplain. Beneath a levee-like surface between
these two dates, but at a shallower depth, another date of 650+50 BP was obtained. As
Dodson (1987) found that Polblue swamp commenced peat development around 5.4ka BP,
it is proposed here that the dated sediments presented herein illustrate an incisional episode
~1ka BP, since which time the alluvial swamp reach has redeveloped via vertical accretion
and vegetation growth. Persistence in swamp species, indicated by the pollen analyses,
within these three samples support this argument; moderate levels of true aquatics, such as
Restionaceae, and prolific sedges (Cyperaceae) indicate wet, yet unsaturated, conditions,

supportive of channelled conditions (Figure 2.5). Slightly higher levels of Restionaceae



Chapter 2 The development of the Barrington swamp channels 45

associated with the ~970BP sample probably indicate its back-swamp (and hence more

saturated) position, rather than radical changes in vegetation or swamp hydrology.

While the swamp incision model is favoured by the rapid growth rate of the Barrington
Auger Transect 2 inset floodplain, and by the change from saturated to only wet pollen
species in this same transect, there remains the possibility that the channels were existent in
these swamps during their growth, consistent with the “open channels” described in other

swamps (Ingram, 1983). The following section therefore details both models.
2.5.1 A model of channelled swamp development

A five phase model of swamp evolution, based on both the results presented here, and on
other detailed dated chronologies in the region (Dodson et al., 1986; Dodson, 1987; Dodson
et al., 1994; Sweller and Martin, 2001), is illustrated in Figure 2.7 and described below.

Phase 1

Basalt cobbles were probably deposited on the valley floor as a result of periglacial activity
during the last glacial maximum (LGM). Such activity was widespread in south-eastern
Australia’s upland regions from 16 000BP to 23 000BP (Barrows et al., 2004), and

extended to altitudes as low as 600m in some areas (Galloway, 1965).

Phase 2

Clay sediments, probably washed from the valley sides, were deposited over the bedrock
valley floors, and amongst the periglacially deposited cobbles, prior to 11 000BP in most of
the swamps in the study region. This was a response to an increase in vegetative cover and
associated valley-side stability brought about by warmer and wetter conditions following
the LGM (Dodson et al., 1986; Dodson, 1987; Dodson et al., 1994; Sweller and Martin,
2001).

Phase 3
The onset of peat formation in Edwards Swamp occurred at least prior to ~3600BP and data
presented by Dodson et al. (1986) indicates that Polblue Swamp initiated peat formation

around 5400BP. Pollen evidence from Edwards Swamp suggests that conditions were
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Figure 2.7 Phases in Edwards and Polblue swamp evolution, based on new and existing (Dodson 1987) data.
Phases are described in the text and ages are provided for Edwards Creek in red, Barrington River in green

and Polblue Creek in black.
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saturated and that the water table was fairly constant. There are two possible explanations
for the conditions of Phase 3. Based on pollen data, the favoured model (Phase 3a) is that
the swamps were essentially unchannelled at this time. The second model (Phase 3b)
considers that a relatively large channel may have existed in each swamp, similar to the
“open channels” described in other swamp environments (e.g. Ingram, 1983; Hope et al.,

2005) during their peat development.

Phase 4

If swamp incision commenced along what are now the Barrington River, Edwards Creek
and Polblue Creek prior to ~800, ~1220 and ~1010 BP, respectively, then their timing
broadly conforms to the onset of higher effective precipitation in the region ~1000BP
(Dodson, 1987). Clustered basal ages around this era from all inset floodplain samples
support this regional trend (Figure 2.6). It is likely that more open vegetation cover,
inherited from previously drier conditions, responded to increasing rainfall by producing
flashier flow conditions conducive to incision of the swamps (Phase 4a). These conditions
are much like those proposed by Stanley and De Deckker (2002) for the latter Holocene in
southern NSW. Furthermore, drier conditions prior to 1ka BP may also have made swamps
more susceptible to burning by either lightening strike or Aboriginal land use (e.g. Hughes
and Sullivan, 1981; Hope, 2003), which when combined, essentially primed these systems

for incision by concentrated runoff from larger storms or wetter conditions.

Alternatively, the swamps may have gradually accreted beside relatively large channels.
However, Phases 3 and 4 (a) are favoured as pollen evidence suggests less saturated
conditions within the inset floodplain than in the upper floodplain in the Barrington
Transect. Furthermore, rapid vertical growth of the Barrington inset floodplain supports the
idea of a disturbed swamp quickly reattaining stability by the vertical growth of an inset
floodplain. However, the reliance of the 3 and 4 (a) phases on a single basal pollen sample
illustrating more saturated conditions, and on data from the same transect suggesting rapid

vertical growth of the inset floodplain unit, cannot adequately disprove Phases 3 and 4 (b).
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Phase 5

Channel development likely occurred concurrently with the growth of the inset floodplain.
Plant species from the base of the inset units are adapted to fluctuating water levels.
Observed bankfull flows occur on a regular basis to equally fill the modern channels along
their lengths. Such a close relationship between the surface elevation of the inset floodplain
and channel hydrology implies that the two elements have developed concurrently, similar
to the development of leveed channels in the Kutai swamps of Kalimantan that are
described by Hope et al. (2005). The Barrington swamp data also indicate rapid inset
floodplain accumulation from ~1ka BP to 500 BP and the persistence of channels since

then.
2.6 Swamp channels as fluvial systems?

Basal dates from the inset floodplains provide no evidence for any substantial lateral
migration of these channels. Lateral stability, caused by high bank strength and relatively
low stream powers, has been reported in other swamp channels (Garofalo, 1980; Jurmu and
Andrle, 1997; Jurmu, 2002), however, similarities in the morphology of swamp and alluvial
channels indicate that self-adjusting fluvial mechanisms must operate in the channels.
Contemporary observations indicate undercutting of the outer channel banks in bends and
the deposition of small amounts of coarse sand and gravel at the inner banks as point bars.
Periods of prolonged low-flow, observed during the course of this study, encouraged
vegetative growth on point bars and subsequent redeposition of coarser materials on these
features during higher flows. It is likely that very slow channel migration and cross-
sectional adjustment may be occurring along some reaches, particularly in tight bends,
despite a lack of supportive radiocarbon evidence in the selected transects. The dated
transects were located in fairly open bends and these may have undergone less dramatic

planform adjustment than the tighter bends.

Outer bank fining upward sequences were also observed in some (undated) swamp
transects and are indicative of concave-bank bench development in very tight bends. Such
deposits form as bends migrate back through their convex banks (inset floodplains or

effectively point bars) and build up materials in the slack-water created by separation zones
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attached to the concave bank (Nanson and Page, 1983). This phenomenon will be examined
more thoroughly in a later chapter (Chapter 6), but at present supports the notion that these
channels are capable of some migration and hence planform and cross-sectional

adjustment.

A comprehensive analysis of swamp channel morphology in three streams in the United
States was provided by Jurmu and Andrle (1997) and Jurmu (2002) in which they
illustrated unusual, but clearly fluvial, channel morphologies. Despite the lateral stability of
the Barrington swamp channels, they are also clearly fluvial in their morphology and hence
in their behaviour, and have persisted in the swamp landscape for at least the last ~800
years. They will be examined throughout the remainder of this thesis using conventional
techniques applied to channels that are capable of self-adjustment. While the work of Jurmu
and Andrle (1997) and Jurmu (2002) has focused primarily on the morphology of swamp
streams, little data has yet been provided on the hydraulics of flow in such channels. This
thesis will now examine the interaction between the channel geometry and flow of the

streams that have formed in the Barrington Tops swamps.
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Chapter 3 Hydraulic geometry
3.1 Introduction

Freshwater swamp streams represent conditions well beyond the normal range of hydraulic
geometry studies. Their extremes provide useful insights into the variables and processes

that control particular channel characteristics.

The Barrington swamp streams transport very little bedload and have exceptionally
resistant banks. This chapter describes the theory of hydraulic geometry approach. It then
applies the concept to both channel cross-sections (at-a-station) and to channel reaches
(downstream), to enable the identification of the controls on these channels and their

adjustment to these controls.

While the general morphology of freshwater swamp streams has received increasing
attention (Garofalo, 1980; Jurmu and Andrle, 1997; 2002; Smith and Perez-Arlucea, 2004),
a lack of data exists for their hydraulic geometry. Some data are available from tidal salt
marshes (e.g. Myrick and Leopold, 1963; Ashley and Zeff, 1988; Zeff, 1988, 1999),
however, despite similarities between freshwater and estuarine swamp channel geometries,
the controls on these systems are obviously very different, particularly with respect to the

directions of flow and role of riparian vegetation.

Perhaps the most visually striking features of the Barrington swamp channels are their clear
water, which frequently flows at close to bankfull, and their very low width/depth ratios,
generally between 1.2 and 4. The clear water allows easy observation of the vertical,
vegetated and overhung banks and the roots that bind the bank material together (Figure
3.1). An immediate assumption may be that their channel geometry is primarily due to
remarkably high bank strength and that channel morphology is primarily the result of
botanical, rather than fluvial, processes. Upon more detailed inspection it becomes apparent
that while bank vegetation remains relatively constant, the geometry of the channels varies
along their length, and that a more comprehensive examination of controls other than

vegetation is warranted.



Chapter 3 Hydraulic geometry 52

In this chapter the at-a-station and downstream hydraulic geometry are first defined and
their literature reviewed. Both sets of relationships are then described for the Barrington
Tops swamp channels before they are interpreted and compared with results from other
environments. The unusual results obtained in this study are then examined in the context
of controls on the system, the ultimate objective being to document the hydraulic geometry
of these channels and to determine what controls their hydraulic and morphological

characteristics.

Figure 3.1 Aerial view of clear water flowing through a narrow and deep section of channel with vegetation
overhanging the vertical banks. Water is approximately 1m deep and 1m wide, and is flowing from the top to
the bottom of the page.

3.2  Hydraulic geometry literature review

Equilibrium channels that are not eroding or filling with sediment have been referred to as
‘regime’ channels, a term coined by Lindley (1919). Regime equations were developed by
Anglo-Indian engineers in the late 19th and early 20th centuries to design stable irrigation
canals (Lacey, 1930; Blench, 1952). The relations require that a condition of steady-state
equilibrium must exist over the short term, as a channel will adjust its solid boundary to

accommodate imposed conditions and will maintain this shape over at least the short time
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scale (Knighton, 1998). However, regime relationships were not intended for application to
natural channels. Instead, the hydraulic geometry approach was pioneered by Leopold and
Maddock (1953) as a technique for examining the cross sectional morphology and flow

characteristics of natural channels.

Channel geometry is the measured cross sectional shape of the channel. When this shape is
related to channel discharge it is termed the hydraulic geometry. Hydraulic geometry can be
measured at a single channel cross-section (station) as the discharge changes during a flood,
or can be measured through a series of stations (usually in the downstream direction) at a
defined discharge condition. The former is termed at-a-station hydraulic geometry and the
latter downstream hydraulic geometry (Leopold and Maddock, 1953). Discharge (Q), an
independent variable, is the product of the dependent variables of width (w), depth (d) and

velocity (v), and this relationship is described by the continuity equation:
Q=wdyv

Because exponential bivariate relationships can be defined between discharge and width,

depth and velocity:

w = aQb
d = ch
v = kQ"
and as
Q'= aQ’cQ'kQ"
therefore
b+f+m=1
and
ack=1

As width, depth and velocity determine channel discharge, a change in any of these three

variables will result in a compensatory adjustment of the other two, reflected in variations
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in coefficient and/or exponent values. At-a-station hydraulic geometry is the relationship
between channel width, depth and velocity with increasing discharge for any given cross-
section, from low flow to bankfull. Downstream hydraulic geometry is the relationship
between discharge and changing width, depth and velocity values measured at a selected
discharge condition that increases through a series of stations within or between catchments
or flumes of varying scales. As such, and in contrast to at-a-station hydraulic geometry, so
called downstream channel form is commonly related to bankfull discharge, for this is what
is believed to be the dominant channel-forming discharge (Leopold and Maddock, 1953;
Wolman and Miller, 1960). Interestingly, and despite the name, such a series of stations
need not necessarily consist of locations downstream of each other, but the locations are
plotted in relation to increasing bankfull discharge which usually does increase along most
streams. The following section will outline the relevant applications of each of these two

approaches to hydraulic geometry.
3.2.1 At-a-station hydraulic geometry

3.21.1 Addressing problems with the approach
The relevance of at-a-station hydraulic geometry has been questioned for several reasons. It

is important to address these issues, prior to more detailed considerations of the approach.
The first issue is its focus on what have been termed residual phase flows; those flows of
insufficient force to deform the channel boundary or to move sediment (Ferguson, 1994).
The threshold of sediment motion is often associated with bankfull flow (Emmett and
Wolman, 2001) which is also deemed to be the channel forming discharge. As cross-
sectional geometry is inherited from active phase flow (those flows capable of deforming
the boundary and/or sediment motion) (Ferguson, 1994), the examination of residual phase
flows by at-a-station hydraulic geometry has been considered of little consequence.
However, Andrews (1984) collated sediment transport data from several streams and
illustrated that not all rivers are threshold channels which transport their bedload only at
flows approximating bankfull; some gravel bed channels achieve active phase flow at
stages well below bankfull. Critical shear stress (that required for the transport of bedload)

varies with the channel width-depth ratio and Carling (1983) found that narrow streams
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have higher critical shear values than do wide and shallow streams. This suggests that

active phase flow may be initiated at varying stages in different shaped channels.

Importantly, the various controls which combine to form channel cross-sectional geometry
and reach-scale channel adjustment during active channel forming flows are well illustrated
by at-a-station hydraulic geometry. In equilibrium channel systems in which a given cross-
section has evolved to imposed conditions (Mackin, 1948), at-a-station hydraulic geometry
can be used to indicate dominant controls and to infer hydraulic processes (e.g. changes in
resistance to flow with increasing discharge). The at-a-station hydraulic geometries are,
therefore, useful for examining changes in the hydraulic efficiency of each cross section as
discharge increases towards the bankfull condition, commonly accepted in most cases as

the formative discharge.

It has also been considered a potential problem that at-a-station hydraulic geometries
change through time with meander migration and bar development (Ferguson, 1986).
However, positioning cross-sections at meander inflection points minimises this problem.
Chapter 2 determined that the Barrington swamp channels are laterally stable and cross-
sections and flows measured over the course of this project are almost certainly

representative of their longer-term adjusted form.

A final concern is that hydraulic geometry relationships lack any physical justification for
their being logarithmic, and any such assumption (i.e. use of the exponents) lacks a
physical justification (e.g. Richards, 1973). But despite a lack of such justification, the
relationships between discharge and width, depth and velocity at-a-station are commonly
logarithmic, or nearly so, and they do reveal important information on the relative
contributions to channel cross-sectional adjustment being made by each of the flow
variables as discharge changes. In this study their usefulness for this purpose is confirmed

as they co-vary with very high r* values.

3.2.1.2 Common at-a-station hydraulic geometry and causes of
variation

Minimum variance theory proposes that natural river systems operate to minimise the

temporal or spatial variation of their dependent variables- i.e. width, depth, velocity, slope,
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flow resistance, shear stress and sediment transport (Langbein, 1964). The theory maintains
that once an equilibrium condition has been reached, a system will minimise any imposed
disturbance or stress by restoring or maintaining conditions close to the previous condition.
This theory was used by Langbein (1964) to provide theoretical b (width), f (depth) and m
(velocity) exponent values of 0.23, 0.42 and 0.35 these values supported the empirically
derived values of Leopold and Maddock (1953); 0.26, 0.4 and 0.34. However, subsequent
studies (e.g. Park, 1977; Rhodes, 1977) have collated the results of numerous other studies
and have found a wide range of values, albeit centred in a histogram plot around these
values (Rhodes, 1977). This suggests some consistency in at-a-station hydraulic geometry

but with variations in the controls, both within and between catchments.

Ferguson (1986) suggested the rational division of controls on at-a-station hydraulic
geometry into two groups; those which determine channel geometry, and hence width and
depth relations, and those which determine the hydraulic and frictional characteristics on
the flow, reflected directly by the velocity exponent. He proposed that channel geometry is
largely a remnant of the previous competent flow, influenced by bank strength, and that

flow resistance and sediment transport dynamics largely determine the velocity exponent.

But channel cross-sectional geometry also reflects the dominant sediment calibre
transported by the channel (Leopold and Maddock, 1953). Wide and shallow channels tend
to carry bedload more effectively (Wilcock, 1971; Pickup, 1976; Bettess and White, 1983)
as shear across the bed is maximally distributed, whereas narrower and deeper channels
have an enhanced suspended load transporting ability, provided by rapid increases in the
velocity of the flow with increasing discharge (Leopold and Maddock, 1953). Sediment
quantity is also reflected by the channel cross-sectional shape through the adjustment of
channel planform. Braided channels form in response to high sediment supply over steep
gradients, whereas meandering channels tend to form under lower sediment supply
conditions and over lower slopes (Schumm and Khan, 1972; Bettess and White, 1983;
Schumm, 1985). Braided and meandering channels have higher at-a-station width
exponents than straight channel sections and lower velocity exponents, owing primarily to

the resistance elements present in meandering and braided channel types and the steeper
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channel banks of straight channels (Knighton, 1975). A complicated relationship exists
between sediment calibre and quantity and channel morphology, manifest in channel
planform and at-a-station hydraulic geometry, which are in turn influenced by other

variables, including bank strength.

Ferguson (1986) also proposed the representation of channel hydraulic and frictional
characteristics by at-a-station hydraulic geometry. The quantity of sediment load, and its
calibre, also determine channel cross-sectional shape through the development of channel
bed topography (Keller and Melhorn, 1978; Montgomery and Buffington, 1997). In turn,
bed topography exerts a major influence on flow velocity through the provision of
resistance (Simons and Richardson, 1966; Richards, 1973). The type of bed features that
develop are a direct response to the quantity of sediment supplied and its calibre. Finer
sediment tends to form ripples and dunes, whereas coarser sediment forms bars, riffles and
steps (Montgomery and Buffington, 1997). Each type of bedform reduces channel velocity
through the provision of form flow-resistance and the action of sediment transport itself
provides further flow resistance as grains collide, an element termed bedload transport
resistance (Gao and Abrahams, 2004). The provision of flow resistance necessarily causes
a compensatory adjustment in width and depth with changing discharge; the more
significant (measured by steepness; height/length) the bedform in proportion to flow and
channel geometry, the larger its contribution to flow resistance (Smith and McLean, 1977).
Channel geometry also varies through pool-riffle sequences (Knighton, 1975). Pools are
narrower than riffles in cross-section (Richards, 1976) and with increasing stage, velocity
tends to increase in pools more rapidly than it does over riffles (Keller, 1971), thereby

causing local scale variation in at-a-station hydraulic geometry.

Local variations in bank strength, sediment supply and calibre, channel planform and
bedforms usually preclude the development of useful regional average values (Park, 1977),
or even averages for individual river reaches (Knighton, 1975). But an approach closely
aligned with Ferguson’s considerations of flow resistance and sediment (transport)
dynamics is that of Rhodes (1977). Rhodes divided a ternary graph of the exponents b, f

and m into ten channel groupings or types based on five channel process and geometry
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conditions: the rate of change with increasing discharge in width/depth ratio, sediment
transport competence, Froude number, velocity and roughness. These divisions can provide
insight into channel geometry, hydraulics and some channel controls such as bank strength,
characteristics that can be directly implied by the specific location of a plotted station on
Rhodes graph. These divisions will be outlined and discussed in Section 3.5.1 to aid in the
interpretation of controls on at-a-station hydraulic geometry in the Barrington swamp

streams.

3.2.1.3 Sediment supply, bank strength and optimal channel geometry
Eaton et al. (2004) have recently described how channels adjust their morphology to

maximise their resistance to flow in an effort to balance the supplied sediment load and
water, and thereby attain equilibrium. They also describe how these adjustments may be
constrained by the channel’s bank strength and its ability to adjust slope. As bank strength
constrains cross-sectional adjustment, a compromise is reached between the optimum
channel cross-section for sediment transport and bank strength. Huang and Nanson (2000)
applied the principal of least action (LAP), to demonstrate that optimum flow conditions
are reached when the cross-sectional shape of a channel achieves the maximum sediment
transporting capacity (MSTC) per unit available stream power. They called this condition
maximum flow efficiency (MFE). Huang et al. (2002) and Huang et al. (2004)
demonstrated that minimum potential energy, which can be more specifically expressed as
the principal of minimum (total) energy (PME), in addition to MFE, is a second condition
that must be met for optimal flow. In other words, MFE and PME describe the condition of
a cross-section in which the transport of sediment and water are balanced. Excess, or
insufficient, flow in proportion to sediment load will result in the need for an adjustment of
the system towards stability, or equilibrium, and hence towards MFE. For example, a
straight channel with little bedload may have energy in excess to that which will maintain
stability. This excess can be consumed by the onset of meandering. Alternatively, a channel
with excess sediment, in comparison to flow and hence energy, may braid to maximise its
boundary shear and thereby increase its ability to transport sediment, thus attaining stability
and MFE. So MFE is represented by a large range of channel geometries, dependent on the

relative amount and calibre of sediment and water. Research by Huang and colleagues has
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collectively demonstrated that the optimum width/depth ratio for minimum boundary
friction in the absence of bedload, and hence MFE, is 2 for equilibrium flow regime

(Huang and Nanson, 2000; Huang et al., 2002; Huang et al., 2004). They stated:

“Only when Q=0 is the most efficient alluvial channel
geometry exactly the same as the best hydraulic section
defined in frictional flow without transporting sediment, for
both occur at {,=2.”

where Qg is the sediment discharge and (, is defined as the optimum width/depth ratio
(Huang et al., 2004, pp.6). This geometry is rarely attained in natural channels, primarily
because of insufficient bank strength, but also as nearly all channels carry bedload. A
width/depth ratio of 2 is ideal for the most efficient flow of sediment free water, with wider

and shallow channels operating to most effectively transport bedload (Pickup, 1976).

High bank strength provided by fine, cohesive sediment (Schumm, 1960; Knighton, 1975;
Millar and Quick, 1993) or vegetation (Zimmerman et al., 1967; Abernethy and Rutherfurd,
1998, 2000, 2001) can allow for steep channel banks and low width exponents. Depth and
velocity increase with increasing discharge while width remains almost constant. Bank
strength is clearly an important consideration in at-a-station hydraulic geometry analyses
and a key objective of this study is to see how other variables respond when bank strengths
are exceptionally high and when sediment supply is exceptionally low. This study is,
therefore, able to assess the theoretical condition of natural channels almost completely
lacking bedload and exhibiting very high bank strength: i.e. when {,=2 (Huang et al.,
2004).

3.2.2 Downstream hydraulic geometry

The use of an appropriate discharge is critical for the development of downstream hydraulic
geometry relationships as the selected discharge is intended to represent the effective
(sediment transporting and boundary deforming) flow (Wolman and Miller, 1960;
Goodwin, 2004). However, channel forming discharge can be difficult to define and may
occur with variable frequency along a length of channel (Pickup and Warner, 1976).

Richards (1982) outlined two approaches for investigating downstream hydraulic geometry,
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which differ in the discharge values that are used. The first examines discharges of a given
flow frequency. A complication arises using this technique as the discharge flow frequency
that is selected may not be competent at all cross-sections, or may be capable of
transporting bedload but incapable of eroding the channel banks (Pickup and Warner,
1976). Therefore the fundamental supposition of the approach, that discharge is the primary
control on channel cross-sectional shape, may be undermined because the selected

discharge frequency may not be formative at all cross-sections (Grayson et al., 1996).

Richards (1982) second approach uses bankfull discharge which is either measured directly
or estimated using either the Manning or Darcy-Weisbach flow resistance equations. This is
essentially the approach originally adopted by Leopold and Maddock (1953) and referred to
by them as downstream hydraulic geometry. Andrews (1984) found that sub-bankfull flows
are sometimes able to transport sediment, but a recent paper by Emmett and Wolman
(2001) has shown that a wide range of gravel bed rivers transport most of their bedload
only at discharges in the vicinity of bankfull. Despite some variability (e.g. Knighton,
1998; Goodwin, 2004) many alluvial channels have been shown to have consistent bankfull
flow frequencies of about once every 1-2 years (Wolman and Miller, 1960). This would be
a remarkable coincidence if it were not because something close to bankfull flow is the
formative discharge. As stated earlier in this chapter, downstream hydraulic geometry
implies that stations are located within a single catchment with increasing downstream
catchment area supplying a downstream increase in discharge. In fact, the process of
stitching together datasets from various catchments to extend the discharge range of the
investigation was undertaken in the original bankfull hydraulic geometry study (Leopold
and Maddock, 1953) and has been adopted consistently since (e.g. Andrews, 1984;
Ferguson, 1986; Hey and Thorne, 1986). Some large catchments show a decrease in
discharge in the downstream direction (Leopold and Maddock, 1953; Knighton and
Nanson, 1994; Kemp, 2005) while still satisfying the underlying approach to hydraulic
geometry. Because the preferred flow used in many studies has been bankfull discharge,
owing to its intended formative nature (Wolman and Miller, 1960; Emmett and Wolman,
2001), and because the term ‘downstream hydraulic geometry’ is imprecise and confusing,

the term ‘bankfull hydraulic geometry’ is used here.
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3.22.1 Common bankfull hydraulic geometry and controls
Empirically derived values of 0.5, 0.4 and 0.1 as the exponents for b, f and m have been

replicated many times (Richards, 1982) for bankfull hydraulic geometry since initial
publication of them by Leopold and Maddock (1953), and they compare reasonably well
with those used in regime equations (Blench, 1952). In addition the application of
minimum variance theory produced values of 0.5, 0.38 and 0.13 (Langbein, 1964), once
again closely approximating the empirical results of Leopold and Maddock (1953). This
regularity in bankfull hydraulic geometry can primarily be ascribed to two common
controlling conditions: decreasing slope and sediment size in a downstream direction,
usually associated with increasing bankfull discharge. The concavity of longitudinal stream
profiles directly underlies downstream reductions in channel slope (Mackin, 1948).
Sediment size tends to decrease with increasing bankfull discharge, primarily as a result of
hydraulic sorting (Hoey and Bluck, 1999; Rice, 1999), with probably less than 10% of
downstream fining caused by abrasion (Bradley et al., 1972). This results in a downstream
reduction in flow resistance caused by individual grains, but an increase in form resistance
provided by bedforms (Leopold and Maddock, 1953). Slight decreases in suspended
sediment concentrations, and overall increases in width/depth ratio caused by limitations in
depth adjustment due to a finite floodplain height and limitations of channel bank strength,
combine with changes in form and grain roughness to result in slight decreases in flow
resistance with increasing bankfull discharge. The combined effect of slightly decreased
roughness and a decline in slope dictate only slight increases in velocity with increasing
bankfull discharge, in other words with low m exponent values in most cases (Leopold and
Maddock, 1953). The constraint of depth adjustment caused by bank height and strength
combines with the low velocity exponent to predetermine that in most cases width adjusts
more rapidly than depth (Church, 1992), resulting in the oft-quoted relation b > £ > m (e.g.
Rhodes, 1987).

3.2.2.2 Causes of bankfull hydraulic geometry variation
Despite the frequency of the values 0.5, 0.4 and 0.1, generalised trends in bankfull

hydraulic geometry often mask considerable scatter caused by local controls. As discussed

in the previous section on at-a-station hydraulic geometry, channel pattern (e.g. Knighton,
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1975), bank strength (e.g. Schumm, 1960) and bedforms (e.g. Simons and Richardson,
1966) can produce considerable and abrupt variations in channel cross sectional shape and

flow hydraulics, and hence cause scatter in the bankfull hydraulic geometry exponents.

For example, while fining of channel sediments can result in increasing bank strength
(Schumm, 1960) and variations in channel roughness resulting from bedform development
(Simons and Richardson, 1966) in a downstream direction, so too does vegetation influence
both bank strength and channel roughness (e.g. Zimmerman et al., 1967; Abernethy and
Rutherfurd, 2001; Brooks and Brierley, 2002). While general downstream fining and trends
in roughness components are common to most channels, localised variations in other
parameters, such as vegetation, can play significant, and perhaps relatively unsystematic,

roles in these relations (Hickin, 1984).

Because of a wide range of interacting variables, determinant bankfull hydraulic geometry
analyses have required a multivariate approach. Three physical relations adjust to define
flow geometry: flow continuity, flow resistance and sediment transport. Common to the
equations that describe these variables are the independent variables of discharge and
sediment load, the semi-independent variables of resistance and sediment size, and the
dependent variables of width, depth, slope, velocity and channel pattern. There are more
unknown (dependent) than known (independent) variables in these three equations (Bettess
and White, 1987). Various techniques have been employed to enable the development of a
fourth equation to produce definitive (determinant) hydraulic geometry equations, and
hence the prediction of channel morphology, using extremal hypotheses and empirically

derived relations.

The extremal hypothesis approach.

Extremal hypotheses maximise or minimise (optimise) particular flow conditions, thereby
offering a theoretical basis for the finite solution of continuity, sediment transport and flow
resistance equations. This requires a premise or hypothesis stating that the flow adopts a
preordained condition, for example that the flow adjusts its conditions to maximise
sediment transport for given flow conditions, or to maximise flow resistance. Such an

optimising assumption is termed an extremal hypothesis (Bettess and White, 1987). Many
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extremal hypotheses have been proposed with varying degrees of ‘“success”, and
equivalence has been shown between a number of them (e.g. Huang and Nanson, 2000).
“Success” is measured on the basis of the extent to which the theoretical model accurately
predicts channel relationships obtained from actual field data. The development or use of
predictive equations is not the focus of this thesis. In the relatively small scale streams of
the Barrington swamps, the application of existing models would be difficult owing to the
localised controls that may override bankfull hydraulic geometry trends. For these reasons,
extremal hypothesis models considering bankfull hydraulic geometry are not discussed
further in any detail. However, the development of the LAP and MFE theory by Huang and
colleagues utilised bankfull relations, but its application to this thesis lies in its relevance to
at-a-station hydraulic geometry relations in this chapter, and in assessing in later chapters
the roles played by bedform and planform resistance in countering the effect of such

hydraulically efficient channels.

Empirical approach.

Widely applicable models of bankfull hydraulic geometry, based on empirically derived
relations, have been sought (e.g. Hey and Thorne, 1986; Huang and Warner, 1995).
However, while general trends in the controls on bankfull hydraulic geometry are identified
using these approaches, scatter in these relations determines that large variations in the

catchment-specific applicability of these equations is not always appropriate.

Osterkamp (1979) has shown how the use of invariant power functions (b, f and m) can
reduce scatter and significantly improve the understanding of local controls on bankfull
hydraulic geometry through the examination of hydraulic geometry coefficients (a, ¢ and
k), a technique strongly advocated by Andrews (1984). Invariant power functions can
provide a means for comparison between studies with clearly different coefficients and
which would otherwise appear as scatter in a single regression if multiple exponents were
allowed (Andrews, 1984; Ferguson, 1986). This is the simplest means by which
multivariate controls on bankfull hydraulic geometry can be examined. The approach was
first used by Osterkamp (1979) to determine variations in the coefficients in channels
varying in bank sediment composition and hence strength, and then by Hey and Thorne

(1986) to assess differences in the influence of vegetation type on channel width and more
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recently by Huang and Nanson (1998), who were able to distinguish between bed and bank

vegetation and bank strength categories using this type of analysis.

However, equations resulting from these techniques may also have limited application in
small-catchment channels owing to threshold vegetation-channel interactions. For example
in the Sleepers River, North America, Zimmerman et al. (1967) documented that there was
no downstream increase in channel width until catchment areas exceeded five square miles
(~13 km?). From this they concluded that small streams are subject to “exaggerated” bank
vegetation influence through the provision of either high bank strength or increased
roughness imposed on the flow. The idea that vegetation growth and large woody debris
dominates the controls on channel morphology and thwarts clear relationships between
defined discharge and channel form has also been proposed by Brooks and Brierley (2002)
in the Thurra River catchment, Victoria, Australia. The well vegetated banks of the

Barrington swamp channels might produce similar channel response.
3.3 Hydraulic geometry methods
3.3.1 Field methods

Six hydraulic geometry stations were established on the Barrington River, two on Edwards
Creek and 12 on Polblue Creek, totalling 20 stations. The locations for these stations were
chosen at inflection points between bends, following Leopold and Maddock (1953) and
Leopold and Wolman (1957), where the channels were relatively symmetrical and/or
representative of that channel reach. The end points of each cross-section were established
back from the bank top at essentially equal elevations and marked using wooden stakes
(Figure 3.2). A 5Sm aluminium plank with 0.1m marked increments on its upstream side was
placed between these points. For the duration of the project, the plank was re-placed at the
same datum for the various discharges, and the cross-section dimensions were re-checked

before flow measurements were repeated. These stations are indicated in Figure 3.3.

Flow measurements were made using an OTT C2 current meter and the number of
revolutions over a 30 second period were recorded (Australian Standard 3778.3.1, 1990),

with vertical spacings approximately 0.1-0.3m apart, depending on channel width. The
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maximum number of data points for each cross-section were obtained which would also
allow for measurements at all stations within that stream for a given flow event. These were
determined to be at 0.6 of the depth of flow if total depth of flow was < 0.5m and at 0.4 and
0.6 of the flow depth (subsequently averaged) if > 0.5m. The number of verticals varied
from 3 to 6 across the stream, depending on channel width, resulting in up to 10 points in
any cross-section. Similar to the outcome of the one or two point method employed by
Myrick and Leopold (1963), the constraints imposed by the practicalities of data collection
were consistent with requirements for accuracy. This was demonstrated with an initially
higher sampling density that gave very similar results to those obtained from the less dense

array chosen as the design for the remainder of the study.

Figure 3.2 Deployment of the OTT meter from an aluminium plank extended over the channel. Flow from left to
right.

3.3.2 Selection of an appropriate discharge for downstream hydraulic

geometry

There is potential difficulty in defining channel banks in wetlands due to their permeability

(Jurmu and Andrle, 1997; Tooth and McCarthy, 2004). Fortunately, the Barrington swamp
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Figure 3.3 Aerial view of the Barrington swamp channels showing hydraulic geometry stations, breaks in channel water surface slope (S), divisions of channel
sinuosity (P), auger transects (black lines) and bends examined in detail for a) Polblue Creek and b) Barrington River and Edwards Creek (over page).
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channel banks are comprised of firm peat and are well defined, enabling bankfull flow to be
readily determined by observing channel flow during several high flow events. Following
the methodology of several authors (Myrick and Leopold, 1963; Hey and Thorne, 1975;
Hey and Thorne, 1986) the bankfull stage height was assessed visually as the major break
in slope between the vertical channel banks and the swamp surface. In the majority of
cases, bankfull flow showed a remarkably consistent frequency along the Barrington

channels, most cross-sections being equally full during high flow events.
3.3.3 Data processing methods

Cross-section dimensional and velocity data were used to calculate the average width,
depth, velocity and channel cross-sectional area for every flow in each cross-section. The
exponents b, f, m, y and p, representing the rates of change in width, depth, velocity,
Manning’s n (n=vR*’s"?) and Darcy-Weisbach’s f (f=8gRs/v?), respectively, were
calculated from these results. This data was also used to calculate bankfull Froude number,
total stream power (), specific stream power (o), bankfull n and f and the bankfull du

Boys shear stress (7).

A total of six flows were measured through all stations, including flows from very low base
flow to bankfull. Of these, it was occasionally necessary to discard some flow data due to
anomalous patterns in discharge variations downstream, resulting from either counter /

operator error or rapidly rising / falling flow stages.
3.4  Hydraulic geometry results
3.4.1 At-a-station hydraulic geometry

The at-a-station hydraulic geometry log-log plots for width, depth, velocity, Manning’s n
and Darcy Weisbach’s f for each of the 20 stations are presented in Figure 3.4. The
exponents and r* for all power function regressions fitted to each of these bivariate plots are
summarised in Table 3.2 and the station cross-sections are presented in Figure 3.5. It is
clear from the high r* values for depth and velocity presented in Table 3.2, that discharge is
indeed logarithmically related to width, depth, velocity, n and f in these channels, thereby
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validating the use of the hydraulic geometry approach for investigating controls on these
particular channel systems. Hydraulic geometry exponents for the study streams for width
(b), depth (f) and velocity (m) averaged 0.05, 0.35 and 0.60, respectively. These results
indicate that with increasing discharge rapid responses in velocity are accompanied by

moderate rises in depth and almost no response in width.
3.4.2 Bankfull hydraulic geometry

Absolute variation in bankfull discharge between the smallest and largest capacity channels
at bankfull was only 0.52 m’/s, however, this constituted a 2.5 fold increase in discharge
from approximately 0.20 m’/s upstream at Polblue Creek hydraulic geometry Station 1
(P1), to approximately 0.30 m’/s at P12, and from approximately 0.28 m’/s at Barrington
River hydraulic geometry Station 6 (B6) (upstream) to approximately 0.72 m’/s at Bl
(Table 3.2). Both Edwards Creek hydraulic geometry stations (E1 and E2) lay within these
discharge values. If a continuum is then assumed between the two swamps, bankfull flow
from 0.20 to 0.72 m’/s through 20 cross-sections is a sufficient dataset for the analysis of
bankfull hydraulic geometry (e.g. 23, 16 and 30 stations for: Leopold and Maddock (1953);
Tabata and Hickin (2003); Huang and Nanson (1997), respectively).

Table 3.1 Bankfull hydraulic geometry exponents and coefficients

width depth velocity
.# b a 1 f c 1 m k 1
sites
overall 19 0.53 0.14 0.14 -0.15 0.01 0.01 0.62 0.20 0.20
Polblue 11 -0.20 0.02 0.02 -0.33 0.04 0.04 1.53 0.58 0.58
Barrington
& Edwards 8 0.21 0.08 0.08 0.38 0.07 0.07 0.41 0.10 0.10

Bankfull hydraulic geometry derived for the study reaches from Edwards Creek, Barrington
River and Polblue Creek are summarised in Table 3.1 and illustrated in Figure 3.6 and
provide average width, depth and velocity exponent values (b, f, and m) of 0.53, -0.15 and

0.62 for their combined data. These exponents were obtained from relationships with poor
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Figure 3.4 At-a-station hydraulic geometry relations for (a) width, (b) depth, (c) velocity, (d) Manning's n and
(e) Darcy-Weishach’s ff, for all stations on Polblue Creek, Barrington River and Edwards Creek.
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Table 3.2 At-a-station hydraulic geometry coefficients and exponents

width depth velocity ack | b+f+m Manning’s “n” Darcy-Weisbach’s “f”
site # flows b a r2 f c r2 m k r2 y t r2 p r2
P1 5 0.07 1.59 0.6 0.43 1.17 0.97 0.5 0.54 0.95 1 1 -0.3 0.05 0.8 -0.7 0.28 0.86
P2 6 0.06 2.7 0.64 0.6 1.67 0.94 0.35 0.22 0.8 0.99 1.01 -0.03 0.11 0.02 -0.22 1.02 0.19
P3 6 0.02 0.96 0.28 0.29 1.16 0.97 0.68 0.9 0.99 1 0.99 -0.58 0.01 0.97 -1.21 0.02 0.97
P4 6 0.12 0.94 0.3 0.21 1.03 0.96 0.67 1.03 0.94 1 1 -0.57 0.02 0.84 -1.19 0.03 0.87
PS5 5 0.01 1.19 0.08 0.33 1.06 0.72 0.67 0.79 0.94 1 1.01 -0.53 0.03 0.83 -1.13 0.07 0.86
P6 5 0.05 1.27 0.54 0.16 0.91 0.69 0.78 0.87 0.98 1.01 0.99 -0.71 0.02 0.96 -1.46 0.05 0.96
P7 5 0.01 1.5 0.46 0.48 1.02 0.98 0.5 0.65 0.98 0.99 0.99 -0.27 0.04 0.9 -0.66 0.13 0.94
P8 6 0.08 1.18 0.48 0.32 1.33 0.96 0.6 0.63 0.99 0.99 1 -0.47 0.03 0.98 -1.01 0.12 0.99
P9 6 0 1.29 0.02 0.29 1.31 0.94 0.71 0.59 0.98 1 1 -0.61 0.04 0.96 -1.27 0.14 0.97
P10 6 -0.01 1.17 0.03 0.42 0.91 0.86 0.58 0.94 0.91 1 0.99 -0.41 0.03 0.72 -0.9 0.1 0.79
P11 6 0.04 2.23 0.26 0.29 0.45 0.8 0.67 0.99 0.92 0.99 1 -0.51 0.04 0.76 -1.11 0.14 0.81
Bl 4 0 34 0 0.65 0.82 1 0.35 0.36 1 1 1 0.03 0.08 0.82 -0.12 0.57 0.96
B2 5 0 1.8 0 0.26 0.55 0.95 0.74 1.02 0.99 1.01 1 -0.61 0.02 0.98 -1.26 0.43 0.88
B3 5 0 2.1 0 0.15 1.29 0.75 0.85 0.37 0.99 1 1 -0.79 0.05 0.98 -1.61 0.24 0.98
B4 5 0 1.8 0 0.41 0.74 0.99 0.59 0.75 0.99 099 1 -0.38 0.05 0.97 -0.86 0.21 0.98
BS5 5 0 3.15 0 0.44 0.38 0.97 0.56 0.83 0.98 ! 1 -0.29 0.02 0.83 -0.71 0.04 0.9
B6 5 0.01 2.99 0.04 0.22 0.49 0.77 0.77 0.68 0.99 1 1 -0.65 0.03 0.95 -1.35 0.07 0.96
El 4 0.18 3.77 0.89 0.42 0.58 0.79 0.4 0.45 0.89 0.98 1 -0.15 0.06 0.3 -0.42 0.34 0.51
E2 4 0.41 5.47 0.78 0.24 0.42 0.43 0.35 0.43 0.9 0.99 1 -0.16 0.05 0.33 -0.42 0.31 0.51
av. 0.06 2.13 0.35 0.91 0.6 0.69 -0.42 -0.93




Table 3.3 Geometry, hydraulic and environmental characteristics for each hydraulic geometry station at bankfull flow

. Q ® T depth average valley Schumm
site | Qv | wid Fr an 1w e n ff NTEN alluvinm denth width Sv Sws P M
P1 0.19 | 2.39 0.08 3.82 1.5 2.55 0.11 | 1.25 6.69 1.35 0.63 300 0.0026 0.0020 2.28 75.42

0.0016 0.0007
P2 0.2 3.79 0.05 1.36 2.6 0.53 0.13 | 1.81 3.02 1.3 0.67 280 1.49 49.3
0.0016 0.0007
P3 0.23 1.28 0.1 1.55 1 1.55 0.04 0.2 2.09 1.25 0.78 250 1.46 134.71
0.0016 0.0014
P4 | 0.24 1.39 0.12 3.25 1 3.25 0.05 ] 0.3 4.04 1.38 0.72 215 1.64 124.35
0.0021 0.0014
P5 | 0.31 1.68 0.14 4.24 1.2 3.53 0.05 | 0.28 4.47 1.18 0.71 200 1.64 104.56
0.0040 0.0014
P6 | 0.26 1.5 0.09 3.51 1.3 2.81 0.08 | 0.65 4.9 1.23 0.83 105 1.82 116.09
0.0040 0.0014
P7 0.27 2.62 0.15 3.74 1.5 2.58 0.05 0.3 4.31 1.1 0.55 95 1.92 69.44
0.0040 0.0014
P8 0.3 1.2 0.1 4.16 1.1 3.78 0.06 | 0.42 4.72 1.15 0.92 90 1.92 143.33
0.0040 0.0014
P9 0.3 1.33 0.07 4.05 1.3 3.12 0.09 | 0.8 5.36 1.15 0.98 85 2.28 130.21
0.0040 0.0030
P10 § 0.34 1.86 0.17 9.96 1.2 8.3 0.06 | 0.38 9.13 0.73 0.64 65 2.04 95.03
0.0073 0.0052
P11 § 0.33 6.75 0.26 17.03 2.2 7.74 0.06 | 0.47 12.81 0.23 0.33 10 1.18 28.87
0.0011 0.0016
Bl § 0.72 | 5.14 0.13 11.28 | 3.4 3.32 0.08 | 0.58 7.46 0.85 0.66 30 1.15 37.12
0.0031 0.0024
B2 § 043 3.83 0.23 10.03 1.8 5.57 0.04 | 0.23 7.26 0.7 0.47 400 1.15 48.76
0.0009 0.0007
B3 § 0.29 1.76 0.03 1.97 2.1 0.94 0.16 | 2.34 3.83 1.5 1.19 400 1.36 100.23
0.0036 0.0034
B4 J 0.26 4.02 0.15 8.52 1.8 4.73 0.08 | 0.79 9.96 0.58 0.45 400 1.1 46.62
0.0154 0.0154
B5 0.3 13.71 0.27 4472 | 3.2 14.2 0.03 0.1 2.16 0.48 0.23 40 1.07 14.97
0.0154 0.0154
B6 § 0.28 | 9.14 0.15 41.74 | 3.1 13.69 0.05 | 0.32 2.95 0.35 0.33 40 1.07 21.81
0.0040 0.0020
El 0.27 | 6.51 0.12 5.25 2.7 1.94 0.09 | 0.87 6.22 1.43 0.41 400 1.67 29.83
0.0040 0.0020
E2 0.31 7.09 0.13 6.17 2.9 2.11 0.08 | 0.74 6.31 0.85 0.41 400 1.67 27.59
PB av 5.15 3.61 Av: 73.59
Bar 1 1621 5.81

a3
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r* values of only 0.14, 0.01 and 0.20, respectively; it appears that width, depth and velocity

are only weakly related to increasing discharge downstream.

If data are considered in the same order but separately for each swamp, the resulting
exponents are 0.21, 0.38 and 0.41 for the Edwards / Barrington swamp system and -0.2, -
0.33 and 1.53 for the Polblue system. The r* values for these are 0.08, 0.07 and 0.10 in the
former system, and 0.02, 0.04 and 0.58 in the latter. The only notable improvement in these
relationships with discharge is that for the velocity in Polblue Creek. It is clear that these
variables are mostly very weakly related to discharge in the Barrington swamp streams,

even within individual swamps.
3.5 Hydraulic geometry discussion
3.5.1 At-a-station hydraulic geometry discussion

The Barrington swamp channels accommodate increasing discharge by increasing their
depth and velocity, while width remains essentially constant. Indeed, in some cases with
undermined banks, but not recorded here, width may actually decline with increasing
discharge. A physical constraint on channel geometry determines these results. These
channels are typically slot-like in cross-section; they have near-vertical banks and fairly flat
beds (Figure 3.5), little observed bedload and almost perfect bisymmetry. Because width is
severely constrained, with increasing discharge, depth and velocity accommodate the

required change.

On Edwards Creek, Stations 1 and 2 are asymmetrical and both experience higher rates of
width adjustment than most of the swamp channel stations and consequently their rates of
increase in velocity are more moderate. To determine the cause of Barrington swamp
channels unusual hydraulic response to increasing discharge, it is useful to compare the
values obtained here with results from a variety of other environments, using both average

and individual station values.
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Figure 3.6 Bankfull hydraulic geometry relations for (a) all station data combined and (b) Polblue Creek
separated from the combined Edwards Creek - Barrington River data.

3511 Regional influences.

Using a ternary plot of the b, f and m exponents, Park (1977) attempted to delineate at-a-
station hydraulic geometry exponents on the basis of climatic zones. His findings showed
large variations in the exponents within regional climatic zones and caused him to conclude
that localised conditions largely control hydraulic geometry. Figure 3.7 illustrates that the
Barrington Tops swamp channels plot mostly within Park’s regional division of tropical or
humid-temperate channels, however the latter zone, while consistent with the Barrington

Tops study area, is much more extensive (Park, 1977). The Barrington swamp channels
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Figure 3.7 Ternary graph of at-a-station hydraulic geometry exponents from the Barrington Tops swamp
channel stations (red dots) and the average values (open red dot), in comparison with planform and climate
zone regions of the plot.

also plot close to the zone of tidal estuaries defined by (Myrick and Leopold, 1963, p.1).
They obtained average values for the exponents b, f and m of 0.09, 0.08 and 0.78,
respectively, for the flood tide through a set of six cross-sections in a small tidal estuary,

representing what they describe as:

“one of the extremes in the continuum of river channels”

However, the results of subsequent investigations into estuarine channels have found that
some display similar hydraulic geometry to the upland channels presented here (Myrick and

Leopold, 1963; Zeff, 1988, 1999) and that some do not (Zeff, 1988) (Figure 3.7).
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3.5.1.2 Channel morphology and hydraulic influences
The Barrington dataset plot primarily in the region of Rhodes (1977) channel Type 2 which

exhibits the following conditions with increasing discharge: b<f, m>f, m>f/2, m>0.5 and
m/f > 2/3. Stations E1, E2, P2 and B1 plot as channel Types 6, 3, 8 and 8, respectively.
Rhodes (1977) provided a summary table of channel type characteristics, which is
reproduced in Table 3.4. The variations within the Barrington swamp stream dataset clearly
imply variations in their morphology and hydraulic behaviour, despite the data having been
collected from a single channel type and within a very small geographical area. The cause
of these variations must lie in locally variable controls on the channels which are best
examined through the implications for each of the divisions in Rhodes (1977) diagram

(Figure 3.8).

Table 3.4 Characteristics of each of the Barrington swamp channel stations, implied by Rhodes (1977) ternary
plot

) ) Slope —
Channel | Width/depth Froude Velocity- p
. Competence ; roughness
type ratio number area ratio .
ratio
2 Decreases Increases Increases Increases Increases
3 Increases Increases Increases Decreases Increases
6 Decreases Increases Increases Decreases Increases
8 Decreases Increases Increases Decreases Decreases

0] b < f (4 width < 4 depth) on the Rhodes diagram

This condition defines three general characteristics: 1. with increasing discharge, channel
width increases more slowly than depth (i.e. more rectangular rather than trapezoidal
channels); 2. The strength of the banks is greater than that of the bed; 3. The suspended
load exceeds the bedload (Leopold and Maddock, 1953) (or there is very little sediment
load of any kind). In the Barrington swamp channels, b is much less than f; in-fact it is
often less than one third of f (Figure 3.8), implying that these characteristics are present in

the extreme.
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Figure 3.8 Ternary graph of at-a-station hydraulic geometry exponents from the Barrington Tops swamp
channel stations (red dots) and the average values (open red dot). A black star illustrates the average result
for alluvial channels based on the findings of Leopold and Maddock (1953). The red dashed line indicates
stations (below it) at which b is les than 1/3 of f. Modified from Rhodes (1977).
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Channel geometry

The symmetry and shape of the Barrington swamp channel cross-sections physically
account for low width exponents. Only Stations E1 and E2, which are Type 6 and Type 3
channels, respectively, deviate from this characteristic. They are asymmetrical in cross-
section (Figure 3.5) owing to the presence of bedforms, a point to be considered in more
detail in Chapter 4. The asymmetry of the cross-sections clearly determines their higher b
values, as increasing discharge fills a wider proportion of the channel bed before
encountering the vertical channel banks. Similar channel geometry was observed in several
wetland streams across North America by Jurmu and Andrle (1997) and Jurmu (2002).

Narrow and deep, steep-sided channels are typical of wetland environments.

Sediment load

Sediment load in the Barrington swamp channels was not measured and probably could not
easily be because both bedload and suspended load are both so low. Even at close to
bankfull flow, the Barrington swamp channels carried so little suspended load that the
water remained essentially clear. As a consequence, the bed could be observed and this
showed virtually no movement of the bed material during such flows. However, the
division b < f implies a predominance of suspended load over bedload. This is probably the
effect of strong bank vegetation rather than suspended load. The channels are very narrow
and deep, with average width/depth ratios of 2.2, closely approximating the optimal
geometry of 2 for the most efficient transport of sediment free water in rectangular channels
(Chow, 1973). Stations E1 and E2 support this conclusion by being very different in form;
they are wider and shallower with width/depth ratios of 6.5 and 7.1, respectively, and they
possess large bedforms, indicative of there having been, at least in the past, some bedload
transport (see Chapter 4). However, the majority of stations present extremely low width-
depth ratios and width exponents. Huang et al. (2004) suggested that, despite such narrow
geometries being theoretically optimal for sediment free rectangular channels, insufficient
bank strength in natural channels would likely limit their occurrence. The Barrington
swamp channels, with their well vegetated banks, provide for the first-time natural channel

data that support their findings.
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Bank strength.

The banks of the study channels are nearly vertical in profile and are comprised of dense
vegetative matter in their upper portion, below which is up to 1.5m of blocky to smooth
peat with variable densities of intruding roots (see Chapter 2). The bank geometry of some
estuarine channels are also vertical, owing to high silt and clay content rather than
vegetative support, and have resulted in similarly low width exponents (Myrick and

Leopold, 1963) (Figure 3.7).

Schumm (1960) used silt/clay bank sediment ratios (M) to assess bank stability. When
applied here, M was calculated in reverse, using bankfull width-depth ratios to produce
theoretical silt/clay ratios in a manner similar to that used for sod channel banks by
Zimmerman et al. (1967). These values are presented in Table 3.3 and range from 14 in
broad, shallow sections up to 143 in narrow, deep sections. An average M value of 76,
resembles high silt and clay content, similar to Zimmerman et al. (1967) observations. But
despite apparent variations in bank sediment composition represented by varying M values
for the Barrington swamp channels, it is not variation in bank composition or strength,
provided by either vegetation or sediment characteristics, which determines the variations
in the Barrington hydraulic geometry exponents. The hydraulic erodibility of stream banks
is difficult to determine quantitatively on most streams (e.g. Millar and Quick, 1993;
Abernethy and Rutherfurd, 1998, 2000, 2001), because of the problems experienced in
obtaining appropriate hydraulic erodibility measurements. Such a measure of erodibility is
particularly problematic on the Barrington Tops streams because they run very full much of
the time. Field observations of the highly consistent bank sediment and vegetation along
the length of each swampy channel suggest that bank strength is a relatively constant value.
But while the banks are resistant, so too are the stream beds. In places the latter are made of
cohesive clays whereas elsewhere they appear to be formed of a lag of coarse cobbles,

possibly of periglacial origin, or even of bedrock (see Chapter 2).

The depth of deformable swamp material above the basement material varies, thereby
limiting the depth that channels can attain at different stations. Figures 3.9 and Figure 3.10
illustrate how the depth of swamp material varies with the depth of channel distance

downstream. At most stations, channel depth is the same as the depth of deformable swamp
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Figure 3.9 Long profiles of each studied channels, including the channel thalweg, bankfull water surface and basement depth, the latter interpolated
between hydraulic geometry stations which are indicated by black numbers. The red arrow marks the confluence between Edwards Creek and the
Barrington River.
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Figure 3.10 This figure illustrates a clear power-form relationship between the depth of swamp alluvium (peat),
averaged for each station bank datum, and the maximum channel depth.

material, within the range of measurement error (approximately +0.1m), resulting from a
very uneven, tussocky swamp surface. Several stations, however, have incised into the
basement material and these stations, P11&12 and B4, B5 and B6, are located at the entry
and exit points of the swamps; they have correspondingly high stream powers (Table 3.2)
and therefore have been able to cut down through the confining basement sills at the exit of
the swamps. Here the channel sections are wide and shallow, whereas where the peat is

deeper, the channels, in the absence of bedload, are narrower and deeper.

(ii) f < m (4 depth < A velocity) & (iii) m > 0.5 (4 velocity > 0.5) on the Rhodes diagram

This part of Rhodes (1977) diagram defines channels where velocity increases more rapidly
than depth (f < m) and indeed where velocity accommodates more than 50% of the increase
in discharge (m > 0.5). The rate of change in velocity is closely related to flow competence.
Competence is defined as the maximum size of the material that the flow can transport and
the changing competence of a cross-section is a function of the ratio of the rates of change
of depth and velocity with increasing discharge (Wilcock, 1971). Wilcock found that

increases in flow competence were facilitated through higher rates of increase in velocity
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than depth, and Leopold and Maddock (1953) found that narrow and deep channels are

more conducive to suspended sediment transport.

For the Barrington swamp stations, with the exception of just four locations (E1, E2, P2
and B1), the exponent m is greater than 0.5. In other words, rapid increases in velocity
accompany increases in discharge at most cross-sections. P7 lies almost on this line (Figure
3.8) and together with Stations E1, E2, P2 and B1 they provide some idea of what may
influence this parameter. As the Manning equation shows, increased velocity is achieved by
increasing slope and even more so by increasing depth, and as slope can be assumed to
increase slowly with increasing at-a-station discharge (Leopold and Maddock, 1953),
increases in depth and commensurate marked decreases in flow resistance (Hicks and

Mason, 1998) are the most likely causes for rapid increases in at-a-station velocity.

(iv) m/f > 2/3 on the Rhodes diagram

This portion of Rhodes (1977) diagram (Figure 3.8) includes stations which decrease in
roughness with increasing discharge. All the study channels satisfy this condition with the
exceptions of Bl and P2. The distances of the plotted stations to the left of this line
illustrate the extent to which their roughness decreases and indeed the Barrington swamp
channels tend to decrease more rapidly than most other alluvial channels that have been
studied. Only Stations P2 and B1 increase resistance with increasing discharge and Stations
El, E2, P1 and P7 decrease roughness only slightly, illustrated by their y and p values (see
Figure 3.4 and Table 3.2). All four locations have large bedforms.

An explanation for these velocity and roughness characteristics lies in their cross-sectional
shape, bedforms and bed-boundary material. In narrow and deep channel reaches, which
are most of the stations, the frictional resistance of the channel boundary rapidly decreases
with only slight increases in depth (and associated hydraulic radius), resulting in rapid
increases in velocity with discharge and hence high m values. In wide, shallow reaches the
effects of boundary resistance are not so easily overcome. The considerable skin resistance
provided by large cobbles on the bed at Stations P11&12 and B5&6 at low flow are more
easily overcome with increasing flow stage than is the resistance from the large bedforms

(see Chapter 4), present at Stations E1, E2, B1 and P2, all of which are also wide and
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shallow. Bedforms exert considerable resistance on the flow at stages up to bankfull
(Simons and Richardson, 1966) and velocity therefore increases more slowly through
sections that have these forms. It appears that bedforms are an important feature of flow
resistance in those channels that are supplied with mobile sediment, whereas cobble lags
only provide significant resistance at low flow, consistent with Rhodes (1977) original

interpretation.

Coupled with the implications for increased hydraulic efficiency with increasing discharge,
described above, the condition f < 0.5 < m also dictates that channel cross-sections must

exhibit very high bank strengths for this condition to persist.

(v) m > f/2 (avelocity > ¥ Adepth) on the Rhodes diagram

This last remaining division of the ternary diagram (Figure 3.8) delineates cross-sections in
which Froude number increases with increasing discharge from those which do not. The
Barrington swamp streams all display increasing Froude number with discharge, implying
that, given sufficient bedload of a transportable calibre, a variety of bedforms are
theoretically capable of forming in these channels. At bankfull the maximum Froude
number for all stations is only 0.27 (Table 3.2). It is unlikely, therefore, that critical flow is
experienced at any cross-section, and bedforms are therefore limited to those that occur

only in the lower flow regime.

3.5.1.3 At-a-station summary
Adjustments in flow width, depth and velocity at-a-station in the Barrington swamp streams

have been directly related to variations in discharge and also to the available depth of
swamp alluvium, as is evidenced by high r* values for power relations between these
parameters (Figure 3.4 and Figure 3.10, respectively). From their position on Rhodes
(1977) ternary graph, adjustments in width, depth and velocity can also be interpreted as
responding to uniformly high bank strength and stability. However, while there is almost no
active bedload transport, in some places deformable, unconsolidated bed material has
modified the channel geometry and resistance to flow. Consistent with the assertions of
Ferguson (1986) regarding sediment transport and flow dynamics, the physical controls on

hydraulic geometry are high bank strength and variations in the depth of swamp alluvium,
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or more specifically the location of basement basalt lobes, and the hydrological controls are

the calibre and quantity of sediment supplied.

In the absence of significant bedload, the Barrington swamp channels (both the smaller
Polblue and the larger Barrington channel systems) have developed average width/depth
ratios of 2.2 (Table 3.2 and Figure 3.5) through sections with sufficient alluvium depth for
adjustment, which are almost identical to those theorised by Chow (1973) as ideal for
efficient channel flow without bedload. These results also support the concept of maximum
flow efficiency (Huang et al., 2004) whereby channels adjust to minimise their boundary
friction for a given quantity of bedload, lending support to their theory of principal of
minimum energy (PME) for adjustable channels. Owing to the unusual conditions for its
occurrence in the case of sediment free water in natural channels, it has until now been an

untested theory.

In sections with limited depth of adjustable swamp material the average width/depth ratios
are approximately 8.0. In two Edwards Creek sections with a sufficient depth of swamp to
form deeper cross sections, the presence of large unconsolidated bed features of coarse sand
and fine gravel, has caused relatively large average width-depth ratios of 6.8 (see Chapter
4). These results indicate that, even in swamp streams with resistant banks, channel cross-
sections can adjust when there is a limited depth to the swamp or when sediment is, or has

been, available for bedform development.
3.5.2 Bankfull hydraulic geometry discussion

Leopold and Maddock (1953) obtained bankfull (downstream) hydraulic geometry
exponent values for b, f and m (width, depth and velocity) of 0.50, 0.40 and 0.10 for mid-
western United States streams. In contrast, Myrick and Leopold (1963) obtained values of
0.76, 0.2 and 0.05 for small tidal estuaries and Tooth and McCarthy (2004) obtained
wetland-stream values of 0.45, 0.21 and 0.34 for the Maunachira River and 0.83, -0.01 and
0.18 for the Okavango-Nqoga River. The Barrington swamp channel dataset does not
compare well with any of these datasets. The low r* values suggest that the changes in

bankfull channel geometry and associated flow hydraulics in the Barrington swamp
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channels are not strongly related to any increase in bankfull discharge. Further comparisons
with existing models for bankfull hydraulic geometry are of little value but site specific

considerations do present some interesting possible interpretations.

3.5.2.1 Limitations on depth adjustment
An explanation suggested by Wharton (1995) for poor depth (f) r* values is that, due to the

presence of bed features, channel depth varies so dramatically in a given reach that an
average value for a given reach is probably inadequate. However, most of the Barrington
streams do not have large depth variability due to bedforms. A more likely explanation for
the poor correlation between increasing bankfull discharge and channel depth is the limited
and variable depth of deformable swamp material. The swamps have formed in upland
catchments, above basin outlet sills formed of coarse basalt cobbles and granite boulders. In
such basins the depth of swampy alluvium increases downstream, decreasing again towards
the downstream exit sill. The beds of the swamp channels are comprised mostly of
basement material underlying the peat (Figure 3.11). In addition, lobes or ridges of a cobble
basement occasionally extend out from the basin side beneath the swamps and into mid-
basin channel reaches, causing localised reductions in the depth of deformable swamp

material within which the channels can form.

Figure 3.10 has illustrated that the depth of swamp alluvium is closely related to at-a-
station and bankfull hydraulic geometry. The degree of depth adjustment in these channels
is similar to that observed in estuarine channels, resulting in similarly low downstream
depth (f) values. Sediment deposition at the mouths of estuarine channels and low slopes,
caused by their inherent proximity to base level, probably do much to limit such values

compared to those in typical alluvial channels (~0.4) (Leopold and Maddock, 1953).



Chapter 3 Hydraulic geometry 88

e
ot A

Figure 3.11 A section of the Barrington River illustrating cobble basement material, not transported by the
current flow regime. Note the undercut bank. Channel width is approximately 1m and flow is from left to right.

Figure 3.12 illustrates the control of the depth of swamp alluvium very clearly for the
bankfull case. It plots changes in width, depth and velocity at bankfull flow for each station
against the corresponding depths of alluvium. The results illustrate clear power
relationships of decreasing width, increasing depth and decreasing velocity with increasing
depth of swamp alluvium, with corresponding r* values of 0.17, 0.55 and 0.34, respectively.
While still only moderately well correlated, with width remaining relatively weak, these r’
values are an improvement over the downstream hydraulic geometry relationship r* values

of only 0.14, 0.01 and 0.20, respectively.
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Figure 3.12 The depth of swamp alluvium at hydraulic geometry stations in relation to bankfull width, depth and
velocity. Blue is width, purple is depth and yellow is velocity.

Zimmerman et al. (1967) documented that narrower channels are maintained in sod rather
than in forested settings and that in the Sleepers River in North America there was no
downstream increase in width until catchment areas exceeded ~13km®. From this they
concluded that small streams are subject to exaggerated bank vegetation influences through
the provision of either high bank strength or increased roughness imposed on the flow. The

contributing areas of the Barrington swamp channels do not exceed 13km?.

The high effective strength of vegetated channel banks, as a result of the increased tensile
strength of roots (Smith, 1976; Millar and Quick, 1993; Abernethy and Rutherfurd, 1998,
2000, 2001; Simon and Collison, 2002) or the protection of the bank through the provision
of bank roughness by vegetation (Kutija and Hong, 1996; Simon and Collison, 2002) is
now well documented. Recent research has specifically focused on the particularly high
bank-strength afforded by “wet-meadow vegetation” (Micheli and Kirchner, 2002a, 2002b)

and has concluded that channel banks possessing wet-meadow vegetation produced bank
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erosion rates only one tenth of those for banks without wet-meadow vegetation. Smith
(1976) very convincingly demonstrated that banks with an effective root mat can be 20 000
times more resistant than those with the same sediment composition but lacking such a root

mat.

The exaggerated effect of bank vegetation in small channels is clearly evident in the
Barrington swamp channels. Increasing downstream discharge does not cause a notable
response in channel width, as evidenced primarily by the low correlation with this

parameter (Figure 3.6).

3.5.2.2 Resultant response of velocity to restricted width and depth
adjustment

The effects of limited adjustment in width and depth to increasing bankfull discharge
results in a similarly limited adjustment between discharge and the rate of change in
velocity. Only Polblue Creek has the semblance of a systematic variation in velocity, with
an exponent (m) of 1.53 and an r* value of 0.58 (Figure 3.6). Such a high exponent
illustrates the ability of the boundary materials to resist sharp increases in velocity. These
channels are primarily depth-limited and may otherwise respond to increasing discharge by
increasing their width, however high bank strength means that width changes too are
severely limited. Hence the increasing downstream discharge is accommodated mostly by

an increase in velocity, with very little subsequent erosion or channel enlargement.
3.6  At-a-station and bankfull hydraulic geometry conclusions

At-a-station and bankfull hydraulic geometry analyses have both shown the limitation on
channel depth adjustment caused by shallow depths of deformable swamp material. In the
at-a-station case, this limitation has necessitated the widening of the channel through
shallow reaches of the swamp. In the downstream case it has been identified as the primary
independent control on variations in width, depth and velocity exponents (Figure 3.12),

having a more clearly defined impact than bankfull discharge.

Despite the constraint of swamp depth through many channel reaches, at-a-station hydraulic

geometries display a variety of results. The vast majority of stations display width
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exponents approaching, or equalling, zero. The resulting adjustments to increasing
discharge through these stations are predominantly accommodated by increases in velocity.
The implications for channels with such well-defined vertical banks, rapid increases in flow
velocity and low width-depth ratios are that they must have highly stable banks and a very
limited supply of bedload. These implications are consistent with the theoretical model of
Huang et al. (2004), in which width/depth ratios of 2 indicate both the most efficient

hydraulic section and the achievement of MFE for sediment free water.

It is significant that both the larger Barrington channel system and the smaller Polblue
system have each attained average width/depth ratios approaching 2. This demonstrates that
despite relatively shallow swamp depths, the channels of both swamps have developed
equivalent and optimal geometries. Bankfull flows were witnessed many times during each
field season and display remarkably even confinement along the channel lengths. As
described in Chapter 1, swamp vegetation is highly dependant on water table height. Once
the channels attained optimal cross-sections through the vertical accretion and growth of
the inset floodplains (described in Chapter 2), further swamp growth may have been limited
by bankfull stage height. This is demonstrated by rapid growth of the inset floodplain from
~800BP - 660BP, followed by only slow growth since, as described in Chapter 2.
Therefore, while cobble lobes might control channel morphology over some reaches by
allowing only shallow depths of swamp material to accumulate, the swamp height is
probably controlled more by channel dimensions through the remaining reaches of the

channelled swamps.

The majority of reaches in the Barrington swamp streams have very little bedload. Along
many reaches, particularly along much of the Barrington River and Polblue Creek, the bed
consists of eroded clay or has a cobble lag with clasts far larger than can be moved by
contemporary flows. At other locations, especially at Stations E1 and E2 on the Edwards
River, large bedforms of coarse sand and granules occur, but even at high flows there is
almost no bed sediment movement visible through the clear water. While there must be, or
have been at times, some bedload in transport for the construction of these bedforms, it

appears that even at bankfull flow the bed is relatively stable, poised close to the threshold
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for incipient motion. With their large bedforms, Stations E1 and E2 exhibit lower velocity
exponents and higher width exponents. Bedforms appear to result in more moderate
velocity exponents, even up to high stage. In contrast, skin resistance provided by the
channel boundary through narrower, deeper, vertical sided sections is rapidly overcome by

increasing stage.

While Stations E1 and E2 exhibit large bedforms, several locations along the Barrington
swamp streams exhibit a range of bedforms including riffle-like and dune-like features, and
subdued point bars. The presence of these features raise further questions in relation to
channel adjustment; what sorts of bedforms have developed to influence the hydraulic
geometry exponents and what function do they serve in relation to sediment transport, flow
resistance and flow through meander bends? These questions are addressed in the following

chapters.
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4.1 Introduction

The preceding chapter on hydraulic geometry has outlined the optimality of most
Barrington Swamp channel cross-sections for the transport of essentially sediment-free
water. Although these streams appear to transport almost no bedload under conditions up to
bankfull flow (nor any significant suspended load), they do exhibit bedforms including
riffle-like and bar-like features. The adjustments of the bedforms and planforms of these

channels to such maximally efficient cross-sections are the focus of the next two chapters.

Maximally efficient channel cross-sections for sediment-free water, by definition, provide
low levels of energy dissipation, as evidenced by high velocity exponents (m values) with
increasing discharge. However, for channels to be stable they must consume energy in
excess to that required for equilibrium sediment transport and flow, consistent with both the
concept of maximum flow resistance (Eaton et al., 2004) and the principal of minimum
energy (PME) (Huang et al., 2004). In conjunction with planform and cross-sectional
adjustment, bed features determine a significant portion of any resistance applied to open-
channel flow (Leopold et al., 1960; Simons and Richardson, 1966; Bray, 1982; Prestegaard,
1983; McLean et al., 1999; Millar, 1999a; Lawless and Robert, 2001), thereby regulating
flow velocity and sediment transport (Church et al., 1998). Because of the intimate
relationship between bed features and flow resistance (Simons and Richardson, 1966), bed
morphology is a very important consideration in the investigation of channel-energy
adjustment. Indeed, Eaton et al. (2004; pp.524) state “... form (bedform) roughness

’

represents a powerful potential adjustment of the system.’

Knowledge of established relationships between channel bed-morphology, geometry and
flow is reviewed in the following section to provide a context for the presence of particular
bed features in the Barrington swamp channels. These features are then identified in the
study streams and related to channel and flow dimensions to determine whether they can be
classed as bedforms or barforms. Their morphology is then used to quantify the effect on

flow and sediment transport.
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4.2 Typical bed feature morphology

It is useful here to try to distinguish between bedforms and barforms, as they are associated
with different scales of channel adjustment. However, in the Barrington streams the
distinction is not always obvious. The following summary of existing knowledge of bed-
and barforms details the morphologic characteristics and the hydrologic and formative

processes of each.
4.2.1 Bedform characteristics

Bedforms are broadly classified into lower (Fr < 1) and upper (Fr > 1) regime features, the
former of which are most common in natural channels (Simons and Richardson, 1966).
Subsequent research has suggested that upper regime bedforms (anti-dunes) can form under
Froude numbers much less than 1, with increasing effective depth (flow depth / mean grain
size) corresponding to a decreasing transitional Froude number (Carling and Shvidchenko,
2002). Carling and Shvidchenko (2002) collated extensive data on the transitional Froude
numbers in fine gravel channels and found that the transition in bedforms could occur over
a wide range of values, from Fr 0.5 to 1.8. However they also found a more typical value of
0.84, below which gravel dunes can potentially form (Carling, 1999). In the Barrington
swamp streams, no standing waves were observed at even the largest discharges and Froude
numbers reached a maximum of only ~0.27 at bankfull (Table 3.3). As a consequence it is
unlikely that upper regime forms exist in these streams and such forms will not be

considered further here.

Lower regime forms exhibit relatively high resistance to flow and low bedload discharges.
As they progress from ripples, to ripples on dunes, to dunes, with increasing depth and
velocity of flow, resistance coefficients increase correspondingly (Simons and Richardson,
1966). The most common bedforms found in natural channels under sub-critical flow

conditions are dunes (Simons and Richardson, 1966).

Ripples range in amplitude (height) up to 0.06m and in wavelength up to 0.61m, whereas
dunes range from these values up to 16m and 100m, respectively (Carling, 1999), or

occasionally even larger (Miall, 1996). However dunes are not just large ripples as the two
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forms behave in fundamentally different ways. Dunes are scaled to the depth of flow; an
increase in flow depth over a dune can cause an increase in flow resistance and an increase
in dune amplitude, whereas an increase in flow depth over a ripple will always result in a
decrease in flow resistance (Simons and Richardson, 1966). Dune amplitudes are roughly
scaled to flow depth with a ratio of 0.2 (Allen, 1982; Carling and Orr, 2000) and dune-
wavelengths to flow-depth ratios of approximately six (Yalin, 1992). Dunes usually form in
medium sands up to fine gravel (Best, 1996) and usually on gradients up to 1% (Clifford,
1993), above which pools and riffle tend to form.

The magnitude (Prestegaard, 1983) or steepness (Robert, 2003) of a bed feature is defined
as its amplitude/wavelength. This is the inverse of the vertical form index that was first
investigated by Bucher (1919) (in Miall, 1996, pp.20). Ripples have average steepness
values of 0.12 (Baas, 1999), whereas dunes are relatively low and normally range between
0.03-0.06 (Kostaschuk and Villard, 1996), with a maximum of 0.08 observed by Carling
(1999) for gravel dunes. A link between barform amplitude and wavelength has also been
long recognised (e.g. Hey and Thorne, 1986; Robert, 1990), and their steepness typically
falls around 0.01, though Carling and Orr (2000) recently observed an upper steepness limit
of 0.03. Feature steepness therefore varies from the lowest to the highest in the order riffles

(0.01-0.03) to dunes (0.03-0.06) to ripples (average 0.12).
4.2.2 Barform characteristics

Barforms include pools, riffles and point bars (Best, 1996) and are often synchronised with
channel planform. Pools are usually found at the concave bank of meandering channels
with point bars attached to the convex bank of bend apices, whereas riffles commonly
occur between successive pools. However, pools and riffles are not exclusively features of
meandering channels, also being found in straight (Keller, 1972) and braided channels

(Ashmore, 1991).

Leopold et al. (1964) and Keller and Melhorn (1978) first related channel width to barform
wavelength and Keller and Melhorn (1978) found that the dominant wavelength of pool-

pool sequences ranges between 5 and 7 channel widths, a range subsequently supported by
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numerous researchers (e.g. Richards, 1982). However, recent work by Carling and Orr
(2000) obtained a different result in the River Severn where the riffle-crest wavelength was
predominantly 3 channel widths. Following this observation, they sought relationships
between pool-riffle spacing and parameters other than width and found it to be related to
flow depth, ranging from 7 to 18. They also expressed riffle amplitude as a fraction of flow
depth and found it ranged from 0.151 to 0.223. Carling and Orr (2000) likened these results
to the dune relationships of the many studies collated by Allen (1982). Based on this, they
suggested that the formation of riffles and dunes should not be attributed to exclusively
different processes. Although Robert (2003) argued that caution should be applied in the
interpretation of Carling and Orr’s (2000) results because of their use of different devices
on the exceptionally large River Severn to those that had previously been used to collect
data, the overlap of riffle and dune wavelengths should not be overlooked. Indeed, the
analysis below on the very small Barrington streams also demonstrates ambiguity and

overlap in the definitional characteristics of bed features.
4.2.3 Summary of bed feature attributes

In summary, bedforms are fundamentally linked to flow properties such as velocity and
depth of flow, whereas barforms are generally scaled to the physical channel dimensions,
such as channel width and planform (Jackson, 1976). Bedforms are considered fast-
response features that adjust to changes in sediment and water supply during a single flow
event (Simons and Richardson, 1966; Best, 1996), whereas pools and riffles (barforms)
adjust over the longer term, often in conjunction with planform development (Keller and
Melhorn, 1978), and may persist in location for many decades or longer (Dury, 1970).
Bedforms are generally considered more transport-limited than supply-limited than are
pools and riffles (Montgomery and Buffington, 1997). Such generalisations are appropriate
for most studies, however, the recent work by Carling and Orr (2000) has demonstrated
overlap in the flow-form relations between riffles and dunes, implying that a less rigid

distinction between each feature may be more appropriate.
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4.2.4 Flow resistance, shear stress and bed sediment transport

While the definition of bed and bar features may be somewhat arbitrary, the influence that
both exert on the flow and bed sediment transport can be quantified using their steepness
values (amplitude / length). Bedload transport capacity is directly related to the shear
stresses acting on a channel bed. The du Boys shear stress equation is often used to estimate
this, however, Robert (1990) compared empirically derived shear stress data estimated
using the inner-layer velocity profile with the du Boys shear stress estimates and illustrated
the gross overestimation caused by the latter approach. Such overestimation is caused by
the equation comprising the sum of several shear components whereas only the shear acting
on the bed is responsible for bed sediment transport. The other components of the total
shear must be removed to obtain realistic estimates of transporting competence (Robert,
1990). In an effort to determine the effects of bedform development on sediment transport
competence in the Barrington swamp channels, the proportion of the total shear that is

actually exerted on the bed will be considered later in this chapter.
4.3 Bed features of the Barrington swamp channels
4.3.1 Bed feature identification

In the Barrington swamp streams, the bed features appear complicated and it is not possible
to distinguish easily between bedforms and barforms. Because of the small scale of the
channels, what would clearly be bedforms in larger channels appeared to be scaled to the
physical dimensions of the channels. A consistent method is required here to identify and

label these features and to then describe their morphology.

4.3.1.1 Methodology
The longitudinal profiles of the Barrington River and Edwards and Polblue Creek beds

were surveyed using a Sokkia Total Station. The surveys followed the thalweg of the
channel, rather than the centreline, as it was the morphology of the bedforms along the
deepest part of the channel that were of interest. Data points were collected at irregular
intervals corresponding to discernable changes in bed topography. Because of this the bed

levels could be linearly interpolated between these inflection points.
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A differencing analysis technique was employed to identify the bed features prior to the
subsequent calculation of their amplitude and wavelength (O'Neill and Abrahams, 1984).
The technique is an improvement on the regression technique (Richards, 1976) as it
identifies features superimposed on sequences of positive or negative residuals (O'Neill and
Abrahams, 1984) and allows bed features within an extended depression or hump to be
identified as discrete, alternating units, rather than their being classified as single, long
pools or riffles as would be the case if the regression technique were used. The differencing
technique requires that data be equally spaced, so a Matlab script was used to linearly
interpolate the bed elevation survey data at both 1m and 2m intervals to create two separate
datasets for each channel (Appendix 3), (1-2m being approximately the bankfull width)
(O'Neill and Abrahams, 1984). As average channel width is difficult to define, and as the
bed fluctuations may be better identified using either the Im or 2m dataset, both were used

for comparison of the results in the initial stages of analysis.

The differencing technique can only be applied to datasets of similarly scaled bed features,
so that each of the channel surveys were divided into sections based on clear changes in
bedform wavelength and amplitude (Figure 4.1). In addition, several reaches were
identified as plane-bedded, lacking rhythmic undulation in bed topography along their
lengths (Montgomery and Buffington, 1997). These reaches were removed from all
analyses and are identified in Figure 4.1. Following these subdivisions, the resulting sub-
datasets possessed more consistent bedform wavelength and amplitude with linear trends.
The resulting sub-sets are presented in Figure 4.1 and include: “Barrington River Upper”,
“Middle” and “Lower”, “Edwards” Creek and “Polblue Creek Upper” “Middle” and

“Lower”.

Differences in elevation between equally spaced successive points along a linearly
detrended channel thalweg survey were calculated, following which the standard deviation
(SD) of these differences were calculated. A series of peaks and troughs in the channel long
profile were then identified as successive elevation-point sets whose differences multiply to
give negative values: i.e. [(-) elevation difference] X [(+) elevation difference] = (-) result

(in this case a trough) (and vice-versa) and were therefore peaks or a troughs. A threshold
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(T) is set with which to choose those points that qualify as bed features. O’Neil and
Abrahams (1984) found that T = 0.75SD was the most successful filter in identifying pools
and riffles where data point spacing equalled the approximate channel width. Subsequent
peaks and troughs were tested for absolute elevation differences greater than 0.75SD of the
last identified feature and then accepted if this criteria was satisfied. A Matlab script was

used to apply this procedure (Appendix 4).

4.3.1.2 Results
The results from both the 1m and 2m spaced dataset, differencing-technique bed-form

analysis are presented in planform view in Figure 4.2 and their summary statistics are
presented in Table 4.1. Figure 4.3 illustrates the identified bed-form locations in

comparison with the original, non-systematically sampled long profile data.
4.3.2 Bed feature amplitude and wavelength calculations

The features identified for both the 1m and 2m spaced datasets were analysed to determine
their wavelengths and amplitudes. These results could then be considered, in conjunction
with feature-planform relations, to determine the most prominent bed features to consider

in the analysis of bed feature-flow interactions.

4321 Methodology
Bedform amplitude and wavelength were calculated using peak-peak and trough-trough

spacing (wavelength) and peak-trough heights (amplitude), with resulting statistics for both
the Im and 2m datasets. In Figure 4.2 the bed-feature wavelengths and amplitudes are
presented as histograms, similar to Keller and Melhorn (1978) and O’Neill and Abrahams
(1984), and the modal values are discussed where they are clear and the mean values when
they are not. Figure 4.3 highlights an important feature of the differencing analysis
technique; due to the rigidity of re-sampling at Im and 2m intervals, the technique did not
necessarily define the real maximum or minimum heights of these features. The bed-feature
amplitude statistics resulting from this analysis must, therefore, be considered minimum

values.
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4.3.2.2 Results
Barrington River

The Barrington River Upper reach shows no clear modal values for bed morphology
wavelength for either the Im or 2m datasets, for which there were 18 and 17 features,
respectively. However, the bedform amplitudes of these same datasets illustrate convincing

modes of 0.3m and 0.2 m, respectively

Through the Barrington River Middle reach, immediately downstream of Barrington River
Upper, 24 and 16 features were identified for the 1m and 2m datasets, respectively, with
corresponding feature wavelength modes of 4 and 4-5 channel widths, respectively, and a
convincingly high frequency for both wavelength modes. Both datasets also illustrate clear
modal bed-feature amplitudes of 0.5m, with the 1m dataset identifying a second mode at

0.2m.

The Barrington River Lower reach has bed morphology wavelength modes of 4 and 6
channel widths from a total of 22 and 15 features for the 1m and 2m datasets, respectively,

however, only the Im dataset shows a convincing mode for amplitude, at 0.5m.

Edwards Creek

Along the 530m of the Edwards Creek that was analysed, a large number of bed features
were identified: 112 for the 1m dataset and 70 for the 2m dataset. Modal values for the
wavelength of these features were 2 channel widths for the 1m dataset and 5-6 channel
widths for the 2m dataset. Feature amplitudes of 0.3-0.5m and 0.4-0.5m were identified in

the 1m and 2m datasets, respectively.

Polblue Creek

The Polblue Creek Lower reach presented no modal value for either the bed-feature
wavelength or amplitude from the 1m or 2m datasets, which identified 11 and 7 features,

respectively.

The analysis of the Polblue Creek Middle reach resulted in the identification of 74 and 57

features for the Im and 2m datasets, respectively, and shows a clear mode of 6 channel
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Table 4.1 Summary of bed feature analysis results

wavelength o % not average .
. 0% expected g
distance | width (channel amplitude (m) ools planform | selected | (o | flow | VARIER | STRILC
widths 00ls
(m) (m) ) P dataset d(er[;t)h flow depth flow depth
mean mode mean mode Im 2m 1m 2m
Barrington
Upper 41-212 2 11 8 0.26 0.20 53 60 20 22 2m ~ 0.91 24 0.22
Middle 212-327 2 6 4-5 0.48 0.50 90 90 31 11 2m 0.06 1.42 8 0.35
Up & Mid 41-327 2 68 72 26 17 2m
Lower 474-627 2.5 7 6 0.44 none 78 89 36 38 2m 0.03 1.29 14 0.34
Edwards -100-415 2 4 2 0.52 0.45 90 67 16 3 Im 0.11 1.00 8 0.45
Polblue
Upper 655-800 1.8 7 4&6 0.14 0.10 Im 0.01 1.00 13 0.10
Middle 193-655 1.5 10 6 0.20 0.25 & 0.10 91 80 7 7 Im 06031& 1.06 14 0.24 & 0.09
Lower 84-193 1.5 9 none 0.37 none Im ~ 0.88 15 0.42
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Figure 4.3 Longitudinal illustration of the bed feature analysis results, both 1m and 2m datasets compared with original datasets for (a) Barrington River, (b)
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width wavelengths for the former and a less convincing mode of 7 for the latter. However,
both datasets illustrate clear bed-feature amplitude modes of 0.25m, with an additional
mode of 0.05m for the 1m dataset. The Polblue Creek Upper reach 1m and 2m datasets
identified 23 and 19 features respectively, and both resulted in feature spacing mode values
of 6 channel widths, with the 1m dataset having identified modal feature amplitudes of

0.1m and the 2m dataset identified an equally strong mode of 0.15m.

4.3.2.3 Summary
For the datasets Barrington River Middle, Edwards Creek and Polblue Creek Middle, the

Im spaced datasets identified lower amplitude bed-features additional to those identified
using the 2m dataset and in all analyses the 1m datasets identified additional features to
those identified from the 2m dataset (Figure 4.2 and Figure 4.3). Shorter longitudinal
survey increments identify greater numbers of smaller-magnitude bed-features illustrating,
rather importantly, that the scale of the survey increment dictates the scale of the features

that will be identified.

Bed features identified in the Barrington River Upper and Polblue Creek Lower reaches are
not scaled consistently with channel width, and do not have persistent amplitudes, for either
the Im or 2m datasets. These reaches flow over pre-fluvial cobbles and basement clay and
their bed features have probably not have formed in response to contemporary fluvial

processes (see Chapter 2).

The range of modes for bed-feature wavelength for all datasets lie between 4 and 7 channel
widths in all analyses, with the exception of a wavelength of 2 channel widths for the Im
dataset on Edwards Creek. Such consistent scaling of bed features with channel width
strongly suggests their identification as pools and riffles (Keller and Melhorn, 1978) and
encourages further consideration of their distribution in the channel in relation to channel

planform.
4.3.3 Bed morphology and planform relations

Field observations suggested that the largest pools were usually located on channel bends,

consistent with another wetland stream examined by Jurmu and Andrle (1997). The bed
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features that bound such pools were sometimes very steep and produced visible turbulence
in the flow, observed as boils, and were clearly defined by the alignment of ribbon-weed at
various levels in the flow (see Chapter 6). The spacing of bed features is scaled
approximately to the physical dimensions of the channel, in multiples of 4-7 channel
widths. If the most dominant bed features are planform related, then it is these features that
are of primary interest to this study and which are sought for identification and
quantification. This is because they combine with planform adjustments to produce large
scale turbulence and therefore high levels of flow resistance. Indeed, Lewin and Brewer
(2001) have found that bedforms may be inextricably linked to channel pattern generation,
thereby emphasising the co-dependence of the two morphological adjustments. Channel
planform will now be used to determine the most prominent bed features using both the Im

and 2m datasets for each reach.

4.3.3.1 Methodology
A dataset was created whereby pools were “expected” at channel bend apices. By allocating

expected depressions at these locations, and comparing these with the actual identified
depression locations, the relationship between planform and bed features from each of the
Im and 2m datasets were assessed. The datasets which most accurately represented the
planform “expected” (i.e. bend located) depressions were selected for bed morphology

characterisation for the subsequent flow depth, steepness and flow resistance analyses.

In Figure 4.3 it may not appear that the points indicating pools are located on channel
bends. However, the differencing technique which identified these points stipulated neither
the midpoint nor the deepest/shallowest point in any bed feature. It must be appreciated that
the pools extend for considerable distances up- and downstream from these specific pool-
identification points, thereby incorporating pools at the position of many of the bends. The
simultaneous consideration of both the planform and long profile figures (Figure 4.2 and

Figure 4.3) therefore allowed relations between bed features and planform to be identified.

4.3.3.2 Planform — bed feature relations and dataset selection
Figure 4.4 illustrates the success of both the Im and 2m datasets in identifying pools at

bend locations. In all channel reaches over 68% of the expected bend pools were
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successfully identified using both the 1m and 2m spaced dataset analyses. If this success
rate is indicative of the identification of the most significant pools, then the most useful
datasets are the 1m spaced datasets for reaches Edwards Creek (90%) and Polblue Creek
(all three reaches) (91%) and the 2m datasets for the Barrington River Upper and Middle
(grouped reaches) (72%) and Barrington Lower (89%). The wavelengths and amplitudes of
these features are summarised in Table 4.1. These results support the identification of the
swamp channel-bed features as predominantly pools and riffles. The reason for the
somewhat different success rates in the different reaches for the 1m and 2m datasets is that
the bed features are predominantly scaled to channel dimensions, including width and
meander wavelength. As previously explained, channel widths vary between Im and 2m
and are therefore best represented by one or other datasets in different reaches.
Furthermore, lower meander wavelengths produce bedforms at closer intervals. Polblue
Creek and Edwards Creek are more sinuous than the Barrington River and bedforms are

therefore more closely spaced than the channel width relations would otherwise predict.

Figure 4.4 also illustrates the percentage of pools that were identified which do not
correspond with the expected bend locations (i.e. those pools occurring along straight
reaches). While pools associated with bends are expected, the datasets selected for ongoing
consideration corresponded with pools not related to planform equalling 17% for the
Barrington River Upper and Middle, combined, 38% for the Barrington River Lower, 16%
for Edwards Creek and 7% for Polblue Creek (all three reaches). While most channel bends
correspond with pool locations, pools can also occur along straight reaches of channel
(Keller, 1972). However, the high number of non-planform related pools in the Barrington
River downstream reach (38%) requires further explanation. Through this reach the
Barrington River flows over granite boulders with b axes up to 1m, and it is this pre-fluvial
substrate that often dictates “riffle” locations. The identified pools are not true flow-
generated pools and are, unsurprisingly therefore, inconsistent in amplitude and spacing

and frequently unrelated to channel planform.
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identified that were not planform related. The red dashed line indicates the 68% of expected pools successfully
identified using both the 1m and 2m datasets. Numbers indicate the % values for each column.

4.3.4 Bed feature and flow depth relations

The amplitudes and wavelengths of the bed features through each of the reaches were
calculated for the selected 1 or 2m datasets, based on the planform association technique
described above. Their amplitudes and wavelengths vary greatly, however, for comparison
of their ratios between reaches they can be standardised by scaling them to bankfull flow-
depth. Different ratios are characteristic of dunes and riffles and these results may aid
further in, 1. the classification of the Barrington swamp channel bedforms, and 2.

understanding their role in channel processes.

434.1 Methodology
The average water depth was calculated by linearly regressing both the water surface and

bed long profiles through each channel reach, thereby providing equations for each in the

form y = mx + b. The most upstream and downstream extent of each reach provided
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distance values (x) which were inserted into the regression equations to determine the
regressed bed and water surface heights (y) at these locations. The difference in height
between these two sets of water and bed elevations at each measurement point were
averaged to determine the average flow depth through each channel reach (Figure 4.5).

Average flow depth was then compared with bed-feature amplitude.

In order to determine bed-feature amplitude to average flow depth relations, modal bed
feature amplitude values were used. However, due to unclear modal values for the bed
features in Polblue Creek Lower and the Barrington River Lower (see Figure 4.2), mean

values were used instead for their analyses.

Figure 4.5 Calculation of reach averaged flow depths, using the regression technique

Owing to data errors resulting from either Total Station reading errors in failing light or a
slipping survey staff reflector, the water surface long profile along Polblue Creek could not
be extended through the Polblue Creek Upper reach. The modal bed-feature amplitude as a
percentage of average pool depth was, therefore, not able to be calculated for this upper
dataset. However, as it is useful for both comparison with other reaches and completeness
of the Polblue Creek bed analysis, it was approximated based on the adjoining dataset

(Polblue Creek Middle) with an estimated flow depth of Im. While the estimated 1m depth
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of flow is only approximate, the bedform data is real and the ratio between the two is likely
to be only slightly affected (perhaps even less so than variations in the localised flow depth

and bedform amplitudes).

4.3.4.2 Results
The results of the relationship between the modal amplitudes and wavelengths of bed

features and average flow depths are presented in Table 4.1 (page 105).

Bed-feature amplitude to flow-depth relations ratios are 9% for the smaller of the bimodal
amplitudes (0.10m mode) in Polblue Creek Middle and 24% for the larger mode (0.25m
mode), an estimated 10% (0.10m mode) for Polblue Creek Upper, 22% (0.20m mode) for
Barrington River Upper, 34% (0.44m mean) for Barrington River Lower, 35% (0.50m
mode) for Barrington River Middle, 42% (0.37m mean) for Polblue Creek Lower and 45%
(0.52m mode) for Edwards Creek. Due to the smoothing of the bed survey data caused by
re-sampling at Im and 2m intervals, these amplitudes should be considered to be minimum

modal values.

Bed feature wavelength to flow depth ratios vary from 8 (Barrington Middle and Edwards
Creek), 13-15 (Polblue Creek all reaches and Barrington Lower) up to 24 through the

Barrington River Upper reach.

4.3.4.3 Summary
With the exception of Polblue Creek, the channel bed-features in these swamps present

very high ratios of amplitude to flow depth, with Edwards Creek approaching 50%. This is
a reach average and more extreme individual examples were observed in the field, as
illustrated in Figure 4.6, where the ratio would be in the order of 80%. Such high ratios
exceed those documented for both dunes and riffles (Allen, 1982; Carling and Orr, 2000).
However their wavelength to flow depth relations provide more definitive results; all
reaches exceed the ratio of 6 that is most usual for dunes (Yalin, 1992) and, with the
exception of Barrington Upper reach, fall within the range of 7-18, a range recently
observed for riffles in the River Severn (Carling and Orr, 2000). The inconsistency of the
Barrington River Upper reach may lie in its coarse cobble substrate which could not be

deformed by the present flow regime.
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0.2 metres deep

Figure 4.6 Highly variable bed topography through a bend in Edwards Creek. Flow is from left to right and
person is standing upright.

A point of particular interest is that the lowest wavelength-to-depth ratios occur in reaches
with the highest feature amplitude to average flow-depth ratios; Edwards Creek and
Barrington Middle. This relationship will be considered in greater detail in the following

section.
4.3.5 Bed feature steepness

Distinct values of bed-feature steepness have been attributed to ripples (0.12) (Baas, 1999),
dunes (0.03-0.08) (Kostaschuk and Villard, 1996; Carling, 1999) and riffles (0.01-0.03)
(Carling and Orr, 2000), as the interaction between feature steepness, flow resistance and
bed-sediment transport necessarily determines that each value should be relatively distinct.
The following section quantifies bed-feature steepness in the Barrington Tops streams to
aid in the classification of these features, and to allow for the later quantification of their

influence on possible bed-sediment transport.
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4.35.1 Methodology
Modal values of bed-feature amplitudes and wavelengths were used to calculate reach-

average steepness values.

4.3.5.2 Results
Low steepness values between 0.01 and 0.03 were observed along Polblue Creek and the

Barrington River Lower reaches. The steepest bed features occurred along the Barrington
River Middle (0.06) and Edwards Creek (0.11). This result is illustrated in Figure 4.7 in
which modal amplitudes and wavelengths for reach averaged bed features are illustrated

schematically in comparison with one another.

4.3.5.3 Bed feature steepness summary
The steepness values of Polblue Creek and the Barrington River Lower reaches are

consistent with those cited elsewhere for riffles (Carling and Orr, 2000). However, the
Edwards Creek and Barrington River Middle reaches are much steeper than in all other
reaches and are more consistent with ripple values (Baas, 1999). Dunes and riffles with
such steepness values are highly unusual. Once again, the morphology of the bed features

in these two reaches defies simple classification as riffles, dunes or ripples.
4.3.6 Bed morphology summary

Along Polblue Creek bed features are almost entirely linked to planform (91%), are of low
amplitude (<0.25 m), extend up to just 24% of the average bankfull flow depth and their
wavelengths are also scaled to 13-15 times the flow depth. They are not steep (steepness
<0.03) and their wavelength is scaled to between 4 and 8 times channel width; all of these
characteristics are strongly suggestive of their being pool-riffle sequences (Leopold et al.,
1964; Keller and Melhorn, 1978; Richards, 1982; Carling and Orr, 2000). The small
number of non-planform related features identified (7%) appear to be bedforms such as

dunes, superimposed on riffles.



Chapter 4 Bed features 116

= Bar. upper| |
L = Bar. midd|

Bar. lower /—\

- : Edwards
H\
""-u..,‘
0 \ '--... _ d
| upper
= = "Pal. uEEer

Paol. middle
Fal. middle

29

Arnplitude as % of average flow depth
[Ag]
(]

4 E
wavelength imultiples channel width)

Figure 4.7 A schematic comparison between bed-feature wavelength and amplitude by reaches using modal
values: (a) Edwards Creek and Barrington River subsets and (b) Polblue Creek subsets. The greatest
amplitude, shortest wavelength (steepest) reaches are Edwards Creek (yellow) and Barrington River Middle

(purple) (a).

On the Barrington River most bed features are also associated with planform; 72% along
the combined Upper and Middle reaches, rising to 89% along the Lower reach. However,
38% of the identified pools in the downstream reach are not planform related. Bed-feature
steepness is high, ranging from 0.03 to 0.06, suggesting that they could be classed as dunes.
Their protrusion 34-42% into the average bankfull flow depth is also higher than normal
riffles. While their steepness values are higher than those usually documented for pool riffle
morphology, and more consistent with those for dunes, their wavelengths range from 4 to 8
times channel width and eight times the average flow depth, highly consistent with pool
riffle morphology (e.g. Keller and Melhorn, 1978; Carling and Orr, 2000). As a

consequence, their definition causes some ambiguity.

Edwards Creek bed features are strongly linked to planform with 90% of expected bend
pools identified and only 16% of the identified pools not located on bends, suggesting that,
in this respect at least, they are behaving essentially as pools and riffles. However they also
display a very high steepness (0.11) and their height is 45% of the average bankfull flow

depth; these values far exceed those expected for pools and riffles, being more consistent
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with dunes. Wavelengths of only two times channel width are consistent with neither riffles
nor dunes, and depth-wavelength ratios of eight support their identification as riffles. As
with those along the Barrington River, the identification of these features as simply dunes

or riffles is not possible.

Bed features along all Barrington swamp stream datasets are closely related to channel
planform and are strongly scaled to channel width. Their scaling to both width and
planform suggests that they are pool-riffle features, despite their sometimes

uncharacteristically large vertical component and steep amplitude-to-wavelength values.

Owing to physical constraints along the Barrington River Upper, Barrington River Lower
and Polblue Creek Lower channel reaches, bed-feature morphology is not systematic. At
the entry and exit of the channels to the swamps, represented by the Polblue Creek Lower
and Barrington River Upper reaches, the channels flow through shallow peat over coarse
cobble basement (Figure 3.11); these sections of channel are also not entirely alluvial and
pool locations are partly determined by the location of clusters of cobbles on the pre-fluvial
substrate. Dunes can theoretically reach amplitudes up to mean flow depth and provide the
highest resistance to flow of all lower regime bedforms (Simons and Richardson, 1966) but,
while considerable scatter is evident in this relationship, the ratio more typically falls
around 20% of flow depth (Allen, 1982). Riffle amplitudes have only recently been related
to flow depth by Carling and Orr (2000). On the River Severn they found that they are from
7-18% of the depth. While this single set of values cannot be considered a general rule, the
values of 45 and 35% for the Barrington and Edwards bed features, respectively, well

exceed values for both riffles and dunes.

In summary, it is likely that while these larger bed features in the Barrington swamp
streams are planform related and are scaled to channel dimensions, their interaction with
immediate flow at any specific point in the channel is more closely related to that exhibited
by dunes. Therefore, the large bed undulations identified along the Edwards Creek and
Barrington River Middle reaches, which are related to both planform and channel
dimensions as is consistent with riffles, have steepness and amplitude relations more

consistent with dunes. These features that combine the properties of dunes and riffles will
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be referred to in this study as duffles. All other reaches are either plane bedded or possess

riffles. Dunes are not recognised as existing here other than in a hybrid form with riffles.

The comparison between modal bed-feature amplitude and wavelength through all channel
reaches in Figure 4.7 illustrates that Edwards Creek duffles possess the greatest amplitude
and shortest wavelength relative to average flow depth and channel width, respectively,
followed by the Barrington River Middle reach. Polblue Creek has the smallest riffles of all
channels. Reaches of channel with duffles are conceivably experiencing very high levels of

flow resistance, while those with only riffles are experiencing much less.

The significance of the formation of duffles lies in their influence on channel flow. In
straight, wide sections of gravel bed channels, form roughness can account for between 50
and 75% of flow resistance, with feature steepness positively related to their flow resistance
(Prestegaard, 1983). Very steep duffles may lie in the upper region of this range, or even
exceed it. The influence of duffles and riffles on bed-sediment transport in the Barrington

swamp channels will be quantified in the following section.
4.4 Bed features and shear stress

Shear stress, measured in N/mz, is a measure of the force from flowing water that is exerted
on the flow boundary. Some of this force is responsible for bed-sediment transport,
however, of the total shear stress only a fraction results in bed-sediment transport. This
fraction can be determined by first examining the resistance elements in a channel. Total

flow resistance is measured using Darcy-Weisbach’s f:

8gRS
f==5
where g is gravity, R is the hydraulic radius (defined as wd/(2d + w) in rectangular
channels), S is the water surface slope and U is the downstream velocity component of the
flow. However, at least two resistance components sum to provide the total flow resistance
(f) in straight reaches; grain roughness f ' and form roughness f " (Einstein and Banks,

1950). Form resistance can comprise up to 90% of the total (Millar, 1999b). In narrow and
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m

deep channels, a significant third resistance element (f ") is provided by the channel banks
and should be included in considerations of total flow resistance (Knight et al., 1984). Spill
resistance can also be important in supercritical flow and in the vicinity of bank
irregularities (Leopold et al., 1960), but in the straight reaches of channel examined here in
which flows do not exceed Fr > 0.27, it provides little of the total flow resistance. Internal
distortion resistance is another form of resistance, important in channel bends and
considered in later chapters (Chapters 5 and 6), but is not relevant in the straight reaches of
channel that are examined in this chapter. Bedload transporting resistance is another

component of total flow resistance in channels which transport sediment (Gao and

Abrahams, 2004), but is considered to contribute little in these clear-flowing channels.

It follows from these considerations of resistance that total shear stress is, in a relatively

straight channel, the sum of grain, form and wall shear stress components, in the form:

to=0"+7"+7"

(Einstein and Barbarossa, 1952). Of these three shear components, only grain shear
determines the bedload transporting competence of the flow (Einstein and Barbarossa,
1952; Carson, 1987). Therefore, the greater the resistance provided by channel banks (wall
resistance) and bedforms, the lower the bedload transporting competence of the flow. The
following section outlines an attempt to quantify both the effect of form ratio and bedforms

on sediment transport and the ability of the flow to transport its bedload.
4.4.1 Methodology
Total shear stress (1) is calculated using the equation:

7, = PgRS

where p is water density (~1000 kg/m’ at 4°C), and provides a reach average of the total
shear stress acting on a cross-section. To calculate the grain shear stress, and therefore the

bedload transporting competence of the flow, it remains to calculate the form and wall
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shear components; the effective grain shear stress can be calculated by subtracting the wall

(") and form (7" ) shear stress components from the total shear stress:

!

=7, (t"+7")

441.1 Estimating wall (bank) shear stress
Knight et al. (1984) examined flow in smooth rectangular channels and produced an

empirical equation to estimate wall shear as a percentage of the total shear force (%SFy)

using the equation:
%SF, = e”

whereby
w
a =-3.230log,, (; +3)+6.146

As it was developed for plane beds in flumes, wall shear stress is computed as a percentage

of the total shear stress prior to considerations of form shear.

Recent studies (e.g. Yang and Lim, 1998; Guo and Julien, 2005), have confirmed the
accuracy of this equation. However it was produced and subsequently tested in smooth,
rectangular channels; in natural channels with rough boundaries and varying wall and bed

roughness’s, it may provide an underestimate.

4.4.1.2 Estimating form shear stress
McLean et al. (1999) related the resistance provided by dunes to dune height and flow

velocity and Robert (2003) has suggested the application of this relation to riffles to
determine their resistance to flow. McLean et al. (1999) proposed that form shear stress

(z") can be calculated using the equation:

!

7, =0.5C,(h/DpU,’
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where h/l is the bedform steepness and where C4 equals 0.19, if Ug (the reference velocity)
is measured at 1 bedform height above the crest of the bedform. They empirically derived
the value of C4 which was found to calculate form drag within an error of £15%. This
constant increases in value and error as the reference velocity (Ugr) height approaches the
bed (crest of the bedform) and decreases in value and error as the reference height moves

away from the bed.
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Figure 4.8 Sample velocity profiles from intensive flow data collection from cross-sections at the entry and exit
of Polblue Creek, Bends 1, 2 and 3 (See Chapter 6). These profiles are from cross-sections at the entry and
exit of each of these bends, but are used to illustrate typical velocity profiles. The inner boundary layer height
approximates 20% of the flow depth in each profile, which in turn approximates the height at which velocity
equals the average cross-sectional, bankfull velocity and therefore represents Ug, the reference velocity for
form shear stress calculations.

Reach averaged steepness values and average bankfull flow velocity through each station

were used to represent h/l and Uy in the application of this equation in this thesis. This
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height is intended to represent the velocity at the height of the mean thickness of the
internal boundary layer. Figure 4.8 illustrates example velocity profiles for Barrington
swamp channel sections. These are near-vertical, and as such the velocities at the intended
reference height (Ur (McLean et al., 1999)) are well approximated by the average flow
velocity at bankfull, calculated in Chapter 3.

The resulting estimates of form, wall and bed shear provide values for comparison of
energy consumption by bedforms and the resultant sediment transport competence between
stations. The absolute values are only estimates and must be considered as such. These
estimates can, however, be used more specifically to examine the relative adjustments in

the sediment transporting ability of the flow in response to shear consumption by bedforms.

4.4.1.3 Comparing critical and grain shear stresses
Critical shear stress is that shear required to initiate the transport of a sediment particle of a

given diameter. Using the calculations outlined above, the grain shear remaining after the
removal of the wall and form shear components can therefore be viewed in relation to this
critical shear stress to determine the potential for sediment entrainment by the flow. Shields
(1936) produced an equation for calculating critical shear stress (t.), based on the
representative sediment diameter (d), sediment (ps) and water (p) density, gravity (g) and a
dimensionless constant (0.), usually referred to as the dimensionless critical shear stress

(Gordon et al., 2004). His equation takes the form:

7, =0.gd(p, - p)

Shields originally proposed that a constant value of 6. = 0.056 was appropriate, however,
the value has since been found to vary from 0.01 to in excess of 0.1 as a function of the
configuration of the bed surface (e.g. armouring, imbrication and packing) and fluid
properties (Gordon et al.,, 2004). Grayson et al. (1996) provides a summary table,
synthesising several other more specific studies, which presents 0. values pertaining to
various stream bed conditions. Over uniform materials or well settled beds, 6. values range
from 0.035-0.065, whereas close-packed beds with particles in the voids in between range

from 0.065-0.10. Most stations in the Barrington swamp channels appeared to have “well
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settled” beds and were allocated values of 0.045 and the Dsy was used to represent d,
whereas duffle features were typically armoured and were therefore considered to have
“well settled” to “close packed beds” and were allocated 0. values of 0.065. Further support
for the selection of these values come from recent modelled relations between
dimensionless critical shear stress and channel width/depth ratios by Eaton et al. (2004);
they produced 0. values approximating 0.05 for width/depth ratios of ~2.5, in channels with
near vertical (80°) banks (representative of high bank strength). The Barrington swamp
channels have somewhat steeper banks, but probably very similar 0. values. Parker (1982)
found that in armoured channels, the Dsy grain size of the armoured layer was the most
appropriate grain size to use in the calculation of critical shear stress. Bed samples from the
Barrington swamp channels included both surface and subsurface materials and the Dqg
grain size on duffle crests was considered the best approximation of Parker’s Dsy armoured-
bed recommendation (his samples were from on/y the armoured layer). In this way, critical
shear to grain shear comparisons were used to determine the mobility of channel bed

material.

The use of the Shields critical shear stress equation only provides information on the
movement, or otherwise, of bed material, with no detail of the bedforms that might be
expected to develop. The bedform existence diagram of Best (1996) relates grain size to
shear stress estimates with resulting bedform types; this is useful in the consideration of
bedform development and the subsequent effect of bedforms on estimates of total and grain
shear stresses. Therefore, this diagram was also used to examine the effects of wall and

form shear on reducing bedform developing capacity.

4414 Bed material grain size determination
Grab-samples were collected at low flow stages from the bed using a sample bottle

mounted on a pole at hydraulic geometry stations and from duffles through Edwards Bends
1 and 2 and Barrington Bend 1 (detailed in Chapter 6); the device was inserted into the bed
to include surface and subsurface material and carefully raised in an upright position to

prevent sediment loss.
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Through Polblue Creek and the Barrington River Lower and Upper reaches, the channel
bed was comprised mainly of basement material with alluvial bed sediment deposited on
these materials as discontinuous units, which did not necessarily span the whole cross-
section. Along the Barrington River Middle reach and the entirety of Edwards Creek, the
duffles usually spanned the entire width of the cross-section. Where there were clear

variations in sediment size across a cross-section, multiple samples were collected.

Samples were oven dried at 55°C, weighed, immersed in calgon solution for 24 hours and
placed in ultrasonic baths for up to 2 hours during that 24 hour period. The samples were
then wet sieved through a 63pum sieve to separate the silt and clay particles from the coarser
fraction. Both the wash and the coarse fractions were then collected, dried at 55°C and re-
weighed. The coarse fractions (>63um) were then shaken through nested sieves at half phi
intervals from 66pum to 8mm for 10 minutes. The resulting grain size fraction weights were
entered into the GRADISTAT grain size analysis program (Blott and Pye, 2001) which
calculated a variety of grain size statistics, including those designed by Folk and Ward
(1957). Both the Folk and Ward method of grain size analysis, and the GRADISTAT

program, were recently detailed and given a positive review by Blott and Pye (2001).

Either the Dsy or Dgg grain size statistics obtained by the GRADISTAT program were used
in subsequent analyses. The Dsy was used in the majority of cases, however, as described
above, bed armouring was observed on the duffles along Edwards Creek. While the extent
of armouring varied along this channel, the Dgj values provided results that were probably
more consistent with field observations of the surface materials along these reaches than
did the Dsy values which, owing to the collection method, were more representative of the
subsurface fine sediments. Sediment descriptions, sorting, skewness and kurtosis were

obtained using the Folk and Ward (1954) method within GRADISTAT.
4.4.2 Results

4421 Shear stress components
The total, wall, form and grain shear stress estimates for each hydraulic geometry station

are presented in Table 4.2.



Chapter 4 Bed features 125

Form shear stress varies from 0-23% of the total shear through Polblue Creek, 0-18%
through the Barrington River and between 40 and 43% on Edwards Creek. The most
significant shear stress attributed to bedforms is through the reaches possessing duffles

where form shear contributes between 18 and 43% of the total shear stress.

Low width/depth ratio locations are subject to substantial wall shear losses and the formula
used to calculate this parameter (Knight et al., 1984) is very sensitive to channel
width/depth ratio. Along Polblue Creek between 19 and 62% of the total shear is exerted on
the channel banks; narrower stations experience wall shear stresses at the higher end of this
range. The Barrington River Middle and Downstream reaches are also quite narrow and
their banks receive between 25 and 52% of the total shear. The Barrington River Upstream
Stations, B5 and B6, are much wider and shallower and their banks are subjected to only 9

and 14% of the shear, respectively.

When the form and wall shear stress components are removed from the total shear, grain
shear accounts for between 18 and 91% of the total shear. Those stations with either
moderately narrow and deep cross-sections or with duffle bedforms exert large shear forces
on either the banks or the water column and only moderately wide stations with no
significant bedforms exert much of their shear stress on the channel bed (e.g. P11, P2, B1,
B2, B5 and B6). With the exception of P2, those stations that exert much of their shear
stress on the channel bed flow over pre-fluvial basement cobbles underlying shallow depths
of alluvium. Clearly, either low width/depth ratios or high bed deformity reduces the

available grain shear acting on the bed.

4.42.2 Grain size
Sample grain size statistics are summarised in Table 4.2, and their ratios are illustrated on,

the gravel-sand-mud ternary plot in Figure 4.9. Bed sediments ranged in texture from
sandy-mud to gravel (Folk, 1954), were typically bi- or uni-modal and poorly to very
poorly sorted (Folk and Ward, 1957).



Table 4.2 Shear stress and grain size calculations for all hydraulic geometry stations and Edwards Creek and Barrington River bend samples. Highlighted

station samples are considered suspended load.

Form

wall

site sl}(::xlr i?f:sr :/: tglf s::rc:: :/; tglf sg}:Z:: (:/gtglf Dso (mm) Dy (mm) dii?:lr:r;l)(:ﬁn modality sorting ‘s:]r;;;cra-l Z;:el;cra-l C;}i:;?l
stress s s stress D50 D90

pl 6.69 0.20 2.94 2.94 43.92 3.56 53.14 0.14 0.40 very fine sand unimodal very poor 0.10 0.29 0.10
p21/2 3.02 0.11 3.64 0.96 31.81 1.95 64.56 0.05 0.23 very coarse silt unimodal poor 0.04 0.17 0.04
p222 3.02 0.11 3.64 0.96 31.81 1.95 64.56 0.16 0.48 fine sand unimodal poor 0.12 0.35 0.12
p31/2 2.09 0.27 13.10 1.27 60.75 0.55 26.15 3.38 8.30 very fine gravel bimodal poor 2.46 6.05 2.46
p32/2 2.09 0.27 13.10 1.27 60.75 0.55 26.15 1.56 8.59 coarse sand trimodal very poor 1.14 6.26 1.14
p41/2 4.04 0.94 23.26 2.37 58.53 0.74 18.21 0.4 2.50 medium sand bimodal poor 0.29 1.82 0.29
p42/2 4.04 0.94 23.26 2.37 58.53 0.74 18.21 2.52 2.02 fine sand bimodal very poor 1.84 1.47 1.84

p5 4.47 1.03 22.97 2.40 53.56 1.05 23.48 no bed sediment

po 4.90 0.70 14.31 2.77 56.58 1.43 29.11 3.13 9.57 very fine gravel bimodal very poor 2.28 6.97 2.28

p7 4.31 0.97 22.40 1.79 41.49 1.56 36.11 0.51 1.23 coarse sand unimodal moderate 0.37 0.90 0.37

p8 4.72 0.85 18.08 2.95 62.44 0.92 19.47 0.02 0.21 coarse silt bimodal poor 0.01 0.15 0.01

p9 5.36 0.66 12.33 321 59.82 1.49 27.86 1.65 6.01 very coarse sand polymodal poor 1.20 4.38 1.20

pl0 9.13 1.25 13.69 4.63 50.75 3.25 35.55 0.06 1.54 very fine sand bimodal very poor 0.04 1.12 0.04

pll 12.81 0.00 0.00 2.45 19.13 10.36 80.87 no bed sediment

bl 7.46 0.00 0.00 1.84 24.63 5.62 75.37 no bed sediment

b2 7.26 0.00 0.00 229 31.51 4.97 68.49 no bed sediment
b3 1/2 3.83 0.65 17.05 2.00 52.32 1.17 30.63 0.48 1.57 medium sand bimodal very poor 0.35 1.14 1.65
b32/2 3.83 0.65 17.05 2.00 52.32 1.17 30.63 2.06 9.16 very coarse sand trimodal very poor 1.50 6.67 9.64

b4 9.96 1.81 18.17 3.02 30.32 5.13 51.51 5.03 8.52 fine gravel unimodal poor 3.66 6.21 3.66

b5 2.16 0.00 0.00 0.19 8.98 1.97 91.02 no bed sediment

b6 2.95 0.00 0.00 0.42 14.07 2.54 85.93 no bed sediment
el 1/3 6.22 2.50 40.24 1.23 19.80 248 39.96 0.2 0.43 fine sand unimodal moderate 0.15 0.31 0.45
el 2/3 6.22 2.50 40.24 1.23 19.80 248 39.96 0.07 0.25 very coarse silt unimodal poor 0.05 0.18 0.26
el 3/3 6.22 2.50 40.24 1.23 19.80 248 39.96 0.15 0.41 fine sand unimodal poor 0.11 0.30 0.43
e21/2 6.31 273 43.21 1.15 18.24 2.43 38.55 0.19 0.95 fine sand bimodal very poor 0.14 0.69 1.00
e22/2 6.31 273 43.21 1.15 18.24 2.43 38.55 0.02 0.16 coarse silt unimodal poor 0.01 0.12 0.17
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Figure 4.9 Grain size fractions for all Barrington swamp channel hydraulic geometry and bend samples.

4.4.3 Critical versus grain shear stress

Figure 4.10 illustrates the grain shear stress, after the removal of the wall and form shear
components from the total, in comparison with critical shear stress. Stations which plot
above the line have insufficient grain shear for the initiation of particle motion, and those

below the line exceed the critical shear values.

Sites with insufficient grain shear include Polblue Creek samples P3 (1&2/2), P4 (2/2) and
P6, Edwards Creek Bends 1&2 samples IV and V, Barrington River sample B3 (1&2/2)
and Barrington Bend 1 samples I, IT & IV.

Polblue Stations P3, P4 and P6 have the lowest width/depth ratios of all Barrington swamp
channel-stations: 1.28, 1.39 and 1.5, respectively, exceeded only by Station P8 which has a
ratio of 1.20, but which possessed only wash-load on its bed (Dso~0.02mm). In addition,
Barrington River Station B3 also lacks sufficient grain shear and likewise has a very low

width/depth ratio of 1.76. While Figure 4.10 indicates insufficient grain shear stresses for
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bed sediment entrainment at these stations, their at-a-station hydraulic geometry exponents
for velocity are extremely high; 0.68 at P3, 0.67 at P4, 0.78 at P6 and 0.85 at B3. The
explanation may lie in considerations of wall shear stress estimates which are based heavily
on width/depth ratio, and which are possibly over-predicting this component of the shear
stress in excessively narrow channel sections such as these. At bankfull or slightly over-
bank discharges, what little bedload there is must indeed be transported through Polblue
stations P3, P4 and P6 and Barrington station B3 for these locations show no sign of

significant sediment accumulation on their beds.
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Figure 4.10 Grain versus critical shear stress for all bed samples from hydraulic geometry stations and bends.
Points below the yellow line represent stations where grain shear stress exceeds critical shear stress. P is
Polblue Creek, B is Barrington River, E is Edwards Creek. I, II, Ill etc. are multiple samples collected from each
bend.
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The remaining stations that plot with insufficient grain shear for sediment entrainment were
collected from locations with large bed-material deposits (i.e. bedforms). While this would
seem to indicate a necessity for sufficient grain shear for sediment entrainment at some

point in time, this does not appear to currently be the case.

The samples which plot with sufficient grain shear for sediment motion, are highlighted in
Table 4.2. These samples are all finer than medium sand and some may be skewed to the

finer end by suspended sediments deposited during the falling stage of high flows.

In summary, those sites that are illustrated as having sufficient shear stress for sediment
transport by this plot are actually devoid of significant bedforms. Their deposits, where
present, are sheet veneers across a resistant basement material. Paradoxically, those stations
theoretically capable of sediment transport have not formed bedforms, and those that are
not theoretically capable have them. The bedform existence diagram of Best (1996) is
suited to the interpretation of these results and is considered in detail in the following

section.
4.4.4 Shear stress-bedform relations

Best (1996) synthesised the results of many studies to produce a bedform existence diagram
relating du Boys shear stress, grain size and resulting bedforms. The total and grain shear
stress for the Dsy or Doy grain sizes for each Barrington swamp channel station are
presented in comparison with Best’s bedform divisions in Figure 4.11. This diagram
primarily illustrates the effect of bedforms on sediment transport. When the wall and form
shear stresses are removed from the total shear stress, and the same sites are replotted, the
effect is a reduced capacity for the flow to produce large scale bed features replaced by an
increased capacity for ripple formation and lower stage plane beds. The same sites that plot
in the region of insufficient grain shear for bed sediment entrainment in Figure 4.10 also

plot in the “no movement” region of this graph. Such a correlation between the results of
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these two separate graphs is encouraging and necessitates more detailed inspection. The
implications for the shear stress and resulting bedform adjustments on the grain size — shear
stress plot of Best (1996) are considered separately for each channel in the following

sections.

Polblue Creek

Based on the total shear stress and Ds grain size, Polblue Creek is capable of producing a
range of bedforms, from ripples, to dunes and bedload sheets (Figure 4.11). The previous
section has determined that the bed of Polblue Creek typically presents pool-riffle
morphology and the lack of bedforms must therefore be attributed to very limited sediment
supply and the capacity of the flow to move most of the limited bed material completely
through. Even when the form and wall shear components are removed from the total shear,
most Polblue Creek stations are capable of transporting their bed material. Sites P1, P2 P8
and P10 have only scattered suspended load on their beds which has settled out following
flows, and are therefore not considered further for bedform development. Sites P3, P4 and
P6 are exceptions in that they plot as though grain shear can produce “no movement”.
These stations have particularly low width/depth ratios (1.28, 1.39 and 1.5, respectively)
and it may be that the equation used to estimate wall shear stress (Knight et al., 1984)
overestimates the losses of total shear to wall friction in extremely low width-depth ratio
channels and thereby cause underestimation of the grain shear stress. The bed sediment was
observed to be present as only sheet-like veneers over the basement material at these

stations and not as slugs or bedforms.

Barrington River

The Barrington River Upper reach is represented by Station B4. Figure 4.11 illustrates that,
considering the total shear stress, this reach is capable of forming dunes but when only the
grain shear is considered this capability reduces to only being able to form cluster particles
and bedload sheets; pool-riffle bed morphology was identified through this reach using the
differencing analysis technique, described in an earlier section of this chapter. Site B3
possesses duffle bedforms through its reach, but not actually at the station cross-section.
Figure 4.11 illustrates how the total shear stress at this station is capable of forming dune

bedforms, but the removal of both the wall and form shear reduces bedforming ability
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considerably, to the point where it can only form ripples and two-dimensional dunes and

lower stage plane beds. Furthermore, bed vegetation makes these forms even more stable.

Barrington River at Bend 1 contains a full duffle-pool-duffle sequence with bed armouring
on the duffle crests. With the exception of B1 Sample II, which plots just below the plane
bed region of the graph, samples in this bend plot initially in the region of dunes when the
total shear is considered, but move to two-dimensional dunes, lower stage plane beds or no

movement regions of the graph when only the grain shear stress is considered.

Edwards Creek

The armouring of the bed along Edwards Creek required that the Doy grain size be used to
assess shear stress-grain size relations. Stations E1 and E2 exhibit total shear capable of
forming antidunes and dunes, however, low bankfull flow Froude numbers dictate that only
lower flow regime forms should be present. When the wall and form shear are removed
from the total shear, the resultant grain shear is barely sufficient to form dunes through E1
and the region is one of more conservative ripple formation. Similarly, E2 approaches a
lower region of the plot, but still appears capable of forming dunes. Form shear stress
comprises 40 - 43% of the total shear stress. Clearly, the duffle features in this channel
provide major resistance to flow and markedly reduce the sediment transporting, and hence
bedform developing capacity of the channel, but apparently do not eliminate dune-forming

ability.

Sediment samples from the duffle crests in Edwards Creek Bends 1&2 duffles are much
coarser than those through stations E1 and E2. Plotted on Figure 4.11, and when the total
shear is considered, the stresses are capable of forming dunes, however, their ability to
form bed features reduces grain shear to that capable of maintaining only lower stage two
dimensional dunes or lower stage plane beds with no movement. The supply and movement
of sediment is obviously very limited. It is likely that while the hydraulic geometry stations
located in the straighter reaches may experience the gradual migration of bedforms through
their reaches, in bends where flow resistance is higher, the duffle features are stationary.
While bed sediment is transported gradually through these bends, the sediment does not

accumulate on duffles and hence the duffles do not migrate.
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4.4.5 Bed feature and shear stress summary

Using the bedform existence diagram of Best (1996) to view bedform development
capacity, the shear exerted on the channel walls and consumed by bedforms combine to
dramatically reduce the shear available for subsequent sediment movement in an
environment of very limited bed-sediment supply. Along Edwards Creek and the
Barrington River, shearing forces are focused on the essentially stable but also very large
bedforms, whereas along Polblue Creek the very narrow and deep cross-sections ensure
that a considerable proportion of the total shear is exerted on the channel banks. From the
sediment transport perspective, the reduction of total shear stress by that exerted on the
walls and/or the bedforms in these channels is very considerable. In particular, very narrow
and deep stations and those with duffle bed features experience greatly reduced grain shear
and sediment transporting capacity. This, in combination with very limited sediment

supply, results in highly stable bedforms.
4.5 Barrington swamp bed-feature summary

The formation of duffles along Edwards Creek and the Barrington River middle reach can
be partially explained using the proposed sediment supply - transport model of
Montgomery and Buffington (1997) in conjunction with considerations of high bank
strength. Montgomery and Buffington (1997) suggested that, due to increased sediment
supply and decreased transport capacity, a continuum in bed-feature type occurs from pools

and riffles to dunes and ripples.

Reaches of Barrington swamp channels mostly lacking in alluvial bed material include
Polblue Creek and Barrington River Upper. They possess pools formed predominantly as
scours within the basement material; only small quantities of alluvial material form
occasional long, low riffles. These reaches must be profoundly supply limited
(Montgomery and Buffington, 1997) (transport capacity of the flow exceeds sediment
supply) as their bed shear stress values suggest that, given sufficient transportable bedload,
ripple and dune features would develop. Along the reaches of Edwards Creek and

Barrington River Middle that possess bed material (fine gravel and coarse sand), but no
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visual evidence of significant sediment transport occurring, bed features are particularly
large; duffles are closely spaced and occupy 45% and 35% of the average flow depths in
each channel, respectively. Here it appears that dune-like features have developed,
consistent with the bedform existence diagram of Best (1996). However, unlike dunes
which typically migrate downstream (Simons and Richardson, 1966), duffles are essentially
fixed in position and are strongly influenced by the presence of bends. The implications for
this are that traditional scaling rules applied distinctly to pools and riffles (their wavelength
to channel width) and dunes (their wavelength and amplitude to channel width) may

actually overlap.

Duffles are associated with the tightest bends and are the largest bedform features observed
in these channels, closely followed by those in straighter reaches present at several of the
hydraulic geometry stations. Although bedload flux was not measured in this study, as
stated previously, the lack of suspended load resulted in clear water at bankfull through
which little or no bedload transport was observed. The sediment that was and possibly is
still supplied to the channels, and which has formed these sometimes relatively large bed
features, appears to have been only sufficient for their formation, probably over a relatively
long time. Sediment supply would seem to be insufficient to instigate significant bedload
transport and associated bedform migration. Consideration of the total shear that is exerted
in the channel other than on the bed appears to provide supporting evidence. Once the shear
stress components that are not responsible for sediment transport are deducted from the
total, the ability of the flow to transport the bedload is much reduced. These results are
consistent with those of Church et al. (1998) which demonstrated significantly reduced
sediment transport following the formation of surface grain structures. Furthermore, the
critical shear stress required for sediment transport in narrow channels has been shown to
be higher than that in wider ones, owing to dampened turbulence in the former (Carling,
1983). This would imply even less bed mobility in the Barrington swamp channels than that
indicated by their position on Best’s (1996) diagram. The primary effect of duffles in these
streams appears, therefore, to be the creation of considerable flow resistance. The degree of
turbulence that they generate in the form of the large separation zones on their lee sides

orchestrates this resistance (Chapter 6).
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As shown in Chapter 6, duffles in bends are associated with highly developed secondary
currents and large turbulent eddies, features that appear inconsistent with low rates of
sediment transport and stable channels. However, the exceptionally high bank strengths
provided by dense root mats and peat are able to maintain stability. Furthermore, the
presence of ribbon-weed that, in places, grows on the surfaces of the barforms presumably

reduces near bed velocities and hence grain shear stress.

These channels are narrow and deep with relatively low wetted perimeters and therefore in
cross-section offer highly efficient conduits for transporting water (Chapter 3). However,
large bedforms and stable banks, both protected by vegetation, mean that a balance can be
maintained because a great deal of this conserved energy can be expended as turbulence
without generating significant scour and sediment transport. The result is the “meandering”
of flow in both the vertical (bedform) and lateral (planform) planes. The effect on the flow

patterns are examined in detail in the following two chapters.
4.6  Conclusions

In Chapter 3, highly efficient channel flow through most hydraulic geometry stations was
implied by exceptionally high velocity exponents and very low width exponents. One
purpose of the present chapter is to identify how an adjustment of channel energy

conditions occurs through the development of bed features.

The bedforms identified along the Polblue Creek Middle and Upper and the Barrington
River Upper reaches are pools and relatively low amplitude riffles. These bed features
provide limited flow resistance and imply that the channels are supply limited as, according
to critical shear - available grain shear relations, most hydraulic geometry stations have the
required critical shear stresses for the entrainment of their scant bedload. Through these
reaches, width/depth ratios are very low and flow resistance is primarily provided by the
channel banks. In very low width/depth ratio stations, bank or wall resistance appears
significant and severely reduces the sediment transporting ability of the channels. Despite

the resisting effects of their confining channel banks, high velocity exponents indicate
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increasingly high flow efficiency with increasing discharge and it must be concluded that

the strength of the channel banks is sufficient to resist these flow forces.

In Edwards Creek and the Middle reach of the Barrington River, sediment supply has, at
some stage or over a long enough period, been sufficient to have constructed very large
bedforms. Because in their form they are intermediate between dunes and riffles, they have
been termed duffles. Duffles are associated with the tightest bends and are scaled to channel
dimensions such as planform and width, consistent with pool-riffle sequences, but they are
also very steep features, more consistent with mobile bedforms such as dunes. High bank
strengths, directly implied from hydraulic geometry investigations (Chapter 3), and aquatic
vegetation and sediment armouring of their beds has ensured the stability of these bed
features despite the large turbulent flow structures that they produce. Their effect on
sediment transport is to introduce considerable form resistance and greatly reduce the shear
stress available for bed material entrainment and transport. Once formed, the duffles are

partly protected by aquatic vegetation growing on the bed.

The apparent lack of sediment supply and the armouring and partial vegetative cover of the
duffles indicate that these bedforms are probably very vulnerable to disturbance. Loss of
bed armouring or disturbance of the vegetation could result in greatly increased mobility of
the bed sediment, as subsurface materials are more easily entrained by the available grain
shear stresses available. Because these catchments do not have a ready supply of sediment,
disturbance to duffles would very likely result in a decrease in flow resistance and a

concomitant increase in bed, and possibly bank, erosion.
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51 Introduction

Channel planform simply describes the planimetric view of a river channel. It is essentially
synonymous with channel pattern, although the latter implies a related set of processes
associated with each pattern type. Channel pattern is broadly classified into straight,
meandering, braided (Leopold and Wolman, 1957) and anabranching types (Smith, 1981).
Anabranching is not present in the channels of the Barrington swamps. However, a short
unstudied length of the Barrington River has exposed cobble bars at low flow and could be
described as braided. Along the majority of reaches, the Barrington channels are either

straight or meandering.

Using the concept of minimum stream power, Bettess and White (1983) described how
channel planform adjusts from straight to meandering (to braided) as a function of the
balance between the regime slope, defined as that slope required for the equilibrium
transport of the supplied sediment, and valley slope. Channels in which regime slope equals
valley slope are straight, whereas valley slopes in excess of the required regime slope will
result in either meandering or braiding planforms. While any number of paths could be
taken between two points Langbein and Leopold (1966) proposed the theory of minimum
variance to suggest that the most probable path between two points for a river with excess
gradient is a uniformly meandering one, whereby the stream power per unit length of
stream is most evenly distributed. Therefore, channels meander for two reasons, both of
which directly impact on channel energy: 1. to reduce channel slope, (Langbein and
Leopold, 1966; Bettess and White, 1983) and 2. to provide bend flow resistance through the
development of secondary circulation and turbulent flow structures (Leopold et al., 1960;
Langbein and Leopold, 1966), thereby facilitating the most probable distribution of channel
energy in accordance with the theory of minimum variance (Langbein and Leopold, 1966).
The more sinuous the channel, the greater the reduction in slope (potential energy) and the
greater the loss of (kinetic) energy due to internal distortion of the flow through bends. In
fact, Leopold et al. (1960) found that bend flow resistance could provide twice that of skin

resistance. Eaton et al. (2004) concurred, stating that with increased sinuosity the



Chapter 5 Channel sinuosity and the assessment of grade 138

importance of reach-scale form resistance increases. Direct estimations of bend-flow
energy losses due to flow structures in bends are not the focus of this chapter, however,
examples of flow through a number of the Barrington swamp channel bends are detailed in

the next chapter.

Huang et al. (2004) described how optimal cross-sections for maximum flow efficiency
(MFE) can provide excess energy to the system, necessitating the adjustment of channel
planform to consume this energy and any other that is surplus to MFE and channel stability
(equilibrium). Eaton and Church (2004) suggest that channel slope adjustment is the
primary means by which a channel can adjust its energy and that it will precede any other
means of channel energy (flow-resistance) adjustment. In this chapter, the effect of channel
slope adjustment and the provision of flow resistance by meandering are considered
collectively, using the sinuosity index (defined below). Bedforms, investigated in Chapter
4, were found to provide considerable flow resistance in the vertical plane and this
resistance is essentially represented by their dimensionless steepness values
(height/wavelength). If the combined effects of planform and bedform as resistance
elements are considered in comparison with the depth to width ratio as a measure of flow
efficiency (Chapter 3), a systematic relationship might be expected and is investigated

below.

In alluvial settings channel planform has been shown to adjust to energy conditions
(essentially stream power in the form of discharge and slope), thereby attaining equilibrium
(Leopold and Wolman, 1957). In a study particularly relevant to the narrow, deep
Barrington streams, Parker (1976) found that channel planform can also be differentiated
using the relationship between cross-sectional geometry and the channel’s slope / internal
energy balance ratio (slope/Froude number). Planform existence diagrams delineating
between straight, meandering and braided channels have been produced by Leopold and
Wolman (1957) and Ackers (1982), and Parker (1976), and Schumm (1985) suggested that
channels which plot inconsistently with these divisions may indicate a propensity for
change and hence inherent instability. However, unique controlling conditions might allow

channels to plot in anomalous positions on these graphs and to maintain stability. The
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adjustment of channel planform in response to high bank strength, low sediment supply and

limited depths of swamp material is examined here.
5.2 Planform and slope methods

The degree to which a channel meanders can be expressed by its sinuosity, which is the
length of the channel relative to the length of valley through which the channel flows.

Sinuosity (P) is determined using the index:

_ channel _length

valley _length

A crucial step in defining P is in the selection of an appropriate length of channel or valley
over which to measure the channel to valley length ratio. Through trial and error it became
apparent that too short a length of channel would provide a low local sinuosity and too long
a length of channel would average out otherwise observed variations in sinuosity. For this
reason a length of 50m of channel, corresponding to roughly 20 to 30 times channel width,
was measured along the channel path for Polblue Creek. Longer lengths of 100m were
selected for the Barrington River and Edwards Creek as their alluvial channel belt was less
sinuous. This length corresponded to roughly 30 to 50 times their channel widths. Starting
at one end of the water surface survey reach in each case, P was calculated for the
overlapping section lengths Om to 50m, 25m to 75m, 50m to 100m and so on. The average
of the two P values calculated over any station was deemed indicative of the channel

sinuosity associated with that point.

Sinuosity results were simplified into four divisions for the Barrington River, two for
Edwards Creek and five for Polblue Creek (Figure 3.3). The detailed 50m and 100m
overlapping sections were used to aid in the determination of boundary positions for breaks

in sinuosity.

To test for a defined relationship, channel flow efficiency represented by the dimensionless
depth-width ratio, and flow resistance represented by product of the dimensionless P and

dimensionless bedform steepness, were regressed against each other. If greater cross-
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sectional efficiency is balanced by increased flow resistance (the product of sinuosity and

bedform development), a relationship should be apparent.

The use of two planform existence diagrams, one a comparison between channel slope and
discharge (Leopold and Wolman, 1957; Ackers, 1982) and the other a comparison between
form ratio (d/w) and the slope/Froude number ratio (Parker, 1976)) requires the division of
P values into planform types. The division between straight and meandering channels is
commonly defined as 1.5 (Leopold and Wolman, 1957), a value adopted here to enable

consistent comparisons with previous work.

To obtain accurate channel-slope data, the bankfull water surface was surveyed along each
reach of channel using a SOKKIA Total Station. Successive points were located between 5
and 10 m apart, primarily at bend apices but also where bends were further than this apart
along the intervening straight reaches. Slope was then calculated for individual reaches

demarcated by clear changes in slope. These divisions are also illustrated in Figure 3.3.
5.3 Planform results
5.3.1 Sinuosity and slope

The sinuosity of each channel reach is presented in Table 3.2 and in Figure 3.3. Channel
reaches range from straight (P < 1.05), through partly meandering (1.05 < P < 1.5) to
meandering (P > 1.5) (Brice, 1964), bearing in mind that, for comparison with earlier

graphical comparisons, all values less than 1.5 are plotted here as straight.

The Barrington River is the straightest overall, with sinuosities (P) between 1.07 and 1.36.
Polblue Creek is also relatively straight along its lower reach, with a value of only 1.14.
The remainder of Polblue Creek and all of Edwards Creek are more sinuous, with values of
between 1.41 and 1.98. While the Barrington swamp channels appear to be highly sinuous
in aerial photographs, these values are not exceptionally high by world standards. This is
partly because the meander train, inset within the broader swamp, wanders across the valley
floor. It was therefore considered inappropriate to measure valley length along the broad

valley curve through the within-valley swamp. The ‘valley path’ that was used is the inset
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floodplain that itself has a winding path within which the channel meanders. This is
illustrated in the aerial photos (Figure 3.3). Channel bankfull water surface slopes for each
reach are summarised in Table 3.2. Slope ranges from 0.0007 to 0.0052 along Polblue
Creek, is constant at 0.002 along Edwards Creek and ranges from 0.0007 to 0.0034 along

the Barrington River.
5.3.2 Flow efficiency —resistance balance

A relationship between the proposed flow-resistance term, the product of P and bedform
steepness, and the proposed flow-efficiency term, depth-width ratio, is presented in Figure
5.1. The two Edwards Creek stations, for reasons discussed below, plot as outliers on this
graph, but if they are removed from the dataset, the Barrington River and Polblue Creek
stations illustrate a linear relationship with an r* of 0.50. Cross sectional efficiencies of the
channel stations are positively related to their associated measures of flow resistance, at a

rate of 0.06 times efficiency.

Stations that plot in the lower left region of the graph are located at entry and exit points of
the swamps — they are wide and shallow with low cross-sectional efficiency. Their
planforms are straight and they have only subtle bedforms. Stations toward the right hand
side of the plot experience greater cross-sectional hydraulic efficiency and the channel
response is an increase in sinuosity or bedform development, or both. The outlying
positions of El, E2 and B3 illustrate additional resistance provided by steep duffle
bedforms. In the case of these three stations, large bedforms combine with a sinuous
planform to significantly counteract the cross-sectional efficiency of the channel. However,
the position of the two Edwards stations so high in Figure 5.1 may also be exaggerated
because the resistance surrogate on the y axis gives an equal weighting to sinuosity and
bedform steepness. These two sites have the steepest bedforms in this study but, as stated
earlier, Leopold et al. (1960) found that boundary resistance is significantly less important
than bend flow resistance. Therefore, these two sites may simply be illustrated with

exaggerated “resistance”, represented by the product of bedform steepness and P.
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Figure 5.1 Channel flow efficiency, represented by depth - width ratio, versus the product of the bedform
steepness and channel sinuosity resistance elements.

5.3.3 Planform existence diagrams

The Barrington swamp channels do not conform well to the meandering and straight zones
in the slope/discharge Leopold/Wolman/Ackers plot (Figure 5.2). Only three straight
reaches, from a total of nine, are successfully located on the graph, but they are
accompanied by one meandering reach. Many sections of channel are not meandering,
contrary to the expectation given by their energy setting. Indeed, two straight channel
stations plot particularly high, even approaching the braided region of the graph. A lack of
correspondence to this simple bivariate relationship is perhaps not surprising. Others have
found that the conditions that differentiate channel pattern are more diverse than just slope

and discharge (e.g. Ferguson, 1987; Tooth and McCarthy, 2004; Tooth and Nanson, 2004).
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More interesting is that the Barrington swamp channels do not conform to Parker’s (1976)
slope/Froude number to depth/width plot. In the Okavango swamp channels, Tooth and
McCarthy (2004) attributed the failure of the Leopold/Wolman/Ackers plot and the success
of the Parker (1976) planform delineation for their own data to Parker’s use of a
combination of morphological (depth-width) and hydrological (slope-Froude number)
attributes. This plot should ideally differentiate between braided, meandering and straight
channel planforms. However, with only one exception, all Barrington stations plot within
the zone of straight channels (Figure 5.3). The one station that does plot in the meandering
region of the graph is actually straight. It appears that channel cross-sectional geometry,
represented by the form ratio, and energy balance, represented by the channel slope/Froude
number ratio, do not exclusively determine channel planform. Barrington swamp streams,
whether straight or meandering in planform, have excessively low width/depth ratios for

their energy setting (s/Fr).
5.4  Planform discussion

Previous chapters have concluded that the Barrington swamp channels have hydraulically
efficient cross sections and very limited sediment transport. This makes for an interesting
comparison between them and the wide shallow channels with mobile beds used to
construct the planform existence diagrams by Wolman and Leopold (1957) and Parker

(1976).

The inability of the discharge / slope Leopold-Wolman-Ackers plot to delineate between
straight and meandering channels in the Barrington swamps suggests that exceptionally
resistant, well-vegetated banks result in channel bank strengths beyond the range of those
used to develop the discriminating boundaries on the plot. Their diagram represents self-
forming channels in relatively unconsolidated material, very different to the Barrington
swamp channels. Furthermore, Figure 3.10 showed that the depth of swamp alluvium is
also an important factor in determining the cross-sections of these swamp channels. At the
entry and exit of the swamps, in addition to several valley margin locations specifically
along the Barrington River, the channels flow over valley-basement, with very little

overlying peat or alluvial material. Here, the channels are unable to deepen and their beds
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are comprised of coarse cobbles that form the basement of the swamp at these locations.
These cobbles provide rough beds that consume flow energy; hence the channels straighten

and steepen.

The depth-width versus slope-Froude number plot developed by Parker (1976) and used by
Tooth and McCarthy (2004) to separate meandering from straight channels in the
Okavango does not apply to the Barrington swamp streams. Parker’s (1976) division of
meandering and straight channels at depth-width ratios of 0.1 was supported by Tooth and
McCarthy (2004) in the Okavango Wetland channels which transport an abundant sandy
bedload in the form of well developed bedforms. As recognised by Schumm (1960) and
then Fergusson (1987) for the Leopold and Wolman (1957) bivariate relationship, bed
material can have a profound impact on just where in the relationship different channel
patterns will lie. Parker’s (1976) plot assumes sediment transport to be operating in self-
forming alluvial channels and at rates controlled by channel slope and the Froude number.
The inconsistencies between the position of the Barrington swamp channels and Parker’s
plot may be attributed to the demonstrated absence of sediment in the swamp channels
(Chapter 3 and Chapter 4). The Barrington swamp channels must consume channel excess
energy by means other than bedform resistance; planform adjustment is an important

option.

Tooth and McCarthy (2004) emphasised the importance of sidewall drag in well vegetated,
particularly narrow channels where secondary currents can be suppressed. They argued that
sidewall drag centres the zone of maximum velocity, thereby protecting the channel banks
from scour and meander development. However, their explanation does not apply here. As
will be shown in Chapter 6, the Barrington swamp channels experience high shear stresses
along the channel boundaries. Furthermore, secondary currents, far from being suppressed
by the bank vegetation, are pronounced, even under conditions where w/d ratios are much
less than those for the Okavango. The occurrence of straight channels in the Barrington
swamps and in the Okavango wetlands under much higher energy settings than the
Leopold-Wolman-Ackers slope-discharge plot would predict, and the apparent imbalance

between depth-width and slope-Froude plot of Parker for the Barrington examples, are
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likely to be a product of bank strength. The high bank strengths of the Barrington swamp
channels, as discussed in Chapter 3, allow narrow, deep, hydraulically efficient cross
sections to form and remain stable, even in the absence of bedform development that might
otherwise moderate flow energy. In the case of the Okavango, the presence of more flexible
banks formed of abundant reeds and peat, but with well developed energy-consuming

bedforms, could explain the maintenance of straight channels there.

Given the planform adjustments just described, and the cross-sectional (Chapter 3) and
bedform (Chapter 4) adjustments outlined earlier, it remains to determine whether the
Barrington swamp channels have attained equilibrium. This will be considered using
Mackin’s (1948) concept of adjustments in channel slope leading to a graded or equilibrium

condition.
5.5 An assessment of channel equilibrium

Entropy is a thermodynamic quantity representing the amount of energy in a system that is
no longer available for doing work (Leopold and Langbein, 1962; Chorley and Kennedy,
1971) and considers the distribution of available energy within a system. The principle was
first applied to fluvial environments by Leopold and Langbein (1962), in an effort to
produce definitive equations for the solution of hydraulic geometry through the application
of two principles: least work and maximum probability. They stated that (pp.11 and pp.7,

respectively):

“the ‘equilibrium profile’ of the graded river is the profile of
maximum probability and the one in which entropy is equally
distributed”

and that

“the most probable distribution of energy exists when the
rate of gain of entropy in each interval of length along the
river is equal”.
Over an unconstrained length of channel they concluded that the most likely form is

exponential in long profile, however, over a more moderate length of stable channel, that is

neither aggrading (which might cause backwater effects) nor degrading, it follows that the
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energy of an equilibrium river, (which is represented by the energy grade line and
approximated by the bankfull water surface slope), should be evenly distributed and
represented by a straight line. Mackin (1948) stated that the length of channel constituting a
graded (equilibrium) system need not be a fixed length. In the present study the graded
condition is considered within the channelled reaches of each swamp that lie between
constrictive lobes of shallow basement material, as it is these reaches, and their interaction
with the swamp, that have the ability to self-adjust as equilibrium systems. The presence or
otherwise of such straight equilibrium water-surface slopes are investigated here for the
Barrington streams. Water surface long-profiles are the result of adjustments in a range of
variables and are not necessarily straight in bedrock systems (Hack, 1957), nor do localised
deviations from straight profiles represent localised disequilibrium (Leopold et al., 1964).
However, in self-adjusting channels and unconstrained environments it follows that the
smoother the energy gradient line, the more closely the whole system approaches

equilibrium (Leopold and Bull, 1979).
5.5.1 Water surface slope methods

To calculate reach channel slopes the irregularly spaced bankfull water surface long profile
survey data were re-sampled at 10m intervals using the same Matlab script that was applied

to the bedform analysis data (Appendix 3).

If the Barrington River, Edwards Creek and Polblue Creek water surface slopes were
regressed along their entire surveyed lengths, the resultant analysis would have implied a
lack of grade. This is due to the presence of lobes of basement cobble material which in
places extend out from the valley margins beneath the swamp and limit the depth to which
overlying channels can form and therefore the degree to which these reaches of channel are
free to adjust. The Barrington River and Edwards Creek long profiles were therefore
divided into three sections consisting of the Barrington River upstream of its confluence
with Edwards Creek (Barrington River Middle and Upper), downstream of its confluence
with Edwards Creek (Barrington River Lower) and Edwards Creek. The Polblue Creek

dataset was divided into three subsections, the single analysed dataset extending through
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the middle section of its surveyed extent. These divisions were based on the location of

major cobble lobes.

The resulting sub-datasets were then linearly regressed and their residual values used to
assess the achievement of grade. An r* value close to unity indicates a system close to a

graded condition.
5.5.2 Water surface slope results and interpretation

The longitudinal water surface regression results are presented in Figure 5.4. All water

surface regressions indicate r* values between 0.97 and 0.99.

The entire study reach for over 460m of Edwards Creek shows a water surface slope with
an almost linear relationship and an 1 of 0.99. The 180m reach of the Barrington River
downstream of its confluence with Edwards Creek also presents a very even water surface
profile with an r* value of 0.98, and the middle reach of 370m of Polblue Creek has a
remarkably constant gradient with an r* value of 0.99. However, upstream of its confluence
with Edwards Creek, 530m of the Barrington River (Middle and Upper reaches) is
somewhat variable with an r2 value of 0.97. The Barrington River Upper flows through

very shallow peat over basement material and is not free to adjust uniformly.

These channels, generally, have remarkably uniform water surface profiles over several
hundreds of metres. With sufficient freedom to adjust, it appears that swamp channels can
achieve graded long profiles indicative of equilibrium conditions. This is particularly well
illustrated by Polblue Creek which lacks large bedforms and which has therefore adjusted
primarily through planform adjustment. Figure 5.5 illustrates the longitudinal profile of
Polblue Creek, measured along the channel thalweg and bankfull water surface. The
variations in channel sinuosity, valley width, channel width/depth ratio, depth of swamp
material and valley slope along these same reaches are also illustrated. As the valley slope
increases and valley width decreases in a downstream direction, the channel becomes

increasingly sinuous until the depth of alluvium decreases to a depth in which a
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Figure 5.4 Assessment of grade through linear regression of water surface slopes a) Edwards Creek and
Barrington River and b) Polblue Creek.
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sinuous planform cannot be maintained. The channel widens and straightens and the flow
passes over cobble basement material. The longitudinal water surface profile of this same
channel (Polblue Creek), illustrated in Figure 5.4, indicates that the adjustments in channel
cross-section, bedforms and particularly planform have been sufficient for the attainment of

equilibrium.
5.6 Channel adjustment conclusions

Through the Barrington swamps the narrow, deep and steep-banked channels provide
optimal conditions for the hydraulically efficient flow of sediment free water, consistent
with the principal of minimum energy. The development of meanders in the Barrington
swamp channels appears to have been sufficient, in the absence of bedforms in most
instances, for the attainment of channel stability. Leopold et al. (1960, pp.131 and pp.132,
respectively) stated that:

“a river which is deficient of bed material of large enough
size to stabilise a straight channel may become stabilised in
an irregular channel merely by creating random bank
projections”

and that:

“the meander form may represent one of the channel patterns
to which the above generalisation applies, only the random
bank projections are replaced by somewhat symmetrical
channel curves”.

However, in the higher stream power channels (Edwards Creek and Barrington River)
sediment must have been supplied at some time in the past, or has accumulated slowly, for
duffle bedforms to develop. Bedforms ranging from negligible (in most instances) to
extreme in magnitude indicate a tendency for the channels to form flow resisting elements
in the vertical plane where sediment is sufficient to do so and where additional resistance is
required for channel stability in higher stream power systems. Furthermore, a variety of
channel sinuosities have developed, from nearly straight to meandering, thus illustrating
freedom for these channels to adjust in the lateral plane where necessary to achieve

equilibrium. However, the presence of exceptionally tightly curving and stable meander
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bends at many locations (Chapter 6) indicate that the banks of the Barrington streams must
be sufficiently resistant to erosion to maintain stability. Channels with more mobile banks
would presumably erode and release sediment, form bedforms and consume energy more

evenly between the bed and the distortion of flow in bends.

Graded water-surface long profiles over hundreds of metres in channels with almost no
bedforms (Polblue) as well as in higher stream power channels with exceptionally large
bedforms (duffles — Edwards and Barrington channels), suggests that planform is closely
integrated with other flow resisting elements. Equilibrium channels can clearly form, and
be maintained, in these densely vegetated and highly erosion-resistant swampy
environments. How the bend flow structures that are produced by these morphologically
unusual channels contribute to significant levels of flow resistance, and to the development

of these swamp- channel morphologies, is the subject of the next chapter.



Chapter 6 Time averaged flow structures in bends with

unusual geometry

6.1 Introduction

The channels flowing through the Barrington swamps have very little sediment load. With
what little is available some have formed stable and often armoured bedforms, as described
in Chapter 4. The combination of cross-sections that are highly efficient for the conveyance
of water (Chapter 3) with very little sediment load means that considerable surplus energy
must be consumed by other means. As discussed in Chapter 3, surplus energy is that in
excess of the energy required to maintain a stable (equilibrium) channel form with the
water and sediment that is supplied. Leopold et al. (1960, pp.131-132) suggested that under
the condition of insufficient sediment of a suitable calibre to form bed features, channel
stability can, nonetheless, be achieved largely through sinuous planform development.
Aerial photographs of the Barrington swamp channels (Figure 3.3) illustrate sinuous

planforms and tight bends (r.,/w as low as 0.6).

The most immediate reduction of channel energy by meander planform development is
achieved by the resulting decrease in the energy grade line, caused by extension of the flow
path. This was considered in Chapter 5 (Figure 5.1) through the use of the sinuosity index
(P), which was also used to roughly represent comparative differences in bend-flow
resistance. More specifically, bend-flow resistance is caused by internal distortion of the
flow resulting from the shearing of flow lines and the increased bank resistance. Some spill
resistance can be caused by water surface slope variations resulting from channel flow
interaction due to bend geometry. Resistance elements create additional eddies that
interfere with the primary flow and therefore consume energy (Leopold et al., 1960).
However, flow conditions are further complicated by the creation of secondary currents
which minimise flow distortion and the resistance to flow that would otherwise result from
shearing of the flow lines parallel to the boundary of a bend (Bagnold, 1960). Circulation
strength is maximised and energy losses from shearing are minimised in bends with radius

of curvature to width ratios of about 2-3 (Bagnold, 1960). This range of values coincides
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with those most commonly observed in natural channels (Hickin and Nanson, 1975;
Hickin, 1978; Hickin and Nanson, 1984) supporting Bagnold’s initial notion that secondary
currents develop to minimise flow resistance and are successful in doing so in the majority

of documented bends.

Regardless, however, secondary currents cause energy losses through the creation of eddy
driven flow turbulence and distortion resistance that is additional to that which would occur
in a straight channel (Bagnold, 1960). These losses can be greatly increased by the
turbulence created in regions of separated flow (Bagnold, 1960; Markham and Thorne,
1992). It is not the intention of this chapter to quantify bend-flow energy losses in the
Barrington swamp channels, but rather to document the flow structures that interact with

the unusual geometry of the channels and to thereby infer such energy losses.

Polblue Creek, Barrington River and Edwards Creek each have very low width-depth
ratios, very steep banks and very tight bends. The Barrington River and Edwards Creek
have also developed duffle bedforms (Chapter 4). Furthermore, large concave bank
embayments, termed meander pools by Alford et al. (1982), have developed at many bend
apices and as yet, no comprehensive studies have examined the flow fields that form within
them, the conditions which lead to their development or what effect they may have on the
flow. Comparison of bend flow structures resulting from such unusual channel
morphologies in channels both with and without duffles provide insights into the complex
flow conditions that can form in very narrow and deep channels carrying very little

sediment.

This chapter investigates bend flow in the meanders of the Barrington swamp channels,
including flow structures and shear stress distribution. Because bend-flow is a complex
topic it is essential to review the literature on bend-flow patterns, before presenting and

interpreting the Barrington data presented later in the chapter.

6.1.1 Pool-riffle maintenance and bend flow patterns
Shear stress distribution determines both the rates of bank erosion (e.g. Bathurst et al.,

1979) and the patterns of sediment transport (e.g. Hooke, 1975). Much work has suggested
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that processes which operate in straight channels lead to the development of channel bends
(e.g. Leopold and Wolman, 1957; Keller, 1972; Lewin, 1976) as pools and riffles forming
in straight channels can lead to the formation of variable bank erosion and hence the
development of meandering planform. Flow structures in straight channels may therefore

be present in meandering channels, albeit in distorted form.

Pool-riffle maintenance along straight reaches has received considerable attention and
several models have been proposed. The velocity, or shear stress, reversal hypothesis
(Gilbert, 1914; Leopold et al., 1964; Keller, 1971) is the most oft-quoted, in which pool
flow velocities are purported to increase more rapidly with stage than those over riffles, and
then to exceed them during bank full flows. Recent modelling (Booker et al., 2001) and
field observations in straight reaches (Milan et al., 2001) have found support for this model.
However, Clifford (1993) proposed an alternative theory involving particle queuing and
which is based on the kinematic wave theory of Langbein and Leopold (1968). In the
particle queuing model sediment particles accumulate on riffles and become more
structured. As a result they require higher critical shear stresses to mobilise and are less
capable than pool sediments of being transported by the flow. Alternatively, Wilkinson et
al. (2004) recently observed and modelled one-dimensionally flow through a straight pool-
riffle sequence and found that, with increasing flow stage, the region of maximum shear

stress shifted from the lee to the stoss side of riffles. They described this as a phase-shift.

Whether pools and riffles in straight reaches are maintained by velocity or shear stress
reversals or shifts, pool-riffle maintenance in bends differs somewhat from that in straight
reaches, as the secondary currents produced by bend geometry can significantly influence
patterns of velocity and shear stress. Some debate has focused on the importance of
secondary currents in determining bend flow sediment transport (Hooke, 1992), for tight
bends have significant secondary flow strength that can equal primary currents (Markham
and Thorne, 1992). While the magnitude of secondary currents may not in themselves
necessarily cause shear stresses of any great consequence (Bridge and Jarvis, 1976), they
still play a major role in controlling the location of channel-bend sediment transport and

bend migration.
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A general model of bend shear stress distribution was proposed by Dietrich et al. (1979) in
which the region of maximum bed shear stress shifts from near the inner bank at the bend
entry to near the outer bank at the bend exit. Maximum shear stresses in bends are
associated with both the location of the maximum velocity filament (MVF) and with
regions of down welling (Bathurst, 1979). Bathurst et al. (1979) found that the development
of secondary currents, in the form of outer bank cells of reverse rotation (see below), can
enhance down-welling and therefore bed shear-stresses. Furthermore, Hey and Thorne
(1975) described a mechanism by which pools and riffles could form and maintain in both
straight and curved reaches. In the case of adjacent, independently rotating helices,
converging flow near the bed and consequent diverging flow near the water surface over

riffles encourages sediment deposition and the reverse pattern in pools encourages scour.

Bend-entry patterns of flow have also been acknowledged as a primary control over bend-
flow patterns. Prus-Chacinski (1956), for example, examined patterns of bend entry flow
for channels with varying geometries and found that, owing to the sensitivity of these
patterns to entry flow currents, the number of resultant patterns seemed almost infinite.
However, some consistencies in general bend flow patterns have been widely documented

and are described below.

Markham and Thorne (1992) formalised three main regions of bend flow which facilitate
discussion of general flow patterns and variations in this pattern (Figure 6.1): the inner
region, over the point-bar, the mid-channel region, which is positioned over the thalweg,
and the outer region, extending up to two channel depths from the concave (outer) bank

(Thorne et al., 1985).

6.1.1.1 Inner bend flow region
The inner region of bend flow is dominated by shoaling over the point which causes

outward flow of the whole water column (Hickin, 1978; Dietrich and Smith, 1983) (Figure
6.1), although return flow across the point bar surface at bankfull flow in a bend with
constant width-stage relations has also been reported (Thorne et al., 1985). Flow separation
can develop within the downstream flank of this inner region (Leeder and Bridges, 1975),

particularly in tight bends (Markham and Thorne, 1992). In very tight bends the MVF can
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move inwards, up and over the point bar, causing higher shear stresses and erosion of the
point bar (Hickin, 1978). The lack of point bar development in the Barrington swamp

channel bends are suggestive of an inward movement of the MVF.

INNER Mo OUTER

= C

Figure 6.1 Regions of bend flow and general patterns of secondary currents. Modified from Markham and
Thorne (1992)

6.1.1.2 Mid-channel bend flow region

As flow moves through a bend, centrifugal and pressure forces combine with boundary
friction to produce secondary currents. Centrifugal (or, more correctly, tangential) forces
cause superelevation of the water surface towards the outside bank, the height of which (Z)
is a function of flow velocity (v), channel width (w), the radius of curvature to width ratio

(r/w) and gravity (g), and takes the form:

(Leopold et al., 1960). The elevated water surface results in a pressure gradient across the
channel and through the water column. Near the water surface, the centrifugal force usually
exceeds the pressure gradient force and flow is directed outward, whereas near the bed the
pressure gradient forces dominate and, encouraged by flow retardation resulting from bed
friction (Prus-Chacinski, 1955; Bagnold, 1960; Bridge and Jarvis, 1976), the flow is
directed inward over the bed. The pattern thus produced is one of outward flow at the

surface, downward flow towards the bed near the outside bank and inward flow over the
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channel bed (Prus-Chacinski, 1955), the process of which has been termed skew induced

secondary flow or helical flow (Bathurst et al., 1979) (Figure 6.1).

The helical flow in the mid-channel region persists through all flow stages and through
bends of varying geometries (Prus-Chacinski, 1955, 1956; Hey and Thorne, 1975; Hooke,
1975; Hickin, 1978; Dietrich and Smith, 1983; Thorne et al., 1985). This region of flow is
perhaps the most consistent in structure of any of the three bend-flow regions. Helical flow
strength, however, is strongly influenced by channel geometry and flow hydraulics. It is
enhanced by low bend radius of curvature to width ratios (Hickin, 1978; Bathurst, 1979),
high flow velocities (Hooke, 1975), low bank roughness (Thorne and Furbish, 1995), high
width-depth ratios (Bathurst, 1979), point bar presence (Dietrich and Smith, 1983) and high
flow stages (Hooke, 1975). It is also initiated earlier in the bend in narrow and deep channel
sections, in which it also dissipates more rapidly (Choudhary and Narasimhan, 1977).
Contradictory conditions for the development of helical flow exist in the Barrington swamp
channels, in which low w/d ratios, tight bends, lack of point bars and high bank roughness’s

may produce unusual helical flow patterns and strengths.

6.1.1.3 Outer bend flow region
Both Bathurst et al. (1979) and Powell (1998) have provided thorough descriptions of the

processes that lead to the development of an outer bank cell, upon which the following
description is based. As flow moves into a bend, bend geometry and centrifugal forces
drive flow towards the outside bank, causing it to stagnate and super elevate. The weight of
the superelevated water can drive a downward flow along the boundary where the stagnated
water (outer bank flow) meets with the main flow cell (mid-channel flow). The cell of
reversed helicity is thus formed against the concave bank (Figure 6.1). At the junction of
these opposing cells, flow converges and the MVF is forced toward the bed where it
diverges and results in high bed shear stresses (Hey and Thorne, 1975; Thorne et al., 1985).
Sharper bends and higher velocities cause enhanced superelevation of the water surface and
drive larger outer bank cells with greater associated bed shear-stresses (Bathurst et al.,
1979; Markham and Thorne, 1992). Steep banks appear to be necessary for the
development of this cell (Thorne and Rais, 1983), and Bathurst et al. (1979) found that its

formation was suppressed in wide, shallow bends. Furthermore, Bathurst et al. found that in
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the absence of outer bank cell development, bed shear stresses may not develop significant
peaks and, in the absence of a strong outer bank cell, maximum bed shear stresses are
instead associated with the MVF, consistent with the original observations of Hooke
(1975). Hey and Thorne (1975) suggested that, even in the absence of field data recording
this small cell, the location of the MVF and zone of bedload transport away from the outer
bank supports its existence. Steep banks and narrow and deep cross-sections in the
Barrington swamp channels are ideal for the formation of this cell, and patterns of velocity

and shear stress through these bends should indicate its existence.

6.1.1.4 Flow separation
Flow separation is the response of flow to abrupt changes in channel geometry. Here the

flow lines diverge and this can cause the flow and channel boundaries to separate.
Separation zones can develop at either convex (e.g. Leeder and Bridges, 1975; Ferguson et
al., 2003) or concave (e.g. Hickin, 1978; Nanson and Page, 1983; Andrle, 1994) banks or in

the lee of bedforms (Yalin, 1971), and their development can influence channel stability.

Convex-bank flow separation zones generally form in the lee of point bars, where channel
depth increases as the channel boundary curves away from the flow (Markham and Thorne,
1992). Outer-bank flow separation occurs as a result of water superelevation at the outer
bank, causing stalling and separation (Markham and Thorne, 1992). Both can alter the
radius of curvature/width and width/depth ratio (Leopold et al., 1960), reducing the latter
by up to 50% (Leeder and Bridges, 1975), thereby causing reduced flow resistance. Both
inner and outer bank regions of flow separation often develop in tight bends (Hickin, 1978;
Andrle, 1994; Hodskinson and Ferguson, 1998) and their influence on secondary currents,
shear stress distribution and channel migration are therefore of particular interest in the

very tight channel bends of the Barrington swamps.

Flow separation also forms near the bed in the lee of dunes. Bedform resistance correlates
positively with overall flow resistance and was used in Chapter 4 to calculate the shear
stresses attributed to bed features. Shear lines form where the separated flow interacts with
the main flow and large turbulent eddies emanate from both this region and from where the

shear line intersects with the bed (Best, 1996). Shear stresses are maximised along the shear
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line, but also at the point of reattachment to the physical channel boundary, and are
responsible for large instantaneous increases in shear stress and sediment transport
(Kostaschuk and Church, 1993). These flow structures are visible at the surface as kolks or
boils (Yalin, 1992) and were frequently observed at high discharges in the bends of the
Barrington swamp channels. The duffle bedforms of the Barrington River and Edwards
Creek, while clearly planform related, are morphologically similar to dunes and therefore

their resultant flow structures are likely to correspond with these features.

There is an absence of data on flow through bends with bedforms of the magnitude
observed in some of the Barrington channels. As described in Chapter 4, duffles are very
steep, provide resistance to flow at all flow stages and are likely to have a pronounced
effect on bend flow. This chapter examines flow structures that result from the interaction
of low and high amplitude bedforms with tight meander bends and narrow and deep
channels. The importance of these relates to both the development of the channels as well

as to their contemporary morphology and processes.
6.2 Barrington bend geometries

The aerial photographs of the Barrington swamp channels, presented in Figure 3.3,
illustrate their sinuous planforms with some very tight bends. The radius of curvature to
width ratio (r/w) is used to provide a dimensionless representation of bend curvature

comparable between channels of any scale.

The radius of curvature is measured as the radius of a circle passed through the centreline
of a channel bend (Goudie, 1990), however such straightforward application is only
possibly in bends with regular sine-curve geometry, which the Barrrington swamp channels
do not have. In this study channel widths through the bends were sometimes highly
variable. Hence an arc of curvature was passed through the mid-point of the channel at he
entry and exit cross-sections in each bend, located immediately upstream and downstream
of skew (bend) induced secondary currents. In addition, the arc ideally passed through the
centreline of the channel at the bend apex. The approach taken to measure r./w is therefore

a morphodynamic, rather than a simple geometric, one.
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The existence of secondary currents could be recognised visually from the alignment of
ribbon weed on the bed of the channel. Average widths of all the cross-sections examined

through the bends were used to define bend channel width.

In such narrow channels as those of the Barrington Tops swamps, channel bed topography
through a bend plays a major role in influencing bend flow patterns. The reach-averaged
bedform steepness values from Chapter 4 were used to represent this parameter, and a
variety of bend geometries representing varying bend tightness and bedform steepness were

identified.

6.2.1 Bend geometry results
A total of seven bends, spanning radius of curvature to width ratios from 0.6 to 2.4 and

bedform steepness from 0.03 to 0.11 (Table 6.1), and these bend locations are indicated in
Figure 3.3. Barrington Bend 2 is located in a reach that is essentially plane bedded (Chapter
4). However, the bend itself is not plane-bedded (unlike much of the reach that it is located
in) and to also enable its comparison with the other studied bends it was allocated a
realistically low bedform steepness value of 0.03, representative of pool-riffle bed
morphology (e.g. Polblue Creek). The resulting spread of bend tightness and bedform
steepness is illustrated in Figure 6.2, which shows that a variety of bends with tight and
steep, tight and flat and open and flat geometries were selected for detailed bend flow
examination. Interestingly, despite seeking to locate bends and bedforms that were open
and steep, no examples were identified, suggesting a causal link between bend geometry

and bedform development.

Table 6.1 Bend geometry and flow stage comparisons. Qu represents bankfull discharge.

Bend # IJ/w steepness % Qo
Polblue Bend 1 2.4 0.03 60-68
Polblue Bend 2 2.2 0.03 80-88
Polblue Bend 3 1.2 0.03 88-100
Barrington Bend 1 0.7 0.06 90-100
Barrington Bend 2 1.35 (0.03) 53-58
Edwards Bend 1 0.6 0.11 64-81
Edwards Bend 2 0.6 0.11 42-48
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Figure 6.2 Channel geometry comparisons for all bends in which flow field data was collected. Note the
absence of open and steep bend examples. The trend line highlights the tendency for bedform steepness to
increase with decreasing r/w (increasing tightness), once rc/w decreases below approximately 1.

In addition to the tight planform and varying bed undulations, several bends have
developed embayments at their concave banks and of the intensively studied bends, this

was most pronounced in Barrington Bend 1.
6.3 Bend flow in the Barrington swamp channels

6.3.1 Methods of flow data collection and processing
The discharge of channel flow through each bend varied from 42% - 100% of bankfull and

ranges through each bend are presented in Table 6.1. This range resulted from the rapid rise
and fall of the hydrographs in association with rainfall during the measurement periods

(Chapter 1).

Current data was collected using an OTT C2 current metre for three Polblue Creek bends,
and with three NORTEK Vector Current Metres, referred to as Acoustic Doppler
Velocimeters (ADV’s), for the four Barrington River and Edwards Creek bends.
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Cross sections were oriented perpendicular to the outside bank (e.g. Frothingham and
Rhoads, 2003). As these channels are so narrow it was considered that this angle could be

consistently and accurately estimated in the field.

In previous studies of secondary flows in bends, the direction of these flows has been
related to either the mean flow direction (e.g. Chow, 1973) or to the longitudinal direction
of the channel (e.g. Frothingham and Rhoads, 2003). Chow (1973, pp.12) defined

secondary flow as

“the movement of water particles on a cross-section normal
to the longitudinal direction of the channel”.

Frothingham and Rhoads (2003) argue that this approach is appropriate if it is the
interaction of the flow with the bend geometry that is of interest. It was therefore
unnecessary to rotate the cross section orientation perpendicular to mean flow direction
based on averaged directional data from either each individual vertical set of measurements
(Rozovskii 1957; Bathurst et al. 1977), or the mean flow direction for the entire cross

section (Hickin 1978).

The limited size of the channels at narrow or shallow cross-sections sometimes inhibited
the collection of large datasets of flow measurements. However, the flow through such
cross-sections was largely two-dimensional and, for the purposes of this study, did not

require more detailed investigation.

6.3.1.1 Collection of two-dimensional flow data
An OTT C2 was mounted on a vertical rod and aligned with the direction of maximum

velocity. This direction was measured using a ribbon tied to the back of the OTT, which
flowed in the maximum current direction (Figure 6.3a), a technique very similar to that
used by Bridge and Jarvis (1976). The operator stood above the instrument, on an
aluminium plank placed perpendicular to the outside bank, and the current speed was
recorded for 40-60 seconds. The angle of the ribbon from the perpendicular cross section
(0° for flow towards the left bank through to 180° for flow towards the right bank, through
to 270° for upstream flow) was measured using a clear plastic protractor, through which the

angle of the ribbon was observed. The water was clear and did not inhibit the observation
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of the ribbon. Primary and secondary current magnitudes were derived by resolving the

maximum velocity into primary and secondary flow magnitudes.

6.3.1.2 Collection of three-dimensional flow data
Three dimensional flow data were collected using three ADV’s, mounted on a vertical rod

and positioned on the downstream side of the aluminium plank. The plank, in turn, was
placed perpendicular to the outside bank between the end datum for each cross section
(Figure 6.3b). The instruments were manually deployed using Vector software operated
from a laptop computer. Each instrument was deployed for between 60 and 120 seconds,
however only the first 40 to 60 seconds of each record was utilised, depending on data
quality. Data were filtered by allowing signal to noise ratios (SNR’s) of <10, correlation
scores of >70, a velocity range of £1 m/s and acceleration between instantaneous velocity
measurements of no more than that which could be attributed to gravity (9.8m/s). Further

details of the ADV devices and data cleaning are provided in Appendix 5.

6.3.1.3 Method for calculating shear stress distribution in bends
Grain (bed) shear stress estimates were calculated in Chapter 4 using the Du Boys equation

in conjunction with wall and form shear estimates. In this chapter, more precise distribution
of bed shear stress in channel bends was of interest and required a different approach.
Direct shear stress approximation provides the most suitable estimate of the forces acting
on a particle of sediment and it is therefore the preferred technique for determining
sediment transport potential (Grayson et al., 1996). The Law of the Wall technique is one
such method of direct shear stress measurement, and is derived and defined in Appendix 6.
When applied here, Law of the Wall shear stress calculates the slope of the regression line
from the lowest point beneath 20% of the flow depth to the origin (trp). While this specific
technique is not encouraged for obtaining absolute values of shear stress, it was considered

that values obtained in the bends were reliable for comparison relative to one another.
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Figure 6.3 a. OTT current meter and b. ADV deployment at near bankfull. The ADV was deployed and data
collected using a laptop computer, (out of view).

6.3.2 Bend flow patterns for the Barrington swamp channels

Patterns of primary and secondary flow for each of the bends are presented as a series of
cross-sections which also include sketch maps of the surface bed-material distribution.
Vertical velocity profiles for each cross section are also presented from which the shear
stress distributions are derived. Estimates of shear stress calculated using the Law of the
Wall are compared in Table 6.2 with those derived in Chapter 4 (du Boys). The values

provided by each technique compare well and confirm their value in terms of relative
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accuracy from site to site, despite concessions made in the application of the Law of the

Wall.

Bend flow patterns are considered in two separate categories: 1. those bends with gentle
bed relief (Figure 6.4 to Figure 6.6) and 2. those bends with steep bed relief (Figure 6.7 to
Figure 6.9).

6.3.2.1 Gentle bedform bends
These bends were measured using the OTT C2 current meter, with attached ribbon and

therefore provided only two-dimensional flow data (the vertical component is not

measured).

Table 6.2 Shear stress values: total and grain values calculated for hydraulic geometry (HG) stations nearest
the studied bends (from Chapter 4) and those calculated using the Law of the Wall for single data-points in
each bend. Units in N/m2. Maximum and range values provided by the t.p technique are provided for
comparisons between the techniques.

Bend # Values for nearby HG stations Law of the Wall derived shear stress

TTOTAL TGRAIN TLP - MAX T p- dominant
Polblue Bend 1 2.1/4.0 0.6/0.7 1.5 0.1-0.5
Polblue Bend 2 4.5 1.1 1.8 0.5-1.5
Polblue Bend 3 4.9 1.4 2.4 1.0-1.5
Barrington Bend 1 3.8/73 1.2/5.0 11.7 0.5-4.0
Barrington Bend 2 7.5 5.6 7.4 1.0-2.0
Edwards Bend 1 6.3 2.5 1.0 0.5-1.0
Edwards Bend 2 6.3 2.5 32 0.1-0.5

Polblue Creek Bend 1

Velocity distribution at the entry of this bend was very uniform, both vertically and
laterally (Figure 6.5), and there was very little secondary circulation (Figure 6.4a). Bed
shear stress at the bend entry, however, was strongly skewed toward the outer bank (Figure
6.6) but became minimal through Sections 4 to 6, where the flow boundary broke away
from both the bed and the banks and the velocity profiles became more irregular. By
Section 5, moderate secondary circulation was developed, with outward flow near the
surface and some weak inward flow over the low, sandy point-bar (Figure 6.4a). Return

flow up this bar was strengthened in Section 6, before the channel contracted in Section 7
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and secondary flow almost entirely ceased. The dominant MVF moved from near the
surface of the water column at bend entry (Sections 3 and 4), toward the middle region
mid-way through the bend (Section 6) and towards the bed at the exit (Section 8). The
maximum bed shear stress declined was located near the outside bank in the entrance of the
bend then declined rapidly through the middle of the bend. However, it rose slightly in
intensity and followed a central path through much of the remainder of the bend, probably
as a result of the outer bank flow separation zone forcing it away from the bank, but did not

regain its initial strength until the bend exit (Section 8).

Polblue Creek Bend 2

At the bend entry, the MVF and maximum shear stress were positioned towards the outside
bank but in Section 2 both became centred and more evenly distributed, where the region of
maximum shear stress in the bend was located. The vertical velocity profiles illustrate two,
vertically-stacked MVEF’s through the centre of the channel in Section 2 (Figure 6.5),
however the scale of the isovels in Figure 6.4b do not illustrate these features. Skew-
induced secondary currents developed at Section 3 and flow was weakly directly toward the
outer bank. The velocity profiles became more complex through Sections 4 to 6 as full
helical flow progressively strengthened and flow interacted with a low sandy point-bar. A
small region of separated flow developed at the bed in Section 4 and persisted through
Section 5. Bed shear stresses were minimal through these sections, as the dominant MVF
was located near the surface (Figure 6.5). A region of separated, upstream-directed flow
also developed at the outer bank in Section 4 and persisted through Section 5 before
dissipating. A new region of separated flow directed upstream developed at the inner bank
of Section 6 and became attached to the bank at Section 7. Vertically stacked MVEF’s
developed again through Sections 6 - 8 (Figure 6.5). Bed shear stress increased again from
Section 6 and secondary currents were directed weakly inward, then weakly outward
through Sections 7 and 8, respectively. A region of maximum shear stress developed in

Sections 6 to 8 near the concave bank where the
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Figure 6.4 Polblue Creek primary and secondary flow and MVF patterns, a. Bend 1 (this page) b. Bend 2 and
c. Bend 3. Primary currents are indicated by the isovels (contours) and secondary currents are indicated by
vectors (arrows). Flow separation is indicated by grey shaded regions where flow was clearly directed
upstream, or by dashed grey lines where flow was essentially stationary within the zone. Diagrammatic
illustrations show the MVF in red and separated regions of the flow are indicated by dashed red lines or red
and white striping. Black arrows on these diagrams indicate generalised patterns of secondary currents. Isovel

intervals are 10cm/s. Paired MVF's are indicated by shaded blue-grey circles.
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Figure 6.5 Velocity profiles for all Polblue bend flow measurements. Profiles are ordered from Section 1
through each bend down the page. Stacked MVF's are indicated by red circles and sections numbers are
indicated at the left of the figure.
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Figure 6.6 Shear stress in the three Polblue bends, calculated using the Law of the Wall (twp).



Chapter 6 Time averaged flow structures in bends 173

region of concave bank flow separation (formed in the preceding cross-sections) reattached

to the channel bank.

Polblue Creek Bend 3

Flow in Section 1 of this bend was very evenly distributed, in terms of both velocity and
downstream components (Figure 6.4c). Maximum shear stresses were also centrally located
here, with the MVEF’s splitting into two vertically stacked units in Sections 2 and 3 (Figure
6.5). In the latter, flow was directed weakly outwards away from a very low silty sand-bar.
Immediately past the apex of the bend (at Section 4, Figure 6.4c) almost no secondary
currents were evident and flow velocities were evenly distributed vertically and laterally.
Significant secondary currents failed to develop through the remainder of the bend,
however, slight outward flow over a sandy point bar occurred at Section 6. Vertically
stacked MVF ‘s redeveloped at Section 5 (Figure 6.5), then returned to a more evenly
distributed region of velocity through Section 7. A sandy point bar downstream of the bend
apex directed flow weakly outwards through Section 6 and a small separation zone
developed above this feature. The path of the maximum shear stress followed the centreline
of the channel through this bend (Figure 6.6). It was not until Section 6 that slightly higher
shear stresses extended to the outer bank before becoming confined to the channel

centreline again in Section 7.

Summary of results for bends with gentle bedforms

Several characteristics of these three bends are worthy of reiteration:
¢ They have each developed point bars, limited in both lateral and vertical extent.

¢ At bend entry, secondary circulation was not strong and by the bend exit the influence
of bend geometry on secondary currents had waned. In other words, flow entered and
exited these bends with minimal secondary motion. In addition, velocity profiles at the

entry and exit of each bend are remarkably uniform, vertically and laterally.

¢ As flow moved into each bend, secondary currents became directed toward the concave

bank. In Bends 1 and 2, this effect increased through the bends, with helical flow
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developing over the point bar. In contrast, secondary circulation in the tightest bend

(Bend 3) did not develop, with flow aligning approximately with the channel margins.

¢ In Bends 2 and 3, the vertical velocity profiles (Figure 6.5) indicated the existence of
two, vertically stacked MVF’s at the entry and exit cross-sections with velocity higher

in the one nearer the bed in each case.

¢ In Bends 1 and 2, large separation zones developed at both the bed and the banks,

significantly reducing the cross-sectional area of downstream flow.

¢ The MVF and regions of maximum shear stress passed centrally through all three
bends, until past the bend apices where they tended to move to the outside bank. In
Bends 1 and 2, separated flow at both the bed and outer bank forced the MVF to a
central position well above the bed in the second half of the bend and bed shear stresses

were significantly reduced in this region.

6.3.2.2 Steep bedform bends
These bends were measured using the ADV’s to provide information on three-dimensional

flow patterns. These bends have larger bedforms (duffles) and flow is therefore more
responsive in the vertical dimension. Therefore, the flow is more appropriately measured

using devices capable of measuring more complex currents.

Barrington River Bend 1

Flow entering Bend 1 was comprised of two adjacent MVF’s, with secondary currents
rotating such that flow converged at the bed and diverged near the surface. Adjacent
MVF’s were maintained through Section 3 (Figure 6.8). At this section, flow passed over
the crest of a duffle and bed shear stress was maximised beneath the adjacent MVF’s. Flow
also developed a helical motion at this section and, owing to the development of
complicated secondary circulation, the velocity profiles became increasingly complex from

here through the remainder of the bend.

Flow plunged into a large pool at Section 4, with secondary currents strongly directed

toward the bed, generating high shear stresses (Figure 6.9). An upstream directed, counter-
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rotating zone of separated flow with a velocity in excess of -0.1m/s formed at the outer
bank at this cross-section and persisted through Section 5. The separated region of flow
ensured that the MVF and maximum shear stress were centrally positioned and that the
primary flow cell maintained a low width-depth ratio, thus reducing the boundary for active
flow in the channel by over 30%. Between Sections 5 and 6, a wavering surface line of
eddies, here termed an eddy line, was observed. Downstream of the eddy-line at Section 6
the pattern of secondary circulation of the flow was mostly reversed compared to that at
Section 5, such that surface flow was directed toward the inner bank. A separation zone
with flow in an upstream direction formed adjacent to the inner bank. Near the outer bank,
a much smaller helical-flow cell persisted with the same rotation as that upstream in
Section 5. Inward flow dominated nearly all of Section 7, but with weak outward flow
immediately above a pronounced point bar. For the first time in the bend, the MVF and
maximum bed shear were located near the outer bank and asymmetric velocity and shear
stress distributions persisted through the exit of the bend (Section 8) where flow returned to
two, albeit weak, MVF’s of reverse rotation that converged at the bed and diverged at the

surface, similar to that in Section 1 at the entry of the bend.

Barrington River Bend 2

The velocity of flow entering Bend 2 was evenly distributed, with uniform velocity profiles
and weakly rotating surface flow toward the inner bank. The MVF was also depressed
below the surface and the region of maximum shear stress was closer to the inner bank. At
Section 2 secondary circulation was weak and somewhat confused, and it was not until
Section 3 that a clear pattern of outward flow through the entire water column became
evident. Until the bend exit, however, vertical velocity profiles remained remarkably

uniform.

The regions of maximum velocity and maximum shear stress remained close to the inner
bank from the bend entrance to the bend apex where secondary currents became directed
outward towards the concave bank. Some return flow across the upward inclined bed was
evident near the thalweg, immediately downstream of the sand riffle where a small region
of separated flow developed (Section 5). At Section 5 the MVF became a more diffuse
region but shifted across the channel to approach the outer bank, but by Section 6 it had
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Figure 6.7 Barrington River primary and secondary flow and MVF patterns, a. Bend 1 b. Bend 2 (this page)
and Edwards Creek ¢. Bend 1 and d. Bend 2. Diagrammatic illustrations show the MVF in red and separated
regions of the flow are indicated by dashed red lines or red and white striping. Black arrows on these diagrams
indicate generalised patterns of secondary currents. Contour intervals are 10cm/s. Paired MVF’s are indicated

by shaded blue-grey circles.
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Figure 6.8 Velocity profiles for all Barrington River and Edwards Creek bend flow measurements. Profiles are
ordered from Section 1 through each bend down the page, as indicated at the left of the figure. Note the
change in the vertical position of the MVF from Sections 5 to 6 in Barrington Bend 1 (circled in blue).
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returned to a more central position. It was not until this cross-section that inward flow over
the point bar was well developed, but this may be more apparent than real due to a lack of

near-bed velocity data obtainable using the large ADV instruments.

Edwards Creek Bend 1

Entry flow to Bend 1 was very shallow as it flowed over a duffle crest and secondary
circulation was weak. Shear stress was conceivably high, but a lack of near bed velocity
data prohibited its estimation. The velocity data, however, indicates that the maximum
shear stress would likely be associated with the two MVF cells, one located near each bank
(Figure 6.7c). Immediately downstream, at Section 2, flow plunged into a large pool and
the outer filament of maximum velocity expanded to fill much of the cross-section. A large
separation zone in the lee of the duffle extended across the bed of the pool up to half of the
flow depth and towards the outer bank. It was not until Section 3 that significant helical
flow developed, with outward flow near the surface and inward and upstream (separated
flow) flow near the bed. Somewhat surprisingly shear stress values for the pool reached
maximum values at this cross-section, however they were directed upstream within a large,
bed-attached separation zone (Figure 6.9). Helical flow strengthened in Section 4, where a
small region of reversed flow was also present near the surface on the outer side of the
channel centreline, with the helical flow continuing into Sections 5 and 6. An armoured
sand-gravel point bar was evident in Section 6, and weakened secondary currents persisting
over the bar. There was also a small region of flow away from the outer bank near the
surface of the concave bank, possibly indicative of a small reverse cell. The region of
maximum shear stress followed the outer bank through the pool (Figure 6.9), but was
unable to be estimated over the duffle crests because of the shallow flow and the size of the
ADVs. Higher velocities near the duffle surface at the outer bank (Figure 6.7¢) indicate that

the maximum shear stress was likely to follow the same path.

Edwards Creek Bend 2

Bend 2 lies immediately downstream of Bend 1 and shares Section 7 (Figure 6.7d) (Section
1 for this bend). Flow through Sectionl was shallow, with little secondary motion and only
one region of maximum velocity near the inner bank where shear stress was presumably at

a maximum. Flow plunged into a large pool and Sections 2 and 3 illustrate pronounced
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helical motion and a substantial separation zone at the bottom of the pool (Figure 6.7d).
Helical flow strength increased markedly at Section 4, as did bed shear stress (Figure 6.9),
and between Sections 4 and 5 an eddy-line was observed. Secondary currents weakened in
Section 5 as flow moved through this part of the bend. In addition, the MVF redeveloped
near the inner bank of this bend, in contrast to the pattern through Edwards Bend 1,

immediately upstream, and in contrast to Barrington River Bend 1.

Summary of results for bends with steep bedforms
There are several important aspects of flow through these sharp bends with steep bed

topography:

¢ With the exception of those at, or immediately downstream of, bend apices, vertical

velocity profiles were remarkably uniform.

¢ Where the entry conditions are shallow they tend to consist of flow with a MVF on each
side of the channel which can be associated with a weak secondary circulation helix.
Where the entry conditions are deeper, paired helices may occur or alternatively flow

can consist of very little secondary circulation and a single MVF.

¢ All four bends developed strong helical motion with their circulation strength roughly
proportionate to the steepness of the bed topography. Bends with duffles followed by a
deep pool produced more pronounced helicity compared to more consistently deep
bends (Barrington River Bend 2). The “point-bars” in these bends had inward flow

over their stoss faces.

¢ Pronounced eddy-lines were observed in those bends with duffle bedforms; in one of
these (Barrington Bend 1), the helical motion in the flow reversed direction

immediately downstream of this line.

¢ Separation zones formed in all bends and were most extensive in those with duffle
bedforms. These separation zones could form near the bed (all bends), near the surface
(Barrington Bend 1 and Edwards Bend 1) or near either the inside and outside bank
(Barrington Bend 1).
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¢ Separation zones obstruct up to half the cross-sectional area, greatly confining the zone
of active flow. They alter the passage of the MVF and hence bed shear stress in each
bend. Just where they form is a complex issue but appears to be the product of the bend

shape and the magnitude and shape of the bedforms.

¢ While obtaining flow data near the boundary proved difficult due to the size of the
ADV’s, limited data points indicated the possible existence of a small outer-bank cell of
reverse rotation in Edwards Bends 1. In Barrington Bend 1, the large region of flow
separation at the outer bank may be an enlargement of smaller such features elsewhere.

The outer bank cell rotated in a reversed direction to the helix in the main flow.
6.4 Discussion

Owing to the variations and complexity of flow behaviour in each of the seven bends
examined, the following discussion focuses on discrete regions and features of the resultant

bend flow patterns.

6.4.1 Bend entry flow patterns
As raised in the introductory section of this chapter, bend flow patterns are very sensitive to

bend-entry flow patterns and the result is an almost infinite combination of resultant flow
patterns (Prus-Chacinski, 1956). Bend flow entry conditions in the Barrington swamp
channels vary between narrow and deep and wide and shallow; the former have remarkably

even distributions of flow velocity and the latter are more skewed.

The traditional riffle-flow model proposed by Hey and Thorne (1975) advocates
converging flow cells at the bed over riffles, and a reversal of this motion at bend apices.
However, Tooth and McCarthy (2004) found that the low width/depth ratios and rough
channel margins characteristic of some swamp channels can suppress secondary currents
and thus may encourage more even distributions of velocity and shear stress. Entry cross-
sections at all Polblue Creek bends and Barrington River Bend 2 are narrow and deep and
have very uniform vertical velocity profiles, a fairly even distribution of the velocity
laterally and almost no secondary currents. However, vertically stacked MVF’s were either

present at the bend entry or formed through these bends, but were not observed to rotate
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independently in the manner described by Hey and Thorne (1975) for lateral cells over
riffles. Furthermore, unlike the findings here, their model did not describe separate MVF’s
associated with each cell of opposing secondary motion. Low width/depth ratio channels,
such as Polblue Creek, with overhanging, trailing grasses, produce pipe-like cross-sections.
Stacked MVF’s most likely result from a zone of maximum velocity developing within the
lower “pipe-flow” region with another forming near the free surface where flow resistance

1s minimised.

In contrast, wider and shallower examples of bend entry cross-sections where flow passes
over duffle crests had laterally unevenly-distributed flow velocities and variable patterns of
secondary currents. In Barrington Bend 1, two adjacent MVF’s counter-rotated, consistent
with Hey and Thorne’s (1975) divergent riffle-bed flow observations. Edwards Bend 1 also
had two adjacent MVFs at the bend entry but both flowed weakly towards the inner bank at
the surface and toward the outer bank at the bed. In Edwards Bend 2 the flow was skewed
toward a single MVF at the inner bank, consistent with the observations of Whiting and
Dietrich (1993) for large amplitude meanders, but the flow had little secondary motion.
Counter-rotating cells have been supposed to completely dissipate between successive
bends of reversed orientation (Hey and Thorne, 1975; Markham and Thorne, 1992),
however, the model does not advocate paired MVF’s associated with these counter-rotating
cells. With the exception of Barrington Bend 1, the observed patterns here of secondary
flow motion through the relatively wide, shallow bend entry cross-sections are not

consistent with the riffle flow models developed elsewhere.

Thorne and Hey (1982) described the development of vertically stacked counter-rotating
cells of flow over riffles in wide channels at low flows. The upper cell persisted as a
remnant of the skew induced secondary currents in the upstream bend and the basal cell
was purported to develop in response to macro-bar forms and expanded to dominate the
flow by the time it entered the next bend. In earlier work, Chacinski and Francis (1952) and
Toebes and Sooky (1967) both found that in narrow and deep flume-channels, similar cells
can be laterally adjacent. However, none of these models of paired cells can explain the

MVF’s described in the Barrington bends, as the MVEF’s did not independently rotate in the
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manner these models describe. Thorne and Hey (1982) documented fundamental changes in
secondary flow patterns over riffles with increased discharge, and Parsons (2002) measured
laterally adjacent MVF’s flowing over a riffle in a bend entry cross-section which had a
very similar planform geometry to Barrington Bend 1, but which he attributed to local

channel anomalies.

The paired MVF’s over the Barrington swamp channel bend riffles and duffles may be the
result of local bend geometry anomalies, consistent with Parson’s suggestion (2002), or the
result of variations in secondary flow patterns with changing flow stage. However, the
similarity between flow patterns in Parson’s bend flow study and those in the Barrington

channels suggest that something more systematic may be involved.

6.4.2 Helical flow and patterns of shear stress distribution
Full helical flow is usually limited to the channel thalweg (Hickin, 1978; Dietrich and

Smith, 1983; Markham and Thorne, 1992), as point bars cause shoaling over their surfaces
and force the flow outwards, over and away from the bar toward the concave bank.
However, similar to the sinuous canaliforms described by Brice (1984), very few of the
bends examined in the Barrington swamp channels had significant point bars, and therefore
flow was forced toward the outer bank by tangential (centrifugal) forces rather than
shoaling. As a consequence, very strong helicity developed across the entire width of the
channel. These results were consistent with the work of Thorne et al. (1985), in which they
observed helical flow motion across much of the channel width, including return flow near

the bed over the point bar.

Rather than the lateral confinement of helical flow to near the thalweg, helical flow was
sometimes /longitudinally confined. In the two Polblue bends in which helical flow
developed, the flow maintained little secondary motion and became two-dimensional by the
bend exit, consistent with the rapid dissipation of helical motion observed by Choudhary
and Narasimhan (1977) in their flume study of narrow, deep channels. In contrast, in
Edwards Bends 1 and 2 and Barrington Bend 2, helical motion was maintained well past
the bend exit and over the following duffle crest. In stark contrast to all other bends studied,

in Barrington Bend 1 helicity spontaneously reversed its motion across a very short reach of
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channel. While the physical processes to cause such a reversal are not fully understood (see

section 6.4.6), the effect must be a remarkable degree of internal shear in such a bend.

Patterns of bed shear stress through these study bends show a marked response to bend
shape. Bed shear stress rapidly reduced though bend apices, coincident with the
development of maximum flow helicity, and then increased further downstream as flow
returned to predominantly two-dimensional patterns (Figure 6.6 and Figure 6.9). In these
regions of narrow, deep bend pools, significant energy losses were presumably occurring
via turbulent shearing through the water column, rather than as a result of frictional losses
at the bed. However, the association between very tight bends and the occurrence of duffle
bedforms indicates co-dependence. It may be the large turbulent flow structures that result
from very tight bends either scour the bed at the pool apex and deposit this material almost
immediately downstream, forming duffles, or the energy consumed in tight bends reduces
the sediment transporting capacity of the flow and results in the immediate deposition of
sediment from the water column on the bed and thereby forming a duffle. Either ways, it is
clear from Figure 6.2 that only the very tightest bends have duffle bedforms. Despite an
extensive investigation of bends in the study area, no examples of open bends with large

bedforms were found.

6.4.3 Interactions between MVF'’s, flow separation and outer bank cells
Until the bend exits, MVF’s maintained central paths through all of the studied Barrington

swamp channel bends. In accordance with Markham and Thorne’s (1992) model, the outer
filament of laterally paired MVF’s always dissipated. Consistent with Dietrich et al. (1979)
bend shear distribution model, in all cases, it was not until flow was past the bend apex that
the MVF approached the outer bank, and in Edwards Creek Bends 1 and 2 the MVF’s

dissipated before approaching any bank, reforming at the exit of each bend.

The paths of the MVFs were clearly controlled by large envelopes of separated flow. In the
lee of duffles, separated flow formed close to the bed, similar to separation zones in the lee
of dunes (Yalin, 1992; Kostaschuk and Villard, 1996), preventing shear from acting on the
bed in these regions. Separated flow extended to half the flow depth in the lee of these
duffles and, in Polblue Bends 1 and 2, very thin layers of separated flow developed in the
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lee of lower amplitude riffle forms. In just over half of the bends, flow separation
developed against the outer banks and varied from less than 10% of the channel width, in
Polblue Bend 3, up to more than 30% in the case of Barrington Bend 1, somewhat short of
the 50% observed by Leeder and Bridges (1975) at the inner bank of open bends with
uniform width. In Barrington Bend 1, the geometry was such that the channel widened
significantly at its apex, a characteristic that has been both observed (Nanson and Page,
1983; Andrle, 1994) and modelled (Hodskinson and Ferguson, 1998) in bends with
concave bank flow separation. Furthermore, the removal of the point bar was shown by
Hodskinson and Ferguson (1998) to enhance concave-bank flow separation. Consistent
with these observations, Barrington Bend 1 has no point bar and a large region of concave

bank flow separation.

Secondary flow patterns within regions of separated flow varied between bends. In the lee
of the Edwards Creek duffles, flow was directed upstream and towards the inner banks
(Figure 6.7c and d). In the Polblue Bends, the outer bank regions of flow separation had
almost no discernable flow patterns (Figure 6.4). In Barrington Bend 1, the outer bank flow
separation was particularly complex. In the upstream region of this zone, rotation of the
flow in a reverse manner to the primary flow caused convergent flow at the water surface
and divergent flow at the bed, similar to the cells of reversed rotation observed at steep
outer banks in numerous other studies (e.g. Hey and Thorne, 1975; Hooke, 1975; Bathurst
et al., 1979; Thorne and Rais, 1983; Thorne et al., 1985), except here at a much larger scale
(Figure 6.7a). Immediately downstream, the pattern increased in complexity with an inner
bank zone of separation developing secondary flow toward the inner bank near the surface

and towards the bed at the bank.

Small helices of reversed rotation at the outer banks have been proposed as both important
bank stabilisation features, as they divert the MVF and regions of maximum shear stress
away from the outer bank (Bathurst et al., 1979), and as destabilising features which
enhance outer-bank flow turbulence where the separated flow reattaches to the physical
bank (e.g. Leeder and Bridges, 1975; Markham and Thorne, 1992). In Barrington Bend 1,

the scale of this cell is such that there can be no doubt of its protection of the outer bank
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from scour and redirection of the maximum shear stress and MVF away from the bank
within the bend to a point further downstream. The only other observed outer bank helical
cell was in Edwards Bend 1, where limited data indicated flow outward, and toward the
channel centre-line, from the concave bank near the water surface, and implied the presence

of such a cell.

6.4.4 Concave bank embayments
Many of the bends along Polblue Creek, the Barrington River and Edwards Creek have

developed pronounced concave bank embayments in which separated regions of flow have
formed (Figure 6.4, Figure 6.7 and Figure 6.10). In tight bends in other wetland channels,
Jurmu and Andrle (1997) identified similar features, in which lily-pads were growing and
fine sediments accumulating. Andrle (1994) measured the flow field through one such
bend, at near bankfull flow (Figure 6.11a), and observed consistent patterns of surface flow
at various stages from low to bankfull in this and other bends. The pattern he observed
closely paralleled that measured in Barrington Bend 1 (Figure 6.11b) and Andrle
considered a counter current (separated flow) could both form, and maintain, this region of
the channel. In low gradient coastal plain streams across the United States Alford et al.
(1982) identified 57 bends with these features. He measured bankfull flows through these
bends, found only weak downstream currents, and hence proposed that their development
must occur during the fall stage of overbank flood flows, when substantial water gradients,
and therefore erosive forces, develop. The following explanation describing the formation
of concave bank embayments builds on that proposed by Andrle (1994), with the addition
of further factors.

Hickin’s (1978) model of bend evolution describes how bends migrate until their radius of
curvature to width ratios reduce to approximately 3, when flow becomes increasingly
directed toward the concave bank, causing scour and bank erosion. Outer-bank flow
separation ensues and causes increased turbulence and more rapid, but localised, retreat of
the bank at the point at which the primary flow reattaches to the physical channel boundary
(Markham and Thorne, 1992), until a localised embayment forms. More extensive flow
separation develops within this zone, against the outside bank. At this stage of bend

development, the MVF can move back towards the centreline of the channel. Shear stresses
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are then either redirected to a point further downstream on the concave bank, or to the inner
bank over the point bar, or both, depending on the specifics of bend geometry (Markham
and Thorne, 1992). Whether the embayment aggrades as a concave bench and encourages
inward migration of the bend (Nanson and Page, 1983; Parker, 1996) or maintains its depth
(Alford et al., 1982; Andrle, 1994), depends on several factors.

Figure 6.10 Barrington Bend 1: an example of a concave bank embayment with flow separation (indicated by
dashed white line) and a concave bank bench on its upper limb (bound by solid white line — presently covered
by flow). Flow is from top to bottom left.

It is proposed here that the Barrington swamp channel bends with concave bank
embayments evolve to very low r./w ratios, following Hickin’s model, then either remove
or fail to form point bars owing to the shifting of the MVF to the inner bank or a lack of
sediment with which to do so. They then create increasingly larger embayments as the
channel migrates or retreats towards the inside bank, consistent with the observations of
Andrle (1994) in similar bends. But the Barrington swamp channel bend embayments have
relatively weak shear stresses, more consistent with the observations of Alford et al. (1982)
than Andrle (1994), and therefore they should be infilling and developing concave bank
benches. However, insufficient sediment supply presumably allows the embayments to

maintain their depth and width for a long time.
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Figure 6.11 Flow through bends with concave bank embayments: a. modified from Andrle (1994; Figure 5).
Black arrows represent measured near-surface flow vectors and blue lines are sketches of surface flow
patterns; b. Barrington River Bend 1 compiled from data presented in Figure 6.7a. The straight, dashed blue
line indicates the expected (a) and observed (b) eddy-lines and the red dashed line indicates the region of flow
separation.
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The results from Chapter 3 and Chapter 4 showed that these channels lack significant
amounts of either suspended or bed load and Andrle (1994) considered a similar
explanation for such embayments in Connecticut swamp environments. While fine
materials and aquatic plants were observed in most embayments in the Barrington swamp
channel bends, the low rate of sediment supply has also ensured that accretion in these
regions is a slow process. Indeed, it appears there may even be sufficient flow within some
embayments to prevent fine sediment that does move into the region from being deposited,
in support of Andrle’s theory (1994). Nevertheless, Barrington Auger Transect 5
(illustrated in Figure 2.3) demonstrates concave-bank bench accretionary deposition within
much of the outer bank floodplain and thus implies some lateral adjustment of the channel
system by inward channel migration. However, most of this material is organic with minor
fining upwards sediment composition and it is therefore likely that vegetation growth

determines subsequent sedimentation within these regions.

The Barrington swamp channel-bends continue to direct the MVF toward the downstream
end of the concave bank embayments. Here the primary flow reattaches to the physical
channel bank and turbulence is expected to be maximised, leading to elongated concave

bank embayments. Such features were illustrated earlier in Figure 3.3.
6.4.5 Secondary circulation strength

Hickin (1978) showed how secondary circulation strength is inversely related to r./w;
tighter bends have stronger circulation. Bathurst et al. (1979) found that circulation strength
is also a function of the interactions between the flow and the point bar and that it responds
to flow stage by first increasing, until mid flow stages, then decreasing toward bankfull as
the point bar becomes submerged and the effective radius of curvature to width ratio of the
bend increases. Previous work in flumes (Shukry, 1950; Choudhary and Narasimhan, 1977)
has also shown that in channels with fixed curvature, secondary circulation can decrease
with increased discharge. The Barrington swamp channel bends lack significant point bars
and some have fixed curvature through flow-stage variations. It is therefore possible that at
more moderate flow stages, these bends may also exhibit stronger secondary circulation

than they do at near-bankfull.
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Because bend flows were measured at Barrington Tops at a variety of stages (Table 6.1),
measures of secondary circulation strength are thus not appropriate to compare with one
another quantitatively, in the manner applied by Hickin (1978), however a qualitative
comparison can be made. In the simplest bends that exhibit only low amplitude bedforms
(Polblue Bends 1, 2 and 3) decreasing r/w results in a marked increase in secondary
circulation from Bend 1 to Bend 2. However, Bend 3, the most tightly curving, shows little
secondary current development (Figure 6.4c). The mechanics leading to the decrease in
secondary circulation strength in Polblue Bend 3, and hence the mimicking of a free-vortex
(irrotational) flow (Shukry, 1950), can be considered by investigating the elements that lead
to the helical motion of flow in bends; tangential (centrifugal) force (resulting in
superelevation of the water surface) and bed friction. The extent of superelevation of flow
in a bend is a product of variations in radius of curvature, flow velocity and width. Polblue
Bend 3 maintains a low width/depth ratio, until the bend exit where the channel widens
slightly and some secondary motion of the flow is observed. Low widths and moderate
velocities suppress superelevation of the water surface, despite low r/w ratios.
Furthermore, owing to the constant low width/depth ratio of the channel through this bend,
bank friction far exceeds bed friction (see Chapter 4 for shear stress partitioning) and may
act to further inhibit the superelevation of the flow by keeping the vertical velocity profiles
relatively uniform (Figure 6.5). Because superelevation of flow is one of the main drivers,
its suppression will inhibit the development of secondary currents. Furthermore, narrow
and deep channels, with a greatly reduced proportion of their boundary resistance at the
bed, are not expected to develop secondary current strengths of the magnitude observed in

wider channels (Bathurst, 1979; Tooth and McCarthy, 2004).

Indeed, Figure 6.5 shows that the vertical velocity profiles in Polblue Bend 3 to be
remarkably uniform. Secondary currents will only form where there is a marked difference
in the surface and near-bed velocities. In the absence of secondary circulation, the flow
becomes closer to being irrotational than rotational (Shukry, 1950), and the MVF follows
the law of conservation of angular momentum and moved towards the inside of the bend, as

is the case in this bend.
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6.4.6 Bend flow helicity reversal
An example of a spontaneous reversal in flow helicity was observed in Barrington Bend 1

(Figure 6.7a). In this bend, flow first developed very strong clockwise helical motion,
presumably enhanced by the shallower depth of flow and the steep geometry of the duffle
bedform, approaching the concave bank at an acute angle. An eddy-line formed
approximately as an extension into the pool of the right bank, but slightly downstream, and
formed a boundary between the normal and reversed flow helicity conditions to anti-
clockwise. Similar eddy-lines in the Edwards Bends 1 and 2 also appear to be a result of
rapid reductions in the strength of secondary currents between adjacent channel cross-
sections either side of the bend apices, although in the Edwards bends the helices did not

actually reverse direction.

As already stated, high velocities and low r./w ratios enhance flow superelevation in bends,
but low turbulence and shearing consume energy and reduce flow velocity, thereby
reducing the force available to maintain superelevated flow. At bankfull flow, Barrington
Bend 1 exhibited very pronounced secondary currents, and the ADV data indicated very
high levels of turbulence. As flow enters this bend, high velocities cause the flow to
superelevate. Flow collides with a large region of separated flow (Figure 6.7a, Sections 4
and 5) and presumably consumes a great deal of energy in the creation of turbulence and
shearing of flow along this boundary. Velocities at this point are reduced (compare Sections
5 to 7, Figure 6.7a) and, as the separated region of the flow at the outside of the bend is
dissipated, flow expands to fill much of the cross-section. As a consequence a major
component of the force that drives superelevation upstream of the bend apex is lost. Water
is therefore superelevated, but with a reduced force available to maintain its superelevation.
Furthermore, the MVF at this point dives to the channel bed (Figure 6.7a) as the outer cell
and main cell converge near the surface and dive toward the bed. The superelevated surface
flow near the outside bank, under the influence of gravity, flows back toward the inner
bank, especially at the surface. Retardation of bed flow by boundary friction slows the near-
bed flow and, encouraged by the MVF near the channel bed, flow near the bed becomes
directed toward the outer bank. The result is a complete reversal of the direction of flow

helicity within this bend.
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Support for the helicity reversal model proposed above is provided by several studies.
Hodskinson and Ferguson (1998) observed abrupt reversals of surface flow direction near
the apex of a tight bend at sub-bankfull flow. Parsons (2002) used a 3-D model to predict
sub-bankfull flow through a bend with a large concave bank pool (although he did not
define it as such), and his results also indicated reversals of flow helicity near the bend
apex. However, at bankfull flow the modelled pattern of helicity reversal in that bend was
not complete in that only surface flow reversed its direction. His model also illustrated a
water surface elevation difference between the inner and outer bank across a 4m wide bend
apex of approximately 0.28m, and he described intense shearing between the primary and

the separated flow.

New and particularly relevant work supporting the helicity reversal model described above
is that by Corney et al. (in review). Their study modelled and experimentally demonstrated
very unusual bend flows in submarine channel bends and demonstrated that the helical
flows were in the reverse direction to the circulation observed in rivers. They attributed this
result to the unusual velocity profiles in these channels where the MVF’s occurred near the
bed, rather than near the surface as would normally be the case for sub aerial flow
conditions. Tangential (centrifugal) forces, which normally dominate surface flow and
cause superelevation at the outside bank, were maximised near the bed and drove the flow
outward and up the outer bank, thereby causing helical motion in reverse to that in sub-
aerial bends. The plunging MVF located near the bed in Barrington Bend 1 could drive a

similar mechanism for reversing flow helicity mid-way through this bend.
6.5 Conclusions

The narrow, deep and variable bed morphologies of the Barrington swamp channels
enables the study of flow in meander bends under very different conditions to the relatively
wide, shallow cross-sections that characterise most meander bend entry and apex cross-
sections. Furthermore, high bank strengths and armouring have enabled some unusually
large bedforms to develop and be maintained. These circumstances have resulted in bend

flow patterns with several remarkable characteristics:
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Bend entry flow patterns varied between all bends. The narrow and deep cross-sections
tended to exhibit even velocity distributions and little secondary circulation at bend
entries or exits. In contrast, the wider and shallower entry cross-sections (located at
duffle or riffle crests) exhibited more skewed velocity patterns and some rotation of
paired MVF’s. With the exception of Barrington Bend 1, the rotation of these MVF’s
were not consistent with riffle or inflection point flow models (Hey and Thorne, 1975;
Thorne and Hey, 1982) as they converged near the surface, rotated in the same direction

or did not rotate much at all.

With the exception of Polblue Bend 3, helical flow became fully developed across each
of the bend apices that were examined. Large point bars, which might otherwise cause
shoaling (and hence outward) flow over their surfaces, have not developed in the
Barrington swamp channels and helical flow patterns therefore also extended across the

full extent of bend apices.

In the narrow and deeper Polblue Creek, helical flow developed and dissipated rapidly
within the bends, in accordance with the observations of Choudhary and Narasimhan
(1977) in flume channels. In contrast, in the high amplitude bed topography and wider
and shallower cross-section bends of Edwards Creek and the Barrington River, flow
helicity persisted until past each bend exit. This emphasises the importance of bed

friction in contributing to the formation of secondary currents.

In contrast to the results of Hickin (1978), the tightest bend with low amplitude
bedforms (Polblue Bend 3) did not develop significant secondary currents. This is
probably because the low width/depth ratios and limited bed friction reduces the
vertical flow velocity imbalance required to generate secondary currents. This result is
consistent with the findings of Bathurst (1979) and Choudhary and Narasimhan (1977),
in which wider cross-sections with considerable bed friction encourage helical motion

of the flow.

Outer bank cells of reversed rotation were observed in one bend (Barrington Bend 1),

and inferred in one other (Edwards Bend 1) by outward directed vectors near the water



Chapter 6 Time averaged flow structures in bends 197

surface at the concave bank. A lack of near-bank flow data may be responsible for the
very few observations of these reverse rotation cells, as steep banks are highly

conducive to their development.

¢ Duffle bedforms were found in association with only the tightest bends. Their
occurrence appears, therefore, to be the result of either intense bed and bank erosion at
the bend apex with subsequent sediment transport from only the bend to the following
duffle, or the inability of the flow to maintain sediment transport once turbulent energy
losses associated with bend flow interactions reduce flow velocities immediately past

the bend apices.

¢ Separation zones associated with the outer bank and bedform flow dictate the path of
the MVF and the distribution of shear stress in the Barrington swamp channel bends.
Bank-attached flow separation redirected maximum shear stresses toward the channel
centreline, until the bend exits. Here, bed-attached separated zones formed in the lee of
bedforms and reduced boundary shear stresses near the apices of bends. Furthermore,

these locations coincided with the region of maximum flow helicity in each bend.

¢ The outer bank cell of reverse rotation in Barrington Bend 1 takes the form of a large
separated zone within the outer bank embayment. Highly turbulent energy losses
resulting from the interaction of the main flow within this separated region of flow
combines with the suppression of the MVF toward the bed to drive a complete reversal
of flow helicity through the downstream half of this bend. The effect of the MVF being
located very near the bed in bend flow, and the subsequent effect on the forces that
drive bend-flow secondary circulation, has been documented to drive reverse helicity in
both flume and model analyses of submarine flumes (Corney et al., in review).
Reversals in surface flow patterns similar to this have also been documented in bends
with similar geometries to that in Barrington Bend 1 (Andrle, 1994; Hodskinson and

Ferguson, 1998; Parsons, 2002).

¢ In contrast to the model proposed by Alford (1982), whereby concave bank

embayments (or circular meander pools) were purported to develop at (or following)
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overbank flows, it is proposed here that they have developed via the bend evolution
model proposed by Hickin (1978), which was also suggested by Andrle (1994) for
similar circular meander pools. Bends become increasingly tight, then cease to migrate
outward as the MVF moves inward and erodes the point bar. Owing to a lack of
sediment supply, the development of concave bank benches, which might be expected
to form against the upstream limb of the concave banks in such tight bends (Nanson and
Page, 1983), has not occurred. The MVF is directed to the concave bank downstream of
separated flow regions that have developed in these embayments, leading to the
elongation and enlargement of these features. Sediment supply limitations severely

impede the subsequent accretion of such embayments.

The patterns of bend flow described above explain the presence and persistence of some
unusual channel planform and bedform morphologies, largely unique to swamp channels.
The hydraulic efficiency of these swamp channel cross-sections, afforded by high bank
strengths and low sediment supply (Chapter 3), are balanced by turbulent energy losses

caused by both duffles and riffles, in combination with relatively tight bends.
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This thesis has examined three streams flowing through two upland swamps on a sub-
alpine plateau near the central coast of New South Wales. Such streams are not common in
an Australian context; however, the unusual form and behaviour of these channels provide

opportunities for the research of fundamental stream processes.

In some swamps, channel development is a catastrophic response to system disturbance
(Young, 1983, 1986a, 1986b; Hope, 2003). However, this study challenges the application
of this concept to the Barrington swamps and demonstrates that their channels have
probably persisted in a similar form for the last ~1ka, indicative of both channelled system

longevity and stability (equilibrium).

How the streams have adjusted toward equilibrium was considered at several different time
scales, beginning with their development over the longer-term and ending with
instantaneous measurements of bend flow. Within the range of these two temporal
extremes, adjustments were also considered through hydraulic geometry, bedform and
planform analyses. Importantly, each of these analyses builds upon the other and emphasis
was placed on their linkages. From Chapter 2 through Chapter 6, not only were temporal
scale adjustments considered, but also the spatial scale adjustments, initially broad-scale
and finally fine-scale. Adjustments over both these scales were then assessed in the context
of the equilibrium channel condition, revealed by uniform water surface gradients. It is

appropriate to reconsider the stated objectives in the context of these results.
7.1 Addressing the objectives

Several objectives were defined in Chapter 1 and are restated and summarily addressed

below, before a discussion of more specific outcomes is provided.

Objective 1. Assess the evolution and stability of the channel corridors within the swamps

The stability of the channelled condition of Edwards and Polblue Swamps was determined
using both radiocarbon and palynological evidence. This data indicated likely incision of

the swamps at ~1200BP and 800BP, and 1000BP, respectively, and the probable
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persistence of channelled conditions since this time. Hydrological data also indicated
balanced and intimate exchanges in the water table between the contemporary channels and
their adjacent swamps. Channel flow stage-height conceivably limits swamp floodplain
growth rates and height, closely mimicking the control imposed by overbank deposition in
more conventional alluvial channels, thereby emphasising the likely control of channel

dimensions on swamp height, rather than the reverse.

Mechanisms for floodplain development were investigated using both stratigraphic
interpretation and bend flow-field data collection. Rapid vertical accretion/growth of the
inset floodplains in response to likely channel incision, and slow concave bank bench
accretion since have been identified as mechanisms for floodplain development in these

swamp systems.

Objective 2 Describe interactions between channel geometry and flow in these narrow and
deep, sediment-deficient channels

& Objective 3. Describe bed adjustments in such narrow, sediment-deficient channels

Channel adjustments to flow conditions were quantitatively investigated by analysing their
hydraulic geometry, bed morphologies and channel planforms. Hydraulic geometry was
shown to be constrained by several parameters: channel widths are constrained by
unusually high bank strengths and channel depths are, in places, limited by the depth of
swamp alluvium overlying basement material. Furthermore, a lack of sediment supply
imposes a limitation on bedform development. As a consequence, the channels have
developed narrow and mostly deep cross-sections with high velocity exponents and, despite
depth limitations through some reaches, the channels were largely able to develop
width/depth ratios approximating 2-3. Despite the resultant high velocity exponents, and
shear stresses in excess of those required to mobilise bed and bank material, planforms and
bedforms were essentially stable as a result of particularly resistant bank vegetation and
bedform armouring. The achievement of equilibrium channel conditions indicated the

success of channel self-adjustment in attaining stability.
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Objective 4. Describe the planform adjustments and bend-flow characteristics in systems
with such narrow and deep, tightly curving bends

The formation and maintenance of several peculiar swamp channel-bend morphologies
were described and associated with unusual patterns of bend flow. The inability of flow to
develop helical motion in one particularly tight bend, and the complete reversal of flow
helicity in another mid-way through the bend, were documented and related to particular
bedform and planform geometries. Flow patterns through particularly tight bends, which
were bound by steep bedforms called duffles, were described and the development of

concave bank meander pools were described by measuring flow fields.
7.2  Specific outcomes

The specific outcomes of the thesis are divided into four broad categories, which are

addressed separately below.

Evolution of the Barrington swamp channel corridors

Swamp channel longevity associated with frequent bankfull flows imply stability
(equilibrium). Radiocarbon dating and palynological data determined either the incision of
previously unchannelled swamps ~1000 BP, or the contraction of previously large channels

starting at this time, and their subsequent relative stability.

Present-day flow hydrographs illustrate diurnal fluctuations, indicative of intimate flow
exchanges between the channels and swamp water tables. These fluctuations are the result
of water being drawn into the floodplain by swamp vegetation during the hours when
evapotranspiration is at a maximum rate and minimisation of this process at night (Todd,
1964). While there is a moderated release of water from these systems most of the time, the
implication is that a balance exists between the channels and the swamps, indicative of their

co-evolution and mutual stability.

Constraints on organic-alluvial channel adjustment and resulting extremes in channel
morphology.

Similarities between the morphology of the Barrington swamp channels and alluvial

channels in other environments directly imply that self-adjusting fluvial mechanisms must
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operate in both (Jurmu and Andrle, 1997; Jurmu, 2002) which facilitate their adjustment
toward stability (equilibrium) (Mackin, 1948).

Several constraints influence channel adjustment in these swamp systems: depth limitations
are, in several places, imposed by finite peat thickness above basement material, but in
many places the channels are narrow and deep; width limitations are imposed by high bank
strength and the constrictive growth of vegetation; and sediment supply limitations from
well forested headwater streams prevent the ongoing development and migration of
bedforms. The resultant narrow and deep channel geometries produce rapid increases in

velocity with discharge.

Low width/depth ratios approximating two are hydraulically ideal for conveying sediment-
free water (Huang et al., 2004), conditions consistent with the geometry and low sediment
supply in the Barrington swamp streams. Hydraulically efficient channels with very little
sediment load could result in surplus energy and unstable systems, if not countered by

bedform and planform adjustments and resilient channel boundaries.

Bedform and planform adjustment in swamp channels

In most of the channel reaches examined, insufficient sediment load has limited the
development of flow resisting bedforms. However, complex planforms and semi-permanent
bed features generate large scale turbulent structures and sufficient flow resistance to
maintain stability. Dense root mats provide high bank strengths that are central to the
maintenance of channel form. Such strong banks and aquatic plant growth on the bedforms
that have developed can withstand the intense turbulence, created by the lateral (planform)

and vertical (bedform) flow undulations, maximised during high discharges.

Velocities increase markedly with stage through most reaches but in the relatively high
stream power Edwards Creek and Barrington River the development of unusually large
bedforms (duffles) and complex planforms have moderated velocity exponents. Cross-
sections with duffles exhibit more modest velocity exponents illustrating that these bed

features limit sediment transport capacity and channel erosion.
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Duffles are defined as bed features with both dune and riffle characteristics. Their positions
are predominantly determined by channel planform, consistent with riffles (Keller and
Melhorn, 1978) but their amplitudes are scaled to both flow depth, consistent with both
dunes (Simon and Thorne, 1996) and riffles (Carling and Orr, 2000), and with channel
width, again consistent with riffles (Keller and Melhorn, 1978). Furthermore, their
steepness values exceed those exhibited by either dunes or riffles, but are more consistent
with ripples (Baas, 1999). These ambiguities suggest overlap in both the definition and

function of these bed features.

While in most cases the critical shear stresses for the sub-surface sediments of duffles are
exceeded by the flow at bankfull, their surfaces are armoured. The persistence, and the
consequent stability of these reaches of channel, is dependent on the maintenance of these
armoured surfaces and on the strength of the vegetated banks. Furthermore, the magnitude
(steepness) of duffles are such that their contribution to flow resistance and the reduced
shear stress significantly reduces the capacity of the flow to transport sediment, as
illustrated using Best’s (1996) shear stress - grainsize bedform existence diagram. As bed

features they appear to be attuned to minimising sediment transport and channel erosion.

Unusual bend flow characteristics resulting from extremes in channel morphology
Very low width-depth ratios, high sinuosity and varying magnitude bedforms have
produced both unusual bend geometries and bend flow patterns. Owing to their discrete

character, these are best addressed in point form.

¢ Sediment supply limitations have inhibited point bar development and greatly altered
the flow that would otherwise shoal over such surfaces (Hickin, 1978; Dietrich and
Smith, 1983; Markham and Thorne, 1992). The Barrington swamp channels are able to
develop full helical motion across the entire width of most bend apices. The suppression
of helical motion in Polblue Bend 3, the only exception to full apex-flow helicity, is
attributed to its unusually constant width and its extremely low width-depth ratio. These
characteristics are contrary to those that enhance the development of secondary
circulation (Bathurst, 1979) and appear to override the low radius of curvature/width

ratio that would otherwise promote the formation of such currents (Hickin, 1978).
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¢ Sediment supply limitations combined with unusually high bank strengths enable the
development of particularly tight meander bends, often in association with a feature
common to swamp channels (e.g. Alford et al., 1982; Ingram, 1983; Andrle, 1994): a
concave bank embayment, termed a circular meander pool by Andrle (1994). These
features have developed as bends evolve lower radii of curvature/width ratios, and the
MVF is drawn inwards and away from the concave bank, in the manner described by
Hickin (1978). Concave bank benches that might otherwise form in the upstream limbs
of these bends (Nanson and Page, 1983) are limited from doing so in these swamp
channels by low sediment supply rates. The result is the persistence of concave bank
embayments in many bends, with separated flow, and the deposition of only scant point

bar deposits.

¢ Flow separation developed at the outer banks of most channel bends and at the inner
banks of some bends, in response to tight and irregular planforms. Large separation
zones also developed in the lee of duffles, consistent with those that form in the lee of
dunes (Yalin, 1971). The significance of these separation zones is twofold: the shifting
away of maximum shear stresses and hence the protection of the channel boundaries
adjacent to these regions, and the large energy losses resulting from the turbulent eddies
that develop in association with them (e.g. Best, 1996). These energy losses are
important for countering highly efficient channel flows resulting from low width-depth

ratio swamp-channel cross-sections.

¢ A reversal in bend flow helicity mid-way through one bend was attributed to its unusual
morphology; it is bound by duffles, has a large concave bank circular meander pool and
a very low ro/w ratio. High turbulent energy losses result from the interaction of the
main flow with the separated flow at the concave bank, a condition probably enhanced
by both duffle-flow interactions and surface flow convergence. These drive the MVF
towards the bed, a position that has been shown to drive helicity reversals in both flume
and model research through entire submarine channel bends (Corney et al., in review).
Reversals in surface flow patterns similar to this have also been documented in other

studies with similar bend geometries (Andrle, 1994; Parsons, 2002).
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7.3 Management implications

It has been demonstrated that the Barrington Tops channels and their swamps are highly
unusual, equilibrium features. The concept of the stable channelled swamp is a relatively
new one (e.g. Jurmu and Andrle, 1997; Jurmu, 2002) and their uniqueness and picturesque
character mark them as worthy of conservation. Furthermore, the moderated release of flow
from these upland catchments, resulting from the intimate exchanges of water between the
channels and the adjacent swamps, has consequences that are more widespread;
downstream reaches of channel benefit, both ecologically and possibly economically, from

the base flows that these environments provide (Mitsch and Gosselink, 1986).

This research has demonstrated that the cross-sectional form of these swamp channels
results in highly efficient flow conduits with velocities that increase sharply with increasing
stage. The stability of such velocity-responsive swamp channels is dependent on two major
factors; high bank strength, provided by vegetation, and bedform strength, provided by
sediment armouring and aquatic vegetation. The preservation of these two controlling
parameters is integral to the continuing stability of both the channels and swamps. If duffle
bedforms were to erode through the loss of armouring, sediment supply limitations would
inhibit their redevelopment. This research suggests that there would be a marked reduction
in flow resistance, resulting in the destabilisation of the channel geometry. Likewise, the
loss or significant alteration of riparian vegetation would have major implications for bank
and bed strength and would also encourage changes in channel form and swamp hydrology.
A feedback between stable, equilibrium channels and the surrounding swamps is evident;
there cannot be one without the stability of the other and the disruption of either would

likely be to the detriment of both.

Present threats to bedform armouring and channel vegetation are numerous. Evidence of
feral animals such as horses and pigs include recently grazed swamp vegetation, dung
heaps, well formed tracks and over-turned soil (caused by rooting pigs). These
modifications threaten both the integrity of the armoured duffle surfaces, on which the
horses tread, and the swamp surfaces, on which horses and pigs graze and form animal-

tracks.
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The notion of the vulnerability of channelled swamps is partly challenged by their land-use
history. Sporadic summer grazing of the swamps until the 1960°s (Randell et al., 2003) did
not cause their destruction and suggests that these systems may, in fact, be more resilient
than they might otherwise appear. Certainly, periods of fire and drought over the preceding
~1ka years of their existence must have occurred and has not resulted in their destruction.
Perhaps the risk to these systems lies in some combination of the effects of drought, fire

and feral animals.
7.4 Further research

Several results from this thesis suggest lines for further investigation.

¢ Evidence for a reversal of flow helicity mid-way through a meander bend on the result
of just Barrington Bend 3 could be improved by documenting further examples. While
other studies have documented similar reversals in surface flow at sub-bankfull
(Parsons, 2002) or bankfull (Alford et al., 1982) flows in bends with meander pools,
this study provides strong evidence for the reversal of subsurface flows as well. The
measurement of three-dimensional flow fields through at least one other bend would be
desirable. This would enable the probable mechanism that drives the reversal (primarily

the plunging maximum velocity filament) to be more rigorously assessed.

¢ Shear stress calculations derived from the application of the Law of the Wall to near-
bed velocity measurements could be further improved by applying the Turbulent
Kinetic Energy (TKE) approach to near-boundary data points obtained using the
Acoustic Doppler Velocimeters (ADV’s) (Kim et al., 2000; Biron et al., 2004). Some of
the data obtained in this study are suited to the application of this technique; however,
the cumbersome size of the ADV’s prohibited many near-bed and near-wall
deployments. Both additional and suitable existing data could be analysed using this
technique. These calculations would also further substantiate the shear stress estimates
derived in this study from the Du Boys shear stress partitioning and would enable wall
shear stresses to be directly measured and compared with those estimated by Knight et

al. (1984) in flume channels.
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¢ Aecrial photographs and field evidence illustrate many examples of meander cut-offs in
Edwards Swamp through which the Barrington River and Edwards Creek flow. The
source of sediment for duffle bedform development in these same channels remains
undetermined. As there is currently very little sediment moving through these channels
it is proposed here that the duffles formed either: 1) rapidly from the sediment released
during planform adjustments and they provided the flow resistance required to stabilise
the channels at this time or, 2) more slowly through the gradual accretion of the limited
amount of bedload available. Recent developments in optically stimulated luminescence
quartz dating enable relatively young deposits to be dated (Olley et al., 2004;
Thompson et al., in press) and this technique may be suitable for application in these

swamp channel deposits.

¢ Channelled swamps have only recently been either morphologically described (this
study, Jurmu and Andrle, 1997; Jurmu, 2002) or modelled in terms of their evolution
(this study). As swamp geomorphology effects the palynology of distal swamp cores
within a swamp by altering the entire swamp water table and hence the swamp
vegetation, swamp geomorphology (including channel presence) may have significant
implications for palynological interpretations (Young, 1986a). Not all palynological
changes need be climatically induced. Further research linking the palynology and
geomorphology of channel tracts within a swamp and distal cores from the same swamp

could determine if different interpretations would arise.
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Appendix 1

FLOW HYDROLOGY DATA ANALYSIS TECHNIQUE

This appendix describes the processing of the water level data that was used in Chapter 1 to
describe the daily water level fluctuations. The data collected using the Andeera Water
Level Recorders include flows resulting from several rainfall events during each
measurement period. A lack of concurrent temperature and rainfall data limited data

analysis techniques to a simple time-series decomposition.

Time series decomposition

To separate the stage hydrograph and sub-daily fluctuations in flow, datasets comprising
several weeks of stage data for both the Barrington River and Polblue Creek were initially
analysed using both additive and multiplicative decomposition approaches. This approach

is based on the theory that:

Data = pattern + error

Pattern = f (St, Tt, Et)

where: St = seasonality

Tt = the trend cycle

Et = error (or remainder)

(Makridakis et al., 1998). The dataset is assumed either multiplicative or additive in nature:
if multiplicative, the amplitude of seasonality is expected to increase with increasing

magnitude; if additive, the amplitude of seasonality should not vary with magnitude:
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Multiplicative:
Yt=S;.T:.E
Additive:
Yt=S;+ T+ E;

For the datasets examined, neither of these conditions were entirely satisfied, as the
amplitude of seasonality decreased with increasing magnitude, the inverse of what is
expected of a multiplicative dataset. For this reason, both the multiplicative and additive

approaches were undertaken.

Using the Minitab statistics program, whole datasets (Figure 1.9) were detrended using
centred 24-hour moving averages, in an effort to minimalise the complicating influence of
rainfall. The residuals were then decomposed to determine the seasonal component of each
dataset. Poor results were obtained using this method and partial datasets were therefore
selected; these were also indicated in Figure 1.9. They were chosen visually, on the basis of
consistency in trend, consistent with Grayson et al. (1996, p55) recommendation, that “any
statistical test (of trend) should be preceded by graphical analyses” and who therefore
encourage dataset visualisation prior to the application of analysis techniques. Using this
visual technique it was determined that linear detrending was suitable for the

decomposition of the selected flow sub-datasets.

Decomposition error estimates

Results were derived for three partial datasets (two from the Barrington River dataset and
one from Polblue Creek) creating six additive and multiplicative decompositions. The
accuracy of the resulting forecasts were assessed by calculating the root-mean squared
deviation (RMSD) and mean absolute percentage error (MAPE), each of which are
standard statistical techniques. The inability of the MAPE to represent error as a fraction of
the total model range resulted in an inability to comprehend the reliability of the model,
both within and between datasets of varying mean value. Therefore in addition to the

standard statistical calculations, the error of the resulting seasonals was also expressed
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using the RMSD as a fraction of the seasonal range and is termed the seasonal reliability
(SR). It is comparable between datasets with differing mean values. The following

formulae represent the derivation of each of these results:

n
1 e

n

RMSD =

t=l1
MAPE =  3|PE,
t=1

SR = RMSD x100

(seasonalrange)

The RMSD and SR results for each decomposition are presented in Table Al.1. These
scores were used to determine which of the forecasts were appropriate for describing the

hydrology of each channel.

Table A1.1 Error scores for partial series decompositions for summer water level recorder data.

RMSD multiplicative additive
Barrington 2003 0.01 0.01
Polblue 2003 - 0.01

SR
Barrington 2003 16.10 23.79
Polblue 2003 - 18.12
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Selected seasonal trends

Only additive model error scores were obtained for each subset as the multiplicative
approach resulted in unintelligible seasonal trends in the Polblue subset. The multiplicative
approach was therefore not pursued for data analysis. The additive decomposition method
produced reliable seasonality with errors of £0.01m (RMSD) and SR scores of <24% for
the two Barrington River subsets, averaged, and the single Polblue subset; these are

illustrated in Figure 1.9.
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Appendix 2

POLLEN DATA
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Appendix 3

MATLAB SCRIPT “resample_long”
A Matlab script to resample randomly spaced longitudinal profile data at given intervals.
In this case the resampling interval is 1metre.

load pollong.txt;

[m,n]=size(pollong);

inc=1;

dd=diff(pollong(:,1));

ind=find(dd == 0);
new_dist=pollong(1,1):inc:pollong(m,1);
new_ht=interp1(pollong(:,1),pollong(:,2),new_dist);
plot(pollong(:,1),pollong(:,2))

hold on

plot(new_dist,new_ht,'r.")
data=[new_dist' new_ht'];

save 'pollong newlm' data -ascii
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Appendix 4

MATLAB SCRIPT “Pools_riffles.mod”

A Matlab script for calculating the SD of the differences in elevation of consecutive points
in a long profile, then determining changes in the sign of the product of consecutive points
(i.e. peaks or troughs), then using 0.75 SD as a minimum difference between consecutive
peaks and troughs to identify them as pools or riffles.

load conlong.txt;
x=conlong(:,1);
y=conlong(:,2);
plot(x,y)
b=y(2:end)-y(1:end-1);

% differences
c=b(2:end).*b(1:end-1);

% negative values => local max or min
i=find(c<=0); % indices of negative values in c
extremay = y(i+1);

% values corresponding to indices of negative values in ¢
extremax = x(i+1);

SD=std(conlong);
Standdev=0.75.*SD(3);

% using the 0.75 SD tolerance suggested by O'Neil and Abrahams - can use 0.5, 1 and 1.25
peakdiff=extremay(2:end)-extremay(1:end-1);
=1
k=1;
while extremax(j) < extremax(length(extremax))
sum=0
while(abs(sum) < Standdev & j <= length(peakdift));

sum=sum-+peakdiff(j);
=it
end
xp(k)=extremax(j);
yp(k)=extremay(j);
k=k+1;
end
hold on
plot(xp,yp,'.");
data=[xp" yp'];
save 'conporif' data -ascii
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Appendix 5

ACOUSTIC DOPPLER VELOCIMETER (ADV) DATA PROCESSING
ADV’s use the doppler effect to measure flow velocity. An ADV transmits short pulses of
sound of known pitch then records the altered pitch of the echo that reflects off sediment or
organic particles moving with the flow (Nortek, unpublished). The difference between the
transmitted and received pitch is converted into velocity components for each dimension
(X, Y and Z) via three receivers. The technique has potential problems resulting from
inadequate quantities of suspended particles, or the passing of particularly large objects
such as debris or fish. Anomalies in the record resulting from such inaccuracies were
filtered from the dataset using the Signal to Noise Ratio (SNR), which measures the signal
strength to noise strength ratio, and the correlation scores. These determine the strength of

the signal that is transmitted to that which is received.

Further errors can result from setting an inappropriate velocity range. The range is set to
minimise noise; higher velocities record greater errors and it is important to set the
expected velocity to not much more than the maximum velocity that is expected. However,
if flow velocities exceed this range, aliasing may result whereby the ADV overranges and
records a change in sign but the same velocity (Wahl, 2000). Aliasing is not evidenced by
SNR or correlation values and cannot be filtered using these parameters; it was necessary to
check each data point to ensure that the range of velocities that was set was not exceeded

by the absolute values in the recorded time series.

The ADV recorders were set for continuous sampling at 16 hertz with a velocity range of
+1m/s. Data was filtered by allowing a maximum SNR of 10, a correlation minimum of
70%, a velocity range of +lm/s and, to remove spikes, by allowing a maximum
acceleration of the flow from one measurement to the next of no more than that which
could be attributed to gravity (9.8m/s). Secondary current vectors were plotted directly
from this data, however, primary velocities were manually contoured owing to the strongly
anisotropic distribution of the data which resulted from both the collection method and

subsequent data processing, which rendered some data points unusable.
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Appendix 6

METHOD FOR CALCULATING SHEAR STRESS

This appendix describes the Law of the Wall shear stress calculation technique and how it

is applied in Chapter 6.

Newton’s Law of Viscosity dictates that the direct measure of shear stress in fully turbulent

flow is defined by:

T=&E—

where ¢ is the eddy viscosity and du/dy is the velocity gradient from the boundary.
However, eddy viscosity is not a parameter for which values can be readily acquired, and
estimates of this parameter are indirect in nature. The equation presented above is thus a
primarily theoretical one (Gordon et al., 2004) used in the subsequent derivation of more
applied but indirect shear stress equations. Perhaps the most accurate of these approaches is
that which accounts for eddy viscosity and the effect of this parameter on the velocity
profile through measurements of turbulence (Kim et al., 2000). In the near bed zone of the
flow profile, turbulence is proportional to shear stress (Stapleton and Huntley, 1995; Kim et
al., 2000), and the derivation of turbulent kinetic energy (TKE) allows for a transformation
of turbulence to shear stress (trkg). Data collected in this study using the ADV’s was suited
to the calculation of trgg, however, owing to time constraints, the technique is not

employed, but will be the focus of future research.

Shear stress distribution was estimated using velocity measurements and Law of the Wall,

and produced the log profile shear stress estimate (tp), calculated using:

LA 5.7510g(307y)

*
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where u is the turbulent averaged velocity at distance y from the bed, and u- is the shear
velocity and which indirectly incorporates the eddy-viscosity effect by the slope of the
velocity profile. This equation can be rearranged to yield:

b

U, =———

5.75

where b is the gradient of the velocity profile in the fully turbulent boundary layer.

Bed shear is then calculated using the equation:

where p is the density of water (kg/m’) (Gordon et al., 2004).

The velocity profile does not behave logarithmically through the entire water column and
the Law of the Wall can only be applied to those velocity readings taken within the fully
turbulent sub-layer, which has been approximated to persist to up to 50% of the flow depth;
<10% (Bathurst, 1979), 10-20% (Bathurst, 1993), 20% (Bridge and Jarvis, 1976), 50%
(Biron et al., 1998). Local conditions dictate the depth to which the semi-logarithmic

profile persists in the water column (Biron et al., 1998).

Velocity measurements within the fully turbulent sub layer of the Barrington swamp
channel bends were limited, owing primarily to the size of the instruments. In particular,
the large ADV devices used in Edwards Creek and Barrington River bends could be
deployed typically no lower than 0.1m from the bed (~10% of flow depth), and often closer
to 0.2m (~<30% flow depth). In contrast, OTT data collected in Polblue Creek were often
as close as 0.05m from the bed (~5% of flow depth). Visual analysis of the profiles
produced in this project suggests that for the entry and exit cross-sections in the three bends
in Polblue Creek, only the bottom two velocity measurements in each vertical profile were
located within the sub-layer. As secondary current strength increased through each of the
bends, even the bottom two points in the profile sometimes ceased to conform to the Law

of the Wall. Most studies have used two or more velocity values from within the turbulent
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sub-layer (Bathurst, 1979; Kim et al., 2000; Tabata and Hickin, 2003) to produce the slope

of the profile in this region.

The Law of the Wall technique applied here uses the slope of the regression line from the
lowest point beneath 20% of the flow depth to the origin (trp). While this technique is not
encouraged in the literature, it was considered that values of bed shear stress in bends were
reliable, for comparison relative to one another, if not the absolute values. This is consistent
with the assumption of Bathurst (1979) and the problems he experienced with his shear
stress calculation technique. Furthermore, grain shear stresses calculated in Chapter 4 for
hydraulic geometry stations near each bend were able to be compared with the trp values to
check for consistency. The problem of determining boundary shear stresses in the study
highlight the problem of such measurements in small rough-boundary channels where
miniaturised equipment (e.g. Roy et al.,, 2004) or acoustic profilers (e.g. McLean and

Wolfe, 1999) are required.
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