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Abstract
Channel sediment transfer patterns in alpine environments are an integrated signal that
reflects both channel sediment sources and sediment input from extra-channel slopes. The
degree of slope-to-channel sediment connectivity is controlled by several factors, amongst
them differences in the magnitude and frequency of rainfall events, particle size, sediment
availability and surface maturity. However, there has been limited work on the
development of slope-to-channel coupling in deglaciated alpine environments over time.
Characterising the controls on slope-to-channel connectivity in this environment may
result in a better understanding of how landscapes „relax‟ from perturbation.
Channel turbidity was measured using custom built iHOBS turbidimeters at two gauging
stations, one above a hydrologically connected slope and one below it in the c. 10 km2
Hoophorn Valley, a largely deglacierised basin in the Southern Alps, New Zealand. On
this hydrologically connected slope an array of 30 erosion pins was used to measure
surface lowering rates on the slope and eight custom built Gerlach troughs were installed
in ephemeral slope channels to trap surficial material mobilized during rainfall events.
Discharge-suspended sediment concentration hysteresis patterns at the two gauging
stations in the main stream channel were used to indirectly infer sediment coupling
between the hydrologically connected slope and the main stream.
During the study period, a total of 948 t of suspended sediment was transported through
the channel at the upstream site and 715 t through the channel at the downstream site.
During rainfall events, episodes of high discharge resulted in transfer of 75% of the total
suspended sediment load through the upstream site and 50% through the downstream site.
The total mass of sediment eroded from the dissected slope was estimated to be c. 3 t for
the study period. Sediment mobilisation was confined to rainfall events with increasing
particle sizes trapped with increasing event magnitude. Less than 1% of the particle size
distribution of all samples collected during these events was classed as fine sediment,
suggesting these sediment sources on the slope were exhausted. Channel suspended
sediment transfer patterns during rainfall events were dominated by clockwise hysteresis
where sediment concentration peaked before discharge. This pattern was interpreted as
representing short distance remobilisation of fine sediment from within the channel,
supporting the likelihood of limited input of fines from slopes. The data suggests,
therefore, that slope-to-channel connectivity in this environment is dominated by coarse
sediment, where there is active coupling. The lack of fine sediment sources on slopes
within the basin suggest that since deglaciation there has been a relative decline in fine
sediment slope-to-channel connectivity due to source exhaustion and a shift to episodic
coarse sediment connectivity. This shift is likely associated with a contemporaneous
change from a glacial control on fine sediment production and runoff to a rainfall
controlled system, where mechanical weathering of bedrock continues to produce coarse
material for transport from slopes to channels.
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Chapter 1
Introduction
Alpine streams, particularly those draining glacierized catchments, transport significant
amounts of fine sediment maintained in suspension by the upward momentum of turbulent
flow. It is commonly estimated that this type of sediment makes up 90-95% of total
sediment flux from high gradient alpine streams (Lenzi et al., 2003; Naden, 2010). In
addition to its domination of sediment flux, suspended sediment may exert a significant
influence on channel morphology, water quality, and the nature and availability of aquatic
habitat (Lawler and Brown, 1992). For fluvial geomorphologists, interest in suspended
sediment usually relates to estimation of denudation rates, particularly in glacierized
catchments (e.g. Hallet et al., 1996).

In these environments, fluvial processes frequently dominate the material flux from a
catchment where seasonal abundance of water determines flow regime and, therefore, the
rates and patterns of sediment transfer (Orwin et al., 2010a). This dominance is evident in
several studies that assessed the significance of fluvial and channel processes in
determining overall sediment flux from a glacierized environment (e.g. Warburton, 1990;
Hodgkins et al., 2003; Orwin and Smart, 2004a). In this context, suspended sediment yield
is one of the most sensitive indicators of change, revealed in interactions between glaciers,
climate and landscape transition (Strzelecki, 2009). The phase transition between ice and
water makes glacierized environments particularly sensitive to climate change (Slaymaker,
2008). For example, warming temperatures are expected to significantly alter the timing
and magnitude of downstream water and sediment delivery and continued glacial recession
may elevate sediment flux from alpine catchments (Tweed et al., 2007; Beylich, 2008;
Orwin et al., 2010a). Increases in the sediment flux from alpine catchments undergoing
glacial recession are primarily due to mobilisation of unconsolidated sediment exposed
through glacial retreat (e.g. Orwin and Smart, 2004b).

Recession of glacial ice initiates a new phase of landscape evolution in areas where
steepened slopes are reworked and glacial sediments are transported by slope processes,
such as debris flow, to fluvial channels for transport (Anderson, 2007; Cossart and Fort,
1

2008). The response by the landscape to glacial retreat is conceptualised in the „paraglacial
sedimentation‟ model by Church and Ryder (1972) (Figure 1.1). They defined paraglacial
sedimentation as “non-glacial processes that are directly conditioned by glaciation”
(Church and Ryder, 1972: 3059). The authors suggested that the rate of paraglacial
sedimentation can be represented by a curve that shows maximum sediment movement
immediately following deglacierization, with flux rates declining as sediment sources are
exhausted or stabilised. The „paraglacial period‟ ends once yields of fluvial suspended
sediment decline to the subaerial „norm‟ of a non-glacial landscape, the time duration of
which varies with basin size, sediment availability and the precipitation regime of the
catchment (Orwin and Smart, 2004b). Data suggests that, in the Canadian Cordillera at
least, this paraglacial period can be in excess of 10 000 years where suspended sediment
yields increase with increasing drainage basin area up to 30 000 km2 (Church and
Slaymaker, 1989). This yield increase is attributed to continued reworking of glaciogenic
sediments deposited during retreat from the last glacial maximum.

Subsequently, the paraglacial sedimentation model has generally been widely accepted and
applied to sediment transfer patterns in deglacierizing environments around the globe
(Ballantyne, 2002a; 2002b). However, there is still debate over what the „subaerial norms‟
of a „non-glacial landscape‟ are, as well as the timescale over which the paraglacial
sedimentation model operates, particularly in small (< 100 km2) catchments (Ballantyne,
2002a). Furthermore, our understanding at this scale of how paraglacial sedimentation
manifests within environments that are theoretically at the end of their paraglacial period
and have been subject to sediment reworking by slope processes and vegetation
colonisation for >8000 years remains poor. This lack of understanding is, in part, due to
most contemporary studies focussing on landscape response in currently deglacierizing
catchments (e.g. Curry, 1999; 2000; Barnard et al., 2004; Orwin and Smart, 2004b;
Etienne et al., 2008; Cossart and Fort, 2008).
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Figure 1.1: The temporal pattern of paraglacial sedimentation in small, < 100 km2 catchments. The
„paraglacial period‟ of enhanced sediment yield begins with deglaciation and ends when sediment
yield declines to the subaerial „norm‟, representing the background denudation rate for the land
surface (modified from Church and Ryder, 1972; Ballantyne, 2002a).

Deglacierizing alpine environments are more likely to respond to slope adjustment than to
be dominated by glacial activity, as the landscape responds to glacial retreat. This is
because as the dominance of glacial ice as a geomorphological agent diminishes,
meteorological forcing of discharge and patterns of suspended sediment load progressively
change to what might be expected in a rainfall controlled system (Orwin and Smart,
2004a). In this context, the fine sediment released from a paraglacial store is primarily
mobilised by runoff from slope to stream during a rainfall event (Barnard et al., 2004). For
example, Richards (1984) found that suspended sediment concentrations in a Norwegian
proglacial area increased sharply during a rainfall event, and concluded that this was
largely the result of storm runoff accessing extra-channel stores of suspended sediment.
Delivery of fine sediment from extra-channel sources to the stream channel reflects the
strength and persistence of coupling between slope and fluvial process systems (Harvey,
1997).

Coupling is defined as the connectivity of those runoff and sediment transport mechanisms
that link the slope to the fluvial system (Harvey 2002; Michaelides and Wainwright, 2002).

3

This concept was introduced by Brunsden and Thornes (1979) in the context of landscape
sensitivity. It has since been elaborated by Brunsden (1993) and, especially in the context
of coupling between slopes and channels, by Harvey (1994; 1997; 2001; 2002). Three
types of coupling between slopes and channels have been defined: coupled, not coupled,
and decoupled (Figure 1.2). Slopes and channels are considered parts of (a) a coupled
system if slope derived sediment is supplied directly to the channel network, (b) not
coupled when there is discontinuity between the two process systems, and (c) decoupled if
a barrier, often the result of deposition, has imposed a temporarily inactive linkage
between the two process systems (Brunsden, 1993; Fryirs et al., 2007a; Schlunegger et al.,
2009).

Figure 1.2: Illustration of slope-to-channel sediment coupling, showing a (a) coupled system, (b)
not coupled system, and (c) decoupled system (modified from Korup, 2005b).

The dynamics of fluvial systems are controlled by the extent of coupling between slopes
and channel systems (Harvey, 1997). Slope-to-channel coupling controls the volume of
sediment delivered to the channel as well as potential sediment flux in the channel system
(Bracken and Croke, 2007). These coupling relationships may vary with several factors,
amongst them particle size. There is also evidence of such coupling and its influence on
rates of slope erosion (Harvey, 1997). Well-coupled systems freely transmit the gross
effects of landscape change, whereas in weakly coupled systems such effects may be
spatially restricted (Harvey, 2002). Coupling behaviour conditions how the system will
respond to disturbance and is, therefore, central to understanding how a geomorphic
system responds to environmental change (Harvey, 2001; 2002). Despite their influence on
4

how geomorphic systems respond to environmental change, there are relatively few
published studies of the processes of and controls on coupling within a deglacierized
alpine catchment (Schrott et al., 2002; 2006; Morche et al., 2007; 2009).

Because of the difficulties associated with collecting representative and reliable data in
alpine environments, most studies of slope-to-channel coupling have been in upland fluvial
systems where attention has primarily focused on coupling within the channel network
(Hooke, 2003), downstream channel response to slope-to-channel coupling (Harvey, 1991;
1997; Smith and Dragovich, 2008a), and the mechanics of sediment generation, storage
and delivery (Fryirs and Brierley, 1999; Slattery et al., 2002; Reid et al., 2007; Faulkner et
al., 2008; Johnson et al., 2008; Smith and Dragovich, 2008b; Warburton, 2010). Relatively
little attention has been paid to temporal variations in and the magnitude of such coupling
relationships, and even less to their spatial implications (Harvey, 1994; 1997; 2002;
Chiverrell et al., 2009).

Although it is commonly assumed that tectonic uplift in the New Zealand landscape
promotes highly efficient sediment transport (Fryirs and Brierley, 1999; Fryirs et al.,
2007a), there have been few field-based studies to assess the key parameter of slope-tochannel coupling. The nature of coupling is especially important in New Zealand, where
the steep, high relief landscapes of the South Island generate large volumes of material
from relatively weak rocks and are subject to quite frequent, high magnitude
orographically reinforced precipitation events (Fryirs et al., 2007a). Sediment generation
in these areas is also facilitated by high drainage density, rapid weathering, and frequent
mass movement triggering events (e.g. seismic activity). High rates of slope and channel
process activity, along with continued sediment reworking, ensures relatively short storage
times. As a result, sediment supply to New Zealand alpine rivers is high, with suspended
sediment yields up to 30 000 t km2 yr-1, amongst the highest (Hicks et al., 1996; Fryirs et
al., 2007a). However, it is unclear what role percentage glaciation plays in elevating these
yields (Hicks et al., 1990).
Early work by O‟Loughlin (1969), Griffiths (1979) and Beschta (1983) in the Southern
Alps of New Zealand indirectly assessed the delivery of slope sediments to the fluvial
system. These studies were based on patterns of sediment movement through the stream
channel and associated changes in channel morphology. They showed that in an alpine
5

environment, linkages between slope erosion, sediment transport and resultant channel
characteristics are highly variable in space and time. The focus of research in this domain
has recently shifted from field-based studies to remote sensing approaches (Korup, 2005a;
2005b; Korup et al., 2004; 2006). This work has shown that mass movement processes
provide an important link between dissected slopes and the channel system. More recently,
research into sediment transfer in New Zealand has shifted from the alpine fluvial systems
of the South Island to upland fluvial systems in the North Island (De Rose et al., 1998;
Fuller and Marden, 2008; Marden et al., 2008a). In the latter studies Digital Elevation
Models (DEMs) were used to depict and estimate the quantity of sediment being delivered
from the Tarndale fan complex to the Waipaoa River, East Cape. In this catchment, close
coupling of slopes and stream channels ensured significant sediment export during storms
of varying intensity and duration. De Rose et al. (1998) suggest that c. 3% of the
Waipaoa‟s current sediment yield of 15 000 000 t yr -1 (Hicks et al., 2000) is derived from
the Tarndale fan complex.

To date, there has been limited work on the nature of slope erosion dynamics and linkages
with channel sediment transfer patterns in catchments that are largely deglacierized. As a
result, our understanding of the nature of slope-to-channel coupling in a New Zealand
alpine context is somewhat limited. The research reported in this thesis is a response to this
knowledge gap. The rationale is to provide an overview of how slopes are coupled with the
stream channel in a largely deglacierized alpine catchment of the Southern Alps, New
Zealand. The main overarching research question of this thesis is:

What are the main controls on sediment coupling dynamics and transfer patterns
between slopes and channels in a small, largely deglaciated catchment?

The Hoophorn Valley in the Southern Alps of New Zealand is well suited to research of
this type. This small c. 10 km2 catchment is largely deglacierized (less than 5% of the
catchment area remains under ice) with the lower reaches experiencing >8000 years of
postglacial sediment reworking by slope processes. It seemed likely that the contemporary
slope-to-channel coupling relationships in the Hoophorn Valley would provide an insight
into how formerly glaciated catchments respond to perturbation over time.
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Chapter 2 reviews the key literature to ensure a theoretical context for the overarching
research question, and then follows a synopsis of the research project with specific
research objectives defined from the key literature. Chapter 3 provides a description of the
study area and Chapter 4 outlines the field and laboratory methods. This chapter finishes
with detail about the data processing and statistical analyses used. The results are
presented in Chapter 5, which is divided into six sections: 1) the data record, 2) the
meteorological record, 3) the hydrological record, 4) fluvial suspended sediment dynamics,
5) dissected slope sediment dynamics, and 6) slope-to-channel sediment coupling. This is
followed by a discussion of the research findings (Chapter 6). Research limitations and
concluding remarks are in Chapter 7.
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Chapter 2
Alpine Sedimentary Systems
2.0 Introduction
This chapter reviews the literature relating to the movement of sediment, fine as well as
coarse, through an alpine environment, and to this end, the chapter is divided into six
sections. The first begins with a process-based definition of what constitutes an alpine
environment then narrows the focus of this research to deglaciated environments. The
underlying rationale for this is that many New Zealand alpine catchments have been
largely deglaciated in their lower reaches for several millennia. In the second section,
sediment transfer processes operating in a deglaciated catchment are identified. The use of
a cascading system to represent how sediment moves through the alpine environment is
presented in Section 3, with a focus on the controls and linkages between the subsystems
of the cascade. The fourth section discusses spatial and temporal controls on channel
sediment transfer processes, then the spatial and temporal controls on slope sediment
transfer processes. In the sixth section, approaches to identifying linkages between the
slope and channel subsystems are examined, and in the final section a synopsis of the
research project with the specific research objectives developed are presented (Section 7).

2.1 Defining an alpine environment
Traditionally, an „alpine environment‟ is defined as the landsystem above the tree-line
(Löve, 1970; Caine, 1976; Saunders and Bailey, 1994). However, in some mountainous
regions this definition may prove impossible to apply due to the absence of trees at high
elevations (Barry, 2008). Therefore, in using the term „alpine environment‟ this study
adopts the definition of a „cold environment‟ which refers to areas of the Earth‟s surface
where water in the solid state plays an important role (Tricart, 1970). This definition
effectively delimits high-latitude and high-altitude environments (Beylich and Warburton,
2007). Alpine environments encompass glaciated terrain and areas with frequent diurnal
freeze-thaw cycles and seasonal snow cover (Warburton, 2007). However, precise
differentiation of an „alpine environment‟ can be problematic as latitudinal and altitudinal
alpine zones can be temporally and spatially heterogeneous (Warburton, 2007). This has
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led to further distinctions, primarily based on differences in the process regime operating,
for example, in fully glaciated, deglacierizing and deglaciated landscapes.

The sediment component and transfer mechanisms in fully glaciated, deglacierising and
deglaciated landscapes differ significantly. In a fully glaciated catchment, where almost
100% of the catchment area is permanently covered by ice, the glacial component controls
the production and transport of sediment to the proglacial fluvial system. Ice ablation, in
turn, controls discharge generation and, therefore, the pattern of material flux from the
catchment via the fluvial system (Willis et al., 1996; Orwin et al., 2010a). As glaciers
retreat, rockwalls and unconsolidated sediments are exposed and reworked by extrachannel processes, thereby adding a new component to the sedimentary system
(Ballantyne, 2002b). With reduction in the dominance of glacial ice, the landscape
progresses towards a deglaciated state (where none or very little of the catchment area is
permanently covered by ice). In this state, the sediment system is likely to be dominated by
multiple extra-channel and channel subsystems (Warburton, 2010). Sediment flux in these
subsystems generally includes the transfer and storage of coarse and fine grained material.
The coarse sediment system encompasses grain sizes ranging from gravel (2-64 mm) to
boulders (> 64 mm), while the fine sediment system relates to grain sizes smaller than sand
(< 2 mm).
At large scales up to 30 000 km2, the fine sediment system in an alpine environment can be
thought of as still responding to the last glaciation (paraglacial sedimentation) while the
fine sediment pulse moves towards the ocean (Ballantyne, 2002b). However, many small
headwater basins < 100 km2 located in temperate regions have been largely deglacierized
for > 8000 years in their lower reaches (Richards and Moore, 2003). As a result, the role of
glacial processes in generating and transporting fine sediment is likely to be significantly
diminished. This shift in process regime from glacial to non-glacial is likely to
significantly impact fine sediment transfer patterns. It is also unclear how the coarse
sediment system responds to these changes in process regime.

2.2 Sediment transfer in a fully deglacierized alpine catchment
A deglacierized catchment can be divided into three primary subsystems: Subsystem I
covers rockwalls, Subsystem II covers glaciogenic mantled slopes, and Subsystem III is
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the valley floor and main stream channel (Schrott et al., 2002). Each of these subsystems is
characterised by a unique suite of sediment sources, transport processes, regulators and
sediment stores and ensures an output of material and energy that will potentially enter one
of the other subsystems along the cascade (Otto and Dikau, 2004).

For rockwalls, glacially steepened bedrock slopes are the main sediment source. Recession
of glacial ice results in the „debuttressing‟ of exposed rockwalls, altering stress in the rock
mass (Ballantyne, 2002b). This alteration of internal stress may initiate large-scale slope
failure (e.g. rock avalanches) and enhance rockfall activity, resulting in the accumulation
of talus debris on the slope foot or the valley floor (Otto and Dikau, 2004). By comparison,
glaciogenic mantled slopes principally involve the redistribution of paraglacial sediment
by slope failure and fluvial erosion (Curry, 1999; Curry and Ballantyne, 1999; Barnard et
al. 2004; Chiverrell et al., 2009). Where glaciogenic deposits rest against a slope at a steep
gradient they will be susceptible to erosion by gravity-controlled slope failure. The
presence of water in the substrate may also act as a trigger for slope failure processes. The
dominant mechanism of sediment transfer in Subsystem II is debris flow, which involves
the down-slope transfer of a slurry of water and poorly sorted sediment (Ballantyne,
2002b). Snow avalanches and fluvial erosion (e.g. overland flow and gullying) have also
been shown to play significant roles in transferring sediments in the slope subsystem
(Clark, 1987). In Subsystem III, fluvial erosion is the primary process for mobilising and
transferring sediment along the valley floor and within the main channel (Schrott et al.,
2002). Within a channel, rivers transport sediments as bedload or in dissolved or
suspended form, the latter generally being the dominant mode of transport in alpine
environments (Gurnell, 1987). Unsupported bank collapse may also play a significant role
within this subsystem, leading to erosion of significant quantities of sediment within a very
short period (Mao et al., 2009).

Although the sediment transfer processes within the three named subsystems are fairly
well understood, there remains a lack of understanding about how they are linked and the
role that these linkages play in controlling sediment transfer (Diez et al., 1988; Harvey,
1994; Slattery et al., 2002; Wainwright, 2006; Imaizumi and Sidle, 2007). This lack of
understanding is, in part, due to the focus of most research to date being on individual
transfer processes. Such an approach tends to disregard the complex linkages between
subsystems which appear to be paramount in controlling the behaviour of a fluvial system
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(Hovius et al., 2000; Michaelides and Wainwright, 2002). Although there remains
uncertainty about how the three subsystems are linked, the structure of a deglacierized
alpine catchment can be represented in a sediment cascade model to identify how
sediment, fine as well as coarse, moves through the system.

2.3 Alpine environments as cascading systems
Sediment cascade models have been used to specify the links between the subsystems of a
deglacierizing alpine environment (Schrott et al., 2002; Otto and Dikau, 2004). These
models are based on the systems theory of Chorley (1962), and popularised by Chorley
and Kennedy (1971). According to Chorley and Kennedy (1971: 5) cascading systems are
composed of:
“...a chain of subsystems, often characterised by thresholds, having both spatial
magnitude and geographical location, which are dynamically linked by a cascade of
mass and energy.”

The term „cascade‟ describes the punctuated flow of energy and/or material along a
gravitational gradient (Otto, 2006). When such a flow crosses the boundary between two
subsystems, the output from the higher subsystem becomes the input for the adjacent lower
subsystem (Chorley and Kennedy, 1971). For example, the output of debris and/or surface
runoff from the slope system becomes part of the input of debris and/or water into the
stream channel subsystem. Internal regulators and thresholds are critical for the
functioning of these cascading systems. Regulators (e.g. slope angle and slope length)
determine if material or energy is stored within a subsystem or conveyed to the adjacent
subsystem (Otto, 2006). When thresholds are crossed, system changes can occur, with
energy and/or material released after a period of accumulation (Otto, 2006). Discontinuity
in the flow of energy and/or material between subsystems has prompted description of
cascading systems as acting like a „jerky conveyor belt‟ (Ferguson, 1981). This refers to
the sediment en route being temporarily stored on alluvial plains and in channels (Fryirs et
al., 2007b). This suggests that the flow of energy and/or material in alpine environments
varies in response to local environmental conditions (Benda and Dunne, 1997; Johnson et
al., 2008).
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Schrott et al. (2002) illustrated the cascading nature of sediment flux in the largelydeglacierized alpine landsystem of the Reintal catchment, Bavarian Alps (Figure 2.1). This
cascading model depicts the components of the Reintal catchment, together with the input
and output relationships between each subsystem. The model consists of three subsystems:
Subsystem I includes rock walls and remnant cirque glaciers, Subsystem II consists of
slopes, and Subsystem III is the valley floor and main channel. The subsystems are
connected in a sediment cascade by diverse geomorphic processes (e.g. rockfalls,
avalanches, debris flows and fluvial processes) which vary over time and are dependent on
relief, lithology, the legacy of past glacial activity and such triggering mechanisms as
rainfall events (Schrott et al., 2002; Otto, 2006).

Figure 2.1: Cascade model of the processes and associated storage types in the largelydeglacierized Reintal catchment, Bavarian Alps, Germany. Regulators such as slope angle and
slope length are not further specified, but they significantly influence the sediment transfer process
(modified from Schrott et al., 2002: 180).
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In this context, the geomorphic coupling of sediment sources, like the coupling of
intermediate storage types, appears fundamental to understanding sediment delivery from
alpine catchments (Harvey, 2002; Schrott et al., 2002; Cossart and Fort, 2008). However,
there is a significant knowledge gap concerning the linkages between slopes and channels,
and the role that they play in controlling sediment transfer. Without direct measurement of
the rate of sediment flux, and estimates of coupling between slope and channel processes,
such relationships cannot be rigorously determined (Warburton, 2010). The following two
sections will cover in some detail the temporal and spatial variability of channel (Section
2.4) and slope (Section 2.5) transfer processes.

2.4 Channel sediment transfer processes
Within a channel, rivers transport sediments either as bedload or in dissolved or suspended
form, with the focus of this thesis being the suspended flux. This is because the suspended
part of the sediment flux process accounts for 90-95% of total sediment flux from an
alpine catchment (Lenzi et al., 2003). Suspended sediment is transported by the upward
momentum of turbulent flow. Suspended sediment transfer has been shown to vary on
annual, seasonal (and sub-seasonal), diurnal and event time-scales (Gurnell, 1987; Orwin
and Smart, 2004a; Hampel, 2009). To cover the different temporal scales identified in the
literature, this section is divided into the above four named temporal scales. In-channel
sediment storage is discussed in a separate section (2.4.5), due to its importance in alpine
environments.

2.4.1 Annual variability
There are few long-term records (> 10 years) of sediment flux from alpine catchments
making it difficult to assess longer term changes in channel sediment transfer patterns
(Orwin et al., 2010a). However, the available data does indicate significant interannual
variability. This variability is due in part to the legacy of past glacial activity, but also
changes in the intensity and duration of precipitation and snowmelt events, variability in
discharge forcing, and geological controls (Hammer and Smith, 1983; Gurnell and Clark,
1987; Owens and Slaymaker, 1994; Braun et al., 2000; Beylich and Gintz, 2004; Mano et
al., 2009). For example, published values for specific sediment yield in the South Island of
New Zealand range from 13 t km-2 yr-1 to in excess of 30 000 t km-2 yr-1, largely due to
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geomorphic and temporal variability in rainfall and lithology (Griffiths, 1979; Hicks et al.,
1990; 1996; 2000).

Lenzi et al., (2003) demonstrated interannual variability in the channel suspended
sediment flux of the deglaciated Rio Cordon catchment, Italian Alps (Figure 2.2). During
the monitoring period (1986-2001), annual suspended sediment yields varied significantly:
from 50.6 t in the year 1992 to 2521.5 t in the year 1994, with a mean annual specific
sediment yield of 146.8 t km-2 yr-1. The authors noted that this variability was largely
influenced by the activation of new and existing sediment sources within the catchment,
which directly affected annual sediment supply conditions. For example, during significant
flood events, a substantial amount of sediment was delivered directly into the stream and
deposited within the channel, providing most of the sediment eroded in subsequent years
(Lenzi et al., 2003). Significant flood events can also destroy streambed armouring and
cause channel morphology changes which, in conjunction with extra-channel inputs,
contributed to the high annual sediment flux rates in 1994 and 2001 (Lenzi et al., 2003).

Figure 2.2: Annual suspended sediment yield (t) measured at the Rio Cordon station, Italian Alps
(modified from Lenzi et al., 2003: 910-911).
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2.4.2 Seasonal and sub-seasonal variability
At the seasonal and sub-seasonal scales variability in suspended sediment transfer is
primarily controlled by changes in the meteorological conditions that drive discharge
(Gurnell et al., 1999; Hodson and Fergusson, 1999; Orwin and Smart, 2004a). This spatial
and temporal variability is driven by changing melt production of permanent ice associated
with cycles of incoming solar radiant energy and is punctuated by precipitation events
(Richards, 1984). At Small River Glacier, Canada, Orwin and Smart (2004a) found that
approximately 80% of the ablation season was dominated by low concentrations of
suspended sediment associated with the melt cycle, while the remainder of the season was
characterised by irregular transfer patterns relative to periodic snowmelt and episodic high
magnitude rainfall events. The partitioning of long time-series into different
meteorological periods allows identification of seasonal influences on transfer patterns in
catchments where multiple meteorological processes have a significant influence on
patterns of suspended sediment transfer (Hannah et al., 2000).

Spatial and temporal variability at the seasonal scale has also been shown to be a function
of changes in sediment sources (Gurnell and Warburton, 1990). In the Rio Cordon
catchment, Italian Alps, different sources of sediment contribute to suspended load during
different seasons (Lenzi and Marchi, 2000; Mao et al., 2009). For example, during the
spring snowmelt period, erosion processes involve the removal of loose, fine-grained
sediment from slopes by surface runoff, compared with delivery of significant quantities of
sediment to the channel by slope failure processes during summer and autumn rainfall
events (Lenzi and Marchi, 2000; Mao et al., 2009). Remobilisation of in-channel sediment
stores, and failure of channel banks, may also elevate amounts of suspended sediment flux
in alpine catchments. Orwin and Smart (2004a) found that a peak in the suspended
sediment load c. 5 h after peak discharge most likely reflected throughput of sediment no
longer able to be stored in the channel. The authors also noted that a late peak in the
sediment load may have resulted from unsupported bank collapse following a decline in
stage. This identification of changing sediment sources may provide important information
on alpine sediment cascades (Gurnell and Warburton, 1990).

2.4.3 Diurnal variability
One dominant cause of variability in suspended sediment concentration (SSC) records is
the diurnal cycle (Clifford et al., 1995a). Diurnal variability in SSC records has been
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related to fluctuations in the discharge record associated with variability in melt production
(Richards, 1984; Gurnell et al., 1992; 1994). The availability of in-channel sediment
stores, and the capacity of stream flow to remobilise them, is a significant control on
diurnal variability (Clifford et al., 1995a; Beylich et al., 2006). In general, diurnal
variability is characterised by a diurnal peak in SSC in advance of the discharge maxima,
with higher SSC on the rising limb than on the falling limb of the diurnal discharge
hydrograph. Diurnal patterns have been used to explain the greater availability of sediment
in the channel system during the early phases of increasing discharge, and a progressive
exhaustion of sediment supply thereafter (Hodson et al., 1998). Clifford et al. (1995a) note
that the relationship between SSC and discharge is also dependent on stochastic catchment
processes, such as changing sediment supply regime and changes in the structure of the
hydrological system. For example, at Cape Bounty, Nunavut, McDonald and Lamoureux
(2009) found that diurnal sediment delivery during snowmelt events was asynchronous
with diurnal discharge cycles due to ice and snow in the stream channel. The frozen bed
and banks prevented sediment erosion. Changing sediment source areas through the season
were also contributing factors (McDonald, 2007).

2.4.4 Event-scale variability
Variability in the annual, seasonal, and diurnal SSC records for a catchment is punctuated
by precipitation events. Studies designed to assess the pattern of sediment transfer during a
single hydrological event have shown that between 20 and 80% of the annual suspended
sediment flux is transported over a very short period lasting from hours to days (Orwin and
Smart, 2004a; Forbes and Lamoureux, 2005; Lewis et al., 2005; Morche et al., 2007;
Beylich and Kneisel, 2009; Dugan et al., 2009; Mano et al., 2009). The relatively large
amount of annual suspended sediment load transferred during a hydrological event is
predominantly triggered by heavy rainfall and is largely the result of storm runoff
accessing extra-channel stores of suspended sediment (Orwin and Smart, 2004b).

During major rainfall events, sediment input to a stream usually occurs where hydrologic
contributing areas and sediment source areas overlap in the sediment cascade (Richards,
2001). For example, 32% of the annual suspended load was transferred in 4 hours during a
short-duration, high magnitude rainfall event on Ellesmere Island in the Canadian Arctic
(Lewis et al., 2005), 37% during a 12 day rainfall event in the Krasnaya River catchment,
northern Siberia (Beylich and Gintz, 2004), and 80% of the annual suspended sediment
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yield was transported during a few days of rainfall-generated discharge peaks in the
Hrafndalur catchment, Iceland (Beylich and Kneisel (2009). During these rainfall events,
any increase in the concentration of suspended sediment in the channel system is largely
the result of slope inputs (Beylich, 2008). Rainfall events are particularly important in
deglacierizing catchments as hydrological contributing areas and sediment source areas
increase relative to glacial retreat (Orwin and Smart, 2004a). However, in these
environments, restricted sediment availability may impede sediment delivery into the
stream during rainfall events due to either sediment exhaustion or a continuous and stable
vegetation cover (Beylich, 2000; Beylich and Gintz, 2005; Beylich et al., 2006).

2.4.5 Storage
Inclusion of storage effects is particularly relevant to the study of spatial and temporal
variability of sediment transfer in alpine catchments where there are significant variations
in sediment supply at the diurnal and seasonal time-scales (Harbor and Warburton, 1993;
Hodgkins et al., 2003). Spatial and temporal variability in sediment storage is due largely
to changes in channel morphology, fluctuations in channel sediment sources and sinks,
seasonal influences on transfer processes, and diurnal variation in meltwater discharge
(Orwin and Smart, 2004a). For example, step-pool structures may temporarily store
sediment in small pools and attenuate sediment transport through the system, largely due
to energy dissipation (Brasington and Richards, 2000). As water flows over steps along the
channel, flow velocity alternates between supercritical and subcritical within the pools
(Chartrand and Whiting, 2000). Roller eddies that form at the transition to subcritical flow
dissipates large amounts of kinetic energy that would otherwise be available for sediment
transport (Chin, 1989).

Alpine channels have been shown to act as sink and source areas where sediments may be
stored during periods of low discharge, then re-entrained and transported during increased
discharge (Fenn and Gurnell, 1987; Hampel, 2009). At Small River Glacier, Canada, a
decrease in channel gradient between two gauging stations controlled the deposition and
loss of 2000 kg of suspended sediment to storage (Orwin and Smart, 2004a). In
comparison, Warburton (1990) demonstrated that 23% of the total suspended sediment
yield from Bas Glacier d‟Arolla in Switzerland was supplied from proglacial areas, largely
from temporary channel stores. At Finsterwalderbreen, Svalbard, net sediment flux at
hourly intervals showed that the proglacial channel serves as both source and sink for
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sediment during different periods of the melt season, where most sediment evacuation
occurs during discrete episodes of enhanced meltwater discharge (Hodgkins et al., 2003).

Identification of spatial and temporal changes in storage is also important for
understanding landscape change. This is because the storage and release of sediment
within a fluvial channel may effectively extend the duration of the „paraglacial period‟
(which begins with deglaciation and ends when the sediment yield declines to the subaerial
norm for a non-glacial landscape) for some time following deglaciation (Orwin and Smart,
2004b). For example, while sediment yield was found to decline with increasing catchment
area, Church and Slaymaker (1989) observed that catchments in the Canadian Cordillera
exhibited a pattern of increasing sediment yield at all spatial scales up to 30 000 km2,
largely the result of contemporary erosion processes reworking glaciogenic sediments
deposited during retreat from the last glacial maximum.

Because sediment transfer in alpine environments varies significantly at different time
scales (from annual to event), high resolution data are necessary to accurately characterise
flux changes. Spatially distributed networks of in situ turbidimeters have been used to
generate high-frequency temporal records of suspended sediment (Minella et al., 2008).
Turbidimeters measure turbidity by measuring the extent to which a beam of light passing
through the water column is absorbed or scattered by sediment particles held in suspension
(Lawler and Brown, 1992; Lawler et al., 2006). The use of turbidity as a surrogate for SSC
depends on a close relationship between fluctuations in sediment concentration and
turbidity (Minella et al., 2008). Variability in the relationship between turbidity and SSC is
largely confounded by variations in particle size, particle composition and water colour.
As a result, studies have emphasised the necessity of individual, site specific field
calibrations (Lawler and Brown, 1992; Clifford et al., 1995b; Gipple, 1989; 1995; Orwin
and Smart, 2005; Minella et al., 2008).

2.5 Slope sediment transfer processes
Multiple geomorphic processes are responsible for transferring both fine and coarse
sediments from slope sources into channels. These geomorphic processes operate either
discontinuously through time in large fluxes, or continuously and more slowly over longer
time-scales (Reid and Dunne, 1996). Weathering processes (chemical and mechanical) are
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also active in deglacierized alpine catchments, but these processes were not central to this
research and, therefore, are not covered in detail here. A detailed investigation into the
active weathering processes of adjacent Birch Hill Stream catchment is given in
Guggenmos (2008).

The relative importance of the different geomorphic transfer processes is related to the
extra-channel subsystems of the sediment cascade model. These processes will be divided
into two groups: (i) rockwall subsystems, and (ii) slope subsystems. Both are based on
findings from long-term sediment budget studies (Rapp, 1960; Beylich, 2000; 2008;
Beylich and Sandberg, 2005; Beylich and Kneisel, 2009). The first group consists of the
dominant slope failure processes that affect rock-wall retreat while the second group
concerns the effects of slope failure and erosion by running water on sediment mantled
slopes.

2.5.1 Subsystem I: rockwalls
Rockfalls and boulder falls are regarded as the most significant transport processes in this
subsystem, and are defined as slope failure processes involving free-falling rock particles
detached from steep walls or cliffs (Rapp, 1960; Beylich, 2008). The volume of a rockfall
or boulder fall can range from a single pebble to thousands of cubic metres of poorly
sorted angular material (Rapp, 1960). Rockfalls and boulder falls primarily contribute to
the functioning of the coarse sediment system. The fine debris produced by these processes
is a small contributor to catchment sediment budgets (Beylich, 2008). Coarse-sediment
supplied by these processes is mainly deposited on the upper reaches of the talus cones that
accumulate at the foot of a rockwall (Rapp, 1960).

Rates of rockwall retreat, like the mass of debris transported by rockfall and boulder fall,
vary in space and time (Beylich, 2008). Beylich and Kneisel (2009) demonstrated
significant spatio-temporal variability in annual rockwall retreat rates (mm yr -1) and annual
mass transfer (kg m-2) by rockfalls and boulder falls in the Hrafndalur catchment in eastern
Iceland (Table 2.1). For example, mean annual rockwall retreat rates varied between 2.1
mm yr -1 in the year 2003 and 2.5 mm yr

-1

in the year 2006 at Slope Test Site (STS) 8,

compared to 2.6 mm yr -1 in the year 2003 and 3.0 mm yr -1 in the year 2006 at STS 4
(Table 2.1). Mass transfer of rockfall and boulder fall debris shows similar spatio-temporal
variability (Table 2.1). The main factors controlling the spatio-temporal variability of these
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geomorphic processes appear to be (i) annual freeze-thaw cycles, (ii) the density of vertical
and horizontal jointing of rock faces, and (iii) the availability of moisture (Beylich, 2000;
2008; Beylich and Kneisel, 2009).

Table 2.1: Rockfall, boulder fall, and rockwall retreat rates at slope test site (STS) in Hrafndalur,
Iceland (2002-2007). STS 1 and 3 were excluded from this table due to their not being quantified
by the authors (modified from Beylich and Kneisel, 2009: 8).
2002

Mass transfer (kg m-2 yr-1)
Rockwall retreat (mm yr-1)

STS 2
10.2
2.3

STS 4
12.5
2.6

STS 5
12.1
2.3

STS 6
10.8
2.5

STS 7
13.5
2.8

STS 8
10.1
2.2

2003

Mass transfer (kg m-2 yr-1)
Rockwall retreat (mm yr-1)

11.4
2.6

12.4
2.6

11.2
2.1

10.7
2.4

12.9
2.7

9.8
2.1

2004

Mass transfer (kg m-2 yr-1)
Rockwall retreat (mm yr-1)

9.7
2.2

11.9
2.5

12.2
2.3

11.3
2.6

13.7
2.8

9.5
2.1

2005

Mass transfer (kg m-2 yr-1)
Rockwall retreat (mm yr-1)

10.5
2.4

12.0
2.5

10.9
2.1

11.6
2.6

12.8
2.6

10.3
2.2

2006

Mass transfer (kg m-2 yr-1)
Rockwall retreat (mm yr-1)

12.3
2.8

14.4
3.0

12.6
2.4

11.5
2.6

14.6
3.0

11.4
2.5

2007

Mass transfer (kg m-2 yr-1)
Rockwall retreat (mm yr-1)

10.6
2.4

13.1
2.7

11.8
2.2

10.9
2.5

12.9
2.7

10.2
2.2

2001-2007

Mean retreat (total) (mm yr-1)

3.4

3.9

2.8

3.8

4.2

3.2

STS = Slope Test Site

Availability of moisture is also a significant control on temporal variability at shorter timescales (Rapp, 1960). With respect to temporal variability in process intensity and/or
process frequency during the main snowmelt period (spring), heavy rainfall events in
autumn, and intensive thaw periods in winter are times with comparably higher transfer
activity (Beylich and Kneisel, 2009). Strong wind gusts and heavy rainfall can also trigger
significant episodic (event-scale) rockfalls and boulder falls. For example, a rare rainfall
event in the year 2004 triggered rock and boulder falls in the Latnjavagge catchment of
Swedish Lapland (Beylich and Sandberg, 2005). Quantified mass transfer during this one
day event exceeded mean annual mass transfers for the five year study period by several
orders of magnitude (Beylich and Sandberg, 2005). At the event scale, snow-avalanches
have also been shown to trigger rockfalls and boulder falls (Beylich and Kneisel, 2009).
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2.5.2 Subsystem II: slopes
The dominant geomorphic transfer processes for glaciogenic mantled slope subsystems
were identified in Section 2.2. The transfer processes in this subsystem primarily include
slope failure and fluvial processes which redistribute „paraglacial‟ sediments that mantle
the slopes (Curry, 1999; Curry and Ballantyne, 1999; Ballantyne, 2002b; Barnard et al.,
2004; Chiverrell et al., 2009). This section will address slope failure and fluvial processes
separately.

2.5.2.1 Slope failure
Slope failure involves rapid downslope transfer of sediment under the influence of gravity.
Failure is often initiated by external triggers such as rainfall events. In the context of the
alpine slope subsystems, debris flows, debris avalanches, and snow avalanches have been
recognised as the dominant geomorphic processes for the redistribution of slope sediment
stores (Beylich, 2000; Ballantyne, 2002b; Beylich and Sandberg, 2005; Beylich and
Kneisel, 2009). Debris flows are the rapid downslope flow of sediment and water
(Ballantyne, 2002b). Debris avalanches may have the same rheology as debris flows and
are generally initiated under the influence of gravity but without an external trigger, such
as a heavy rainfall event (Brardinoni et al., 2009). By comparison, snow avalanches are
rapidly moving masses of snow mixed with rock debris (Rapp, 1960). These geomorphic
processes may completely rework sediment-mantled slopes in a span of a few decades to
form a „paraglacial‟ landsystem characterised by slope-foot debris cones and valley floor
deposits (Ballantyne, 2002b). Sediment supply from these slope failure processes is
generally episodic in nature, with the amount of sediment supplied varying spatially and
temporally (Imaizumi et al., 2009; Johnson et al., 2008).

Debris flow
Debris flow is regarded as the dominant process for redistributing material on steep
sediment-mantled slopes in alpine environments (Caine and Swanson, 1989; Ballantyne,
2002b). Quantified annual mass transfers (in t*m [total mass x mean distance]) are known
to show significant spatio-temporal variability. In the Latnjavagge catchment of Swedish
Lapland, mean annual mass transfer by debris flows varied from 14 t*m on a slope system
between sub-catchment B and D, to 265 t*m on a slope system between sub-catchment A
and C (Beylich, 2008). In this catchment, mean mass transfer increased from 212 t*m for
the period 2000-2004 to 279 t*m for the period 2000-2006 (Beylich, 2008). This increase
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in mean annual transfer was a direct consequence of the destabilisation of slope systems
and disturbance to the vegetation cover during the year 2004. In July of that year, a rare
rainfall event, with 58.4 mm of rainfall within 24 h, and 71.7 mm of rainfall within 48 h,
triggered significant debris flows in the Latnjavagge catchment (Beylich and Sandberg,
2005). Mass transfer during this rare rainfall event was 2030 t*m which was several orders
of magnitude higher than the mean annual mass transfer (212 t*m) (Beylich and Sandberg,
2005).

During rainfall events, debris flows are significant in connecting the slope subsystem with
the main channel. In the Lahnenwiesgraben drainage basin of the Bavarian Alps, Hass et
al. (2004) found that fluvial sediment yields within sub-basins increased by several orders
of magnitude following a large debris flow event. That event destroyed the soil and
vegetation cover of the catchment and incised the channel, leading to lateral erosion and
local bank failure. In addition, the debris flow created new deposits that continued to
deliver material to the main channel by fluvial processes (Hass et al., 2004). Similarly, in
the Reintal valley of the German Alps debris flow mobilised sediment on the slopes and
supplied the main channel with both fine and coarse sediment (Morche et al., 2007; 2009;
Morche and Laute, 2009). The finer particles were directly transported downstream by the
Partnach River, while the coarser particles were deposited within the channel.

Debris avalanche
Debris avalanches (or rock-avalanche) also play a significant role in the functioning of a
cascading system, particularly in the steep high-relief landscapes of the Southern Alps of
New Zealand (Korup et al., 2004; 2005a; 2006). In South Westland, postglacial landscape
modification has created an erosional catchment configuration with close connectivity
between frequent debris avalanches/landslides and fluvial incision (Korup, 2005a). The
strength of connection between subsystems is variable in time and space, with debris
avalanches transporting a significant mass of sediment annually (Morche and Laute, 2009).
In Austdalur, eastern Iceland, Beylich (2000) estimated that annual mass transfer of
material by debris avalanches was approximately 37 175 t yr -1. Based on measurements
from the year 2000 until 2006, Beylich (2008) calculated the mean annual mass transfer of
debris avalanches to be 10 350 t yr-1 in Latnjavagge, Swedish Lapland. In the same
catchment, the mean annual mass deposited by debris avalanches varied from 93.3 t in the
year 2000 to 43.3 t in the year 2006 (Beylich, 2008). Similarly, in Hrafndalur, east Iceland,
22

the mean annual mass deposited varied from 36 t in the year 2002 to 52 t in the year 2007
(Beylich and Kneisel, 2009). Rock and debris avalanches have also been shown to transfer
significant quantities of material in one-episodic event. For example, in the year 1991 11.8
± 2.4 x 106 m3 of rock and ice fell from the summit of Mount Cook, the highest peak in
New Zealand‟s Southern Alps (McSaveney, 2002). This rock avalanche fell 2720 m in two
minutes and travelled 7.5 km averaging 60 m s -1. The Mount Cook rock avalanche doubled
in mass during emplacement due to eroding snow and ice (McSaveney, 2002).

The impact of large slope failures on sediment transfer depends on whether or not they
intersect with the stream channel (Korup, 2005b). The episodic contribution of sediment to
channels may led to significant deposits of coarse sediments on floodplains, channel
instability, large scale avulsion, increased flood frequency and significant increases in
channel sediment flux (Korup, 2005b). For example, significant increases in channel
sediment flux was measured following the 1999 Mount Adams rock avalanche on the west
coast of the South Island. This rock avalanche discharged up to 25 000 000 m3 yr−1 of
sediment during the first two years following failure of the dam a previous rock avalanche
had formed on the Poerua River, Westland (Hancox et al., 1999; Korup et al., 2004).

Snow avalanches
The two main types of snow avalanche are distinguished according to their water content.
Slush flows correspond to flows of a liquid mixture of sediment and snow, whereas snow
avalanches are snow flows that are not saturated by water but move like a mass of
juxtaposed snow balls (Jomelli and Bertran, 2001). Beylich (2008) estimated the annual
mass transfer of slush flows in Latnjavagge, Swedish Lapland and showed significant
spatio-temporal variability (Table 2.2). In the year 2000, two small slush flows below the
Latnjajaure Lake transferred a total of 1780 t*m of debris, compared to 2420 t*m by two
slush flows below Latnjajaure in 2001 and 1240 t*m by two slush flows below Latnjajaure
in 2002 (Table 2.2). This variability was attributed to differences in sediment supply
conditions. Slush flows predominantly remobilise new material supplied from rockwall
denudation as well as the remobilisation of temporary stores in talus cones that have been
winnowed by previous events.
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Table 2.2: Annual mass transfers by slush flows in Latnjavagge, Swedish Lapland (modified from
Beylich, 2008: 184).
Year
2000

No. of slush flows
Five small slush flows

Locality
Below lake
Below lake
Delta
Above Delta
Sub-catchment D

Mass transfer (t*m)
900
880
720
350
224

2001

Six small slush flows

Below lake
Below lake
Delta
Above Delta
Above Delta
Sub-catchment D

1700
720
700
540
750
180

2002

Eight small slush flows

Below lake
Below lake
Above Delta
Above Delta
Sub-catchment D
Sub-catchment D
Sub-catchment D
Sub-catchment D

600
640
680
630
2240
320
490
360

The triggering of slush flows and snow avalanches is favoured in years that are
characterised by periods of significant winter snow melt (Beylich, 2008). Persistent snow
patches that lie into the spring, and the activity of the water released by melt during the
summer ablation season, have long been regarded as representing important processes for
sediment removal in the alpine zone (Clark, 1987). Some of this deposited fine material
will be transported into the main channel by fluvial processes. Other fine particles left
exposed on extra-channel surfaces may be transported by aeolian (wind) processes.
Materials transferred by slush flows and snow avalanches are significant seasonal sources
of fine sediment (Schrott et al., 2002; Beylich and Gintz, 2004; Beylich, 2008).

2.5.2.2 Erosion on slopes by flowing water
The erosion of unconsolidated sediments by flowing water is primarily associated with the
fine-sediment system. Unconsolidated fine-sediment is transferred over extra-channel
surfaces by overland flow. This occurs when precipitation intensity or meltwater runoff
exceeds the infiltration capacity of the surface (Knighton, 1998). As overland flow
progresses downslope, the flow becomes concentrated by surface irregularities, which can
form channels on the slope surface. These channels may be small and discontinuous (rills),
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or much larger and continuous (gullies), and they connect the slope subsystem with the
main channel (Harvey, 1994).

There is significant spatio-temporal variability in the mass of extra-channel suspended
sediment transferred by overland flow. Because precipitation intensity and snowmelt
supply are the primary controls on this process, inter-annual variability in the mass transfer
by overland flow shows shorter temporal-scale patterns (e.g., event-scale). For Austdalur,
East Iceland, Beylich (2000) showed that the mass transfer of suspended sediment by
overland flow varied spatially between the four Slope Test Sites, and temporally
throughout the 1997 field seasons (Table 2.3). This variability was a result of differences
in the specific amount of precipitation, runoff and the vegetation cover of the slope
surface. Transportation of suspended sediment by overland flow increased with increasing
altitude due to the vegetation cover decreasing and frost weathering intensifying with
increasing altitude, thus supplying more erodible particles (Beylich, 2000).

Table 2.3: Mass transfer of extra-channel suspended sediment by overland flow at Slope Test Sites
(STS) I-IV in Austdalur, eastern Iceland (modified from Beylich, 2000).
Time period
25.04.1997-16.07.1997
11.10.1997-09.11.1997

STS
Area (km2)
Total discharge (mm)
Total suspended load (t km-2)

I
0.16
497
16.7

II
0.22
491
49.1

III
0.43
501
53.0

IV
0.13
505
36.0

Total discharge (mm)
Total suspended load (t km-2)

76
1.1

73
2.3

76
2.3

76
1.8

Overland flow has been recognised as a significant process that links the transfer of
suspended sediment from slope subsystems to the main channel (Richards, 1984; Caine
and Swanson, 1989; Beylich, 2000; Orwin and Smart, 2004b; Nistor and Church, 2005;
Warburton, 2010). In the Martinelli catchment in the Colorado Rocky Mountains, 28% of
the total sediment supply to the main channel was attributed to overland flow from sources
adjacent to the stream channel (Caine and Swanson, 1989). Richards (1984) found that
concentrations of suspended sediment increased sharply during storm events in a
Norwegian proglacial area and concluded that this was largely the result of suspended
sediment transferred from extra-channel stores. Similarly, at Small River Glacier in
Canada, Orwin and Smart (2004b) used patterns of channel suspended sediment transfer
and spatially sampled suspended sediment data from extra-channel surfaces to show that
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input from extra-channel surfaces significantly increased channel sediment flux during
rainfall events.

2.5.2.3 Sediment exhaustion and slope stabilisation
An important aspect of the assessment of fine sediment delivery from slope to stream
channel is the quantification of sediment availability. Measurement of sediment
availability is often restricted to the unconsolidated materials that mantle slope surfaces
(Croke et al., 1999). It is likely that the availability of fine surficial material will decline
with age, due to sediment exhaustion and/or surface stabilisation. Sediment exhaustion has
been shown to result from fine surficial sediment on slopes winnowing downslope to the
stream channels by overland flow, either during rainfall events or in snowmelt (Hudson,
2003; Orwin and Smart, 2004b). In response to these events, the exhaustion of available
sediment sources leads to progressive slope stabilisation (Curry et al., 2006). This is, in
part, due to overland flow exhausting the fine surficial material and leaving a lag of
coarser clasts. Over time, this lag will effectively „armour‟ or protect underlying surfaces
from further mobilisation: in effect, the surface will become stable and no longer function
as a significant fine sediment source (Orwin and Smart, 2004b: Hicks and Basher, 2008).

Stabilisation of surfaces also occurs with vegetation colonisation. As a vegetation cover is
established, root systems bind fine sediment and prevent its removal by overland flow.
Interception of rainfall by foliage reduces surface mobilisation by rainsplash (Orwin and
Smart (2004b). Vegetation cover is clearly a major control on the availability of fine
sediment for transport by overland flow. A heavy rainfall event in the Latnjavagge
catchment, Swedish Lapland, triggered large fluvial mass transfers in the entire catchment
and caused very high overland flow on the slope systems (Beylich et al., 2006). However,
overland flow observed during this rainfall event did not show a concurrent increase in
concentration of suspended sediment in the streams.

The major reason for this low

intensity of sediment transported by overland flow was the vegetation cover of the
catchment. This type of cover creates a continuous and closed rhizosphere (region of soil
influence by plant roots), that can prevent erosion of fine and coarse surface sediments
(Beylich et al., 2006; Beylich and Kneisel, 2009).

This section has identified several key sediment transfer processes that have been
recognised as important for the functioning of the cascading system and as processes that
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couple slopes with the main channel. Although these studies have increased our
understanding of the cascade sedimentary system, the difficulty remains in measuring how
extra-channel surfaces interact with channels. To overcome this problem, multiple studies
have used suspended sediment concentration/discharge hysteresis relationships and
sediment budget approaches to identify the linkages between subsystems and to quantify
the relative contribution of slope processes in the catchment sediment budget.

2.6 Identifying linkages between subsystems
2.6.1 Discharge-suspended sediment concentration hysteresis
Changes in the relationship between discharge and suspended sediment concentration
(SSC) over the course of a rainfall event have been used to infer sediment sources within a
catchment, with the help of hysteresis analysis (Klein, 1984; Williams, 1989; Orwin and
Smart, 2004b; Smith and Dragovich, 2009; Navratil et al., 2010). Hysteresis is a measure
of the lag between a dependent variable in a system in relation to its controlling variable
(Sjöström, 2001). Hysteresis will occur if for each discharge value on the rising and falling
limbs of the hydrograph, there are two or more statistically dissimilar suspended sediment
concentrations (Sichingabula, 1993). The idealised discharge-suspended sediment
concentration (Q-SSC) patterns for single runoff events together with the sediment supply
and flow implications that have been proposed for each are presented in Figure 2.3 (Nistor
and Church, 2005).
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Figure 2.3: Idealised patterns of discharge-suspended sediment concentration relationships for (a)
single-peaked hydrographs and (b) multi-peaked hydrographs, and the sediment supply and flow
implications that have been proposed for each (modified from Nistor and Church, 2005: 863-865).

The relationship between discharge and suspended sediment concentration for an
individual rainfall event generally displays either clockwise or counter-clockwise
hysteresis (Figure 2.3). Clockwise hysteresis occurs when the SSC value on the rising limb
is greater than that for the same discharge value on the falling limb (Williams, 1989;
Hodson et al., 1998; Orwin and Smart, 2004b). Clockwise hysteresis has been used to
indicate the mobilisation of sediment during the initial stage of a rainfall event followed by
an apparent fall preceding peak channel discharge due to sediment depletion (Williams,
1989; Slattery et al., 2001; Seeger et al., 2004; Nistor and Church, 2005; Dugan et al.,
2009; Smith and Dragovich, 2009). This relationship has been attributed to the
remobilisation of sediment from channel sources during the rising limb of storm
hydrographs (e.g., Bogen, 1980; Klein, 1984; López-Tarazón et al., 2009) or sediment
transported a short distance by runoff from sources close to the channel (e.g., Lenzi and
Marchi, 2000; Jansson, 2002; McDonald and Lamoureux, 2009; Navratil et al., 2010).
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Complex hysteresis responses have also been related to cycles of suspension and
deposition throughout a rainfall event (Richards, 1984).

Counter-clockwise hysteresis occurs when suspended sediment concentration is higher on
the falling discharge limb than on the rising limb (Williams, 1989). Counter-clockwise
hysteresis has been related to a downstream increase in the lag between sediment and
discharge peaks due to differences in flow velocity and changes in channel morphology,
such as step-pool structures (Brasington and Richards, 2000). This relationship may also
result from the increased availability of fine sediment released from sub-surface matrices
(Orwin and Smart, 2004b). However, counter-clockwise hysteresis has been most
commonly used to indicate delayed sediment input from extra-channel surfaces originating
farther from the channel, such as from the proglacial area or a slope subsystem (Klein,
1984; Orwin and Smart, 2004b; Mao et al., 2009; McDonald and Lamoureux, 2009).
Hysteresis, therefore, provides a means to identify potential sediment sources within a
catchment. In particular, the classification of counter-clockwise hysteresis relationships
may provide a way to identify slope-to-channel sediment coupling relationships. However,
due to the differing interpretations of counter-clockwise hysteresis, this data needs to be
supplemented by other information on catchment processes to identify coupling, such as
the quantification of slope erosion rates in the context of a sediment budget (Hooke, 2003;
Smith and Dragovich, 2009).

2.6.2 Sediment budget approach
Catchment sediment budgets offer a means to assess the delivery of sediment from a range
of catchment sources, including slope systems (Smith and Dragovich, 2008a). A sediment
budget is defined as an “accounting of the sources and deposition of sediment as it travels
from its point of origin to its eventual exit from a drainage basin” (Reid and Dunne, 1996:
3). The fundamental concept underpinning sediment budget studies is the basic sediment
mass balance equation:

(2.1)

where input (I), equals output (O) plus change in the net storage of sediment (ΔS). In this
equation, various sources of sediment are defined, and the sediment supplied from them is
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routed through the channel system and accounted for by recognition of the various
opportunities for sediment storage (Slaymaker, 2003).

Previously, sediment budgets highlighted the importance of storage in regulating
catchment sediment flux and demonstrating decoupling between slopes and channels
(Fryirs and Brierley, 1999; Evans and Warburton, 2005; Smith and Dragovich, 2008a). In
the small upland headwater catchment of Flyers Creek, Australia, the sediment budget
showed that the small slope surface input to the channels from the two subsystems may
have been largely decoupled (Smith and Dragovich, 2008a). The authors suggested that
this decoupling may reflect the importance of colluvial storage within the catchment.
Similarly, in a small upland catchment in Upper Teesdale, northern England, Evans and
Warburton (2005) demonstrated that where vegetated fan surfaces or floodplains formed a
„buffer‟ (i.e., a landform that disrupts linkages within a catchment) between the gullies and
the main channel, there was no evidence of sediment transport across the surface. They
concluded that the subsystems were effectively decoupled.

In terms of quantitative studies of slope-to-channel coupling, hysteresis analysis and
sediment budget investigations have rarely been used and it is still unclear how or under
what conditions fine sediment is transferred and what controls transfer patterns, especially
in an area of valley terrain that has been deglacierized for a long time. If we can gain this
understanding, then it may give more insight into how formerly glaciated alpine
catchments respond to perturbation over time using sediment transfer patterns as a metric.

2.7 Research synopsis
In response to this knowledge gap, the research presented in this thesis attempts to quantify
and assess the spatial and temporal dynamics of fine and coarse sediment coupling
between a slope subsystem and the main channel in a small, largely deglacierized alpine
environment. To address the overarching research question (Chapter 1), the specific
objective of this study is to identify the role of channel suspended sediment transfer and
the influence of slope-to-channel coupling on the channel sediment flux, through the
parallel quantification of slope and channel processes. A flow chart of the overarching
research question and the key parameters measured and their relationship to the overall
objectives of this study is presented in Figure 2.4
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Overarching Research Question
What are the main controls on sediment coupling dynamics and transfer patterns
between slopes and channels in a small, largely deglaciated catchment?

Objectives
Identify the role of suspended sediment transfer and the influence of
slope-to-channel sediment coupling on the channel sediment flux.

Field Methods

Streamflow Gauging
(Chapter 4.1.1)

Suspended Sediment Concentration
(SSC)
(Chapter 4.1.2)

Meteorology
(Chapter 4.13)

Slope Processes
(Chapter 4.1.4)

 Continuous 15 min
stage record
 Gulp NaCl dilution
discharge gauges

 Continuous 15 min turbidity data
 SSC determined from laboratory
calibrations

 Continuous 15
min air
temperature
 Continuous 15
min
precipitation
data

 8 Gerlach troughs
 30 erosion pins

Analysis
(Chapter 4.3, 4.4)

Relationships between:
 Turbidity and SSC
 Stage and discharge
 Discharge and channel
morphology (discharge
routing)

Fluvial Processes:
 Time series of each variable
 Meteorological controls on both
discharge and SSC
 Suspended sediment loads and
total yield
 Discharge-SSC hysteresis
analysis

Meteorology:
 Time series of
each variable
 Rainfall IDF
curve

Slope Processes:
 Surface lowering rates
 Mass of sediment
eroded
 Particle size analysis
 Meteorological
controls on sediment
mobilisation

Interpretation

Figure 2.4: Summary of research methodology used in the Hoophorn Valley, Southern Alps, New
Zealand. SSC denotes suspended sediment concentration in mg L-1.
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Chapter 3
Study Area
3.1 Hoophorn Valley
The Hoophorn Valley (170° 03‟E, 43° 46‟S) is an 8.27 km2 basin situated on the eastern
side of the Sealy Range and extends northeast from the Main Divide of the Southern Alps,
New Zealand (Figures 3.1 and 3.2). The highest altitude of the catchment is 2557 m a.s.l.,
and the fan toe is at 700 m a.s.l., giving a relative relief of c. 1850 m. The catchment is
bounded by several major peaks, notably Mount Edgar Thomson (2379 m) and the
Hoophorn Spur (1425 m to 2200 m), which flank its southern and northern edge,
respectively (Figures 3.1 and 3.2). The catchment boundary is defined by arête topography
with limited permanent ice cover (c. 5% of the catchment area) remaining above 1800 m
a.s.l. The valley was once extensively glaciated, with glacial retreat from the Late-Glacial
stage likely to have begun approximately 12 000 years before present (Kirkbride and
Matthews, 1997; Cox and Barrell, 2007). Snow avalanches and associated debris are
common in the upper reaches of the catchment and provide a significant source of
meltwater throughout the summer (Figure 3.1).

Figure 3.1: Northwest facing photograph of the Hoophorn Valley. The Hoophorn Stream flows
west to east through the valley, descending from the upper reaches in the middle of the photograph.
Note the late lying snow avalanche debris in the upper channel reach. The photograph was taken
on 08.11.2008.
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Figure 3.2: Location of the Hoophorn Valley, Sealy Range, Aoraki/Mount Cook National Park,
New Zealand (inset). The black „dot‟ in the insert indicates the relative position of the catchment.
The upstream and downstream gauging stations are discussed in Section 3.5 (modified from NZMS
260 H36 1:50 000).

3.2 Catchment geology and geomorphology
The Hoophorn Valley is in the Permian-Triassic greywackes and semischists of the Rakaia
Terrane (Cox and Barrell, 2007). They are derived from predominantly quartzo-feldspathic
sandstones and argillaceous mudstones, with some conglomerate derived units present.
The sediments are typically fine to medium grained, poorly to moderately sorted
sandstones and conglomerates, interbedded with massive to finely laminated mudstones
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(Cox and Barrell, 2007). The textural zones (defined by Turnbull et al., 2001) in the
catchment vary throughout its length, with the upper catchment comprising TZ IIA
semischist, the middle catchment TZ IIB semischist, and the lower catchment relatively
undeformed TZ I greywacke (Figure 3.3). Faulting and folding during crustal deformation
and uplift of the Southern Alps has juxtaposed these textural zones (Lille and Gunn, 1964;
Cox and Findlay, 1995). Three thrust faults (the Green Rock Fault, the Great Groove Fault,
and an unnamed fault) transect the main valley, including a splay fault off the Great
Groove Fault (Figure 3.3). These faults are part of a series of short, moderately to steeply
dipping faults in the Rakaia Terrane (Lillie and Gunn, 1964). As part of the Pacific Plate,
the mountain range is being carried to the west-southwest towards the junction with the
Australian–Indian Plate along the Alpine Fault (Kirkbride and Matthews, 1997), and is
being uplifted at a rate of approximately 10 mm yr -1 (Blair, 1994).

Quartzo-feldspathic and argillaceous rocks dominate the Hoophorn Valley (Cox and
Barrell, 2007). The suite of quartzo-feldspathic sandstones predominately consists of
quartz, plagioclase, potassium-feldspar and muscovite with minor rock fragments,
including some volcanic debris (Spörli and Lillie, 1974). Darker sandstones within the
catchment have a high content of amphibole (Spörli and Lillie, 1974). The argillites are
mostly pelitic (i.e., mica-dominated shales). A red argillite occurs in the north branch of
the Hoophorn Valley, very close to the trace of the Great Groove Fault (Figure 3.3). Rock
fragments in the conglomerates include sandstones, argillites and some felsic and mafic
volcanics (Spörli and Lillie, 1974). The extensive micaceous shales throughout the valley
comprising the shale unit have weak van der Waals bonds, making this lithological unit
prone to fracturing (Klein et al., 2008). Bedrock detachment produces weakened material
over much of the slopes that is subject to further erosion by slope processes, and will
eventually be broken down to silt and clay size particles (Chamberlain et al., 1999).
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Figure 3.3: Geological map of the Hoophorn Valley, Sealy Range, Aoraki/Mount Cook National
Park, New Zealand (insert). The black „dot‟ in the insert indicates the relative position of the
catchment. The upstream and downstream gauging stations are discussed in Section 3.5 (modified
from GNS geological map 15; 1:250 000 and NZMS 260 H36; 1:50 000).

Extensive, unconsolidated deposits of colluvium, poorly sorted gravel, sand and silt are
present on the catchment floor and slope systems, providing an accessible store for
sediment remobilisation (Figure 3.4). Most of this material was deposited during previous
glacial perturbations, but has been reworked during the Holocene by slope and fluvial
processes, particularly in the lower reaches over the past 8000 years (Cox and Barrell,
2007). Therefore, bedrock is likely to be close to the surface below these deposits. At
present, weathering of bedrock faces continues to supply both fine and coarse material into
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these temporary storage areas, large fan complexes, in particular, attests to continued
coarse sediment input (Figure 3.4). The present-day sediment regime is, therefore,
superimposed on a landscape with a strong glacial overprint, where contemporaneous
process activity represents a modulated signal of both past and present sediment regimes.

Glacial retreat since the Late-Glacial stage c. 12 000 years before present (Cox and Barrell,
2007) has exposed large areas of bare rock and active talus/colluvial slopes in the upper
reaches of the basin. Activity on these slopes appears to be predominately controlled by
weathering, gravitational slope failures (e.g., rockfalls and rockslides), and avalanche
transference (Figure 3.4). Avalanche debris typically persists for most of the summer on
lower elevation surfaces in the upper reaches of the catchment. Ridges of Late-Glacial
moraine are also evident along the catchment floor, and above the tree-line on the true-left
of the upper basin (Figure 3.4). Unfortunately, there are no published or reliable sources on
the characteristics of these sediments that mantle much of the catchment (i.e., density). In
most places, these sediments are poorly exposed and stabilised by soil and vegetation.
However, vegetated slopes that have been dissected by ephemeral stream channels is
where sediment transference between slopes and channels likely to occur, as well as from
the unvegetated surfaces in the upper reaches of the catchment.
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Figure 3.4: The geomorphology of Hoophorn Valley showing overlying Quaternary sediments,
landforms, avalanche debris and glacial extent as of 2008. The black „dot‟ in the insert indicates
the relative position of the catchment. Map compiled by John F. Orwin (unpublished) from aerial
photograph SN 50686c (1:40 000).
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3.3 Vegetation
Grasslands, dominated by short tussock (Festuca novae-zealandiae) and snow tussock
(Chionochloa crassiuscula), cover much of the Hoophorn Valley. Small grasses (chiefly
Poa colensoi and Poa lindsayi) are abundant between 1300 and 1500 m a.s.l. (Wilson,
1990). At similar elevations, yellow buttercup (Ranunculus gracilipes) and white daisy
(Celmisia petiolata) are plentiful, with little ferns (Blechnum penna-marina) and yellow
mountain buttercups (Ranunculus sericophyllus) evident (Wilson, 1990). Dense scrub and
shrubland (dominated by Phormium cookianum and Dracophyllum uniflorum) cover much
of the Hoophorn Spur (c. 1450 m a.s.l.) with minimal forest cover (Nothofagus menziesii)
in the catchment (Wilson, 1990). Thickets of Matagouri (Discaria toumatou) and golden
spaniard (Aciphylla aurea) occupy the lower catchment, particularly the alluvial fan and
old river channels (Wilson, 1990). Exposed rock faces have also been colonised by
lichens, mosses and algae. As a result, approximately 70% of the catchment surface is
covered by vegetation (Figure 3.4).

3.4 Meteorological setting
The climate of the Hoophorn Valley reflects its proximity to the Southern Alps,
approximately 8 km to the west. Moist westerly airflow orthogonal to the Main Divide
gives rise to very high orographic rainfall totals to the west of the Alps (up to 10 000 mm)
and creates an extreme precipitation gradient leeward of them (Griffiths and McSaveney
1983). Situated on the leeward side of the Southern Alps, the Hoophorn Valley receives
approximately 3500 mm mean annual precipitation (NIWA, 2009). The summer months
(November to February) have a mean air temperature of 13°C and total mean precipitation
of 330 mm. Conversely, the winter months (June to September) are characterised by a
mean air temperature of 4°C and total mean precipitation of 300 mm. The mean monthly
air temperature (°C) and mean monthly precipitation totals (mm) for the period from the
year 2001 to 2008, at one of the National Institute of Water and Atmospheric Research
(NIWA) automatic weather station (AWS) (station #18125) c. 6 km north-west of the
Hoophorn Valley, are shown in Figure 3.5 (NIWA, 2009).
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Figure 3.5: (a) Mean monthly air temperature (°C) and (b) mean monthly precipitation (mm)
measured at a NIWA AWS (station #18125) c. 6 km north-west of the Hoophorn Valley from the
year 2001 to 2008. For (a), each point represents the average of seven years of measurements with
the sample standard deviation indicated as bars (modified from NIWA Cliflow, 2009).

3.5 Fluvial setting and location of gauging stations
Hoophorn Stream is perennial and fed by the limited permanent ice cover and snow
avalanche debris in the upper western reaches of the catchment (Figure 3.2) Snowmelt
during winter and precipitation in the form of rain also provide important inputs to stream
flow. The stream emerges from beneath late lying snow and avalanche patches then flows
east through the catchment. In the lower reaches of the catchment the stream percolates
through a large fan complex and into groundwater (Figure 3.4). The main channel network
is fed by several ephemeral tributaries that drain the slope systems and flow only during
rainfall events of varying intensity and duration (Figure 3.4).

Two gauging stations were installed on Hoophorn Stream (Figures 3.2 and 3.3). These
were installed in the lower reaches of the catchment where present-day suspended
sediment transfer patterns would represent a summation/integration of everything
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transferred through the contemporaneous sediment cascade. This would include material
derived from glaciogenic sediment stores and also recently weathered material. The
position of each gauging station was determined by accessibility, the presence of a stable
channel cross-section, and a suitable monitoring platform above the apparent level of
bank-full discharge. The altitude of the upstream gauging station (170° 05‟57.69”E, 43°
46‟15.15”S) was 760 m a.s.l. while the downstream gauging station (170° 06‟20.29”E, 43°
46‟16.43”S) was situated c. 600 m downstream at an altitude of 710 m a.s.l. (Figure 3.6).

Figure 3.6: (a) Upstream gauging station and (b) downstream gauging station on Hoophorn
Stream. For the position of each gauging station in the catchment refer to Figures 3.2 and 3.3.

The c. 600 m reach between the upstream and downstream gauging stations comprises a
low sinuosity, boulder and cobble dominated channel with areas of braiding along its
length (Figure 3.4). The monitored reach has a relative relief of c. 50 m. Channel width
averages 4.5 m and is characterised by a combination of step-pool, cascade, and riffle-pool
morphologies (Figure 3.7). The slope of the channel varies along the reach and ranges
from c. 3° to 17° (Figure 3.7). These changes in slope influence channel morphology (Chin
and Wohl, 2005). For example, riffle-pool channels occur at low to moderate gradients,
step-pool morphology is generally associated with moderate to steep gradients (> 3°) and,
cascade channels generally occur on steep to very steep slopes (> 10°) (Montgomery and
Buffington, 1997; Milzow, 2004). However, the formation of channel morphology is also
dependant on such controls, amongst others, as sediment supply availability and high
magnitude-low frequency events capable of mobilising the largest particles, such as
boulders (Montgomery and Buffington, 1997; Lenzi, 2001; Chin and Wohl, 2005).
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Figure 3.7: Longitudinal profile of the monitored reach showing the positions of the two gauging
stations in relation to the surveyed channel thalweg. Individual sections of the thalweg are
indicated by vertical lines, and average slope (in degrees) by numbers. The surveyed channel
thalweg represents the step-pool morphology of Hoophorn Stream, idealised by Lenzi (2001)
(insert).

3.6 Monitored dissected slope site
One slope site, located between the upstream and downstream gauging stations, was
selected for monitoring after preliminary field investigations had identified active erosion
and sediment transport processes (Figure 3.8). Extensive, unconsolidated colluvial deposits
of poorly sorted sediments are present on the slope surface, serving as a readily accessible
store for mobilisation. Most of these sediments were deposited during previous glacial
perturbations and have been extensively reworked over the past 8000 years. However,
subsequent weathering of bedrock surfaces above the monitored site continues to supply
„new‟ materials onto the slope surface. Therefore, present-day processes reflect a
combination of reworked material of both glacial and contemporary weathering origin.
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The slope is a dissected colluvial fan with a total catchment area of 0.0055 km 2 (including
the input area from above the monitored section), a relative relief of c. 700 m and an
average slope of 20°. It is recognised that the correct term for the slope site is a colluvial
fan, but for convenience it will be simply referred to as a dissected slope. The dissected
slope system extends from the eastern edge of the Hoophorn Spur down to the true left
margin of the Hoophorn Stream. The channel bank acts as „buffer‟ that prevents the flow
of energy and/or mass between the slope and the channel during low flow conditions
(Fryirs et al., 2007b). Preliminary field observations suggest that rainfall events breach the
buffer and link the dissected slope with the stream channel. As a response to Reid and
Dunne‟s (1996: 13) concern that “every project area is too large and complex” the
dissected slope was subdivided into the primary and secondary sedimentary zones (Figure
3.8b). The defined channel bank in the middle of the photograph was used to subdivide the
dissected slope system into these zones.
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Figure 3.8: (a) North facing view of the dissected slope taken from the true right margin of the
Hoophorn Stream and (b) the dissected slope subdivided into primary and secondary sedimentation
zones. The area above the monitored dissected slope is also shown as an input into the system.
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Chapter 4
Field and Laboratory Methods
4.0 Introduction
This chapter outlines the field and laboratory methods used to investigate the role of
stream channels for suspended sediment transfer, and the influence of slope-to-channel
coupling in a small, largely deglacierized catchment, Hoophorn Stream, Aoraki/Mount
Cook National Park, New Zealand. In the first section, the field methods are presented in
four sections; 1) discharge measurement, 2) suspended sediment concentration, 3)
meteorological monitoring, and 4) slope process measurement. This is followed by an
account of the laboratory methods used in this study (Section 2) and finishes with detail
about the data processing and statistical analytic techniques used (Section 3).

4.1 Field methods
Observations at the two gauging stations began on 9 November 2008 (JD314) and ended
on 3 April 2009 (JD93). The sensing equipment installed at the upstream gauging station
was a Campbell Scientific SR50A sonic ranging sensor, a Campbell Scientific 109L
temperature probe, a Hydrological Services TB3 precipitation gauge and an iHOBS
turbidimeter (Orwin and Smart, 2005). All equipment at this site was connected to a
Campbell Scientific CR10X datalogger. At the downstream gauging station, an iHOBS
turbidimeter was connected to a Campbell Scientific CR211 datalogger. All sensing
equipment was programmed to take measurements every 30 s; with values averaged and
stored every 15 minutes. Power was supplied to the sensing equipment and dataloggers by
a 12 V battery, recharged by a solar panel.

4.1.1 Streamflow gauging
Discharge
Discharge was determined only at the upstream gauging station as a lack of a safe
mounting surface prevented stage (river depth) from being measured at the downstream
gauging station. Discharge was determined for the upstream gauging station for the period
JD314 to JD93 by reference to a derived stage-discharge rating curve. The rating curve
relationship enables a continuous record of discharge estimates to be obtained by
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correlating simultaneous measurements of stage and flow discharge (Davie, 2003). A total
of 12 NaCl dilution gaugings were done over a range of flow conditions to generate a site
specific rating curve. This method works well in steep, turbulent streams as the turbulence
ensures complete mixing of tracer. The more usual estimates, based on velocity, depth, or
area, can be affected by difficulties in measuring these parameters in steep, turbulent
streams (Day, 1977; Herschy, 1995; Moore, 2004). For that reason, NaCl dilution gauging
is a commonly used technique to determine discharge in mountain streams (e.g. Orwin and
Smart, 2004b; Jordan, 2006; Reid et al., 2007; Kuraś et al., 2008).

Discharge was determined using the method of Moore (2004), where a known quantity of
NaCl tracer was injected approximately 10 m upstream from the measurement site to allow
for ample mixing. At the measurement site, changes in electrical conductivity (EC) above
ambient stream water value (ECbg) were monitored by a Campbell Scientific CS-547A
electrical conductivity probe as the NaCl tracer passed. Factory calibration indicated that
the probe was accurate to ± 5% (Campbell Scientific, Inc., 2009). The area under the
resultant breakthrough curve was used to determine discharge (Q), using the following
mass-balance approach (Herschy, 1995; Moore, 2004).

(4.1)

where Q is stream discharge (m3s-1), Vi is the volume of saline water (m3), k is a
proportionality constant (cm μS-1), EC(t) is electrical conductivity (μS cm-1), ECbg is the
background electrical conductivity of the stream water (μS cm-1) and Δt is the interval
between consecutive measurements (s).

For each such gauging, the length of stream required for uniform mixing was determined
by a non-toxic, biodegradable fluorescent tracer dye and two 2 L NaCl dilution gaugings.
Each such gauging consisted of 670 g of NaCl dissolved into in 2 L of stream water, or a
molar concentration of 5.73 M (Table 4.1). This amount of NaCl is relatively concentrated
and resulted in a pronounced change to background electrical conductivity. Each NaCl
dilution gauging was field calibrated using the pipette method (Herschy, 1995). For a
detailed description of this procedure see Herschy (1995) and Moore (2004).
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Table 4.1: Summary of salt (NaCl) dilution gauging for a range of flow conditions at the upstream
gauging station. A fully worked calculation for the error (%) associated with the determination of
discharge is shown in Appendix A.1
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Molar concentration
per gauging (M)
5.73

Time
(h)
1000
1030
1515
1530
1700
1715

Stage
(m)
0.686
0.686
0.687
0.687
0.688
0.689

Discharge
(m3s-1)
0.52
0.53
0.50
0.48
0.49
0.53

Error
(%)
6.02
6.94
6.94
6.94
6.94
6.94
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5.73

1130
1145
1215

1.125
1.118
1.070

1.60
1.92
2.02

6.94
6.94
6.94

72

5.73

1600
1630
1700

0.808
0.808
0.808

0.63
0.63
0.64

6.81
6.94
6.94

Sample site

JD

Upstream

Stage measurement
Stage was continuously recorded using a Campbell Scientific SR50A sonic ranging sensor
at the upstream gauging station, from JD314, 2008 to JD93, 2009. The SR50A is an
acoustic sensor that emits an ultrasonic pulse, which determines depth based on elapsed
time between emission and return of the pulse (Campbell Scientific, Inc., 2007a). Stage
was determined as a depth relationship involving distance from the sensor to the stream
bed as an offset to the distance from the sensor to the water surface.

Distance measurements were automatically air temperature corrected for variations in the
speed of sound using a Campbell Scientific 109L temperature sensor mounted above the
SR50A (Campbell Scientific, Inc., 2007a). The SR50A was field calibrated by measuring
the distance from the sensor to the stream surface and the stream bed, respectively. These
measurements were within ± 1 cm of the distance estimate provided by the sensor, which
was consistent with the manufacturer‟s specifications.

4.1.2 Suspended sediment concentration
Suspended sediment concentration was monitored between JD314, 2008 and JD94, 2009
using an iHOBS turbidimeter, which was designed to be most sensitive to coarse clay and
fine silt particle sizes (Orwin and Smart, 2005). A sediment sample taken from in situ
deposits from the channel had a median grain size (D 50) of 37 μm (coarse silt), confirming
the appropriateness of the iHOBS for measuring SSC in Hoophorn Stream (Orwin and
46

Smart, 2005). The iHOBS is a custom-designed turbidimeter with a sensor array
incorporating matching infrared LED emitter and photodiode detector with 180°
backscatter geometry (Orwin and Smart, 2005). Suspended sediment concentrations (mg
L-1) were determined using a turbidity-suspended-sediment concentration (SSC)
calibration. Ideally, turbidimeters should be calibrated using samples taken in situ during
different flow events using discrete grab samples that cover the range of SSC experienced
(Orwin and Smart, 2005). However, in this study logistical and accessibility issues during
high discharge events prevented collection of suspended sediment grab samples. Instead,
sediment collected from deposits on the surface of channel boulders exposed under low
flow within the stream channel were used to calibrate each turbidimeter in the laboratory.
Because this sediment was collected from deposits within the main channel, it was
considered to be representative of the particle size, shape, and colour of sediment most
commonly transported by the stream. This meant that the laboratory calibrations provided
a reasonably accurate characterisation of the iHOBS response to these natural variables
(Minella et al., 2008).

4.1.3 Meteorological variables
Two meteorological variables, air temperature and precipitation, were measured
continuously over the study period. Air temperature was recorded at the upstream gauging
station with a screened Campbell Scientific 109L temperature sensor. These sensors have a
temperature range of -50°C to +70°C with precision of ± 0.2°C (Campbell Scientific, Inc.,
2007b). Precipitation was also monitored at the upstream gauging station using a
Hydrological Services TB3 0.2 mm precision, tipping bucket precipitation gauge. The TB3
was factory calibrated, and, according to the manufacturers‟ specifications, is accurate to ±
2% over the range of 0 to 250 mm h-1 (Hydrological Services Pty, Ltd., 2009). Additional
meteorological data was sourced from NIWA‟s CliFlo programme. Ten minute resolution
records of precipitation and air temperature from an AWS located c. 6 km north-west of
the Hoophorn Stream (170° 09‟E, 43° 73‟S) provided good quality data for comparison
with the measured meteorological variables. This data was also used to construct a 24-h
rainfall intensity-duration-frequency (IDF) curve (Section 4.2.2), which was used to
establish recurrence interval for each rainfall event measured in the Hoophorn Valley.
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4.1.4 Slope processes
Slope processes were monitored in the deposition area of the dissected slope which was
coupled to the stream channel. A combination of techniques was used to monitor slope
denudation. Rates of surface lowering were determined from repeated measures of erosion
pins (n = 30) distributed across the dissected slope. Three cross-sections, each with 10
erosion pins, were established (Figure 4.1). The position of the cross-sections were chosen
because this area would isolate slope from stream processes and 10 erosion pins could be
placed equidistant along the cross-sections between the dissected slope margins.

Figure 4.1: North facing view of the dissected slope showing the location of the erosion pin crosssections (each with 10 erosion pins) and Gerlach troughs.

The pins were placed normal to the slope surface and inserted 40 cm into the ground with
10 cm left exposed (Figure 4.2a). Measurements of the length of erosion pin exposed
(from the top of the erosion pin to the slope surface) were taken following a major rainfall
event. Given the limitations of the measuring equipment, there could be little certainty
about the magnitude of surface lowering rates, but it was thought that it was not likely to
be greater than 1 cm over the study period. To achieve consistency between measurements,
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a washer was placed over the erosion pin to ensure a flat reference surface and to minimise
the effect of the removal of a single grain, as discussed by Lawler (1993). The use of a
washer was important as it provided an integrated measure of surface lowering around the
erosion pin and thus the best estimate of sediment loss from the sampling area.

Logistics and safe access to the dissected slope restricted the erosion pin measurements to
six rainfall events with measurements taken within 1 day following the falling limb of the
hydrograph. In some cases this meant that two rainfall events may have been monitored
due to multi-rise hydrograph events preventing access to the dissected slope. Because of
initial disturbance to the soil surface during pin installation, a stabilisation period of one
week was allowed before measurements were taken (Lawler, 1993). The volume of
sediment eroded from the area monitored on the dissected slope was calculated by
multiplying the average surface lowering rate of each cross-section by the approximate
contributing area (Figure 4.3a). Volumes were converted into mass using a bulk density of
1500 kg m-3, typical of colluvial deposits in alpine environments (e.g., Morche et al., 2007;
2009).

Figure 4.2: Schematic representation of (a) a slope profile with recommended positions and depth
of erosion pins and (b) the simplified Gerlach trough used to measure sediment transportation by
overland flow (modified from (a) Hass and Heckmann, 2007 and (b) Gerlach, 1967).

Simplified versions of the Gerlach trough (n = 8) described by Gerlach (1967), were
distributed throughout the dissected slope to collect sediment transported by overland flow
(Figure 4.2b). Preliminary field observations identified key locations on the dissected slope
for the placement of Gerlach troughs to intercept sediment transport pathways (Figure 4.1).
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Each trough was placed at right angles to the main slope axis with the upslope lip as level
as possible on the natural surface (Leopold and Emmett, 1967). Gerlach troughs were
placed downslope from each other so that any overfilling from a trough further up-slope
was likely to become an input into the lower contributing area of an adjacent trough (e.g.,
as a cascading system). However, any overfilling not captured by an adjacent Gerlach
trough equated to unmonitored process activity (Johnson and Warburton, 2002). In the
zone of deposition, one Gerlach trough was situated at the apex of the slope in order to
gain insight into the transference of sediments from the main source areas above the
monitored site (Figure 4.1). Furthermore, for comparative purposes, one Gerlach trough
was placed in a site with full vegetation cover so that conservative statements of sediment
loss due to stable vegetation cover could be made (Figure 4.1). Collected sediment samples
were placed in sealed containers and brought back to the laboratory, where they were dried
at 105°C for 24 h, weighed, and prepared for particle size analysis.

The contributing area above each cross-section of 10 erosion pins, and also of each
Gerlach trough, was estimated using Total Station survey data. A schematic of the
approximate contributing areas are shown in Figure 4.3. The contributing area of the
trough located at the apex of the dissected slope is not shown in Figure 4.3 because this
section of the slope was not surveyed. However, the contributing area was estimated in the
field using a metric tape. It is recognised that extrapolation of location-specific erosion
rates to larger areas assumes that process activity occurs at the same rate across the entire
area, which in reality may not be true (Johnson and Warburton, 2002). Furthermore, the
schematic of the contributing areas shows that the entire area of the dissected slope was
not directly monitored. Therefore, all calculations of mass transfer should be viewed
strictly as estimates, with broad error bands.

50

Figure 4.3: Approximate contributing area (a) above the cross sections of 10 erosion pins and (b)
for each Gerlach trough in the primary sedimentation zone (blue) and secondary sedimentation
zone (red). The estimated contributing areas (in m2) are shown in Table 5.5.
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4.2 Laboratory methods
4.2.1 iHOBS turbidimeter calibration
Laboratory calibration of the iHOBS turbidimeters was carried out in two stages. The first
stage concerned equipment efficiency, stability, and reproducibility using Formazin, and
the second involved calibration of the iHOBS with bulk suspended sediment.

First, the iHOBS turbidimeters were laboratory tested for stability and reproducibility
using dilutions of liquid Formazin 4000 FTU (Formazin Turbidity Units) to produce a
range of FTU values (Minella et al., 2008). Formazin is used as a standard for optical
calibrations because its uniformity results in a scattering efficiency that is uniformly
consistent, unlike that of sediment particles (Vanous et al. 1982). Calibration of each
iHOBS was based on 65 measurements ranging from 0 to 1300 FTU. Linear regression
models fitted to the resulting calibration curves explained 99% of all the variance in all
cases. T-tests showed there were no statistically significant differences between slopes and
intercepts for each instrument (p < 0.05).

Second, each iHOBS was laboratory calibrated by using bulk sediment samples (< 0.063
mm) to establish the relationship between suspended sediment concentration and output
signal of the turbidimeters. A black bucket (20 L volume) was filled with 5 L of laboratory
grade distilled water. Each iHOBS sensor was suspended across the middle of the bucket
with the sensor face submerged c. 50 mm below the water surface (Orwin and Smart,
2005). Concentrations of suspended sediment were adjusted by progressively adding
arbitrary masses of dry bulk sediment to the bucket. An electronic stirrer was used to
maintain suspension of the sediment within the water column. Fifteen measurements, at 10
second intervals, were recorded for each concentration after the sediment had been mixed
with the water for 1 minute. Following the 15 measurements, a 10 ml sample was pipetted
using an automatic pipette and placed in a pre-weighed, dry aluminium dish. On
completion of each run, the samples and dishes were weighed and oven dried at 105°C for
24 h. Dried samples were reweighed and suspended sediment concentrations were
determined.
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4.2.2 Particle size analysis
Particle size analysis of the collected sediment samples from the dissected slope was
conducted in the laboratory using Endecott brass-mesh, square-hole sieves (BS 410:1986).
The percentage fraction of particles sized between 16 mm (- 4 Φ) and 0.063 mm (+ 4 Φ)
were measured directly at 0.5 Φ increments, with the fine sediment sizes (< 0.063 mm)
represented as a percentage fraction of the total, based on the sediment weight collected in
the bottom sieve pan. Sediment sub-samples each weighing 200 grams were sieved for 5
minutes at an amplitude of 4 mm g -1, using a Retsch AS200 sieve machine. Following this,
the sieved size fractions were weighed individually using a Sartorius balance able to weigh
to 0.01 g. Individual size fractions from all sub-samples were combined (Bunte and Abt,
2001).

Following Folk and Ward (1957) and Johnson and Warburton (2006), particle size
distributions are described by percentiles (Φ 16, and Φ84), graphical mean (Φ50), inclusive
graphical standard deviation (sorting), inclusive graphical skewness and graphical kurtosis,
all in phi-units (Φ). The percentiles were computed by linear interpolation using the
method of Bunte and Abt (2001):

Φ

(4.2)

where y2 and y1 are cumulative percentage frequency directly below and above the desired
cumulative frequency, yx, and x2 and x1 are the particle sizes in phi-units associated with
the cumulative frequencies y2 and y1. Based on the computed percentile values the
distribution parameters were calculated. To verify the results, the open source sediment
grain-size analysis software GRADISTAT was used (Blott and Pye, 2001).
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4.3 Data processing
4.3.1 Data filtering
The raw field data for air temperature, turbidity, and discharge was post-processed using a
median and Tukey-Hanning filter to remove instrument noise and high-frequency
oscillations not related to actual process. The first step involved applying a five-cell
moving median filter. Following this, a Tukey-Hanning filter was applied three times to
each time series, using the following equation:

(4.3)

The Tukey-Hanning filter takes a moving average of three median points (X 1, X2, and X3)
with differential weighting of each point. Each centre point (X 2) is given twice the
weighting of the neighbouring points (X1 and X3) (Priestly, 1981; Hornberger and Wiberg,
2005).

4.3.2 Determination of the stage-discharge relationship at the upstream gauging station
Figure 4.4 shows the fitted power relationship between simultaneous gulp NaCl dilution
discharge measurements and stage measurements for the upstream gauging station. The
coefficient of determination (R2 = 0.946) shows a very strong positive relationship
between discharge and stage, significant at p < 0.05, with some variation at higher
discharge (Figure 4.4). This variation may be the consequence of unsteady flow and either
channel scour or sediment deposition (Clarke, 1999). Furthermore, variability may result
from measurement errors inherent to the instrumentation or the method of flow
measurement (Moore, 2004). It is acknowledged that the strong positive relationship of
this rating curve is likely to be a function of the polarised data set which is only a partial
representation of the flow conditions in Hoophorn Stream. The curve has a higher
weighting for low magnitude discharge events and, as a result, may lead to the
overestimation of high flow events (DeGagne et al., 1996). Because this error is consistent
across the study period, it is unlikely to have affected the underlying patterns in the data,
but the magnitude of discharge events should be treated with caution.
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Figure 4.4: Fitted power curve between eight salt (NaCl) dilution discharge measurements and
corresponding stage measurements from the upstream gauging station. The derived equation was
used to predict discharge values from continuous stage measurements at the upstream gauging
station. The 6% error bars associated with each NaCl measurement are also plotted.

4.3.3 Determination of the downstream hydrograph: discharge routing
To overcome the problem imposed from being unable to continuously measure discharge
at the downstream gauging station, differences in discharge between the two gauging
stations were modelled using the convex routing method (Dingman, 2002). In order to
determine the discharge pattern through the c. 600 m reach, the convex routing method
was applied to 15 storm hydrograph inflow events. The hydraulic behaviour of the reach
between the two gauging stations (X) was modelled using constant slope (S) and width (B)
values, and estimated resistance (Manning‟s n) (Dingman, 2002). For each of the 15
events, an upstream hydrograph inflow was selected (QIt) and modelled as a function of
time to provide an estimate of output (CX). The output value (CX) gives the magnitude of
the delay in the peak between the two gauging stations and shows whether there is a
diffusive or translatory effect on the flood wave (Dingman, 2002). The convex routing
method was also used to determine the timing of peak outflow from measurements of
mean river depth (stage), discharge and flow velocity for the total 144 day record. The
computed values are summarised in Appendix A.2.
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Figure 4.5 shows an example of measured upstream hydrograph and modelled downstream
hydrograph from the convex routing method applied to (a) the storm inflow event on
JD314, 2008 and for the same inflow event, (b) the resultant delay in discharge peaks
estimated from mean river depth, discharge and flow velocity for the total 144 day record.
The downstream variability in amplitude and timing of peak discharge is small. Field
observations during rainfall events showed no major tributary inputs between the two sites.
Spot discharge measurements at the downstream site only showed slight differences in the
measured discharge at the upper site (Figure 4.6). However, these differences were
typically within the error bars associated with each NaCl measurement (c. 6%), meaning
that there was no difference in discharge between the two sites. However, the storage and
subsequent release of water from pools within the Hoophorn Stream resulted in a small
time lag between the peak of the hydrograph inflow and the peak of the modelled outflow
(Figure 4.5b). For this reason, the downstream discharge hydrograph was conservatively
lagged by 15 minutes to account for the delay imposed by channel morphology.

Figure 4.5: Observed upstream hydrographs and modelled downstream hydrographs from the
convex routing method applied to (a) the storm event inflow on JD314, 2008 and (b) the resultant
delay in discharge peaks estimated from mean river depth, discharge and flow velocity for the total
144 day record.
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Figure 4.6: Fitted linear relationship between spot discharge measurements at the downstream
gauging station and the estimated rating curve discharge values at the upstream gauging station.
The 6% error bars associated with each NaCl dilution gauging are also shown.

4.3.4 Determination of the turbidity-suspended sediment relationship
Figure 4.7 shows the best fit, linear and second order polynomial relationships between
turbidity and SSC for the (a) upstream iHOBS and (b) downstream iHOBS. The linear
relationships were used to test differences between the slopes and intercepts of each
iHOBS turbidimeter, while the the second order polynomial relationships were used to
convert turbidity measurements to SSC.

T-tests of slope and intercept showed no statistical difference between each instrument
(significant at p < 0.05). This meant that if an iHOBS was damaged in the field, the
replacement turbidimeter‟s response to SSC would not be statistically different. This
replicability was important as on JD359 and JD35 the upstream and downstream gauging
stations iHOBS had to be replaced due to storm damage. However, any slight differences
in calibration slopes and intercepts were most likely due to slight variations in gain settings
on individual instruments (Orwin and Smart, 2005).

The second order polynomial relationships show strong positive statistical relationships
between SSC and turbidity, with the majority of data points falling close to the fitted trend
line. Over the measured range from 0 to 12 000 mg L-1, both instruments had explained
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variances of 97.9% and 97.8%, respectively (Figure 4.7). However, scatter around
individual curves increased with concentrations of suspended sediment. This variability is
likely to be a result of variability in the size of suspended sediment particles (Gurnell et
al., 1992). Despite the high explanatory power of these fits, estimates of SSC based on
equations obtained using laboratory calibrations can result in overestimate of actual SSC
values (Minella et al., 2008). Therefore, the SSC values presented here should be viewed
as fair estimates only.

Figure 4.7: Laboratory calibrations with bulk suspended sediment collected from the Hoophorn
Stream for (a) the upstream iHOBS turbidimeter and (b) the downstream iHOBS turbidimeter.
Both instruments measured concentrations from 0 to c. 12 000 mg L-1. Each point represents the
average of 15 measurements. Best fit linear and second order polynomial curves, equations and
significance at p = 0.05 are shown.
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4.3.5 Suspended sediment load
The 15 minute discharge and suspended sediment concentrations were used to calculate
instantaneous suspended sediment loads at each gauging station. Load calculations using
derived suspended sediment concentration are considered the most reliable approach when
the sampling interval is shorter than within-stream changes in suspended sediment
concentrations (Orwin et al., 2010b). Other methods, such as rating curves, are often of
limited value due to spatial variations in suspended sediment transfers (Orwin et al.,
2010b). The suspended sediment loads for this study were calculated with the following
equation:

(4.4)

where SSLoad is total suspended sediment load, Ci is measured suspended sediment
concentration, Qi is discharge, T is time, and t is a fixed sampling interval that is shorter
than the minimum time over which discharge or concentration can alter (Ferguson, 1987).

4.4 Statistical analysis
4.4.1 Principal component analysis
In most glaciated systems, ablation dominates discharge forcing which, to a large extent,
controls the temporal and spatial patterns of proglacial suspended sediment transfer (Orwin
and Smart, 2004b). However, given the limited extent of glacial cover within the
Hoophorn Valley, it was unclear whether ablation or rainfall was the primary control on
discharge and, therefore, suspended sediment transfer patterns. This control also has
implications for the efficacy of slope-to-channel coupling which is primarily rainfall
driven. Principal Component Analysis (PCA) has been widely used to demonstrate
meteorological controls on discharge and suspended sediment transfer (e.g., Hannah et al.,
2000; Orwin and Smart, 2004b; Irvine-Fynn et al., 2005) and was applied to the Hoophorn
Valley data.

Principal Component Analysis was the prime data reduction method and conducted in the
statistical package SPSS (Version 15.0). Principle Component Analysis is a multivariate
statistical technique that reduces large data sets to a smaller number of underlying
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components without removing underlying patterns or variance within the original data
(Rogerson, 2001). It does this by aggregating data into groups („components‟) that
statistically explain much of the variance in the original data set (Haag and Westrich,
2002). Principle component analysis was used to identify and interpret the key processes
driving the observed discharge and suspended sediment transfer patterns. Following Orwin
and Smart (2004b), the input matrix for PCA consisted of N columns of daily averages of
discharge, suspended sediment concentration, air temperature, and total daily rainfall, by n
rows of days. Principle component analysis was run using a VARIMAX orthogonal rotation
to maximise loadings on the variables with standard retention criteria. All components
with an Eigenvalue greater than 1 were extracted.

4.4.2 Cluster analysis
Cluster Analysis (CA) by Ward‟s method was conducted in the statistical package SPSS
(Version 15.0) and used to assess the seasonal influence of meteorological conditions on
suspended sediment transfer. Cluster Analysis searches rows in a data table to reduce the
number of original observations into „like-groups‟ (Rogerson, 2001). In this study, Ward‟s
hierarchical agglomeration method was applied to the precipitation, air temperature,
discharge, and suspended sediment concentration data to minimize within-group
variability (Hannah et al., 2000). Clusters of observations were determined visually from
the associated agglomeration dendrogram plot.

4.4.3 Hysteresis Index
Although hysteresis plots effectively clarify the dynamic response of SSC to changes in
discharge during storm events, a simple hysteresis index (HI) devised by Lawler et al.
(2006) was applied in this study to quantify the magnitude and direction of the hysteresis
relationships. The index is dimensionless, and based solely on the ratio of a suspended
sediment concentration on the rising hydrograph limb compared to suspended sediment
concentration on the falling hydrograph limb.
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Determination of the hysteresis index value for a particular event required the mid-value
discharge which is calculated with the following equation:

(4.5)

where Qmax is the peak discharge of the event, Qmin is the initial discharge for the event and
k is when loop breadth is assessed relative to flow range (Lawler et al., 2006). For all
determinations, a k of 0·5 and 0.75 was used, to characterise changes in the hysteresis
relationships during the course of a major discharge event (Lawler et al., 2006). This range
of k values was used to ensure that individual loops associated with multi-rise hydrographs
were characterised properly.

The SSC value at Qmid on the rising limb of the hydrograph (TURL) and the SSC value
associated with Qmid on the falling limb of the hydrograph (TUFL) were used to calculate
the hysteresis index (HImid), which was determined for clockwise hysteresis, where TURL >
TUFL, as:

(4.6)

or, when hysteresis was counter-clockwise, where TURL < TUFL, as:

(4.7)

The index expresses clockwise hysteresis as a positive value and counter-clockwise
hysteresis as a negative value, and has been applied in other studies (e.g. Lawler et al.,
2006; Dugan et al., 2009; McDonald and Lamoureux, 2009). An HI of zero represents no
hysteresis and the higher the HI value (±), the stronger the hysteresis relationship. Based
on the few studies that have used this index a conservative HI value of ± 1 was applied to
in this study to represent strong hysteresis relationships (Lawler, et al., 2006; Dugan et al.,
2009).
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Chapter 5
Results
5.0 Introduction
In this chapter, the results from an investigation into fluvial and slope sediment transfers in
the Hoophorn Valley, between JD314, 2008 and JD93, 2009 are presented. The chapter is
divided into six sections: 1) the data record, 2) the meteorological record, 3) the
hydrological record, 4) fluvial suspended sediment dynamics, 5) dissected slope sediment
dynamics, and 6) slope-to-channel sediment coupling. The first section summarises the
time series for both gauging stations. In the second and third sections, results from
analyses of the 15 minute meteorological and discharge time series are presented for both
gauging stations. Suspended sediment dynamics within the Hoophorn Stream are outlined
in the fourth section. In the fifth section the dynamics of dissected slope sediments are
presented, including the particle size distribution of collected sediment samples, surface
lowering rates and estimates of the mass of sediment eroded from the dissected slope are
presented. The discharge-suspended sediment concentration hysteresis relationships used
to assess slope-to-channel sediment coupling relationships are presented in the sixth and
final section.

5.1 Data Record
The complete time series data for both gauging stations are shown in Figure 5.1, including
precipitation (mm), air temperature (°C), discharge (m3s-1), and suspended sediment
concentration (SSC) (mg L-1). In total, 114 days (from a period of 144 days) of data were
obtained. The study period covered the period from 9 November 2008 (JD314) to 3 April
2009 (JD93). Data gaps were the consequence of high discharge events destroying
equipment between JD328 and JD347, and between JD35 and JD57. The gaps between
JD17 and JD27 and between JD55 and JD57 were the result of power failure. Although
records of precipitation, air temperature, discharge and SSC were available for the
upstream gauging station between JD27 and JD55, SSC data was not collected from the
downstream gauging station. Therefore, a conservative approach was taken, and any
information for the period from JD27 to JD55 was deleted from the data base to ensure
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contemporaneous SSC records for the two gauging stations, even though that meant
reducing the 114 days of data to 86 days of common data.

The full run of measurements was divided into three periods based on gaps in the data
record (Figure 5.1). The three time periods were: early season (late spring), mid season
(summer), and late season (early autumn). The three time periods shown in Figure 5.1 are
for the entire period of data collection. The three periods used for analysis were: early
season (JD314 to JD328), mid season (JD347 to JD17), and late season (JD57 to JD93)
(Figure 5.2). During these three periods, forty sediment samples were collected
immediately after major rainfall events on JD321 (Early season), JD354, JD2, and JD9
(Mid season) and JD59 and JD77 (Late season) from eight Gerlach troughs distributed
across the dissected slope. Estimates of surface lowering, derived from measurements of
the 30 erosion pins, were also monitored on the dissected slope following these rainfall
events.
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Figure 5.1: Measurements of precipitation (mm), air temperature (°C), discharge (m3 s-1) and suspended sediment concentration (mg L -1) at 15 minute
intervals for the upstream and downstream gauging stations in the Hoophorn Valley between JD314, 2008 and JD93, 2009. Note that this is entire period
of data collection. The data used for analysis is summarised in Figure 5.2.

Figure 5.2: Stages in field monitoring used in this thesis. The shaded areas indicate observations
removed from the analysis due to storm damage and power failure at one or both gauging stations.
The black „dots‟ represent when overland flow and surface lowering was monitored.

5.2 Meteorological record
5.2.1 Air temperature
Air temperature showed a clear diurnal pattern over the study period, with temperatures
typically reaching 20°C during the day and decreasing to approximately 3°C at night
(Figure 5.1). Mean air temperature for the period of monitoring was 12.54°C, with
measured air temperature ranging between 1.42°C and 29.46°C (Table 5.1). The air
temperature records from the Hoophorn Valley were within ± 1.5°C of the measurements
taken at the NIWA‟s Mount Cook AWS, c. 6 km away (Table 5.1). Overall, the air
temperature record varied significantly over the study period, displaying a trend towards
increasing temperature with the progression of the summer season. Prolonged periods of
cooler air temperatures (taken as one standard deviation below mean daily temperature) at
JD321, JD354, JD1, JD28, and JD 53 largely coincided with major rainfall events.
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Table 5.1: Minimum, mean, and maximum air temperatures (°C) and total rainfall (mm) are tabled
for each time stage during the period of field monitoring. Also tabled are the measurements from
NIWA‟s Mount Cook AWS, c. 6 km northeast of Hoophorn Stream.
Time period (JD)

Early Season
(JD314-JD328)
Mid Season
(JD347-JD17)
Late Season
(JD57-JD93)
JD314-JD93

Min.
Temp
(°C)
1.89

Hoophorn Valley
Mean
Max.
Temp
Temp
(°C)
(°C)
11.66
24.23

Total
Rainfall
(mm)
245

Min.
Temp
(°C)
0.70

Mount Cook AWS
Mean
Max.
Temp
Temp
(°C)
(°C)
12.08
25.00

1.42

12.36

27.41

579

0.60

12.98

27.30

561

2.27

11.60

24.03

252

1.40

11.90

24.80

236

1.42

12.54

29.46

1076

0.60

12.83

30.04

968

Total
Rainfall
(mm)
171

5.2.2 Precipitation
Precipitation, falling as rain, showed considerable temporal variability during the study
period (Figure 5.1). Total precipitation recorded in the Hoophorn Valley for the 86 days of
recorded data was 1076 mm (Table 5.1). This value should be viewed as a minimum only
due to (a) the incomplete data record, (b) the difficulties associated with accurately
measuring precipitation in alpine environments, such as, for example, effects of wind on
precipitation gauge catch efficiency (Elder et al., 1991), and (c) because precipitation is
highly variable in time and space. Table 5.1 shows that the total amount of precipitation
recorded during the periods of data collection varied by up to 74 mm between the
Hoophorn Valley and NIWA‟s Mount Cook AWS. This difference was most likely due to
the greater proximity of the Mount Cook AWS to the main divide of the Southern Alps.
There is a steep precipitation gradient across the Main Divide, so leeward ranges, such as
the Sealy Range, generally receive less rainfall per annum than areas closer to the Main
Divide (Griffiths and McSaveney, 1983; Allen et al., 2008).

A total of 20 discrete rainfall events were recorded during the study period (Figure 5.3),
and they generally coincided with prolonged periods of cooler air temperatures. However,
some occurred during periods of warmer air temperatures (taken as one standard deviation
above mean daily temperature). Rainfall during periods of warmer air (JD350, JD5, and
JD60) was heavy and associated with a strong north-westerly weather system, as might be
expected in late summer/early autumn (NIWA, 2009), when „spillover‟ of precipitation
during strong synoptic north-westerly conditions dominates the hydrological input regime
of many eastern alpine catchments, including the Hoophorn Valley (McGowan and
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Sturman, 1996). It is likely that during such events, high-intensity warm north-westerly
rain on snow events initiated rapid snow/ice melt in the upper reaches of the catchment,
producing significant discharge events (Fitzharris et al., 1980). All of the recorded rainfall
events appeared to be significant drivers of all major discharge events, with the highest
discharge peaks coinciding with the timing of rainfall events (Figure 5.1).

Figure 5.3: Recorded rainfall events in the Hoophorn Valley between JD314, 2008 and JD93,
2009. Note: * indicates a rainfall event after which slope erosion was monitored.

The intensity (in mm h-1) and duration (in minutes) of individual rainfall events varied
over the period of field monitoring. Eight years of unpublished rainfall data (2001-2008)
from NIWA‟s Mount Cook AWS were used to construct a 24 h intensity-durationfrequency (IDF) graph (Figure 5.4). The return periods shown in Figure 5.4 are likely to be
overestimates of the specific return periods for the Hoophorn Valley, due to the location of
the Mount Cook AWS, as discussed above. However, the IDF was used to provide
reasonable estimates of the recurrence interval for each rainfall event depicted in Figure
5.3. In general, the majority of rainfall events were low intensity-short duration, with
return periods < 2 years, except for two high intensity-short duration events with return
periods of approximately two years (Figure 5.4). Event 7 on JD2 was the most significant
of these high intensity-short duration rainfall events. This event had an expected return
period of two years and was characterised by an intensity of 10.09 mm h -1, and a duration
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of 11 h (Figure 5.4). Furthermore, this event was associated with the largest recorded
discharge peak of 4.80 m3 s-1. With the exception of the JD2 event, precipitation
measurements in the Hoophorn Valley were representative of a „normal‟ summer
precipitation pattern in this area (NIWA, 2009).

Figure 5.4: The 24-h rainfall intensity-duration-frequency (IDF) graph for the Hoophorn Valley.
The IDF was based on eight years of unpublished rainfall data (2001-2008) from the NIWA Mount
Cook AWS (170° 09‟E, 43° 73‟S). Circled numbers refer to numbered rainfall events in Figure 5.3.

5.3 Hydrological record
5.3.1 Stream discharge
The stream discharge hydrograph showed a strong diurnal pattern comparable to that of air
temperature (Figure 5.1). This pattern was characterised by daily peak air temperature
leading the daily discharge peak by c. 3 h on days when rainfall was not recorded. On days
with above average air temperature (taken as one standard deviation above mean daily
temperature) peak discharge was c. 0.3 m3 s-1 higher than average. This increase indicated
that ablation of permanent ice and avalanche debris during warm periods in the upper
reaches of the catchment was a significant control on discharge patterns in the lower
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reaches of the Hoophorn Stream. However, the intensity and duration of rainfall events
also exerted a significant control on the timing and shape of the hydrograph record.

During the study period, 15 major discharge events (defined as an increase in discharge
greater than 1 m3 s-1 in response to a rainfall event) were recorded. These discharge events,
defined by the first and last samples that captured the rising and falling limbs of the
hydrograph, were classified according to their magnitude (Table 5.2). Eleven rainfall
events were classified as low magnitude, with discharge peaks ranging from 1.23 m3 s-1 to
2.98 m3 s-1, compared to four high magnitude events with discharge peaks greater than 3
m3 s-1. The highest magnitude event occurred on JD53, which had a discharge peak of 5.33
m3 s-1, but it was removed from further analyses due to the limitations discussed in Section
5.1. The magnitudes of all discharge events should be treated with caution as they may be
overestimates, as a result of the rating curve limitations discussed in Chapter 4.3.2.

Table 5.2: Summary of the 15 major discharge events recorded in Hoophorn Stream from JD314,
2008 to JD93, 2009, relative to rainfall intensity and duration. Low magnitude discharge events
have a discharge peak less than 3 m3s-1 and high magnitude events have a discharge peak greater
than 3 m3 s-1.
Magnitude

Peak Discharge
3 -1

Rainfall Intensity
-1

Rainfall Duration

Julian Day

(m s )

(mm h )

(h)

Low

1.23
1.40
1.63
1.96
2.05
2.05
2.08
2.12
2.33
2.35
2.98

6.1
3.8
7.0
3.0
5.0
6.0
2.9
5.9
5.3
0.9
5.7

13
6
5
24
5
5
10
10
19
56
15

354
77
359
59
9
86
64
314
366
350
321

High

3.10
3.29
3.43
4.80

5.6
7.3
8.19
10.09

12
9
10
11

6
17
327
2

The extent to which precipitation controlled the measured discharge patterns appears to be
related to the intensity (mm h-1) and duration (h) of individual rainfall events. For example,
the rainfall event on JD2 had an intensity of 10.09 mm h-1 and a duration of 11 h, produced
a discharge peak of 4.80 m3 s-1 (Table 5.2). In contrast, the rainfall event on JD77, which
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had an intensity of 3.83 mm h-1 and a duration of 6 h, produced a significantly lower
discharge peak of 1.40 m3 s-1. This pattern was likely to be the result of variations in the
amount of precipitation in the Hoophorn Valley. Overall, it appears that high intensityshort duration rainfall events produced greater peaks in discharge in comparison with low
intensity-short duration and low intensity-long duration rainfall events (Table 5.2).
5.3.2 Discharge generating processes
Principle Component Analysis (PCA) was used to identify and interpret the key
meteorological variables thought to be driving discharge patterns in the Hoophorn Stream.
This analysis identified two major components in the data set which explained 45% and
36% of total variance, respectively (Figure 5.5). Figure 5.5 shows that rainfall, discharge
and suspended sediment concentration (SSC) were loaded strongly on Component 1
(component loading >0.8). This high loading suggests a strong link between precipitation
and discharge and SSC. In contrast, only air temperature had a strong, positive loading on
Component 2 (component loading >0.99). Discharge and SSC were only weakly loaded on
this component (Figure 5.5). These loadings suggest that discharge patterns responded
more to episodic rainfall events (Component 1) than the ablation of permanent ice
(Component 2), for which air temperature serves as a surrogate (Orwin and Smart, 2004b).
These distinctions in discharge forcing also appear to have largely controlled the spatial
and temporal patterns of suspended sediment transfer (Figure 5.5). To further examine the
control of these discharge driving mechanisms on suspended sediment transfer, cluster
analysis was run on the meteorological data to identify „like‟ periods.
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Figure 5.5: Principal Component Analysis (PCA) loadings for daily averages of discharge,
suspended sediment concentration (SSC), air temperature, and total daily rainfall at the upstream
and downstream gauging stations. The „rainfall‟ and „baseflow‟ components explain 45% and 36%
of the total variability, respectively.

5.4 Fluvial suspended sediment dynamics
5.4.1 Suspended sediment concentration
Cluster Analysis (CA) of the meteorological records (air temperature and rainfall)
identified two distinct clusters with clear spatial and temporal patterns of discharge and
suspended sediment concentration (SSC) (Table 5.3). The CA results showed that 64 of the
86 days of data record were classed as „baseflow days‟, with the balance classed as
„rainfall days‟ (Table 5.3). Table 5.3 shows that suspended sediment concentration (SSC)
was, on average, greater during „rainfall‟ controlled discharge days compared to
„baseflow‟ controlled days. For example, at the two gauging stations, SSC averaged 37 and
65 mg L-1, respectively, during „baseflow‟ compared to 174 and 113 mg L-1, respectively,
during rainfall events. These results suggest that differences in SSC between the
„baseflow‟ and „rainfall‟ clusters were the consequence of variable discharge. For example,
days in the „baseflow‟ cluster were generally associated with a pronounced diurnal
response and lower discharge peaks compared to days in the „rainfall‟ cluster which were
characterised by significantly higher discharge rates and irregular hydrograph responses.
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Table 5.3: Summary statistics for the „baseflow‟ and „rainfall‟ clusters identified in the data record
using Cluster Analysis (CA). „Temp‟ denotes air temperature, „Q‟ denotes discharge, „SSCU‟
denotes suspended sediment concentration measured at the upstream gauging station and „SSCD‟
denotes suspended sediment concentration measured at the downstream gauging station.
Control

Baseflow
Rainfall

No.

Temp.

Q

Q

Q

SSCU

SSCU

SSCU

SSCD

SSCD

SSCD

of

av.

av.

max.

min.

av.

max.

min.

av.

max.

min.

3 -1

3 -1

days

(°C)

64
22

12.7
10.6

3 -1

-1

-1

-1

(m s )

(m s )

(m s )

(mgL )

(mgL )

(mgL )

0.80
1.30

0.90
4.80

0.80
0.40

37
174

107
892

18
18

-1

(mgL ) (mg L ) (mgL-1)
65
113

-1

124
412

38
40

Days in the „baseflow‟ cluster were generally associated with warmer air temperatures, and
pronounced diurnal temperature ranges, discharge and SSC responses. The SSC response
during diurnal discharge peaks showed that the daily peak in SSC lagged behind the daily
peak in discharge by c. 12 h at the upstream gauging station (Figure 5.6). Sediment
transferred through the upstream gauging station was then entrained on the rising limb of
the following days discharge cycle and transferred through the downstream gauging station
(Figure 5.6). The clear time lag between peak SSC and peak discharge at the upstream
gauging station is unusual. Typically, the timing of maximum suspended sediment
concentrations are controlled by the timing of peak discharge (Richards, 1984). However,
the pattern observed in this study showed that suspended sediment entrainment appeared to
primarily occur on the falling limb of the discharge hydrograph: i.e., when the stream is
less competent. This pattern is likely to be a function of the position of the upstream
gauging station along the Hoophorn Stream, a significant distance downstream from major
sources of fine sediment in the upper reaches of the catchment. This is because the
potential for sediment storage and remobilisation in fluvial channels increases with
distance from primary sediment sources (Harbor and Warburton, 1993; Orwin and Smart,
2004a). Field observations showed that both extra-channel and in-channel sources of fine
sediment were predominantly confined to the upper reaches of the catchment. It appears
that, early in the study period, fine sediment was transferred from higher to lower elevation
surfaces in the upper reaches of the catchment by a combination of snow avalanches and
rainfall induced runoff. Therefore, if the field observations are correct, and if the upper
catchment was a significant source of fine sediment for transfer to the lower reaches, then
suspended sediment transfer at the upstream site would almost certainly be a function of
the position of the gauging station 2 km downstream from these source areas in the upper
basin.
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Figure 5.6: Fifteen minute suspended sediment concentration (mg L-1) and gain or loss (kg) of
suspended sediment between the two gauging stations during the „baseflow period‟ from JD73 to
JD76, 2009. A gain represents erosion from within the monitored reach and a loss represents
deposition. The errors associated with the determination of suspended sediment concentrations and
gains/losses are ± 15 and ± 30%, respectively (Appendix B.1).

In contrast, the 22 days in the „rainfall‟ cluster generally showed an irregular pattern of
both discharge and SSC, associated with significant increases in both records as a function
of variations in rainfall intensity. Rainfall events appeared to be the primary control on
suspended sediment transfer patterns during the study period. Differences in suspended
sediment concentrations between each of the 15 discharge events in this record are
summarised in Table 5.4. In general, high intensity-short duration rainfall events produced
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significantly higher peak suspended sediment concentrations compared to low intensityshort duration events (Tables 5.3 and 5.4). For example, two high intensity-short duration
rainfall events on JD2 (10.09 mm h-1 over 11 h) and JD17 (7.3 mm h-1 over 9 h) resulted in
SSC peaks at the upstream gauging station of 3304 and 2266 mg L -1, respectively, and
peaks of SSC at the downstream gauging station of 585 and 514 mg L-1, respectively
(Table 5.4). However, the high intensity-low duration rainfall event on JD327 produced
significantly lower peaks in SSC, which was most likely a response to the limited
availability of suspended sediment sources early in the study period. Furthermore, high
intensity-short duration (JD86) and low intensity-long duration (JD350 and JD64) rainfall
events produced significant peaks in SSC. For example, SSC peaked at 1014 mg L -1 at the
upstream site and 163 mg L-1 at the downstream site during the low intensity-long duration
rainfall event on JD350 (Table 5.4).

Table 5.4: Summary of the differences in suspended sediment concentrations between each of the
15 discharge events recorded. „Q‟ denotes discharge, „SSCU‟ denotes suspended sediment
concentration measured at the upstream gauging station and „SSCD‟ denotes suspended sediment
concentration measured at the downstream gauging station. The intensity and duration of
corresponding rainfall events are shown in Table 5.3.
Q
max.
(m3s-1)
1.23
1.40
1.63
1.96
2.05
2.05
2.08
2.12
2.33
2.35
2.98
3.10
3.29
3.43
4.80

SSCU
av.
(mg L-1)
83
72
54
96
134
258
107
78
276
74
94
182
725
195
536

SSCU
max.
(mg L-1)
345
492
194
460
363
1957
2518
195
860
1014
338
1029
2266
539
3304

SSCU
min.
(mg L-1)
13
17
16
17
47
16
23
15
23
16
16
13
37
19
21

SSCD
av.
(mg L-1)
61
97
70
82
104
236
207
83
104
71
101
99
201
160
155

SSCD
max.
(mg L-1)
88
468
88
182
173
1212
2232
138
258
163
217
180
514
335
585

SSCD
min.
(mg L-1)
33
38
39
39
56
35
42
37
47
34
42
64
50
32
48

Julian Day

354
77
359
59
9
86
64
314
366
350
321
6
17
327
2
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Figure 5.1 and Table 5.3 show that during all rainfall events, SSC peaks at the upstream
gauging station were higher than SSC peaks at the downstream gauging station. This was
clearly evident on JD354 and JD359 when significant increases in SSC at the upstream
gauging station were not matched by significant increases in SSC at the downstream
gauging station (Table 5.3). This suggests that a significant control in place between the
two gauging stations inhibited sediment connectivity through the monitored reach. Closer
investigation of the suspended sediment transfer patterns during rainfall events revealed
that on the rising limb of the discharge hydrograph there was a significant loss of
suspended sediment to storage, followed by the remobilisation of this sediment on the
falling limb of the discharge hydrograph. An example of this pattern, on JD354, is shown
in Figure 5.7. The sediment transfer patterns clearly show that as discharge increased on
the rising limb of the hydrograph, a significant proportion of total sediment flux went into
temporary channel storage between the two gauging stations. However, on the falling limb
of the storm hydrograph this stored sediment was remobilised, resulting in a net gain in
sediment transferred through the lower gauging stations. This pattern is interpreted as
showing that the step-pool channel morphology was exerting a strong control on the
pattern of sediment transportation though the short (c. 600 m) reach between the two
gauging stations. It is interpreted that this pattern was a consequence of variations in
velocity through the vertical profile of the stream as water flowed into, through and out of
the step-pool channel structures. Variations in the velocity profile of step-pool channels,
dissipates and reduces energy that would otherwise be available for sediment erosion and
transportation (Milzow, 2004). Therefore, these variations in velocity were likely to be
attenuating suspended sediment transfer by temporarily storing and remobilising fine
sediment from within the pools along the Hoophorn Stream.

75

Figure 5.7: Fifteen minute suspended sediment concentration (mg L-1) and gain or loss (kg) of
suspended sediment between the two gauging stations during the „rainfall period‟ from JD354 to
JD356, 2008. A gain represents erosion from within the monitored reached, compared with a loss
which represents deposition. The errors associated with the determination of suspended sediment
concentrations and gains/losses are ± 15 and ± 30%, respectively (Appendix B.1).

5.4.2 Suspended sediment load
In total, 948 t of suspended sediment was transferred through the upstream gauging station
was then depleted by approximately 233 t, leaving 715 t of suspended sediment transferred
through the downstream gauging station (Figure 5.8). During rainfall events, episodes of
high discharge resulted in transfer of 75% of the total suspended sediment load through the
upstream gauging station, but only c. 50% through the downstream station (Figure 5.8).
This loss of almost 25% of the total suspended sediment load to storage suggests a strong
76

channel control on suspended sediment transfer patterns in the Hoophorn Valley during the
study period. Figure 5.8 also shows that 50% of the total suspended sediment load that
passed through the downstream site was transferred during „baseflow‟ conditions,
compared to 25% of that through the upstream site.

These spatial and temporal differences in suspended sediment load were, in part, likely a
result of changing sediment source areas. Field observations showed that fine sediment
sources were predominantly confined to the upper reaches of the catchment. It is likely that
these stores of fine sediment were accessible during rainfall events, and that a significant
quantity of this material was gradually flushed to the lower reaches of the catchment
during floods. During these flood events, the lower reaches of the catchment, between the
two gauging stations, acted as significant areas for sediment storage. A visual survey of the
channel reach between the two gauging stations after flood events revealed significant
deposits of fine sediment on the pool floors, and drapes of fine sediment on in-channel
boulders. During low flow conditions this store of fine sediment was likely to be the
dominant source area, for reworking and transferring through the downstream gauging
station.

Figure 5.8: Suspended sediment load patterns for individual gauging stations during the identified
„baseflow‟ and „rainfall‟ periods. Note that only loads from full hydrological days were used (0600
h to 0600 h).
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There was considerable variability in daily suspended sediment loads over the study
period. This is shown by the cumulative suspended sediment loads (t) for the two gauging
stations when plotted against daily specific runoff (mm) (Figure 5.9). Initially, suspended
sediment loads were almost identical at both gauging stations (Figure 5.9). During the
early part of the study period, there was a lack of response at each gauging station to
changes in precipitation. It is suggested that this lack of response early in the suspended
sediment records was probably due to the extensive remaining snow cover in the upper
reaches of the catchment retarding runoff responses and, therefore, suspended sediment
delivery to the lower reaches of the valley. However, after JD366 the cumulative records
show a significant departure in sediment yield between the two stations (Figure 5.9). This
departure was likely due to the retreat in snow cover in the upper basin exposing sources
of fine sediment on slope surfaces. Following this change, the yield data showed that
sediment yield, suspended sediment delivery increased significantly in response to changes
in precipitation, as shown by increases in sediment load relative to major spikes in the plot
of daily specific runoff (Figure 5.9). This pattern suggests that fine sediment sources
became more accessible during the study period, and also provides evidence that fine
sediment temporarily stored on slope surfaces above the upstream gauging station were
gradually flushed to the lower reaches of the catchment during floods. However, late in the
study period, there appeared to be a dampened response at both gauging stations to
precipitation events (Figure 5.9). This lack of response likely indicates seasonal exhaustion
of fine sediment supplies in the upper catchment.
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Figure 5.9: Daily specific runoff (mm) and cumulative suspended sediment loads (t) for the study
period, JD314, 2008 to JD93, 2009. Note that only loads from full hydrological days were used
(0600 h to 0600 h). Gaps in the data are identified in Section 5.1.

The control exerted by rainfall on the transfer of suspended sediment load indicates that
any suspended sediment mobilised by runoff from extra-channel sources (e.g., slopes) was
probably functioning as a significant source of fine sediment for transfer to the stream
channel. Therefore, the analysis was expanded to identify: (i) the availability of fine
sediment on the monitored dissected slope, and (ii) slope-to-channel fine sediment
coupling using discharge-suspended sediment concentration (Q-SSC) hysteresis analysis.

5.5 Dissected slope sediment dynamics
In this study, logistics and safe access to the dissected slope limited the collection of
sediment samples and measurement of surface lowering rates to the rainfall events
beginning on JD321, JD354, JD2, JD9, JD59 and JD77. However, when safety concerns
were reduced, sediment samples and measurements of surface lowering rate were collected
within one day of the falling limb of the flood hydrograph. In some cases, this meant that
two rainfall events were monitored when multi-rise hydrograph events prevented access to
the dissected slope.
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5.5.1 Particle size distribution
The dry weights of 40 sediment samples collected from the eight Gerlach troughs
following the rainfall events beginning JD321, JD354, JD2, JD9, JD59 and JD77 are
summarised in Table 5.5. Occasional gaps in the data were a result of Gerlach troughs
being destroyed during the preceding storm event. The amount of sediment collected in
each Gerlach trough varied in both space and time. This spatial variability was evident
within and between the primary and secondary sedimentation zones (Table 5.5). The total
weight of sediment collected in Gerlach troughs from the primary sedimentation zone was
113.42 kg, which was significantly greater than the 13.24 kg of sediment collected in
Gerlach troughs from the secondary zone. It is suggest that temporal variability most likely
reflected differences in surface runoff over the dissected slope as a function of the intensity
and duration of individual rainfall events. Although, surface runoff was not measured
directly from the monitored dissected slope, theoretically, greater intensity and longer
duration rainfall events would have supplied enough precipitation into the dissected slope
area to exceed the infiltration capacity of the surficial deposits, resulting in varying rates of
overland flow (Knighton, 1998).

Table 5.5: Dry weights of sediment samples collected from eight Gerlach troughs distributed
across the dissected slope following six rainfall events. The contributing area of each Gerlach
trough is an estimate only due to the limitations discussed in Chapter 4. Contributing areas were
calculated from total station survey data (Figure 4.3).
Sedimentation

Gerlach

Contributing Area

Zone

Trough

(m2)

JD321

JD354

JD2

JD9

JD59

JD77

Primary

a
b
c
d

2000
155
205
1000
3360

6.87
7.80
0.28
6.88
21.83

*
8.18
0.15
*
8.33

4.34
10.1
0.10
12.8
27.34

*
9.78
0.48
*
10.26

13.5
*
0.47
15.7
29.67

0.80
1.85
0.44
12.9
15.99

a
b
c
d

110
180
150
150
590

5.10
0.01
0.02
0.02
5.15

2.70
0.34
0.01
0.31
3.36

0.74
0
0.10
0.03
0.87

1.82
0.02
0.02
0.01
1.87

1.43
0.01
0.09
0.01
1.54

0.16
0.29
0
0
0.45

Primary Total
Secondary

Secondary Total

Dry Weight (kg)

* Gerlach trough destroyed during the preceding rainfall event
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The full particle size characteristics of these 40 sediment samples are summarised in
Appendix C.1, with graphs of the cumulative mass retained by each Gerlach trough shown
in Figures 5.10 and 5.11. All samples collected from the primary sedimentation zone fall
within the „gravel‟ textural group. They have a mean particle size ranging from fine gravel
(-2.8 Φ) to coarse sand (0.45 Φ). Overall, 84% of all particles were coarser than very fine
gravel in samples from the primary sedimentation zone (Figure 5.10). The samples
collected from the secondary sedimentation zone had similar particle size characteristics,
but some lay within the „sand‟ textural group. The mean particle size of these samples
ranged from coarse gravel (-2.8 Φ) to fine sand (2.7 Φ), and all distributions were
positively skewed. In comparison to the primary sedimentation zone, coarse grain sizes
dominated the particle size distribution from the secondary zone. For example, 84% of all
particle size distributions were classed as very coarse sand or coarser (coarser than 0 Φ)
(Figure 5.11). These findings suggest that sediment mobilisation on the dissected slope
was dominated by reworked coarse sediments, particularly gravels.

The dominance of coarse particles is shown in the graphs of cumulative mass. For
example, all samples from the primary sedimentation zone were skewed towards the
coarse side of the graph, with only a limited fraction of fine particle sizes (Figure 5.10).
The samples from the secondary sedimentation zone were more scattered, but the graphs
are still skewed towards the coarse fraction (Figure 5.11). This indicates that the size of the
particle being mobilised varied in space and time. Spatial variation was likely a reflection
of differences in the texture of surficial material as well as the amount of runoff produced
during rainfall events. There does not appear to be a clear temporal trend towards coarser
or finer sized particles over the study period. Instead, the size of particles mobilised on the
dissected slope appeared to be largely controlled by the amount of runoff produced during
rainfall events, which did vary of the study period.
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Figure 5.10: Cumulative mass retained and the respective Φ84 percentiles for the four Gerlach troughs in the primary sedimentation zone. Each trough was
emptied on JD321, JD354, JD2, JD9, JD59, and JD77, within one day of a major rainfall event. In total, five sediment samples are missing from this data
record due to Gerlach troughs being destroyed during rainfall events. The vertical axis of the dissected slope diagram has been exaggerated by a factor of
two.A full summary of the particle size statistics for each trough is tabled in Appendix C.1.
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Figure 5.11: Cumulative mass retained and the respective Φ84 percentiles for the four Gerlach troughs in the secondary sedimentation zone. Each Gerlach
was emptied on JD321, JD354, JD2, JD9, JD59, and JD77, within one day of a major rainfall event. In total, three sediment samples are missing from this
data record due to no process activity being monitored during rainfall events. The vertical axis of the dissected slope diagram has been exaggerated by a
factor of two. A full summary of the particle size statistics for each trough is tabled in Appendix C.1.
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Figure 5.12 shows a linear relationship between the calculated percentile values for Φ16,
Φ50, and Φ84 and rainfall magnitude (the latter indicated by values of rainfall intensity).
The general trend observed shows that as rainfall magnitude increased, the particle size
distributions coarsened (Figure 5.12). Despite the relationships not being statistically
significant (p > 0.05), they do suggest that there was a positive relationship between
increasing rainfall intensity and mobilization of increasing particle sizes (Figure 5.12). It is
interpreted that this pattern was due to increased runoff on the dissected slope as a function
of rainfall intensity. Field observations suggested that low intensity-short duration rainfall
events only generated partial overland flow, compared to wide spread overland flow
generated during high intensity-short duration rainfall events. Increased flow competency
during these high magnitude events would have been necessary to mobilize the coarser
particle sizes trapped in the Gerlach troughs.
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Figure 5.12: Variability in the calculated percentile values (a) Φ 16, (b) Φ50, and (c) Φ84 of the
particle size distribution from the dissected slope relative to rainfall magnitude (indicated by values
of rainfall intensity). Each point for both the primary and secondary sedimentation zones represents
the average of 4 measurements, with sample standard deviations shown as error bars. Best fit linear
curves, equations and significance at p = 0.05 are shown.

The particle size distribution analysis showed that sediment mobilisation was dominated
by coarse sediment with only limited fine grained particles (Figures 5.10 and 5.11; Table
5.6). This limited representation of fine grain size classes may have been the result of the
Gerlach troughs overfilling, resulting in fines not being trapped (Johnson and Warburton,
2002). However, even if overfilling resulted in the underestimation of fine grain size
classes by as much as three orders of magnitude, then the percentage of fines, relative to
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the total, would still not be significant. These findings suggest that the dissected slope is
no longer functioning as a significant source of fine sediment.

Table 5.6: Relative mass of sediment by size class, relative to total mass of all samples.
Sedimentation Zone

Percentage
Gravel

Sand

Fines

Primary

94

5

1

Secondary

70

29

1

5.5.2 Surface lowering rates and the mass of sediment eroded
Surface lowering rates and the mass of sediment eroded from the dissected slope as
estimated from the erosion pins following six rainfall events beginning on JD321, JD354,
JD2, JD9, JD59, and JD77, are summarised in Table 5.7 and shown in Figure 5.13. The
mass of sediment eroded should be strictly viewed as an estimate because of limitations
associated with extrapolating location-specific surface lowering rates to larger areas
(Chapter 4.3.4). Furthermore, the error associated with these estimates could not be
quantified, but it was recognised that these values are likely to have very broad error
bands. During the study period, the estimated mass of sediment eroded from the dissected
slope was 3.21 t.

Table 5.7: Summary of surface lowering rates (m) and the estimated mass of sediment eroded (t)
from the primary and secondary sedimentation zones following six major rainfall events of varying
intensity and duration.
Variable

Contributing
2

Rainfall event on JD

Area (m )

321

354

2

9

59

77

300

0.0015

0.0012

0.002

0.0008

0.0011

0.0005

300

0.68

0.54

0.90

0.36

0.50

0.23

Rainfall intensity (mm h )

5.90

6.10

10.09

5.00

3.04

3.83

Rainfall duration (h)

15

13

11

5

24

6

Surface lowering (m)
Mass eroded (t)
-1
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Figure 5.13: (a) Estimated mass of sediment eroded (t) from the dissected slope during (b) rainfall
events recorded during the period of field monitoring from JD314, 2008 to JD93, 2009. The red
circles indicate the rainfall events that measurements were taken following. The * indicates where
it was likely that two rainfall events were monitored due to multi-rise hydrograph events
preventing safe access to the dissected slope.

Table 5.8 suggests that high intensity-short duration and low intensity-long duration
rainfall events were able to erode a greater amount of surficial sediments. For example,
approximately 30% (0.9 t) of the total estimated mass of sediment eroded from the
dissected slope was mobilised during the high intensity-short duration rainfall event on
JD2, which had an intensity of 10.09 mm h-1 and a duration of 11 h. In contrast to this
event, a low intensity-short duration rainfall event on JD77, with an intensity of 3.8 mm h-1
and a duration of 6 h, only mobilised 5% (0.23 t) of the total estimated mass of sediment
mobilised. The mass of sediment eroded on the dissected slope was generally not equal to
the amount of sediment contributed to streams because much of the sediment mobilised on
a slope is redeposited on the same slope and not transported to a stream channel (Reid and
Dunne, 1996). As a result, these values do not give an accurate representation of the
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quantity of sediment likely to be delivered to the stream channel. However, where slopeto-channel sediment coupling does occur, the coupling is likely to be dominated by coarse
particle sizes as suggested by the Gerlach trough data. To further confirm that the dissected
slope was no longer functioning as a source of fine material, the hysteresis records for all
storm events were examined.

5.6 Slope-to-channel sediment coupling
5.6.1 Discharge-suspended sediment concentration hysteresis relationships
Discharge-suspended sediment concentration (Q-SSC) hysteresis relationships were
examined for the 15 major discharge events between JD314 and JD93 (Table 5.2). The
hysteresis relationships for all 15 major discharge events are summarised in Table 5.8 with
two examples of the hysteresis relationship for the lowest magnitude discharge event on
JD354 and the highest magnitude discharge event on JD2 shown in Figure 5.14 and Figure
5.15, respectively.

Strong clockwise hysteresis generally dominated at the upstream gauging station, as
indicated by the Hysteresis Index (HI) values of greater than 1 (Table 5.8). The two
discharge events on JD321 and JD2 displayed strong clockwise hysteresis on the first peak
of the discharge hydrograph, and strong counter-clockwise hysteresis on the second
discharge peak (Figure 5.15). This pattern was also observed at the downstream gauging
station on JD2 (Table 5.8). Like the upstream gauging station, hysteresis relationships at
the downstream site were predominately clockwise (Table 5.8). However, at the
downstream site, eight of the 15 discharge events displayed weak counter-clockwise
hysteresis and two events displayed no hysteresis relationship during either the early or
latter part of the event (Table 5.8).
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Table 5.8: Values of the hysteresis index for the 15 major discharge events between JD314, 2008
and JD93, 2009. This index is dimensionless and an HI of zero represents no hysteresis and the
higher the HI value (±), the stronger the hysteresis relationship.
Flow
Magnitude

Q
Upstream gauging station
max.
HI Direction
HI
Direction
(m3s-1) (0.50) (0.50)
(0.75)
(0.75)

Downstream gauging station
HI
Direction
HI
Direction
(0.50)
(0.50)
(0.75)
(0.75)

Julian
Day

low

1.23
1.40
1.63
1.96
2.05
2.05
2.08
2.12
2.33
2.35
2.98

0.31
3.12
0.01
2.66
0.60
5.14
7.73
2.38
0.72
2.00
2.16

C
C
C
C
C
C
C
C
C
C
C

1.34
2.16
1.52
0.29
0.70
5.83
19.03
0.51
0.45
0.86
-1.80

C
C
C
C
C
C
C
C
C
C
CC

0.17
-0.08
-0.92
0.76
0.86
0.16
-2.20
0.12
-0.37
0.91
-0.30

C
CC
CC
C
C
C
CC
C
CC
C
CC

-0.40
-0.56
-0.23
1.13
0.30
0.00
-0.28
0.69
-0.39
0.70
-0.03

CC
CC
CC
C
C
NH
CC
C
CC
C
CC

354
77
359
59
9
86
64
314
366
350
321

High

3.10
3.29
3.43
4.80

1.27
0.24
0.81
11.59

C
C
C
C

0.58
0.09
0.80
-21.6

C
C
C
CC

0.00
0.96
1.37
2.60

NH
C
C
C

-0.09
0.43
0.44
-1.23

CC
C
C
CC

6
17
327
2

C: Clockwise hysteresis
CC: Counter-clockwise hysteresis
NH: No hysteresis

During flood events, the dominance of clockwise hysteresis at both gauging stations was
interpreted as indicating short distance remobilisation of fine sediment deposited in the
channel during previous high flow events, such as on JD2, JD17 and JD53. A visual
survey of the channel reach between the two gauging stations after these rainfall events
revealed significant deposits of fine sediment on the pool floors, in particular, between the
coarse materials of the channel bed. Short distance remobilisation of fine sediment from
these in-channel sediment stores is supported by the shape of the hysteresis plots, which
showed a rapid rise in SSC with increasing discharge in the early stages of rainfall events
(Figures 5.14 and 5.15). Other studies have also used clockwise hysteresis to indicate rapid
sediment mobilisation from adjacent extra-channel sources, where sediment is transported
a short distance by rainfall induced runoff (Jansson, 2002). However, field observations in
close proximity to the two gauging stations on the Hoophorn Stream suggested a lack of
fine surficial material on adjacent channel banks during the study period. Channel banks
are unlikely, therefore, to explain the observed clockwise patterns.
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Figure 5.14: The left column shows the discharge-suspended sediment concentration response to
the JD314 to JD316, 2008, rainfall event for both gauging stations. The right column shows the
discharge-suspended sediment concentration hysteresis relationships for channel gauging stations.
The hysteresis directions are marked by arrows. „CC‟ denotes counter-clockwise loop. The
numbers are sequential data points used to show the direction of hysteresis.
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Figure 5.15: The left column shows the discharge-suspended sediment concentration response to
the JD2 to JD5, 2009, rainfall event for both gauging stations. The right column shows the
discharge-suspended sediment concentration hysteresis relationships for channel gauging stations.
The hysteresis directions are marked by arrows. „CC‟ denotes counter-clockwise loop. The
numbers are sequential data points used to show the direction of hysteresis.
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Counter-clockwise hysteresis was interpreted as indicating delayed sediment input from
extra-channel surfaces originating farther from the channel. Field observations and the
strong counter-clockwise HI values at the upstream gauging station support this
interpretation (Table 5.8). Observations indicated that surface runoff was able to mobilise
fine surficial material from unvegetated surfaces in the upper catchment and deliver them
to the main stream channel during the rainfall events on JD321 and JD2. However, at the
downstream gauging station, counter-clockwise hysteresis was generally weak, with HI
values < -1 (Table 5.8). It is likely that counter-clockwise hysteresis at the downstream site
represented slope-to-channel sediment coupling between the dissected slope and the
stream channel, but the weak counter-clockwise HI values and the identification of a
limited supply of fine sediment on the dissected slope suggests that the dissected slope was
not likely to be contributing a significant quantity of fine sediment into the stream channel
during the study period.

Other studies have related counter-clockwise hysteresis to downstream increases in the lag
between sediment and discharge peaks due to differences in flow velocity and changes in
channel morphology, such as step-pool channel structures (Brasington and Richardson,
2000). In section 5.4.1, it was suggested that the step-pool morphology of the Hoophorn
Stream channel was exerting a strong control on the patterns of suspended sediment
transfer between the monitored reach. Therefore, counter-clockwise hysteresis may have
been the consequence of simple channel storage and remobilisation related to changes in
flow velocity through the step-pool channel structures, particularly at the downstream
gauging station. The observed pattern of a significant loss of suspended sediment to
storage between the two gauging stations followed by the remobilisation of this sediment
later in discharge events provides strong support for this interpretation (Figure 5.7). It is
also likely that step-pool channel structures upstream from the upstream gauging site
enhanced the observed counter-clockwise hysteresis relationships through the upstream
gauging station. In general, the hysteresis relationships observed during the study period
point to little connectivity between the monitored dissected slope and channel. Instead, the
results suggest that the storage and release of fine sediment within the channel was likely
to be the major control on suspended sediment patterns in the lower reaches of the
Hoophorn Valley.
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Chapter 6
Discussion
6.0 Introduction
The primary aim of this research was to identify the main controls on sediment coupling
and transfer between slopes and channels in the small, largely deglaciated Hoophorn
Valley, Southern Alps, New Zealand. In this chapter the implications of the observed
patterns of slope-to-channel interactions on longer term landscape development, post
glacial perturbation, will be discussed. The chapter is divided into six sections, each
dealing with a different spatial and temporal scale. In the first, the role of slope-to-channel
coupling on contemporary sediment flux in the lower reaches of the catchment will be
discussed. This section is followed by a discussion of spatial and temporal controls on
observed patterns of suspended sediment transfer in the lower reaches (Section 2). In the
third section, contemporary coupling relationships at the catchment scale are examined and
are followed by presentation of a sediment cascade model for the Hoophorn Valley.
Section 4 places the main findings of this thesis in a national context before discussing the
wider implications for alpine landscape development (Section 5). In Section 6, the
limitations of this research are discussed.

6.1 Sediment coupling in the lower reaches of Hoophorn Stream
The findings of this study showed that the episodic transfer of sediment between the
dissected slope and the main stream channel was largely dependent on the grain size of the
available sediment. The episodic nature of this transfer was determined by the magnitude
and frequency of rainfall events over the six month study period. The particle size
distribution data showed that sediment mobilisation on the dissected slope was dominated
by coarse sediment, with an overall average Φ 50 of -1.97 Φ. Less than 1% was classified as
fine sediment, indicating its limited availability. The dominance of clockwise hysteresis in
the channel further supports limited fine sediment availability and reduced connectivity
from slopes to channel during rainfall events. The lack of sediment connectivity clearly
demonstrates that fine sediment coupling is insignificant in the lower reaches of the
Hoophorn Valley. Given that these slope deposits have been subject to continued
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reworking over millennia, any accessible fine sediment stores must have either been
exhausted or armoured by a coarse lag of gravel to boulder sized material.

The present lack of fine surficial sediment is almost certainly due to progressive
winnowing downslope by overland flow during previous degradation events, triggered by
rainfall or snowmelt (Orwin and Smart, 2004b; Hicks and Basher, 2008). This terrain has
been exposed to degradation since becoming exposed during glacial retreat, c. 8000 years
ago (Cox and Barrell, 2007). As a result, it appears that local supplies of fine sediment
have now been largely exhausted or are no longer accessible to the incised ephemeral
stream channels on the dissected slope surface. Despite continued weathering and rockfalls
from bedrock surfaces up-gradient from the dissected slope, there appears to be little
transference of „new‟ fine particles downslope to the monitored slope area. This is likely
an infiltration effect, where any fine material will be trapped in the coarse boulder lag
overlying the bedrock surface (Ballantyne, 2002b). These coarse boulder lags effectively
armour and stabilise slope surfaces, trapping new material and protecting underlying fine
sediments from further mobilisation. This was confirmed in the field by digging into the
coarse boulder lag at the base of the bedrock surface and on the surface of the dissected
slope. It is likely that the intensity and duration of rainfall events would have to increase
significantly in magnitude in comparison to the events measured during this study in order
to remove the coarse boulder lag and re-mobilise any trapped fine sediments. The
requirement for increasing numbers of high magnitude events to mobilise sediment on
surfaces of increasing age was demonstrated by Orwin and Smart (2004b) at Small River
Glacier, Canada. The authors found that greater magnitude and/or longer duration rainfall
events were required to mobilise sediment from “older” surfaces that had been stabilised
by coarse boulder lags or a vegetation cover.

Further stabilisation of slope surfaces in the Hoophorn Valley has also occurred with plant
colonisation. On the dissected slope, the vegetation cover is largely limited to undisturbed
sections adjacent to the main channel. The Gerlach trough in an area well-covered with
plants did not capture any sediment during the study period. This effect indicates that those
surfaces in the lower reaches that are covered by vegetation experience little mobilisation
of any potential available fine sediment. The plant root systems of a continuous vegetation
cover tend to strongly bind surficial fine sediments, thus preventing their removal by
overland flow (Beylich et al., 2006; Orwin et al., 2010b). Furthermore, interception of
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rainfall by the foliage of small shrubby plants tends to reduce impact mobilisation of
surficial sediment through rainsplash by reducing raindrop impact, and protecting
underlying particles from detachment (Bracken and Croke, 2007). Therefore, in the lower
Hoophorn Valley, slope coupling between the main stream channel and slope sediments is
largely confined to dissected slopes without a vegetation cover.

At present, the monitored dissected slope no longer functions as a significant source of fine
sediment for transfer to the Hoophorn Stream. However, the current absence of fine
sediment coupling does not necessarily indicate that the slope is fully exhausted as a fine
sediment source, or that future perturbation will not rejuvenate currently armoured or plant
stabilised surfaces. Such perturbations include extreme rainfall events or mass movement
triggered by, for example, seismic activity. In southwest New Zealand, seismic activity is a
major control on deep-seated slope failures and rainfall is responsible for the majority of
shallow slope failures (Korup, 2005a). The impact of slope failures on sediment transfer
will depend on whether or not they intersect with the stream channel (Korup, 2005b). If
slope failures are too small they may not couple with the stream channel, instead retaining
sediments on the slope. However, if they are large enough, then areas of slope failure may
couple with the main stream channel and re-establish sediment coupling. For example, the
1999 Mount Adams rock avalanche discharged up to 25 000 000 m3 yr-1 of sediment
during the first two years following failure of the dam that a previous avalanche had
formed on the Poerua River, Westland (Hancox, 1999). In the Hoophorn Valley, such
perturbations would result in significant surface destabilisation and either re-mobilisation
of underlying fine sediment stores or access to new stores of fine sediment. These fine
sediment stores are readily apparent in the vicinity of the dissected slope in the Hoophorn
Valley (Figure 6.1). Over the short-term, channel avulsions down the length of the
dissected slope and at the foot of the slope should result in the Hoophorn Stream accessing
new sources of fine sediment. Tapping new sources in this manner would re-establish fine
sediment coupling between slopes and the channel in the lower reaches of the catchment,
and this coupling can be expected to continue until those sources are exhausted or
armoured.

This cycle of fine sediment perturbation-exhaustion in response to, for example, rainfall
events have been observed over the short and long term elsewhere. Morche et al. (2007)
demonstrated that a flood event with a recurrence interval of c. 40 years severely undercut
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talus slopes along the Partnach River in the Bavarian Alps, resulting in the transference of
an estimated 38 000 m3 of fine and coarse sediment from slope to channel. Over the longer
term, an extreme rainfall event in the year 1994, with a recurrence interval of c. 50-60
years in the Rio Cordon basin, Italian Alps, significantly altered the catchment sediment
regime for several years after the event (Lenzi et al., 2003). This event reactivated old and
created new sediment sources on slopes, directly affecting sediment supply conditions and
subsequently increasing the amount of sediment transferred during succeeding rainfall
events until those sediment sources were exhausted and/or stabilised. For example,
ordinary floods in the year 1996, 1998, and 2000 transported 436, 745 and 642 t of
suspended sediment generated by the extreme event in 1994, compared to the pre-1994
average suspended sediment yield of 347.3 t (Lenzi et al., 2003). In terms of fine sediment,
stream channels may remain decoupled from adjacent slopes for many years until an
extreme event destabilises slope surfaces and re-establishes slope-to-channel coupling in
many alpine environments, including the Hoophorn Stream.

Figure 6.1: Where channel avulsions can tap „new‟ fine sediment sources (a) on the dissected
slope, and (b) adjacent to the downstream gauging station on the Hoophorn Stream. These „new‟
sediment sources (their extent indicated by white dashed-lines) may re-establish slope-to-channel
fine sediment coupling in the lower reaches of the catchment.

Although the dissected slope in this study area is not currently functioning as a significant
source of fine sediment, it does appear to be a significant source area of coarser sediments
(> 0.0063 mm) for transfer into the fluvial system. Sediment samples showed that surface
mobilisation was dominated by overland flow reworking coarse particles (chiefly sand and
gravel), a process that varied in space and time. Spatial variability was observed between
Gerlach troughs, and also between the primary and secondary sedimentation zones. This
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variability was the result of localised differences in slope angle, poor connectivity within
the slope system, and increased surface activity caused by the initiation of ephemeral
channels during rainfall events. In effect, spatial variability was largely determined by
temporal variations in the magnitude and frequency of rainfall events (Section 5.5.1).

Differences in the magnitude, duration and frequency of rainfall events set (i) the rate of
surface lowering, (ii) the mass of sediment eroded from the dissected slope, and (iii) the
particle size distribution of samples collected during the study period (Chapter 5.5). It also
appeared that the higher magnitude and longer duration rainfall events increased the
probability of either direct sediment input into the stream channel or deposition close to
the stream channel. Similarities in the mass of sediment collected by Gerlach troughs at the
base of the slope during the high intensity-short duration and low intensity-long duration
rainfall events attest to the likelihood of an increase in coupling (Table 5.4). Observations
in the field indicated that variability in the erosion and mobilisation of surficial material on
the dissected slope can be explained by differences in overland flow produced by the
amount and duration of precipitation. These observations suggest that precipitation
intensity during a high magnitude rainfall event can exceed the infiltration capacity of the
surficial deposits on the dissected slope and result in varying rates of overland flow
(Knighton, 1998). High magnitude events generated greater rates of overland flow,
compared to the minimal rates of overland flow generated by low magnitude events such
as the low intensity-short duration rainfall event on JD77. These differences in rainfall
magnitude produced variability in the rate of surface lowering and the size of particles
eroded from the dissected slope.

The general trend observed during the study period was that as rainfall magnitude
increased so did the coarseness of mobilised surficial deposits. This pattern can be
attributed to greater rates of overland flow, relative to precipitation, initiating erosion of
coarser particles. This „mobilization threshold‟ determines the grade of sediment mobilised
and, therefore, its temporal variability. Temporal variability was evident between
successive rainfall events, and seems likely during an individual rainfall event. This
threshold may also be an important control on variability at longer time scales, especially
at the seasonal and annual scales (Orwin and Smart, 2004b). Although the results of this
study show that the mobilisation of surficial deposits was largely controlled by the
magnitude and frequency of rainfall events, it is recognised that mobilisation is not
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uniquely influenced by precipitation. Gravitational slope failure, such as rockfalls and
rockslides, and rainsplash may also play a significant role in redistributing surficial
deposits on the dissected slope, so it is likely that some of the material collected in the
Gerlach troughs will reflect the operation of a suite of sediment mobilisation processes
(Schmidt, 2007).

Sediments collected in Gerlach troughs have been shown to represent the modulated signal
for a suite of mobilisation processes (Johnson and Warburton, 2006; Beylich, 2008). For
example, Johnson and Warburton (2006) found that Gerlach troughs and rockfall nets at
some sampling points in Iron Crag, northern England, collected fine and coarse sediments
originating from multiple weathering processes. As a result, the authors only used data
obtained from sample sites that collected sediment mobilised by single processes, such as
rockfall fragments collected in nets. The importance of isolating individual transfer
processes depends on the focus of the research. For example, if the aim is to interpret the
relative importance of individual transfer processes that contribute to the catchment
sediment budget, then targeted methods to monitor individual processes will be necessary
(e.g., Beylich, 2000; 2008; Beylich et al., 2006). However if, as in this study, the aim is to
determine the net characteristics of sediment being transferred on a slope system,
irrespective of individual transfer processes, then a single method should be sufficient.

Transfer of coarse sediments from slope to channel in the Hoophorn Valley could not be
measured directly. However, field observations suggested that coarse sediment coupling is
discontinuous and acts like a „jerky conveyor-belt‟ (Ferguson, 1981), where any coarse
sediment mobilised on the dissected slope is temporarily stored on the banks of the stream
channel. This temporary store reflects a significant decrease in gradient at the foot of the
dissected slope, resulting in the deposition of significant quantities of coarse grains. This
material may then be coupled with the stream channel during discrete, high magnitude
flood events that breach channel banks and entrain surficial deposits from the foot of the
dissected slope (Harvey, 1994). By definition, the dissected slope and the stream channel
are parts of a „decoupled‟ system where a periodically inactive link operates between the
two process systems (Brunsden, 1993; Fryirs et al., 2007a; 2007b). Although it is
recognised that some coarse material can be directly coupled with the stream channel, field
observations during rainfall events in the Hoophorn Valley showed that coupling is more
likely to follow a cycle of supply and removal from the channel bank (Harvey, 1994).
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This pattern of repeated coarse sediment supply to and removal from channel banks has
been emphasised by other studies (Beschta, 1983; Harvey, 1994). In the deglaciated Upper
Kowai Basin of the Canterbury foothills, New Zealand, Beschta (1983) found that coarse
sediment transferred downslope by gravity after slope failure accumulated in alluvial fans
and had little or no effect on sediment loads in the river system. Over time, however, this
coarse sediment is likely to be entrained by the stream during fan aggradation and in
response to expansion of the channel network, thus allowing formerly inaccessible
sediments to be eroded. Similarly, in upland catchments of northwest England, Harvey
(1994) found that coarse sediments stored at the slope foot of a gully system are entrained
by channel flow during flood events every 2-6 years. He concluded that this cyclic pattern
of supply and removal is a fundamental feature of the coupled system, and maintains
erosion on slopes by preventing basal stabilisation. If the base of the monitored dissected
slope in the Hoophorn Valley were to stabilise, due to a decline in the rate of basal scour,
then the dissected slope and channel would become part of a „not coupled‟ system (Figure
1.2) and the slope would likely „shut down‟ as a source of coarse and fine sediments.

6.2 Suspended sediment transfer patterns in the lower reaches
6.2.1 Controls on transfer patterns in channel suspended sediment
Patterns of suspended sediment transfer in the lower reaches of the Hoophorn Valley also
varied with differences in discharge (Section 5.4). Baseflow during clear weather was
controlled by diurnal melt of permanent ice and late-lying snow in the upper catchment,
punctuated by high flow resulting from rainfall events of varying magnitude and
frequency. In turn, these differences in discharge forcing controlled the spatial and
temporal variability of suspended sediment transfer. Because the area of snow and ice free
surfaces in the Hoophorn Valley far exceed the extent of permanent snow/ice covered
surfaces there is, as would be expected, a far greater effect of rainfall induced runoff on
sediment yield than from ablation alone (Orwin and Smart, 2004b).

During major rainfall events over the study period, episodes of high stream discharge
resulted in the transfer of c. 75% of the total suspended sediment load through the
upstream gauging station, but only c. 50% through the downstream site. This loss of
almost 25% of the total yield to short term storage demonstrates strong channel control on
transfer patterns. The dominance of clockwise hysteresis in the channel during rainfall
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events further supports this control. Transfer patterns in channel suspended sediment
during rainfall events reflect the combination of sediment mobilised from the channel bed
and sediment mobilised by runoff over extra-channel surfaces (Orwin and Smart, 2004b).
The timing and magnitude of sediment delivery in a catchment is dependent on the time
required for sediment to mobilise from available sources (Klein, 1984). Clockwise
hysteresis at both gauging sites resulted from the peak in suspended sediment
concentration (SSC) leading the peak in discharge. In this study, as in others, clockwise
hysteresis was interpreted as representing short distance remobilisation of fine sediment
deposited in the channel during previous high flow events. Other studies have also used
clockwise hysteresis to indicate rapid sediment mobilisation from adjacent extra-channel
sources, where sediment is transported a short distance by runoff (Jansson, 2002).
However, due to the lack of fine surficial material on the slopes and channel banks in the
lower reaches of the Hoophorn Valley these are unlikely to explain clockwise patterns.

At the upstream gauging station, the dominant clockwise hysteresis loop was interrupted
by secondary increases in discharge and suspended sediment concentration, which
introduced a counter-clockwise loop to the prevailing pattern of hysteresis (Figure 5.15).
Counter-clockwise hysteresis results from the peak in suspended sediment concentration
lagging behind the peak in discharge (Williams, 1989). This type of hysteresis may result
from a rapid rise in sediment concentration after the discharge peak, typically due to
increased availability of sediment sources (McDonald, 2007). Sediment may have been
delivered from upstream contributing areas of the catchment further from the gauging
station, hence delaying sediment transport (Klein, 1984). It is likely, therefore, that the
counter-clockwise pattern observed in this study results from simple channel storage
transfer from the upper reaches of the catchment during long duration rainfall events.
However, counter-clockwise hysteresis has been commonly used to indicate delayed
sediment input from extra-channel surfaces, such as from slope systems (Mao et al., 2009).
Field observations in Hoophorn Valley suggested that surface runoff mobilised fine
surficial material from unvegetated surfaces in the upper catchment and delivered them to
the channel during long duration rainfall events. These observations indicate that
glaciogenic and recently weathered material on surfaces in the upper reaches of the
catchment were likely to be contributing to counter-clockwise hysteresis patterns at the
two gauging stations in the lower reaches of the catchment, suggesting that fine sediment
coupling is still ongoing but limited to these areas. However, the small number of counter100

clockwise responses at the upstream site (JD321 and JD2) indicates that sediment from
slopes in the upper reaches of the catchment to the main stream channel was not
effectively transferred through the system during individual rainfall events. It is most
likely that suspended sediment was not effectively transferred through different reaches of
the stream due to channel storage effects caused, in part, by changes in channel gradient
and morphology. Counter-clockwise responses at the downstream site were almost
certainly the result of simple channel storage effects due to exhaustion or stabilisation of
slope surfaces in the lower reaches of the catchment limiting slope-to-channel fine
sediment coupling (Section 6.1).

Overall, suspended sediment yield in the Hoophorn Valley showed a daily increase to a
peak in mid-summer followed by declining loads towards the end of the study period in
early autumn. This temporal trend likely reflects different phases of sediment availability.
For example, during spring and early summer, it appears that fine sediment is transferred
from high to lower elevation surfaces in the upper catchment by a combination of snow
avalanche and rainfall induced runoff. The main source of this fine sediment is most likely
a result of weathering at high elevations followed by erosion associated with the currently
limited amount of glacial activity. Late-lying snow and snow avalanche covered extensive
areas in the upper reaches of the catchment until early in the period of field work (JD313).
This cover of snow and ice blanketed the limited source area for fine sediment in the lower
elevations of the upper catchment, and restricted suspended sediment responses by
retarding runoff between JD314 and JD328 (e.g., McDonald and Lamoureux, 2009). As
the snowline began retreating to higher elevations after JD330, the surface of this limited
source area was exposed and reworked by meltwater coming from the melting of snow
avalanche debris and permanent ice, as well as from rainfall induced runoff of varying
magnitude and frequency. With increasing numbers of rainfall events between JD343 and
JD18, the majority of this fine material was mobilised and transported as suspended
sediment over the study period. The mobilisation and transportation of this fine sediment
presumably exhausted those surficial supplies of fine sediment that had been shifted from
higher to lower elevations in the upper catchment and resulted in a trend towards declining
suspended sediment yields by the end of the study period as these sources were exhausted.

The exhaustion pattern observed in the Hoophorn Valley appears to be associated with
seasonal production and supply of fine sediment at high elevations rather than reworking
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of any remaining glaciogenic stores of fine sediment. It is likely that limited glacial erosion
and weathering at high elevations during the autumn and winter are the main controls on
fine sediment production, creating a supply-limited system. Access by the fluvial system to
this sediment is primarily controlled, in spring at least, by snow avalanche activity
transferring material from high elevation sources to the headwaters of the stream. As a
result, this sediment rich snow avalanche debris has two functions during the summer
period when it acts as a source of fine sediment and a source of meltwater for stream
discharge.

Other studies have shown similar importance of snow avalanches as sources of fine
sediment and meltwater (Beylich et al., 2005; Schrott et al., 2003). For example, in the
upper reaches of Reintal Valley of the Bavarian Alps, the most active landforms are
avalanche tracks and alluvial fans (Schrott et al., 2003; Morche and Laute, 2009). These
active areas are coupled with geomorphic processes, in terms of sediment input and output,
during snowmelt and rainfall when fine material is frequently transported to the Partnach
River. In the Lahnenwiesgraben catchment of the Bavarian Alps, Heckmann et al. (2002)
found that the eroded area, like the snow avalanche deposits, was bare of vegetation and
subject to fluvial erosion during snowmelt in summer, leading to greater sediment loads in
the adjacent small stream. In the year 2000, avalanches transferred a total of 327 t of
sediment, of which 25% was classed as fine sediments, and in the year 2001, a total of 64 t
of sediment, 27% classed as fines, was transferred (Heckmann et al., 2002). The authors
concluded that this difference in the annual transfer of sediments by snow avalanches was
due, in part, to differences in avalanche magnitude and sediment availability. In
Latnjavagge of the Swedish Lapland, Beylich (2008) found that years with higher
suspended sediment concentrations in stream channels could be explained by a higher
intensity of slush flows delivering fine and coarse sediments from higher elevation to
lower elevation surfaces. He concluded that material from lower elevation surfaces was
later transferred to the stream channel by such rainfall related processes as slopewash. In
terms of an important source of meltwater for discharge, Luckman‟s (1997) extensive
review of the geomorphic activity of snow avalanches in the Tien Shan mountains
demonstrated that snow avalanches remaining at low elevations during summer
contributed approximately 3-11% of the annual catchment runoff and, in extreme cases, as
much as 50%.
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In the Hoophorn Valley, daily melting of permanent ice and snow avalanche debris was
the main control on baseflow conditions. During periods of baseflow, the daily peak in
suspended sediment concentration lagged behind the daily peak in discharge by
approximately 12 hours (Section 5.4.1). This pattern is almost certainly a function of the
position of the upstream gauging station, approximately 2 km downstream from the glacial
front and the area of snow avalanche debris, the most likely primary sources of fine
sediment in the catchment. This is supported by evidence from other studies (e.g., Harbour
and Warburton, 1993; Orwin and Smart, 2004a; Stott et al., 2008; Orwin et al., 2010b).
Orwin and Smart (2004a) found that spatial and temporal variability in suspended
sediment transfer patterns is strongly influenced by the location of a gauging station along
a channel. This is because the potential for sediment storage and remobilisation in fluvial
channels and on valley floors increases with distance from the primary sediment source
(Harbour and Warburton, 1993; Orwin and Smart, 2004a). This increase in the potential
for sediment storage is, in part, due to variations in channel slope and by such local
controls on sediment storage as channel form and structure (Brasington and Richards,
2000; Smith and Dragovich, 2008b).

6.2.2 The role of step-pools in controlling suspended sediment transfer
During several rainfall events in the lower reaches of the Hoophorn Valley, the suspended
sediment response to discharge showed a relationship that differs from what generally
appears in the literature (e.g., Richards, 1984; Hudson, 2003; Lenzi et al., 2003). The
response that generally appears in the literature is characterised by erosion early in the
rainfall event due to the mobilisation of in-channel fine sediment near peak discharge
(Orwin and Smart, 2004b). However, the Hoophorn data record shows that a large
proportion of total suspended sediment load was deposited between the two gauging
stations on the rising limb of the discharge hydrograph, when streams are most competent
and remobilised on the falling limb when streams are less competent (Figure 5.7). This
pattern was almost certainly controlled by step-pool channel structures along the Hoophorn
Stream channel, and the consequences of variations in velocity through the vertical profile
of the stream as water flows through the series of step-pools. Changes in velocity as water
flows over a step-pool unit have been demonstrated by both field and flume based
experiments (Lee, 1998; Wohl and Thompson, 2000; Milzow, 2004). The results of these
studies showed that at the top of the step, where water is accelerating into the pool and its
velocity passing from subcritical to supercritical, the base of the velocity profile is steep
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(Lee, 1998). When the water reaches the pool, only the upper portion of the water is
travelling at high velocity due to roller eddies forming at the transition from subcritical to
supercritical flow (Lee, 1998; Milzow, 2004). Roller eddies that form at this transition
decrease potential energy that would be otherwise available for sediment transport
(Milzow, 2004). As a result, suspended sediment transfer is often restricted to the zone of
higher velocity at the edge of the boundary layer, although vertical mixing by turbulent
eddies may ensure relatively little variation in suspended sediment transfer with distance
up from the channel bed (Chorley et al., 1984; Knighton, 1998). Furthermore, the greater
resistance to flow at the channel bed is due to particle size roughness effectively reducing
flow velocity and lowering flow competence, resulting in the deposition of fine sediment
on the pool floors (Brasington and Richards, 2000; Wohl and Thompson, 2000).

Based on these velocity changes through a step-pool unit, a model for how step-pools are
likely to control suspended sediment transfer is presented in Figure 6.2. It is suggested that
as water level increases on the rising limb of the discharge hydrograph, the zone of highest
velocity will shift further away from the channel bed (Figure 6.2a), and because energy is
dissipated at the transition to subcritical flow in conjunction with resistance enforced by
friction along the rough channel bed it is likely that suspended sediment transfer will be
largely confined to this spatially limited zone of high velocity (Chartrand and Whiting,
2000; Milzow, 2004). Because of this proposed shift, lower velocity flow close to the
channel bed is likely to allow deposition, with some fine sediment infiltrating into
interstitial pore spaces (Sambrook Smith, 2000), an effect termed here as „sieving‟ (Figure
6.2b). The „sieving‟ effect is likely to be exacerbated by localised decreases in channel
gradient and backwater effects, which will further dissipate flow energy (Wohl and
Thompson, 2000; Orwin and Smart, 2004a). Field observations of fine sediment trapped in
interstitial pore spaces in pools on Hoophorn Stream support this „sieving‟ effect.

In contrast, on the falling limb of the discharge hydrograph, water depth progressively
decreases and the zone of higher velocity moves closer to the channel bed (Figure 6.2b).
During this period, boundary shear stress may remain high enough for fine sediment to be
remobilised from interstitial pore spaces, particularly if this reservoir is „full‟. The
operation of this reservoir effect is further demonstrated by the peak in suspended
sediment load 40 hours after peak discharge on JD321 (Section 5.6.1). It most likely
reflected throughput of sediment no longer able to be stored in the interstitial pore spaces
104

of the channel upstream (Orwin and Smart, 2004b). Although this sieving/reservoir effect
explains the patterns observed in Hoophorn Stream, late peaks in suspended sediment load
are also known to result from collapse of unsupported channel banks when stage falls on
the receding discharge limb (Clifford et al., 1995a). However, no evidence of bank
collapse was observed during the study period.

Figure 6.2: Schematic representation of the step-pool control on suspended sediment transfer
during (a) the rising hydrograph limb and (b) the falling hydrograph limb in the Hoophorn Stream
channel.

Although this model is simple, in its representation of highly variable vertical and
horizontal velocity profiles, it does suggest why a significant proportion of the total
suspended sediment load observed in Hoophorn Stream was deposited on the rising limb
of the discharge hydrograph and remobilised on the falling discharge limb. If this
explanation is correct, then this control almost certainly enhanced simple channel storage
effects in the Hoophorn Stream and controlled observed counter-clockwise hysteresis
patterns at both gauging stations (Section 6.2.1). In common with the findings in
Hoophorn Stream, Brasington and Richardson (2000) found that counter-clockwise
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hysteresis was strengthened by a step-pool channel structure because sediment dispersion
in pools can cause a delay in the transference of sediment relative to discharge.

6.2.3 Channel storage effects
The study period sediment budget showed that 948 t of suspended sediment passed
through the upstream gauging station and was then depleted by approximately 25%,
leaving 715 t transferred through the downstream gauging station (Figure 5.8). This
difference of 233 t of suspended sediment represents a significant increase to short term
channel storage, and was almost certainly controlled by the channel reach step-pool
morphology discussed above. However, decreases in channel gradient also likely enhanced
this storage component by dissipating flow energy and allowing infiltration of fine
sediments into interstitial pore spaces between the coarser gravel and boulder clasts on the
channel bed (Orwin and Smart, 2004a). Deposition of fine sediment on channel banks
during periods of high discharge may also have contributed to this increase in storage
(Morche et al., 2009). This effect was apparent in the deposits of fine sediment on the
channel banks during the falling limbs of several major discharge events, such as on JD2,
JD17 and JD53. A visual survey of the channel reach between the two gauging stations
after these rainfall events revealed significant drapes of fine sediment on in-channel
boulders. Although the period of field monitoring was relatively short (144 days), the
difference of 233 t of suspended sediment is a strong indication that it is the short-term
storage and release of fine sediment in the channel that moderates suspended sediment
transfer patterns in the lower reaches of the catchment, not input from dissected slope
surfaces.

The importance of channel sediment storage in moderating suspended sediment yield has
been emphasised in a number of studies (Warburton, 1990; Harbor and Warburton, 1993;
Orwin and Smart, 2004a; Richards and Moore, 2003; Orwin et al., 2010b). For example,
observations at Birch Hill in the Southern Alps, New Zealand, showed that 337 t of
suspended sediment passed through an upstream gauging station and was depleted by 89 t,
leaving 248 t to pass through a downstream gauging station (Orwin et al., 2010b). The
authors concluded that this loss of 248 t to storage was a significant control on catchment
sediment yields by regulating suspended transfer patterns (Orwin et al., 2010b). Finally, in
Place Creek, Canada, Richards and Moore (2003) suggested that sediment storage may
have been in pools associated with step-pool morphology, particularly on the surfaces of
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large within-channel boulders. The authors concluded that the channel was controlling
sediment yield from Place Creek by storing sediment early in the nival-glacial season
when stream discharge was lower, then re-mobilising it later in the summer season during
periods of higher discharge.

6.3 Sediment coupling across the catchment
Based on field observations and aerial photograph interpretation, some comments can be
made about sediment coupling relationships across the catchment and how the several
sediment stores are linked in a cascading system. Across the entire catchment,
approximately 70% of the surface has been stabilised by vegetation cover (Figure 3.4).
Colonisation by plants has resulted in much of the surface area becoming inactive as a
source for fine and coarse sediment. Many of the slopes can, therefore, be considered as
parts of a decoupled system (Brunsden, 1993; Fryirs et al., 2007a). Vegetated surfaces act
as „buffers‟ to sediment delivery by decoupling the active talus and colluvial slopes that
descend below the bedrock ridges from the stream channel (Fryirs et al., 2007a). At
present, talus and colluvial slope activity is dominated by gravitational slope failure (such
as rockfalls and rockslides), snow avalanching, and very high magnitude rainfall events.
Where vegetated surfaces have been dissected by ephemeral channels, as in the lower
reaches of the Hoophorn Valley, sediment coupling is likely to occur. In these areas
sediment transfer almost entirely involves fluvial processes. Changes in channel suspended
sediment patterns during rainfall events provided evidence that slope systems in the lower
reaches of the Hoophorn Valley were no longer functioning as significant sources of fine
sediment. However, they did provide some evidence for fine sediment coupling from
sources in the upper reaches of the catchment.

Based on the concept of the cascading system (Section 2.3), a model of the sediment
cascade for the Hoophorn Valley was developed (Figure 6.3). It consists of three
subsystems: Subsystem I includes free rock face and remnant cirque glaciers, Subsystem II
consists of slope systems, and Subsystem III is the valley floor and stream channel. These
subsystems are coupled in a sediment cascade by a suite of geomorphic processes (notably,
rockfall, avalanche, and fluvial processes) as discussed above and illustrated in Figure 6.3.
However, the functioning of the coupling relationships is controlled by internal regulators
that determine if the mobilised sediment will be stored within one subsystem or conveyed
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to the adjacent subsystem (Schrott et al., 2002; Otto, 2006; Morche et al., 2007; 2009). In
the Hoophorn Valley, the internal regulators appear to be vegetation, slope angle, slope
length, and terrain age. For example, vegetation cover „buffers‟ the three subsystems and
effectively decouples the flow of sediment from slope to channel (Fryirs et al., 2007a).
This is emphasised by the buffer in Figure 6.3. It is recognised that observed relationships
may vary between successive triggering events, seasonally and from year to year.

Figure 6.3: Conceptual cascading model regarding the processes and associated storage types in
the Hoophorn Valley. Regulators such as slope angle and slope length are not further specified but
they significantly influence the sediment transfer processes, determining if the transference of
sediment is stored within a subsystem or conveyed to the adjacent subsystem (modified from
Schrott et al., 2002).

108

6.4 New Zealand context
The Hoophorn Valley, like many small headwater catchments along the Southern Alps, is
located in a tectonically active, convergent plate setting which is being uplifted at a rate of
approximately 10 mm yr -1. Small, tectonically active, alpine basins along the Southern
Alps are a suite of „connected‟ landscapes that promote efficient sediment transfer from
slope-to-channel (Fryirs and Brierley, 1999; Fryirs et al., 2007b). The findings of this
study suggest that the strength of slope-to-channel coupling is largely determined by
changes in the magnitude and duration of orographically reinforced precipitation events.
Changes in the magnitude and duration of rainfall events determine if sediment will be
directly coupled with the stream channel or if it will be temporarily stored on channel
banks and then incorporated into stream flow during „extreme‟ flood events that erode the
foot of a slope system. Both types of coupling relationship have been observed in other
alpine (Beschta, 1983) and upland environments of New Zealand (Fuller and Marden,
2008; Marden et al., 2008). For example, Beschta (1983) observed repeated supply and
removal of coarse sediment from the foot of slope systems in the deglaciated Upper Kowai
Basin, as discussed above (Section 6.1). Similarly, the Tarndale fan complex of the upland
Waipaoa catchment in the North Island has at times been directly coupled with the stream
channel, where it acted as a „buffer‟ by storing a significant quantity of sediment at the
foot of the slope until high magnitude flood events eroded the foot of the fan complex
(Fuller and Marden, 2008).

In New Zealand, there has been considerable debate about the primary controls of
contemporary erosion processes, and in common with the findings from Hoophorn Valley,
several studies have suggested that rainfall is the major control on denudation. In a study
of 33 South Island catchments, Griffiths (1979; 1981) concluded that rivers draining the
western Southern Alps have suspended sediment yields an order of magnitude higher than
the world average rate for alpine rivers. He suggested that almost all of the spatial
variability in suspended sediment flux could be explained by variations in mean annual
rainfall. More recently, Orwin et al. (2010b) found that > 80% of the 248 t of suspended
sediment transferred during the transition from autumn to winter in the adjacent Birch Hill
catchment was moved during rainfall events. Other studies, such as those of Adams (1980)
and Hicks et al. (1996; 2000), have concluded that variability in the magnitude of rainfall
events is a significant control, but that lithology, tectonic uplift rates, and Quaternary
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geomorphological history (including glaciation) are also important. Lithology, tectonic
uplift rates and Quaternary geomorphological history, particularly glaciation, are almost
certainly controls on denudation in the Hoophorn Valley. For example, extensive
micaceous shales throughout the Valley have weak van der Waals bonds, making this
lithological unit prone to fracturing and, previous glacial perturbations have shaped much
of the surface (Chapter 3). Furthermore, the findings from this present study suggest that
the main control on fine sediment production is associated with the limited percentage of
glacial cover at high elevations in the upper reaches of the catchment (Section 6.2.1).

The role that percentage glaciation influences contemporary denudation of alpine
catchments have been a major point of dissension, both within as well as outside New
Zealand (Hicks et al., 1990; Harbor and Warburton, 1993). The work of Hicks et al.
(1990), who compared sediment yields from glacierized and non-glacierized basins in New
Zealand, cast doubt on the conventional idea that glacial erosion rates are significantly
higher than non-glacial erosion rates. Hicks et al. (1990) suggested that the main controls
on variations in suspended sediment yields are differences in rainfall and basin geology,
rather than the percentage of glacial cover. However, Harbor and Warburton (1993)
strongly disagreed with the conclusions of Hicks et al. (1990). Harbor and Warburton
(1993) discuss that until sediment budget studies establish the nature of glacial and
nonglacial components of past and present sediment transfers, evaluation of the relative
importance of glacial and nonglacial erosion must rely on the geomorphic and stratigraphic
evident, which may be equivocal at times. Nonetheless, the authors conclude that
stratigraphic records showing high rates of sedimentation during and just after glaciation,
estimates of total amounts of glacial erosion, the persistence of glacial forms since the last
glacial maximum and predictive models that address changes in glacial erosion rates over
time, provide compelling evidence for relatively high rates of glacial erosion in alpine
environments during glacial periods. It is recognised that the results presented here cannot
provide answers to this debate, but they suggest that erosion rates in a deglacierising alpine
environment are likely to integrate lithology and subsequent weathering, precipitation
regime, and percentage of glacial cover, all of which can vary both spatially as well as
temporally within and between catchments.
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6.5 Implications
If the sediment transfer patterns observed in this study are representative of how an alpine
sediment cascade responds to the impact of past glaciation, then there are implications for
our understanding of how a landscape evolves in response to a major perturbation.

The findings of the present study show that patterns of discharge and suspended sediment
transfer respond more to rainfall events than to the diurnal melting of permanent ice. This
is because the extent of snow/ice free surfaces in the catchment far exceeds the area of
snow/ice covered surfaces and, as a result, rainfall induced runoff has a far greater effect
on suspended sediment yields than does ablation alone. Therefore, it appears likely that the
meteorological forcing of discharge and patterns of suspended sediment transfer will
change over time as the importance of glacial ice as a geomorphological agent diminishes.
It is suggested that this change will follow a progressive shift from an ablation controlled
system to a rainfall controlled system over time.

There is evidence for this progressive change from an ablation controlled system to a
rainfall controlled system in alpine environments outside New Zealand (Richards, 1984;
Warburton, 1990; Orwin and Smart, 2004a; Irvine-Fynn et al. 2005; Haritashya et al.,
2006). Those studies have shown that a rainfall response in patterns of discharge and
suspended sediment was due to a larger deglacierized contributing area and therefore to
greater runoff during rainfall events (Orwin and Smart, 2004a). For example, Willis et al.
(1996) and Hodgkins (1999) found that rainfall was not a significant factor to explain
variation in the patterns of suspended sediment transfer in proglacial streams in southern
Norway and southern Spitsbergen, respectively. This is because where the proglacial
sediment source area is small or the gauging station is close to the glacier (≤ 500 m),
rainfall has a relatively reduced effect on sediment mobilisation (Willis et al., 1996). With
increasing distance from the glacier front (≥ 1 km), rainfall directly affects sediment
mobilisation due to greater runoff from slopes during rainfall events (Orwin and Smart,
2004b). For example, Richards (1984) found that suspended sediment concentrations in a
Norwegian proglacial area increased sharply during a rainfall event, and concluded that
this was largely the result of storm runoff accessing extra-channel stores of suspended
sediment. Similarly, Orwin and Smart (2004b) used discharge-suspended sediment
concentration hysteresis patterns and spatially sampled suspended sediment data from
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extra-channel surfaces to show that input from extra-channel surfaces significantly
increased sediment flux during rain events.

The transference of fine sediment from deglacierising slopes to channels changes over the
short and long term, and delivery of fine sediment from a slope is likely to exhibit distinct
seasonal shifts, depending on the position of the snowline (Orwin et al., 2010b).
Responses to rainfall events vary with changes in the distribution of snow coverage, which
normally shields potential sediment sources from erosion by surface runoff (Lenzi and
Marchi, 2000; Richards and Moore, 2003). This control was evident early in the season of
field monitoring for this study (Section 6.2.1). Over the longer term, Orwin and Smart
(2004b) found that initial exposure of a surface during deglacierization resulted in the
rapid removal of easily mobilised fine sediment, and that subsequent surface armouring,
because of sediment exhaustion and the effects of vegetation colonisation over time,
rapidly stabilised exposed areas as sources of fine sediment. The lack of readily available
fine sediment sources on upper slopes in the Hoophorn Valley suggest that since
deglaciation, as would be expected, there has been a progressive decline in fine sediment
slope-to-channel connectivity due to source exhaustion and/or stabilisation. At the same
time there has been a shift to episodic coarse sediment connectivity associated with a
contemporaneous change from a glacial control on fine sediment production and runoff to
what has become a rainfall controlled system where mechanical weathering of bedrock
continues to produce mainly coarse material for transport from slopes to channels.

In terms of environmental processes, and their influence on slope-to-channel coupling, a
simple conceptual model of how the sediment cascade changes over time is presented in
Figure 6.4. This model has no specified time scale, but accounts for the transition from a
glacially controlled fine sediment regime to one controlled by contemporary weathering
and the production of coarse sediments in the contemporary alpine environment. This is
due to the varying relaxation times associated with the concept of „paraglacial
sedimentation‟, which varies between basin sizes and in time (Harbor and Warburton,
1993; Ballantyne, 2002a; 2002b).
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Figure 6.4: Theoretical model of contemporaneous changes to the primary controls on sediment
production and sediment transfer over time. The lines separating different „aged‟ surfaces are
presented as „dashed‟ lines as they represent arbitrary boundaries that are likely to be spatially
heterogeneous.

Landscape response to glacial retreat over time has been conceptualised in the „paraglacial
sedimentation‟ model by Church and Ryder (1972). They suggest that the rate of
paraglacial sedimentation can be represented by a curve that shows maximum sediment
yield immediately following deglacierization, with flux rates declining as sediment sources
are exhausted or stabilised. Theoretically, the paraglacial period ends once sediment yield
has declined to a rate typical of a fluvial transport system in equilibrium with its
weathering environment (Orwin and Smart, 2004b). The paraglacial sedimentation model
has been widely accepted and applied to sediment transfer processes in deglacierising
environments around the globe (Ballantyne, 2002a; 2002b), but there is debate over the
„subaerial norms‟ of a „non-glacial landscape‟, as well as the timescale over which the
113

paraglacial sedimentation model operates in small (< 100 km2) catchments (Ballantyne,
2002a). Furthermore, our understanding of how paraglacial sedimentation manifests at this
scale within environments that are theoretically at the end of the paraglacial period remains
poor (Chapter 1). Because sediment transfer patterns in the Hoophorn Valley are an
integration of processes operating in a landscape that is theoretically at the end of this
paraglacial period, the findings from this study can be used to speculate about how
sediment transfer patterns may change during the shift from a fully glacierized to a fully
deglacierized system.

The patterns observed in this study suggest that fine sediment transfer from a slope system
may be an initial response to perturbation that declines over time, as per the paraglacial
sedimentation model (Figure 1.1). However, as the field site is theoretically at the end of
the paraglacial period, the transfer patterns observed in this research suggest that despite
the apparent decline in the amount of fine sediment transferred from degrading valley
slopes, there still appears to be continued inputs of coarse material. Ongoing downstream
aggradation of large fan complexes attests to this continued coarse sediment slope-tochannel coupling, as observed in other formerly glacierized mountain environments (e.g.,
Harvey, 1996). As a result, while the fine sediment transfer system may be in equilibrium
with its weathering environment at the end of the paraglacial period, there will continue to
be episodic inputs of coarse sediment from valley slopes. If the patterns observed in the
Hoophorn Valley are representative and if this apparent switch from a fine dominated to a
coarse dominated system with time since glaciation is real and not simply a function of
lithology and subsequent weathering and precipitation regimes then the accepted
paraglacial sedimentation curve of changing sediment yield with time since deglaciation
may not accurately capture the temporal variation in sedimentation response. A modified
version of the paraglacial sedimentation model that captures these complexities is shown
in Figure 6.5. This conceptual model focuses on the relative dominance of the different
particle sizes that are contributed to the fluvial system by slope-to-channel coupling rather
than relative yield. This model suggests that over time there will be a progressive shift
from slope inputs dominated by fines to predominately coarse sediments as those fine
sediment stores are exhausted or no longer accessible. The curve of changing inputs of
coarse sediments over time is shown with broad error bands because it is unclear how the
coarse sediment system has changed since deglaciation began in the Hoophorn Valley
>8000 years ago.
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In addition, the model suggests that the decline in fine sediment dominance is not steady,
but punctuated by episodic perturbations that re-establish fine sediment slope-to-channel
coupling. For example, the paraglacial period since the Little Ice Age (LIA) has been
shown to be affected by several intrinsic events that enabled mobilisation of large
quantities of sediment, meaning that at small scales, in particular, the paraglacial curve is
more irregular than is suggested by large-scale models. These intrinsic events include
slope failure, debris flow and gullying, all of which can deliver large quantities of
sediment to the system over short and long term periods, producing secondary peaks in
sedimentary flux that are not evident in the initial exhaustion model curve (Cossart and
Fort, 2008; Etienne et al., 2008).

Figure 6.5: Relative dominance of different particle sizes contributed from slope systems for the
paraglacial and deglaciated landscape, represented by hypothetical variations over time. Changes
to the sediment regime in response to glacial retreat is unknown, hence the „?‟ marks. The blue
square indicates the place of the Hoophorn Valley in this model sequence (modified from Church
and Ryder, 1972).

The model presented in Figure 6.5 is speculative, and further research is needed to validate
the proposed contemporaneous changes in the sediment transfer regime of a deglaciated
landscape. However, a promising aspect of this research is that while the fine sediment
system may be in equilibrium with its weathering environment towards the end of the
paraglacial period, continued inputs of coarse sediment remain likely from valley slopes.
However, this pattern may not be ubiquitous to all deglaciated environments. For example,
some published studies have shown that at the end of the paraglacial sedimentation cycle
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there will be a shift from the dominance of particulate flux to solute flux (e.g., Rapp, 1960;
Beylich et al., 2005). Beylich et al. (2005) compared the yields of dissolved salts
(corrected for atmospheric inputs) with yields of suspended solids and revealed a clear
dominance of chemical denudation over mechanical fluvial denudation in Latnjavagge,
northern Scandinavia. In Latnjavagge, Beylich et al. (2005) measured a mean annual
chemical denudation rate of 5.4 t km-2 yr-1 compared to a mean mechanical fluvial
denudation rate of 2.3 t km-2 yr-1, for the entire catchment. The authors concluded that the
dominance of chemical over mechanical denudation can be explained by continuous and
stable vegetation cover and rhizosphere, stable slope systems with stable creek-bed
pavements, little debris flow and slide activity (Beylich et al., 2005). Although solute flux
was not measured in this study, an examination of changes in suspended sediment and
solute yield ratios from the adjacent Birch Hill catchment, which has the similar glacial
history, climate, and lithology as the Hoophorn Valley (Orwin et al., 2010b), provides
evidence that mechanical denudation may still predominate over chemical denudation
towards the end of the paraglacial period, suggesting that particulate flux is likely to
dominate in largely deglaciated New Zealand basins.

6.6 Limitations
A number of limitations could have affected the validity and significance of the findings
presented in this thesis. These include instrument, measurement and prediction errors.

The inherent errors associated with the use of electronic instrumentation in the field were
discussed in Section 4, but the benefits of having high-frequency environmental data
records far outweigh these short-comings (Orwin et al., 2010a). However, any
accumulation of errors associated with individual instruments during various stages of data
analysis may have resulted in some prediction errors. These would mainly be associated
with errors inherent in the prediction of, for example, discharge and suspended sediment
concentrations, which figure in the calculation of suspended sediment load. Any
overestimation (or underestimation) of discharge rate and suspended sediment
concentration may result in overestimates (or underestimates) of suspended sediment load
at both gauging stations. The accumulation of these errors was quantified and is presented
in Appendix B.1. Although actual suspended sediment load may be higher (or lower) than
predicted, the error does not alter the conclusion of limited inputs of fines from slopes.
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This is because inherent errors are almost certainly consistent across the study period and
unlikely to affect the underlying patterns in the data.

Measurement problems surround the representativeness of the time series data and may
have introduced bias into the interpretations; for example, whether or not 2008 to 2009
was a typical or atypical summer with reference to the magnitude of rainfall events. If
conditions were typical, then patterns in the measurements provide insight into preceding
as well as subsequent years of process interaction. If atypical, then any observed patterns
may be temporally, as well as spatially, limited to the period of fieldwork in the Hoophorn
Valley. Alpine environments are extremely dynamic and difficult places in which to
collect representative and reliable data. This was evident during the period of fieldwork
when several high magnitude rainfall events resulted in high discharge rates and caused
destruction of measuring equipment between JD328 and JD347, and between JD35 and
JD57 (Section 5.1). This is demonstrated by the paired photographs of the upstream
gauging station (Figure 6.6): (a) when it was fully functional, and (b) after it was destroyed
by a flood. Further gaps in the time series data were the result of power failure (Section
5.1). For these reasons, occasional data gaps in the measurement record were unavoidable.
However, due to these data gaps, the largest storm of the season, on JD53, had to be
removed from further analysis and this means that any estimate of sediment yield must be
viewed as a minimum. Clearly, we do not how sediment transport processes responded
during the data gaps, but the conservative approach taken during the analysis means that
limitations were consistent between gauging stations and unlikely to affect the
representativeness of the time series data presented.

Figure 6.6: Upstream gauging station (a) fully functional on JD52 (discharge at time of photo 2.8
m3s-1) and, (b) following an extreme-high magnitude discharge event.
117

Issues relating to scale are amongst the major challenges in this field of research. One
scale-related issue is extrapolation, which is often used to scale up point measurements to
larger areas, usually under the assumption that process activity occurs at the same rate
across the entire area. In reality this may not always be true (Viles, 2001; Cammeraat,
2002; Johnson and Warburton, 2002). In this study, extrapolation of point measurements
on the dissected slope to larger areas may have resulted in the overestimation of sediment
yield. In response to this, all calculations of mass transfer were viewed strictly as estimates
within broad error bands. Another issue comes from up-scaling active processes at the
outlet of the catchment to larger areas. For example, two spatially separated gauging
stations were installed close to the outlet of the catchment, and by using dischargesuspended sediment concentration hysteresis, inferences were made about sediment
sources across the entire catchment. A greater density of instrumentation would, in some
cases have been possible without detrimental effect. In particular, slope sediment yield
could have been more accurately determined with data from a greater number of
measurement locations. However, a greater frequency of measurement locations would
increase disturbance to the system and negate more intensive monitoring due to the
increased data collected effort required (Johnson and Warburton, 2002).

Another scale issue relates to the apportioning of sediment source areas and time of
particle detachment, based on contemporaneous patterns at the outlet of a catchment where
present-day processes are superimposed on a landscape with a long history of different
environmental perturbations on a geological timescale (Cammeraat, 2002). A solution
would involve developing and testing non-intrusive methods to monitor detachment and
transfer, such as particle tagging (Krishnappan et al., 2009). Early attempts to identify
sediment sources were based on the use of coloured sediment, magnetic properties and
radio-nuclides, all with varying degrees of success (Krishnappan et al., 2009). However,
radio-nuclides are intrusive, and none of these methods solves the problem of how to
differentiate between past and present processes, especially processes active during, for
example, the Last Glacial Maximum (LGM). This highlights another important scaling
issue: „back-projection‟. In this study, 144-days of field observations were used to make
statements about landscape responses to deglaciation (over the last 8000 years). A
significant problem with this approach is that it is unknown to what extent suspended
sediment yields were elevated in the Hoophorn Valley during deglaciation, as the
paraglacial sedimentation model suggests (Church and Ryder, 1972). All that can be done
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is to draw reasonable conclusions about deglacierization at the landscape scale, basing
them on large-scale landscape evolutionary models and theories. However, the question
remains as to how realistic it is to explain small-scale patterns using models and theories
developed at much larger scales (Orwin and Smart, 2004b; Cossart and Fort, 2008; Etienne
et al., 2008). This is because at smaller scales the curve associating sediment yield with
time since deglaciation will be more irregular than is suggested by large scale models
(Section 6.5).
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Chapter 7
Conclusions
7.1 Conclusions
The aim of this research was to identify the main controls on sediment coupling dynamics
and transfer patterns between slopes and channels in a small, largely deglaciated alpine
catchment (Figure 2.4). To achieve this, stream suspended sediment transfer patterns in
stream channels and characterisation of sediment mobilisation on a dissected slope were
used to try and characterise these controls (Figure 2.4). The main findings were:


The main control on sediment coupling and transfer patterns between slopes and
channels in the Hoophorn Valley was grain size and the magnitude and frequency
of rainfall events (Section 6.1).



The dissected slope was not a significant source of fine sediment for the stream
channel. Less than 1% of all particles were classified as fine sediment and the
dominance of clockwise hysteresis supported limited fine sediment availability and
slope-to-channel connectivity. The minor connectivity between slope and channel
is explained by: (a) progressive exhaustion of fine sediment supplies due to
winnowing downslope by overland flow over many centuries since deglaciation
began; (b) slope „armouring‟, due to winnowing of fine surficial sediments leaving
behind a lag of coarser clasts that can effectively trap and protect fine sediments
deposited in spaces between them; and (c) stabilisation of slope deposits through
colonisation by plants (Section 6.1).



The dissected slope was a significant source area for coarse grains and the flow of
such material between the slope and the main channel was likely to be
discontinuous; in effect, a „jerky conveyor belt‟. This means that coarse grains
mobilised from the dissected slope will be temporarily stored on channel banks
until discrete, high magnitude flow events breach channel banks and entrain
surficial deposits from the foot of the slope. Therefore, the coarse sediment regime
can be considered as part of a „decoupled‟ system (Section 1).
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The magnitude and frequency of rainfall events were primary controls on patterns
of suspended sediment transfer, with 75% and 50%, respectively, of total
suspended sediment load transferred through the upstream and downstream
gauging stations during periods of high discharge. Loss of 250 t of suspended
sediment to channel storage during the period of fieldwork was a strong indication
that short-term storage and release of fine sediment in stream channels control
suspended sediment transfer patterns in the lower reaches of the catchment. This
was demonstrated by the dominance of clockwise hysteresis at both gauging
stations, representing short distance remobilisation of any fine sediment deposited
in the channel.



Short-term storage and release of fine sediment appear to be largely controlled by
variations in velocity through the depth of the stream as water flows into, through,
and out of a step-pool channel structure. It is likely that sediment transfer is largely
limited to the zone of high velocity, which is well above the channel bed on the
rising limb of the discharge hydrograph but closer to it on the falling limb. In
response to this, suspended sediment transfer is characterised by net deposition on
the rising limb and net erosion on the falling limb (Section 6.2.2).



The findings of this research have implications for our understanding of how
sediment is transferred in landscapes that were fully glaciated during the late
Pleistocene. Fine sediment transferred from slope systems to stream channels may
be an initial response to an environmental perturbation that declines over time, as
per the paraglacial sedimentation model. However, the observed transfer patterns
also suggest that despite apparent declines in fine sediment transfer from the
degrading valley slopes, there appear to be continued inputs of coarse material.
This shift is likely associated with a contemporaneous change from glacial control
over fine sediment production and runoff to a rainfall controlled system, where
mechanical weathering of bedrock continues to produce coarse material for
transport from slopes to channels.

If the findings of this study are typical of how alpine catchments elsewhere in New
Zealand have been responding to deglaciation then the implications should be applicable in
other deglacierising catchments in similar tectonic and precipitation settings elsewhere.
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However, if atypical then they may apply only to restricted parts of the dynamic New
Zealand alpine environment. In the context of New Zealand at least, slope-to-channel
coupling of coarse grains is likely to be an ongoing active process, whereas fine sediment
coupling may be only a short-duration response to environmental perturbations before
localised fine sediment stores are either exhausted or no longer accessible.

7.2 Future research
The research findings reported here suggest further topics for investigation.


Although this research offers some insight into the dynamics of sediment coupling
in a largely deglaciated alpine catchment, longer term data sets are required for
quantitative comparisons over longer periods of time. These measurements would
hopefully validate the results of this research, and provide further insight into the
processes that control slope-to-channel sediment coupling relationships across the
entire catchment and not simply in one part of it, as in this research.



Because our understanding of the nature of slope-to-channel coupling in New
Zealand environments is limited, there is need for further studies into the main
controls on sediment coupling and transfer patterns between slopes and channels in
deglacierising alpine catchments that vary in lithology, climate and location. This
would ensure greater insights into how formerly glaciated valleys in New Zealand
„relax‟ after perturbations, and into the main controls on sediment transfer regime.



To test the hypothesis that fine sediment transfer from slope systems may be an
initial response to a perturbation that declines over time, and despite this apparent
decline, there appears to be continued inputs of coarse material from slopes to
channels, one could use a detailed sediment budget from basins with different
degrees of glacial cover. In order to isolate the impact of deglaciation on sediment
transfer regimes a comparison would have to be made between surfaces of different
maturity with similar runoff and geology over a variety of spatial scales – a
significant undertaking.
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Appendix A
NaCl dilution gauging and discharge routing

A.1

Example of salt dilution gauging error calculation

A.2

Discharge routing estimates

142

A.1 Salt dilution gauging error
Example of the determination of the absolute error associated with the calculation of
discharge values from the NaCl dilution gauging method. The working example shown
here is drawn from the NaCl dilution gauging conducted on JD324, 2008, at 1000h (Table
4.1).

Step One: The uncertainty in the calibration error

where

is the uncertainty of the balance used to weight the salt,

uncertainty associated with the use of volumetric flask dilution,
uncertainty associated with the use of pipettes and
probe. Therefore;

and
and

is the
is the

is the uncertainty associated with EC

Step Two: The uncertainty in instrumentation

where

is the uncertainty in the EC measurement and

is the uncertainty in the

calibration error. Therefore;
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Step Three: The uncertainty in discharge

where

is the uncertainty in volume and

is the uncertainty in instrumentation.

Therefore;

Step Four: Calculation of the percentage error

therefore:
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A.2 Discharge routing estimates
Table A.2: Summary of computed convex routing variables. The convex routing method is a
simple model used to assess the influence of friction on the amplitude of 15 flood peaks in the
discharge record between JD314, 2008 and JD93, 2009 and also for average river depth, discharge,
and flow velocity for the study period. The routing coefficient indicates the degree to which peak
flow through the reach is attenuated between the upstream and downstream gauging stations. A
routing coefficient of 1 indicates there is no diffusive effect and the flood wave is purely
translatory, whereas successively smaller routing coefficient values (< 0.8) flatten and delay the
outflow peak.
Routing
Method

Discharge
Peak
(JD)

Observed
Peak Inflow
(m3s-1)

Computed
Peak
Outflow
(m3s-1)

Routing
Coefficient

Flood Wave
Velocity
(ms-1)

Reach
Travel Time
(minutes)

Convex

314

2.12

2.12

0.99

2.68

3.6

321

2.98

2.98

1

3.07

3.2

327

3.43

3.43

1

3.43

3.1

350

2.35

2.35

1

2.79

3.2

354

1.23

1.23

0.99

2.52

3.8

359

1.63

1.63

1

2.40

4.0

366

2.33

2.33

1

2.78

3.5

2

4.80

4.80

1

3.71

3

6

3.10

3.10

0.99

3.11

3.1

9

2.05

2.05

0.99

2.64

3.7

17

3.29

3.29

1

3.21

3.0

59

1.96

1.96

1

2.59

3.7

64

2.08

2.08

1

2.65

3.7

77

1.40

1.40

1

2.27

4.3

86

2.05

2.05

0.99

2.64

3.7

0.96

0.96

0.99

0.25

36.0

Av. for study period
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Appendix B
Suspended sediment error

B.1

Determination of the error associated with the determination of
suspended sediment values
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B.1: Determination of the error associated with the determination of suspended
sediment values

Example of the determination of the absolute error associated with the calculation of
suspended sediment value. The uncertainty in suspended sediment concentration
calculations and the calculation of instantaneous load is drawn from JD321. „SS‟ denotes
suspended sediment.

Step One: The uncertainty in instantaneous suspended sediment concentration
calculations

where

,

and

is the uncertainty associated with the use of balances,

uncertainty associated with the use of pipettes and
the iHOBS turbidimeter. Therefore;

is the

is the uncertainty associated with

Error in instantaneous SSC calculations = 14.9%
Step two: The uncertainty in discharge determination
See Appendix A.1 for full working

Step three: The uncertainty in instantaneous load

therefore:
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Step four: Suspended sediment load error

therefore:

therefore: percentage error

Error in SS load calculation = 29.8%
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Appendix C
Particle size distribution statistics

C.1

Summary statistics of particle size distribution analysis
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Table C.1: Summary statistics of the particle size distribution for 40 sediment samples collected from the monitored hillslope following six rainfall events.
The position of each Gerlach trough is displayed in Figures 3.13 and 3.14.
Sedimentation
Zone

Julian Day

Gerlach
trough

Primary

321

a
b
c
d

Mean
-2.9
-2.4
-2.6
-2.6

Sorting
1.6
1.5
2.2
1.4

Skewness
0.4
0.2
0.8
0.3

Kurtosis
0.9
1.3
1.3
1.3

Φ16
-4.1
-3.6
-4.2
-3.8

Φ50
-3.2
-2.4
-3.8
-2.8

Φ84
-1.0
-0.7
0.1
-1.0

354

a
b
c
d

*
-2.1
-2.1
*

*
2.1
2.4
*

*
0.3
0.6
*

*
1.1
0.6
*

*
-3.8
-4.1
*

*
-2.4
-3.2
*

*
0.4
0.8
*

gravel
gravel

2

a
b
c
d

-2.3
-1.8
-2.9
-1.6

1.7
2.0
2.0
1.8

0.3
0.2
0.9
0.1

0.8
0.8
1.9
0.9

-3.8
-3.6
-4.3
-3.3

-2.5
-1.9
-4.1
-1.6

-0.4
0.4
-0.3
0.4

gravel
gravel
gravel
gravel

9

a
b
c
d

*
-1.8
-2.3
*

*
2.2
2.2
*

*
0.1
0.7
*

*
0.7
0.8
*

*
-3.7
-4.1
*

*
-1.9
-3.4
*

*
0.6
0.4
*

gravel
gravel

a
b
c
d

-1.8
*
-3.5
-2.0

2.0
*
1.4
1.9

0.2
*
0.7
0.3

0.9
*
1.6
-0.9

-3.6
*
-4.3
-3.7

-2.1
*
-3.9
-2.2

0.4
*
-1.5
0.2

gravel

2.6
2.6
4.1
1.9

0.2
0.3
0.9
0.2

1.3
1.1
2.1
1.0

-1.8
-3.6
-4.3
-3.2

0.2
-1.8
-4.1
-1.6

3.4
1.5
3.9
0.5

gravel
gravel
gravel
gravel

2008
2009

59

77

Particle Size Distribution Statistics (Phi)

a
0.5
b
-1.6
c
-1.1
d
-1.5
* Gerlach trough destroyed during the preceding rainfall event

Percentiles (Phi)

Textural
Group
gravel
gravel
gravel
gravel

gravel
gravel
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Table C.1 cont.
Sedimentation
Zone

Julian Day

Gerlach
trough

Secondary

321

a
b
c
d

Mean
-4.2
0.1
0.2
0.2

Sorting
0.3
2.2
1.9
1.9

Skewness
0.3
-0.2
-0.1
-0.1

Kurtosis
1.6
0.7
0.8
0.8

Φ16
-4.4
-2.1
-1.6
-1.6

Φ50
-4.2
0.4
0.4
0.4

Φ84
-3.9
2.2
2.1
2.1

gravel
gravel
sand
sand

354

a
b
c
d

-4.2
-4.2
0.6
-2.2

0.2
0.2
0.9
1.2

0.2
0.0
0.2
0.2

1.2
0.7
1.0
1.1

-4.4
-4.4
-0.1
-3.3

-4.2
-4.2
0.6
-2.3

-4.0
-4.1
1.7
-0.8

gravel
gravel
sand
gravel

2

a
b
c
d

-4.1
*
-1.3
-1.2

0.7
*
2.4
2.2

0.5
*
0.3
0.4

5.3
*
0.5
0.6

-4.5
*
-3.5
-3.2

-4.2
*
-1.9
-1.8

-3.1
*
1.3
1.3

gravel

9

a
b
c
d

-4.1
0.3
1.1
1.1

0.8
0.9
1.2
1.4

0.6
0.8
0.1
0.4

5.3
4.0
0.7
0.7

-4.5
-0.4
0.0
-0.1

-4.2
-0.2
1.1
0.7

-2.9
1.5
2.5
2.6

gravel
sand
sand
sand

59

a
b
c
d

-3.5
0.3
-1.7
-0.1

1.5
2.3
2.4
2.5

0.8
-0.2
0.3
-0.1

3.2
0.8
0.6
0.5

-4.4
-2.1
-3.9
-2.6

-4.1
0.7
-2.3
0.2

-1.3
2.5
1.0
2.5

gravel
gravel
gravel
gravel

77

a
b
c
d

2.8
-0.7
*
*

4.3
4.4
*
*

-0.5
0.9
*
*

0.5
0.5
*
*

-1.9
-4.3
*
*

4.7
-4.0
*
*

6.8
4.5
*
*

gravel
gravel

2008
2009

Particle Size Distribution Statistics (Phi)

* Gerlach trough destroyed during the preceding rainfall event

Percentiles (Phi)

Textural
Group

gravel
gravel
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