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Abstract

The Waipaoa catchment is generally considered to have high hill slope channel
coupling due to the large volumes of sediment output at the river mouth. Yet the
percentage of sediment that is transported within the fluvial system is low when
considered in terms of the total volume of sediment mobilised during episodic failure
events. Clearly, there is a discrepancy between generation of sediment and its
delivery to the fluvial network. Previous research has suggested there is a strong
decrease in catchment connectivity as catchment size increases. However, little
research has been undertaken to understand the changes in hillslope-channel

coupling over time.

This study focuses on the connectivity of shallow rainfall triggered earthflows
located in small catchments located within three different land systems in the
Waipaoa Catchment. A multiple regression model was developed to predict the
sediment delivery ratio for individual earthflows based on an empirical dataset of
earthflows which occurred during a storm event in 2002. The results from this
modelling were applied to five larger sub-catchments where sequential aerial
photograph analysis (1940s to 2004) was used to determine connectivity. From this,
spatial and temporal patterns in the catchment sediment delivery ratios were
identified.

The expected decrease in sediment delivery ratios was observed as catchment size
increased. However, the temporal pattern to sediment delivery is not so clear. It
appears that catchment evolution, referring specially to the Terrain Event Resistance
Model developed by Crozier and Preston (1999), does not have a significant
influence on sediment delivery ratios within the six decades examined in this thesis.
Furthermore, while earthflows are considered the ultimate source of sediment during
storm events, they are not always the mechanism by which this sediment enters the
fluvial network. It is also vital to consider rates of gullying, sheet erosion and

riparian erosion.
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Chapter One: Introduction

1.1 Background

As a predominantly agricultural society, New Zealand is acutely sensitive to landscape
changes. The landscape is still young in geological time scales and denudation rates are
high, leaving highly dissected landforms. This natural rate of erosion has been
amplified by human modification of the landscape primarily due to mass clearance of
indigenous forest for conversion to pasture by European settlers in the late 19" and early
20" Centuries. The removal of this indigenous vegetation cover has in many places
lowered erosion thresholds resulting in higher rates of regolith stripping. The continued
depletion of the soil resources due to amplified erosion processes, particularly in hill
country catchments, has resulted in a reduction of the production potential of the
landscape which cannot be reclaimed in the short term (Trustrum et al., 1984). The
economic cost of this soil erosion is estimated to be $127 million/year and increasing
(Krausse et al., 2001). Nevertheless, better management of these erosion prone
landscapes can reduce disruptions and minimise their impact. To successfully reduce
the response there needs to be a better understanding of the controls on landscape
behaviour especially with the potential increase in extreme weather events, which are
often triggers in initiating erosion processes. By understanding these processes which
generate sediment and the complex conveyor belts that this sediment is transported on,

more effective land use practices can be implemented.

However, the source to sink sediment progression is not a straightforward process.
Various landforms can disrupt longitudinal, lateral and vertical linkages either
temporarily or enduringly, storing sediment or discharging stored sediment thereby
influencing sediment cascades. This distribution of sediment stores reflects and
influences the routes, timing and distances of sediment transport providing a measure of
the (dis)connectivity of the catchment. This also impacts the response from adjustments
within the landscape system and how major, minor, gradual or sudden perturbations are

propagated throughout the environment. Fryirs et al. (2007, pg. 49) state “Catchment

1|K.E. Jones 2009



configuration and the nature of connectivity within and between landscape
compartments affect the operation of sediment cascades and geomorphic responses to
disturbance events of differing magnitude and frequency” (p. 49). Thus, understanding
and characterising landscape response requires the consideration of the whole
connectivity of the source to sink system defined as the transfer of energy and matter
between two landscape compartments or within a system as a whole (Chorley and
Kennedy, 1971).

Therefore, to better manage the landscape an improved knowledge of both the way
landscapes behave and the controls on this behaviour is required, with awareness of the
spatial and temporal patterns of sediment generation, transport and storage within a
catchment. Sediment flow diagrams and budgets are often used to display the
relationships between sediment inputs, outputs and storage within catchments and in
particular source to sink sediment cascades (e.g. Selby, 1993). The position,
effectiveness and configuration of sediment storage units in the catchment are
represented by constrictions on these flow diagrams. Furthermore, these natural
obstructions dictate how the effects of geomorphic changes are propagated through a
catchment. Nevertheless, the nature of these constrictions is not clear. There is the need
to understand each separate system within the catchment as a whole and the interactions
between these systems. From this, cause and effect relationships from landscape
disturbance can be clearly defined. Prospective impacts of landscape disturbance,
whether natural or induced, can then be projected across the entire source to sink system
and numerical modelling can be used to explore the possible future trajectories within

the system.

1.2 Justification

The concept of landscape evolution and landform processes is well researched within
geomorphology and in particular the process, cause and consequences of slope failure.
There is competent understanding of mechanics of the specific processes and the

conditions that predispose slopes to failure allowing for the identification of areas at risk
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of failure due to natural processes and often artificial alteration (Varnes, 1978; Crozier,
1986; Dikau et al., 1996). This has evolved into research on frequency magnitude
relationships of erosion processes and the concept of thresholds and event resistance
(Crozier and Preston, 1999; Hicks et al., 2000; Reid and Page, 2002). As a
consequence, there is admirable understanding of how, where and when erosion occurs.
Yet predications of slope failure are only accurate on a broad scale. In spite of this,
there is limited understanding of the off slope delivery of this sediment after the initial
failure. Will the failed regolith from a landslide be deposited on the slope or will it be
entrained into the fluvial network? There is currently a significant amount of research
into the ability to predict sediment generation and delivery for various erosional
processes to determine the contribution to the overall sediment yield (Trustrum et al.,
1999; Page et al., 1999; Lu et al., 2006). Nonetheless, there is limited information on
how this behaviour changes through time. Litchfield et al., (2008, pg. 413) state “to
evaluate the contribution of long-term hillslope processes the amount of sediment being
transferred from the hillslopes to the channels needs to be estimated, as does the
timeframes over which this occurs. The delivery of sediment from gully erosion has been
quantified, but only limited knowledge has been gained about the delivery from other

processes such as shallow and large landsliding.”

This thesis will assist in determining the contribution shallow earthflows make to a
sediment budget across a large scale catchment at various scales. It will do this by
determining connectivity and predicting sediment delivery ratios for earthflows
triggered by heavy rainfall events. This research will focus on identifying changes in
hillslope channel coupling and in particular spatial and temporal patterns in sediment
delivery ratios. The study area selected for this is the Waipaoa catchment located in the
East Cape of the North Island of New Zealand. The Waipaoa basin provides an ideal
environment to study the evolution of sediment delivery from earthflows. The
catchment has undergone significant land use changes, firstly with Polynesian
settlement and then, more significantly, European settlement. This, combined with
highly erodible geology, means the Waipaoa catchment has one of the highest specific

sediment vyields in the world (Hicks et al., 1996). Here, deep seated landslides and
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amphitheatre gully complexes are common erosional features which deliver large pulses
of sediment to the fluvial system (Trustrum et al., 1999). In addition, low magnitude
high frequency rainfall events which trigger gully and sheet erosion provide regular
contributions of sediment (Page et al., 1999). However, shallow earthflows account for
a significant portion of the sediment budget within the Waipaoa catchment during storm
events (Page et al., 1999). Therefore, it is important to understand the controls on the

spatial and temporal behaviour of the delivery associated with these earthflows.

1.3 Hypothesis and Research Aims

This thesis endeavours to identify sediment delivery ratios (the amount of sediment
delivered off slope as a proportion of the total sediment generated in a given erosional
event) for shallow earthflows triggered by heavy rainfall events. The overall focus for
this research is to provide a range of ratios that represent the characteristic off-slope
sediment delivery to the fluvial network for earthflows in the Waipaoa catchment. The
delivery ratios will be across a series of landscape conditions at varying spatial and
temporal scales. These individual ratios will aid the understanding of the source to sink
processes within the Waipaoa Catchment where the Terrestrial Landscape Change:
MARGINS Source-to-Sink New Zealand Programme is modelling the evolutionary

behaviour of this catchment.
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The hypothesis introduced for this thesis is given below:

The overall average sediment delivery ratio for a catchment will decrease in
both space and time as the catchment evolves with increasing time since
deforestation resulting from changes in the spatial distribution of erosion
(Figure 1.1 A & B).

A
A
. Deforestation
Hillslope

8 S
>
E < Lower
E & Slope
- = Ripening
< Catchment ] )
£ Scale % Regolith
T a Exhaustion

wv
wv

A. Relative Area B. Relative Time

Figure 1.1 Predicted changes in sediment delivery ratios at different spatial and
temporal scales. A) At the individual to hillslope scale sediment delivery ratios
can be very high, but in larger catchments the potential for storage before
delivery increases. Therefore sediment delivery ratios will be relatively low in a
large catchment. B) The response to land use change results in a lowering of
sediment delivery as the systems moves towards a regolith exhaustion phase
with landslides moving upslope and away from the channels. Eventually there is
ripening of the lower slopes made up redeposited material which becomes prone
to failure raising the overall sediment delivery ratio.

This hypothesis refers to the changes in landslide location over time as a direct result of
catchment evolution since land use change (Crozier and Preston, 1999; Brooks et al.,
2002). Scar retreat upslope is an important factor where scar crowns are likely to be re-
activated in the next triggering event but this failure is further from the channel than the
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initial failure. Because of this landslide derived sediment will have to travel further
down slope for off-slope delivery to the fluvial network. In addition, if sediment
delivery is not 100% for landslides, then the remaining material is left on the slope
creating a barrier for sediment delivery by increasing slope roughness and decreasing
slope angle. This potential for barrier and buffers preventing sediment delivery is
increased with catchment size as there is greater storage potential in larger catchments.
And since subsequent failures will be located above current scars in the remaining
regolith again, meaning the new scars are further from the channel network, the ability

for the landslide debris tail to intercept a channel is reduced by each failure event.

To test the above hypothesis for sediment delivery ratios of shallow landslides within
the Waipaoa catchment three aims are introduced:

1. Develop a multiple regression equation to predict sediment delivery ratios
associated with individual failures (and thus enabling summation to derive
an overall sediment delivery ratio for a small sub-catchment) based on

simple predictive variables.

This first aim refers to the development of a simple multiple regression equation used to
determine the off-slope delivery for a single earthflow to the adjacent (ephemeral or
permanent) channel. From this the sediment delivery ratio for an entire hillslope and
small catchment can also be predicted. While hillslope channel connectivity (a measure
of the coupling between the hillslope and channel network) may be high it does not
necessarily equate to high sediment delivery ratios. The development of a regression
model to predict sediment delivery ratios enables more accurate estimation of off-slope
delivery than using a constant ratio across an entire large scale catchment (e.g. Page et
al., 1999). Distance from the earthflow scar to the initial fluvial channel is put forward
as the primary controlling factor. Relief and failure properties are theorised as secondary

controlling factors.
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2. Determine the connectivity and sediment delivery ratios associated with
shallow rainfall triggered landslides for a range of catchment sizes within
three landslide prone land systems in the Waipaoa catchment to identify
patterns in hillslope channel coupling directly related to catchment size.

The second aim endeavours to display how sediment delivery ratios for catchments vary
in space. Connectivity is an easily derived variable, for both a single failure to basin
scale. For a single failure, it is simply defined as the presence of coupling between the
hillslope and channel network, i.e. whether or not a landslide debris tail actually reaches
a channel. The number of failures that are connected when expressed as a proportion of
the total failures gives a measure of a catchment’s connectivity. Sediment delivery
ratios are more complex. The sediment delivery ratio from a single earthflow is
determined by various factors and therefore can be any number from 0% to 100%. The
first aim addresses this issue, seeking an objective basis on which to estimate an
appropriate value of delivery for individual failures. Because only a percentage of
earthflows will be connected to a channel (ephemeral or permanent) resulting in offslope
delivery to the fluvial network, estimation of catchment sediment delivery ratios must be
based on connectivity. The objective of this second aim is to illustrate the lowering of
sediment delivery ratios for shallow earthflows as catchment size increases for the

Waipaoa catchment.

3. Define the connectivity and sediment delivery ratios associated with shallow
rainfall triggered landslides for a range of temporal scales within the
Waipaoa catchment to identify patterns in sediment delivery ratios related to

catchment evolution following change in boundary conditions.

The third aim investigates how connectivity and sediment delivery ratios for a
catchment vary on a temporal scale. Again, while connectivity is easily derived the
objective is to identify a range of sediment delivery ratios which take into account the
stages of landscape relaxation of the Waipaoa catchment from the mid 20" Century,

following a major environmental change that took place in the late 19" Century through
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to the early 20™ Century. Hillslope channel coupling is strongly influenced by the
evolutionary stage of the catchment the sediment delivery ratios are affected by
relaxation within the catchment. This concept is often not considered when modelling

sediment delivery ratios as it is not well constrained.

1.4 Thesis Structure

This thesis is divided into seven chapters which present the research and results for this

study. The content of these chapters is summarised below:

Chapter One: Provides the background and justification for this research along with the

specific aims and hypothesis for this thesis.

Chapter Two: Discussion of the literature to date that has been undertaken to understand
and determine both sediment delivery ratios and the contribution of landslides to the

overall sediment budget of a large catchment.

Chapter Three: Introduces the study area and the particular sub-catchments used in this
research. It gives an overview of both the physical processes and cultural history of the

area and their effects on the erosion currently experienced.

Chapter Four: Presentation of the overall methodology and techniques of data
collection and analysis to model off slope sediment delivery ratios for individual

earthflows and determine catchment delivery ratios.

Chapter Five: Display of the results obtained from the above methodology to determine
the catchment sediment delivery ratios. Results of the regression analysis for modelling
sediment delivery ratios are presented in this chapter followed by the spatial and
temporal trends of sediment delivery as the Waipaoa catchment evolves since de-

forestation.
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Chapter Six: Discussions of the spatial and temporal patterns displayed in the previous
chapter. Cause and effect concepts for these trends are also discussed in an endeavour

to discover and isolate the factors that control sediment delivery ratios for earthflows.

Chapter Seven: Presents the conclusions and summaries derived from this research.
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Chapter Two: Landslides and Sediment Delivery

2.1 Introduction

The transfer of sediment from source to sink can be viewed at a variety of temporal and
spatial scales, depending on the processes to be studied and the approach adopted. The
attempts to account for the different components of sediment flux are often framed in
terms of a sediment budget (e.g. Dietrich et al., 1982). Irrespective of scale, one of the
most challenging and difficult problems to resolve revolves around the issue of how
much of the sediment produced on hillslopes enters the channel network and is
discharged at the basin outlet for a given time period. This can be the catchments
response to a single storm event or the longer scale of geologic time. Viewed from the
perspective of measurements of (suspended) sediment discharge, which are routinely
made in many drainage basins, the pertinent question is: what is the relationship
between the sediment yield at the measuring point (YY) and the total amount of sediment
eroded from the basin upstream of that point (T)? Roehl (1962) termed this relationship

the ‘sediment delivery ratio’, D (where D = Y/T and is often expressed as a percentage).

This chapter reviews research on sediment generation, storage, and transfer within
fluvial systems, providing a background to the study of sediment delivery in the
Waipaoa catchment. Overall, the chapter is divided into four main sections. The first
two sections summarise the origins of research into the sediment delivery problem and
surveys approaches to estimating sediment yield and sediment delivery at the catchment
scale. The third section discusses the failure mechanism of shallow earthflows and
examines the influence earthflows have on the sediment yield of the Waipaoa
catchments. The fourth and concluding section provides a perspective on the evolution

of sediment delivery ratios, which is the main focus of this thesis.

For clarification this thesis refers to shallow rainfall triggered landslides as earthflows.

The terminology landslide refers to previous research where the process was defined as
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a shallow rainfall triggered landslide and earthflow refers to rainfall triggered failures
observed in this research. Therefore, while the terminology ‘landslide’ and ‘earthflow’
are used interchangeably throughout this thesis as they refer to the same feature. This
type of failure only mobilizes the soil horizon and surface of weathered bedrock (Page et

al, 1999), usually with a failure depth around 1 m and volume less than 100 m?®.

2.2 The Concept of Sediment Delivery

The concept of sediment delivery, as outlined by Roehl (1962), is important in terms of
linking landscape form and process and is imperative for the comprehension of sediment
transfer through the fluvial system (Schumm, 1977). It is based on the assumption that
basin sediment yield can be related to different catchment characteristics (including, for
example, the characteristics of the triggering event, catchment relief, soil and vegetation
cover, and conditions in stream channels), and that only a portion of the material eroded
from a catchment contributes to sediment yield over a given time (Glymph, 1954).
Much initial research was concerned with using empirical observations to determine
which characteristics exert most influence on sediment yield (Wade and Heady, 1978),
and this line of inquiry continues to the present day (Kettner and Syvitski, 2004). But at
the same time it was also recognised that the different characteristics rarely remain
constant within or between different catchments, so that the disparity between sediment
production and sediment yield cannot easily be explained in this manner (Glymph,
1954). Consequently, “if'a characteristic ratio of sediment yield to erosion does exist it
would be a most useful statistic” (Glymph, 1954, p. 198), and a considerable amount of
effort has also been directed to resolving the disparity between gross erosion and

sediment yield.

Sediment delivery is strongly scale dependent. At the hillslope scale, sediment delivery
first increases and then decreases as catchment area increases (Parsons et al., 2006).
Three explanations have been given for this scale dependency of the sediment yield.

First, since hillslope runoff also exhibits the same characteristics, it may be attributed to
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spatial variations in infiltration or temporal variations in rainfall intensity. Second, the
dependency arises because some of the eroded sediment is stored in hillslopes sediment
sinks. Third, it is possible that as area increases the proportion of the area that
contributes sediment to the outlet decreases because individual particles travel a finite
distance during storm events. Regardless, the clear implication is that erosion rates
measured at one scale cannot be extrapolated to another (Parsons et al., 2006). The
same effect is seen at the catchment scale and is commonly observed as an inverse
relationship between specific suspended sediment yield and drainage basin area
(Walling, 1983), that arises because either the high erosion rates recorded in small
headwater catchments are not sustained across the whole basin and/or storage reduces
the amount of sediment delivered to the basin outlet. In fact, because sediment in most
river systems appears to spend much more time in storage than in transport (Meade,
1982), the application of a delivery ratio is seen as an obvious way of resolving the
disparity between rates of erosion on hillslopes and in-stream measurements of

suspended sediment yield (Dickinson and Wall, 1977).

However, sediment delivery ratios are not easy to model or predict and Dickinson and
Wall (1977) identified two apparent paradoxes that make it difficult to accurately
estimate delivery ratios. First, there is the problem of spatial aggregation or lumping
(the spatial paradox), which relates to the problem of attempting to represent the
sediment delivery characteristics of a catchment in which topography and soils (and
hence infiltration capacity, runoff and erosion potential) vary from place to place, with a
single number. Burns (1979) suggested that each sediment source should be viewed as
possessing a unique delivery potential, with a probability of sediment being exported
from a particular source that is linked to its relative position (with respect to the stream
and the catchment divide). Second, a temporal or frequency paradox arises as although
sediment loads are closely linked to runoff, the frequency distribution of sediment peaks
is not equivalent to the distribution of runoff peaks often due to sediment supply
constraints. In the Waipaoa catchment, for example, this means that there is a poor
correlation between peak suspended sediment concentration and peak discharge (Hicks

et al., 2004), and very high suspended sediment concentrations can occur during
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relatively small discharge events. These issues are compounded because sediment
delivery ratios are estimated at different spatial and temporal resolutions, which range
from a single hillslope (m?) to large catchments (km? x 10%) and individual storm events
(hr) to the long-term (mean annual) suspended sediment yield, and the fact that sediment
availability varies in time and in space is typically ignored (Pain and Hoskin, 1970;
Walling, 1983). Furthermore, the factors which control sediment delivery also vary

temporarily as the landscape evolves.

At this point it is also important to note that rivers transport sediment both in suspension
and as bed load and that erosion contributes sediment to each of these components
(Dietrich et al., 1982). However, while suspended sediment gaugings are relatively easy
to conduct, much more effort is required to obtain reliable estimates of bed load flux
(Hicks and Gomez, 2003). For this reason most attempts to estimate the yield from
sediment sources are associated with suspended (not total) sediment discharge. The
principal exception to this is the long-term sediment yields that are determined from
reservoir surveys and debris basins (Wasson et al., 1998; Lavé and Burbank, 2004).

2.3 Sediment Delivery Ratios

Many researchers have attempted to produce empirical equations that can be used to
estimate the sediment delivery ratio for a catchment (Vanoni, 1975). It is generally
accepted that the delivery ratio decreases as drainage area increases in catchments with
homogeneous climate, topography and soils (Figure 2.1). However, there are
uncertainties surrounding the wide range of delivery ratios reported by individual
studies. A generally applicable predictive technique is lacking, and there are
fundamental problems associated with the concept of a simple relationship between
gross erosion and sediment yield (de Vente et al., 2007); many of which, as noted
above, revolve around the two paradoxes Dickinson and Wall (1977) identified.
Nevertheless, inquiry continues to be stimulated by the knowledge that defining a
sediment delivery ratio makes it possible to estimate the sediment yield of (similar)
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ungauged catchments from the major variables affecting erosion in specific areas. A
common way of doing this is to produce an empirical equation that relates the sediment

delivery ratio to physical parameters, such as the relief ratio and catchment length
(Roehl, 1962).

100
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Sediment Delivery Ratio (%)
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oo 01 1-0 10 100 1000
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Figure 2.1 Relationship between sediment delivery ratio and the drainage basin
area. Developed by the U.S. Department of Agriculture and Soil Conservation
Service for central and eastern U.S.A. (Walling 1983).

Other models, such as WEPP and EUROSEM (Laflen et al., 1997; Morgan et al., 1998),
attempt to account for the processes of erosion and deposition in a more explicit manner,
by using physically-based equations that rely on input data with high spatial and
temporal resolutions to represent individual processes. For this reason, although they
can account for the spatial variability of precipitation and catchment characteristics such
as slope, vegetation and soils, such models may only be suitable for specific
applications. Other researchers have used a spatial modeling framework and a mixture
of empirical and physically based equations, which incorporate general descriptions of
catchment processes and ignore the process interactions that require more detailed
information in order to gain a more universal appreciation of the patterns of sediment
transport across catchments and larger areas (Prosser et al., 2001). Such models are
usually implemented in a Geographical Information System (GIS) environment. Their

output can be used to identify locations that are particularly susceptible to soil erosion
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(Yitayew et al., 1999; Ouyang and Bartholic, 2001; Lufafa et al., 2003), and to estimate

soil loss and sediment yield at any location within a catchment.

A broader scale approach is to focus on the spatial distribution of sediment delivery
ratios as opposed to sediment delivery. For example, Lu et al. (2006) used the
interaction between rainfall attributes (such as intensity, duration and intermittency) and
catchment characteristics (such as slope, surface roughness and channel
geomorphology) to gain a better understanding of spatially distributed sediment
transport processes. This was used as a guide to investigate the problem of sediment
delivery at the regional scale within the Murray Darling Basin in Australia. Lu et al.
(2006) interpreted the sediment delivery ratio as the catchment response to the upland
erosion rate and modeled this as hillslope transport to the nearest streams. The flow was
routed through the channel network, and characterised by two time related variables.
The first of these is time travel, the time that particles eroded from the source area and
transported through the hillslope conveyance system take to arrive in the channel
network, and then to the catchment outlet. The second, rainfall duration, is the primary
driving force for sediment transport. Thus, for the same rainfall event shorter travel
time equates with higher sediment delivery. For similar sized source areas rainfall
events of shorter duration generally deliver less sediment to the catchment outlet. The
results predict that there are large local variations in sediment delivery ratios, which
range from 0% on floodplains to 70% in upland regions of the catchment. Therefore,
sediment residence time (storage) and the average effective rainfall duration exert a

fundamental control on sediment delivery.

Although they offer a much more detailed spatial perspective on sediment delivery
ratios, the observation from Lu et al., (2006) echo the conclusion of earlier studies. The
local conditions and different catchment characteristics exert an important control on
sediment delivery ratios (Table 2.1) so that it is unlikely that any universal relationship
will emerge, even though there are characteristic trends between drainage area and
specific sediment yield in catchments where particular conditions dominate (de Vente,
2007).
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Table 2.1 Examples of proposed relationships between sediment delivery ratio
and catchment characteristics. (adapted from Walling, 1983).

Author Region Equation

Maner (1958) Kanas, U.S.A logDR =2.962 + 0.869 logR — 0.854
logL

Roehl (1962) Southeastern U.S.A logDR = 4.5 = 0.23 log10A — 0.501

x cologR/L - 2.786 logBr

Williams & | Brushy ~ Creek, Texas, | logDR = 0.627 SLP**®
Berndt (1972) | US.A.

Williams Texas, U.S.A. logDR = 1.366 * 107" A R/
(1977) CN>44

Mutchler & | Pigeon Root  Creek, | logDR =0.488 0.006 A + 0.010 RO
Bowie (1975) Mississippi, U.S.A

Mou & Meng | Dali River Basin, Shaanxi, | logDR = 1,29 + 1.37 InRc - InA
(1980) China

DR = sediment delivery ratio; R = basin relief; L = basin length; A = basin area;
R/L = relief/length ratio; BR = bifurcation factor; SLP = % slope of main stem

channel; Cn =S.C.S curve number; RO = annual runoff; RC = gully density

2.4 Landslides and Sediment Delivery

As well as the processes of surface wash and rill erosion, which models such as the
Universal Soil Loss Equation (USLE) accommodate, mass movements on hillslopes
mantled by shallow, immature soils that support natural vegetation, forest or pasture,
can make a significant contribution to the overall catchment sediment yield. At
timescales relevant to coupling within fluvial systems (decades to millennia), landslides
that involve “the downward and outward movement of slope forming materials under

the influence of gravity” (Varnes, 1978) are one of the most prevalent mass movement
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processes affecting New Zealand’s land area in general (Eyles, 1983), and the Waipaoa
catchment in particular (Reid and Page, 2002).

Earthquake-triggered landslides are caused by seismic shaking which reduces the
strength and/or cohesion of rock and soil (Keefer, 1984; Malamud et al., 2004), and
usually occur independently of the rainfall events that deliver sediment to channels. For
this reason the debris they generate often stays on hillslopes and has the potential to
impact sediment fluxes for years or decades (Lin et al., 2008; Kaoi et al., 2008). Slope-
clearing events can also block valleys with deposits that, depending on the size of the
debris and transport capacity of the river, may be dispersed rapidly or reworked over a
protracted period of time (Adams, 1981; Pearce and Watson, 1986). In some cases, for
example, Lake Tutira in New Zealand, landslide dams can persist and influence

downstream sediment fluxes for thousands of years (Eden and Page, 1998).

Rainfall is the primary climatic driver of landslides (Crozier, 1997). In New Zealand
such failures are commonly associated with intense high magnitude, low frequency
rainstorms or moderate rainstorms with wet antecedent conditions (Crozier, 1986).
Earthflows usually occur along a discrete boundary, such as the contact between soil or
regolith and the underlying bedrock, and consequently the depth and maturity of the soil
profile in many parts of New Zealand are limited by the frequency with which these
failures occur (Trustrum and DeRose, 1988; DeRose et al., 1993). They typically
involve relatively shallow (<0.5 — 1 m) translational downslope displacements of soil
and regolith that generate thin tails of debris (Page et al., 1994; Reid and Page, 2002).
Equations provide the basis for mechanistic approaches to determining the potential for
hillslope failure (lverson, 2000), which typically occur abruptly and can accelerate
downslope if the soil liquefies (lverson et al., 2000). Strain softening (a decline in stress
as strain increases) is thought to be an important factor that operates in some debris tails
during transport, which are often able to flow more extensively than predicted from soil
properties alone (Crozier, 1996), and commonly extend downslope for a distance that
often greatly exceeds the dimensions of the original scar (Figure 2.2). Extreme events
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can also generate hundreds or thousands of landslides (Figure 2.3), with a spatial pattern

that is closely related to the rainfall distribution (Omura and Hicks, 1992).

Figure 2.2 Lateral spread of the debris tail runout from an earthflow scar in the
Coromandel, New Zealand. (Photo: N. Preston, 1999).
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Figure 2.3 Extensive landsliding in the Hawke’s Bay region, New Zealand,
resulting from Cyclone Bola. (Photo: N. Trustrum, 1988).

Rainfall intensity and duration has also been analysed to determine the values that
trigger landslides. Empirical analysis of storm characteristics has been shown to have
potential for determining the conditions under which failures can occur (Hong et al.,
2006). However, experience suggests that the exact conditions for failure are extremely
difficult to identify when spatial variations in rainfall are considered in conjunction with
topographic factors (Casadei et al., 2003), and that knowledge of the accumulated
rainfall is also required to effectively characterize the conditions that cause slope

failures.

GIS-based models can give a spatial perspective on hillslopes and the topographic
parameters that are important to the movement and distribution of water on hillslopes.
For example, the topographic wetness index (TWI = In(a / b tan 6 where: a is the local
upslope contributing area; b is the unit contour length; and 0 is the local slope) is one
measure that can be derived from a digital terrain model (DTM) and is often used to
quantify the influence topography has on hillslope hydrology (Beven and Kirkby, 1979;
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O’Loughlin, 1986). Locations where the index is higher, due to a large specific

catchment area (a / b) or low slope, are more likely to be saturated with water than dry.

Crozier (1999) developed an empirical model that takes into account the contributions
made by antecedent soil water as well as event water (indexed by soil water status and
daily rainfall, respectively). Negative values of the soil water status indicate conditions
that are below field capacity, and positive values indicate conditions where water
preferentially accumulates on hillslopes in locations where the contours are concave and
flow lines converge. If the storage capacity (porosity and depth) of the regolith and soil,
the rate of evapotranspiration, and the rate of drainage in excess of precipitation are
known the soil water status can be determined. Crozier (1999) recorded excess rainfall
over a 10-day period when calculating the antecedent soil water status and determining
the conditions under which rainfall-triggered landslides occur in Wellington. However,
the number of days required for antecedent soil water to drain and water to accumulate
depends on the texture and depth of soil or regolith and other factors that typically vary
from region to region (Glade et al., 2000). This highlights the important point that
irrespective of whether a mechanistic or empirical approach is used, defining the
circumstances under which landslides occur involves the identification of the threshold
value that separates landslide conditions from stable conditions. In the Waipaoa
catchment, for example, significant rainfall triggered landsliding occurs when rainfall
exceeds a threshold value of ~200 mm in 72 hours ( Dymond et al., 1999; Reid and
Page, 2002).

Threshold effects on erosion processes operating in terrain that exhibits varying degrees
of susceptibility to different erosion processes are also responsible for spatial variations
in the characteristics of suspended sediment discharge in rivers draining the East Cape
region of New Zealand’s North Island (Hicks et al., 2000 and 2004). Rating-based
magnitude — frequency relationships show how the signature of different erosion
processes is imprinted on catchment suspended sediment yield (Hicks et al., 2000 and
2004). Relationship curves for catchments where gully erosion generates sediment

during storms of all magnitudes are flatter than those for rivers where the sediment load
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during sub-annual (low-magnitude, high-frequency) runoff events is low as rainfall
triggered landslides only generated sediment during high-magnitude low-frequency
storms. Here, as in other parts of New Zealand, average landslide sediment fluxes have
been quantified using aerial photography as a basis for deriving magnitude-frequency
relations (Hovius. et al., 1997; Reid and Page, 2002).

Page et al. (1999) and Reid and Page (2002) used aerial photography in conjunction
with rainfall data to derive relationships between storm magnitude and landslide density
on different forest and pasture and systems in the Waipaoa catchment. Based on field
measurements of 95 landslide scars, average volumes for landslides in each land system
were measured. The overall sediment delivery ratio was estimated to be 45% and the
percentage of sediment contributed by shallow landslides to the suspended sediment
load of the Waipaoa river at Kanakanaia is ~15 + 5% (Reid and Page, 2002), which rises
to ~48% during extreme events (Page et al., 1999). Thus, in the Waipaoa catchment,
where gully, sheet and riverbank erosion have the potential to generate sediment
whenever it rains, the cumulative effects of low magnitude, high frequency events

dominate the long-term catchment sediment yield (Hicks et al., 2000).

2.5 Evolution of Sediment Delivery

Large magnitude, low frequency events in the Waipaoa catchment mobilize large
amounts of sediment on hillslopes. However, much of this material goes directly into
storage, and so landsliding makes a smaller relative contribution to sediment yield than
in catchments where sediment delivery is more efficient because connectivity between
hillslopes and channels is enhanced (Page et al., 1994). Sediment in temporary storage
on hillslopes that is released by subsequent small events complicates the event
magnitude-frequency distribution of suspended sediment loads for up to three years if
landslide scars and tails remain unvegetated (Hicks et al., 2000). Therefore, much of the

sediment attributed to gullying and sheet erosion during low magnitude, high frequency
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events could actually be derived from the higher magnitude, low frequency multiple

occurrence landslide events.

But since new soils take much longer to develop on landslide scars (Trustrum and
DeRose, 1988), repeated landsliding rarely occurs on previously failed surfaces.
Instead, landslide scars retreat upslope (Figure 2.4). This is directly influenced by the
frequency of the storm events. A study undertaken by Thomas and Trustrum (1984)
with soil slip scars in the Wairarapa region of the lower North Island of New Zealand,
modeled scar location patterns. The oldest scars observed in this study were pre-1941
and occurred immediately adjacent to the lower ephemeral channels and at the base of
the hillslopes. In subsequent failure events, the scars occurred progressively up the
slopes towards the interfluves and eventually at the ridge crests. Trustrum et al., (1984)
calculated a 2.8% increase per decade for the period 1930 to 1977 for the rate of
encroachments of failures on soil which has been stable since the native forest removal.
Yet Trusturm et al., (1984) also suggest this rate of erosion is not sustainable for long
periods of time. This suggests an increase in the triggering threshold required for soil
erosion where storms of similar magnitude may not produce comparable sediment
yields. Therefore, the frequency and magnitude of landsliding events is important in
relation to the evolution of landslide scar locations relative to both the channel and
position within the catchment.
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Figure 2.4 Historical (left) and simulation (right) models for failures on the
Wairarapa hillslopes, New Zealand. Shown is the upslope development of
landslide scars with time resulting in the lowering in frequency of the fresh
regolith failures compared to reactivation of old scars. (Thomas and Trustrum,
1984).
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Moreover, even if the magnitude and distribution of storm rainfall remains constant over
time (which is not usually the case), the distribution of erosion events will also vary
across the landscape. The effect is exacerbated by particular assemblages of landforms,
soils and natural vegetation, so that different relationships between storm rainfall and
landslide frequency apply to different portions of the Waipaoa catchment (Reid and
Page, 2002). In effect, the different land systems each have their own unique history of
erosion events so that the triggering threshold for landslides varies from hillslope to
hillslope. It has also been suggested that, because the erosion processes that drive
sediment fluxes are spatially and temporally variable over a large range of scales,
disturbance events and topography can interact to create patches of intense erosional
activity (Miller et al., 2003).

Land use practices also impact the threshold for landsliding. Timber harvesting and the
conversion of native forests to pasture, for example, decreases hillslope stability and
makes the terrain more susceptible to erosion because the cohesion of soil and regolith
declines as tree roots decay and the succeeding vegetation intercepts and transpires less
water (O’Loughlin and Ziemer, 1982; Montgomery et al., 2000; Schmidt et al., 2001;
Roering et al., 2003). Across New Zealand, areas of hill country underwent conversion
from indigenous forest and scrub cover to pasture after European settlers arrived in the
19" century. Crozier and Preston (1999) refer to the anthropogenic increase in erosional
activity as the Post-European Settlement Regolith Stripping Phase. This has important
implications for the response of the catchment to storm events due to the different stages
of catchment evolution as outlined by Crozier and Preston (1999) (Figure 2.5). Based
on a comparison of measured soil depths in first-order catchments in Taranaki basins,
there was a 10-fold increase in the erosion rate post-deforestation (De Rose et al., 1993).
In the Wairarapa, Thomas and Trustrum (1984) showed that there was an exponential
decrease in the availability of uneroded regolith after deforestation (Figure 2.6). Lake
sediment records also document the acceleration of hillslope erosion after European
colonists removed the native forest and converted the land around Lake Tutira to
pasture. Sedimentation rates in Lake Tutira with the surrounding catchment under

pastoral land use are between 5 ~ 6 times the rate under fern/scrub, and 8 to 17 times the
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rate under indigenous forest (Page and Trustrum, 1997). Finally, simulations suggest
that the suspended sediment discharge of the Waipaoa River increased from 2.3 £ 4.5 to
14.9 + 8.7 Mt yr't in the late 19" and early 20™ Centuries (Kettner et al., 2007).
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Figure 2.5 Terrain Event Resistance Model. (Crozier and Preston, 1999).
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Figure 2.6 Average percentage ground uneroded since deforestation of the
slopes. Standard deviation derived from 100 simulation runs is also shown.
(Thomas and Trustrum, 1984).

This implies that the sensitivity of the landscape, as defined by the threshold value that
must be reached or surpassed before motion is initiated, varies over time (Crozier and
Preston, 1999; Brooks et al., 2002). While rainfall triggered landslides are a dominant
erosion process in Tertiary hill country around New Zealand, the conversion from forest
to pasture has lowered the threshold of the event which creates heightened slope
instability. The stripping of the regolith layer progressively moves upslope with
subsequent failures and undelivered sediment is deposited at the base of the slope
(Figure 2.7). The newly exposed bedrock is less permeable than the pre-existing
regolith cover. The three phases identified by Crozier and Preston (1999) and Brooks et

al. (2002) for modelling purposes are further defined below:
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1. Undisturbed Regolith: immediately following forest clearance and involving
completely undisturbed regolith where there is little evidence of any past
landslide activity.

2. 50% Stripped Regolith: intermediate stage where slopes have had about 50%
(by area) of their regolith stripped. This is usually the case after several decades
under pasture.

3. Redeposited Regolith: advanced stage in which landslide debris accumulated
as colluvial footslopes has ripened and become itself susceptible to earthflow

occurrence.

The modification of these slopes results in changes to the geotechnical and hydrological
properties of the slope. Thus, there are changes to the triggering threshold for future
failures. As a consequence, the hillslopes become more stable as the system moves
towards a new stable phase. However, these alterations in the both the hydrological and
geotechnical conditions of the slope due to regolith removal and redeposition adds more
complexity to this relationship. Brooks et al. (2002 pg.173 & pg.176) states that “that
slope failure might be controlled by different hydrological behaviour for each of the
different phases of regolith stripping described above” and goes on to say that “the
thresholds for instability are related to the prevailing types of storm, with the relative

stability of the stages depending on the storm properties.”
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Figure 2.7 Changes in the location of landslide scars due to regolith exhaustion.
A) Failures first occur on the lower slopes due to a build up of pore water
pressure under gravity. B) After the removal of this material the failures retreat
up slope to fresh regolith. C) Undelivered sediment builds up on the lower slope
and ripens until the lower slopes are once again prone to failure. (Brooks et al.,
2002).
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Using a process based model, Brooks et al., (2002) defined the failure mechanisms
under these altered hydrological and geotechnical conditions resulting from changing
triggering thresholds. During long duration, low intensity storm events the undisturbed
regolith still remaining on the hillslope is the most susceptible to failure. Whereas,
during high intensity, short duration events the redeposited regolith at the base of the
slopes is the most susceptible to failure. Yet the redeposited colluvial footslope remains
less likely to fail compared to the undisturbed regolith further upslope. Brooks et al.,
(2002) suggests that the higher unit weight, friction angle and cohesion that develop
during consolidation of the material offset these higher pore water pressures which

occur towards the base of the slopes.

So, changing landslide thresholds relates to a pattern in landslide location on the slope
and this directly influences sediment delivery. As the failure zone retreats up the slope
the distance sediment has to travel before it is entrained in the fluvial network also
increases. Therefore, we could assume a high delivery ratio under a natural system
(where failures are located at the base of the slope due to the build up of pore water
pressure under gravity) due to the close proximity of the failures to the fluvial network.
However, the catchment sediment delivery ratio is expected to decrease as the distance
between scars and the fluvial network increases over time and lower percentages of

sediment are delivered off-slope.

Dymond et al. (1999) combined GIS layers depicting rainfall, vegetation cover and
other terrain characteristics with a high-resolution DTM to calculate the probability of
landslides occurring at different points and delivering sediment to streams in the
Waipaoa catchment. Debris tail depth and runout distance vary with slope angle, which
exerts a dominant control on erosion processes such as landsliding and determines the
ability water has to transport landslide derived sediment across hillslopes and into
stream channels (De Roo, 1998). On steep slopes debris tail depths are small and runout
lengths are long, and for a given vegetation type (forest or pasture) the probability of
landsliding depends on storm rainfall, slope angle and rock type (which determines
regolith strength). Dymond et al., (1999) estimated 30 + 5 x 10° m® of soil was eroded
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during the largest storm on record (Cyclone Bola in 1988), with 13 + 3 x 10° m* of soil
reaching stream channels when using a spatially variable sediment delivery ratio. For
each connected landslide Dymond et al., (1999) modelled the depth of the sediment
deposited on the hillslope from the debris tail and from this determined the total volume
of sediment delivered to the stream compared to the volume of the scar. Dymond et al.,
(1999) were able to estimate the occurrence of landslides on a pixel scale and model the
spatial distribution of sediment delivery ratios which varied (from 20% to 54%) across
different terrain types. Spatially variable sediment delivery ratios were determined by
comparing the total volume of sediment delivered to the streams compared to the total

volume of sediment produced for each given area.

For comparison, Page et al. (1999) estimated from their relationship between rainfall
and landsliding that the same storm would generate 33 x 10° m® of soil, 16 x 10° m* of
which entered stream channels when assuming a universal sediment delivery ratio of
50%. In contrast Preston (2008), determined the direct off slope sediment delivery to
the drainage network from the percentage of the failed mass remaining within the
boundary of failure scars and in storage on the slope. This was undertaken in three
small catchments within and to the south of the Waipaoa catchment on the low lying
coastal hills following a large storm in 2002. Here, the overall estimated off-slope
sediment delivery ratio was 26% for these catchments but the overall catchment delivery
ratio is unknown. However, differences between these studies must be highlighted.
Preston (2008) observed sediment delivery from landslides on coastal hill country where
the gentler slopes with footslopes abut alluvial terraces. In comparison, much of the
Waipaoa hill country is steep and slopes abut stream channels. Storm rainfall for the
two studies also varied as the total storm rainfall at the Hinenui site (Preston, 2009) was
~300 mm, whereas the higher sediment delivery ratios estimated for Cyclone Bola were
for a storm rainfall of ~600 mm. But it remains that as Dymond et al. (1999, pg. 127-8)
emphasise, although the “statistical nature of landslide occurrence and depth is known
and the process of sediment delivery is also known, the spatial pattern of erosion and
deposition resulting from the interaction of the two is not. ”
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Chapter Three: The Waipaoa Catchment

3.1 Introduction

This chapter provides an introduction to the wider field area used in this study: the
Waipaoa River Catchment located in the East Cape of the North Island, New Zealand
(Figure 3.1 A). The total size of the catchment to the river mouth is ~2205 km? with 85
percent of the catchment classified as hill country (Page et al., 1999). The Waipaoa
River originates in the northern-most part of the catchment 1200 m above sea level as
the Upper Waipaoa where it is joined by the Mangatu, Waingaromia, Wharekopae,
Waikohu, Waihuka and Waihora tributary rivers. The Te Arai River is the southern
most tributary and joins the Waipaoa River on the alluvial plain before it flows out to
sea at the southern end of Poverty Bay (Figure 3.1 B). Predominantly a gravel bed river,
its morphology changes from a braided configuration in the upper 12 km to a single
thread meander in the middle and lower reaches (Rosser, 1997). The mean suspended
sediment concentration is ~1700 mgL™ and the annual average suspended sediment
yield to Poverty Bay is estimated at 15 million tons (Hicks et al., 2000). This sediment
yield ranks as one of the highest measured in New Zealand compared to basins of
comparable size (Hicks et al., 1996) and again is high by global standards (Milliman and
Meade, 1983; Walling and Webb, 1996).
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A. North Island, New Zealand
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Figure 3.1 A) Location of the Waipaoa Catchment in the East Cape region of
the North Island of New Zealand. B) The main tributaries to the Waipaoa River
in the Waipaoa Catchment.

High erosion rates and sedimentation result from a combination of geological,
geomorphic, climatic and anthropogenic factors and allow for the observation of the
sedimentary system both in contemporary scales and over the longer geological
timeframe. Because of this the Terrestrial Landscape Change: MARGINS Source-to-
Sink New Zealand programme uses this site as its North Island East Coast (NIEC)
catchment to “develop a quantitative understanding of how landscapes respond to ever-
changing global environmental drivers and human intervention”. The research for this
thesis is one small part of this larger project, using selected sub-catchments within the
Waipaoa Catchment to quantify hillslope and channel linkages to determine sediment

delivery from shallow landslides at a range of spatial and temporal scales.
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3.2 Geological Setting and Geomorphic Processes

Catchment geology, structure and tectonics are considered to predispose this landscape
to high rates of geomorphic activity. The Waipaoa catchment is situated within a zone
of active deformation in the active forearc margin of the Hikurangi subduction trench, a
convergent plate boundary between the Pacific and Australian plates. Late Miocene to
recent normal faulting is widespread (Mazengarb et al., 1991) and where regional uplift
is in the order of 1 to 3 mm/yr across the basin. Uplift peaks in the headwaters at 10
mm/yr shifting to slight subsidence near the coast (Pillans, 1986) in response to deep
seated subduction processes such as sediment underplating (Walcott, 1987; Litchfield et
al., 2007). Due to this tectonic setting the underlying rocks are highly deformed and

weak, giving landforms of varying degrees of stability.

The headwaters of the Mangatu and Waipaoa Rivers, representing ~8% of the
catchment, are underlain by a structural complex of Cretaceous and early Tertiary
sedimentary rocks. Strongly jointed sandstone/argillite, siliceous argillite, smectitic
mudstone, marl and limestone result in highly unstable landforms despite being more
indurated than the strata found throughout the rest of the catchment. The strongly
jointed nature and presence of smectitic clay results in extensive hillslope erosion with
earthflows, slumps, and gully erosion being a major source of sediment throughout the
Quaternary (Gage and Black, 1979). The large amphitheatre-like gully complexes
develop in the highly sheared rocks and mobilize large amounts of both fine and coarse
sediment (Gage and Black, 1979).

The erosion thresholds are low for gullying (and similar erosion processes involving
scour by runoff) which is activated by rainfall events of all magnitudes and frequencies
meaning they have the potential to supply sediment whenever it rains. 43% of the
catchment’s annual sediment load is generated from these mass movement complexes
(Marden et al., 2008) predominantly in the upper catchment resulting in downstream
bed aggradation. There is evidence that many of these gully systems existed before

deforestation either as incipient gullies or slump heads. Landslide buried logs have been
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exposed in current gully complexes (Allsop, 1973) and the age of the slump heads have
been suggested as predating the ~12, 000 year B.P. Waiohau tephra. Other gullies date
from before the 1850 years B.P. Taupo eruption (Gage and Black, 1979).

Throughout the rest of the catchment Miocene to Pliocene interbedded
sandstone/mudstone and mudstone with lesser amounts of sandstone and limestone is
the prevalent geology. Many of the alluvial terraces found throughout the Waipaoa
catchment are developed on this Miocene - Pliocene cover sequence. These terrace
deposits located in the mid to upper parts of the catchment represent climatically driven
cycles of alternating aggradation and incision over the last 100, 000 years (Berryman et
al., 2000). The structure of these sedimentary rocks contributes greatly to high erosion
rates within the Waipaoa catchment, although these strata are less susceptible to mass
movement processes except where faulted. Volcanic ash fallout deposits from the Taupo
Volcanic Zone remain only on the stable hillslopes and rounded ridgetops in the upper
catchment (Allsop, 1973). Downstream the hillslopes are more steeply incised with

gully erosion and slumping.

Both active and relict large deep seated slumps (Pere, 2003) are common throughout the
catchment either seismically triggered, reactivated by wet antecedent conditions or toe
removal by fluvial undercutting. Alternatively many of the relict earthflow/ slide
complexes have been active over longer timescales with slope instability triggered by
post-glacial valley downcutting or nick-point retreat (Marden et. al., 2008) in the upper

parts of the Waipaoa catchment.

Throughout the catchment the Miocene — Pliocene hillslopes are also prone to shallow
landslides and earthflows defined as planar failures moving as a highly mobile debris
flow that mobilize only the soil profile and surface of weathered bedrock (Page et al.,
1999). The shallow landslides are activated by relatively infrequent high intensity
rainstorm events and typically only occur extensively when individual storm rainfall
exceeds a threshold of between 220 and 360 mm (Reid and Page, 2002). They have a

dramatic impact on the landscape but only following high magnitude low frequency
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storm events. For this reason, their annual sediment contribution is minor contributing
only 10 to 25% of the total long term sediment yield of the Waipaoa River (Trustrum et
al., 1999; Hicks et al., 2000; Reid and Page, 2002). Yet this contribution rises to ~64%
of the sediment yield during large magnitude events like Cyclone Bola (Page et al.,
1999).

In the mid to lower reaches of the Waipaoa River are mid-Quaternary lacustrine, fluvial
and lagoonal deposits. Much of this material is remobilised in the fluvial system either
after being temporarily stored within the channel itself or re-entrained by undercutting

and slumping of material previously deposited on the alluvial plains.

3.3 Climate and Vegetation History

Pollen evidence suggests that vegetation throughout the Waipaoa catchment over the
last 40,000 years has varied but there has been the persistence of podocarp-broadleaved
species (Allsop, 1973). The early Holocene climate was warmer and wetter than present
(Mildenhall and Brown, 1987) with full forest cover throughout the catchment. During
the coldest periods of the glacial however grass and scrub cover will have colonised the
hillslopes (McGlone et al., 1984). Maori settlements in the Waipaoa catchment date
from 700 year B.P. on the alluvial silt loams and more densely populated Pa sites date
from 350 years B.P. (Jones, 1988). Maori settlements were mainly on the southwest of
the lower reaches of the catchment with the earliest occupation in the Matawhero
vicinity. Dense settlements were also located on the principal fans at Waerenga a Hika,
Patutahi and Manutuke (Jones, 1988). Vegetation was cleared by slash and burn for
horticulture on the hillslopes towards the coast and intensive crop growing on the river

banks and foothills was limited to the frost free areas of the catchment.
European settlement began in the late 1830s (MacKay, 1982) with the main settlement
on the alluvial plains to the north of the Waipaoa River with a scattered rural population

throughout the surrounding hill country. Primarily forest was cleared to make way for
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production pasture and by 1880 most of the lower reaches of the catchment had been
cleared. The headwaters were cleared of native forest cover by 1920 (Henderson and
Ongley 1920; MacKay, 1982). Extensive pastoral farming developed in the hill country
and intensive horticulture on the alluvial plains. The establishment of pastoral farming
initially provided the basis of the Gisborne District economy. However, the decline in
the economic viability of pastoral farming combined with high erosion rates in hillslopes
under pasture lead to the rapid growth of production forestry. In the 1960s the New
Zealand Forest Service began to plant the severely eroding areas of headwaters with
exotic forest, principally Pinus radiata, (DeRose et al., 1998; Gomez et al., 2003;
Marden et al., 2005) with commercial timber harvesting starting in the 1990s. Now
only 6% of the catchment is covered in indigenous forest and scrub, 70% of the
catchment is in pasture, and 20% is covered by exotic forest (Page et al., 2001).

The removal of this indigenous forest cover initially by Maori settlement but later and
more significantly European settlers has had a profound effect on the catchment’s
response to local climatic conditions. Presently the East Cape has a temperate maritime
climate but can be subjected to weather and climatic extremes. Long periods of drought
are common over the summer months. High magnitude precipitation events which
cause widespread landsliding are either tropical cyclones/sub-tropical depressions from
the north or associated with southerly frontal systems. There is a marked seasonal
distribution of rainstorms/ cyclones from March to May as 40-45% of the annual
precipitation occurs between the months of May to August as low intensity events (Reid
and Page, 2002). The eastward movement of a high pressure cell in the south Tasman
Sea can intensify this situation bringing a cooler south-easterly airstream on to the area

triggering precipitation or prolonging storms.

Annual rainfall rates increase moving away from the coast where annual rainfall is 1000
mm to 3000 mm in the north-west of the basin on the catchment divide (Smith, 1977).
Wind flows from the north and north east tend to produce higher rainfall in the
headwater catchments compared to the coastal low lands. But this topographically

controlled rainfall distribution is less pronounced when high rainfall events come across
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the catchment from the south and south-east where there can be similar to significantly
more rainfall at lower altitudes of the coastal hill country compared to the rest of the
catchment (Hessell, 1980). This can have a marked effect on the catchment as the softer
Tertiary landscape in the lower catchment is more landslide prone terrain. Extreme
storms are responsible for the highest rainfall intensities on record in the Waipaoa
catchment. The largest event in the recent times was Cyclone Bola in 1988 (a one in
100 year event) bringing between 600 mm to 900 mm of rainfall in 72 hours, causing
extensive damage throughout the East Cape region. The location of slope failure is
often related closely to this rainfall distribution especially with the localised occurrence

of these extreme rainfall events.

3.4 Land Systems Classification

A large scale landform analysis of the entire Waipaoa catchment was carried out by the
New Zealand Crown Research Institute Landcare Research - Manaaki Whenua Limited.
Data was collated from the New Zealand Land Resource Inventory, a GIS based land
resource data base of rock type, soil, slope, erosion and vegetation and the land use
capability classification. From this, distinct land classes were defined primarily by
lithology and classified as land systems. Lithology is assumed to directly influence
landform and create a specific combination of erosion processes, drainage density,
channel morphology and sediment supply capacity for each of the 16 land systems
identified. There are only six land systems that experience landslide erosion covering
67% of the Waipaoa catchment. They are briefly described below in decreasing order of

sediment supply:
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Table 3.1 Summary of the six landslide prone land systems in the Waipaoa Catchment. (data from Reid and Page, 2002;
Page et al., 1999).

Land System Waingaromia | Te Arai Makomako Waihora Wharerata Wharekopae

Area (km?) (% of 29 (1.5%) 513 (23) 138 (6) 78 (3.5) 278 (12.5) 448 (20.5)

the Waipaoa

Catchment)

Bedrock Mudstone Mudstone Mudstone, Siltstone Sandstone Sandstone,

(Miocene — Sandstone Mudstone

Pliocene)

Prevalent Exotic forest Pasture Pasture Pasture Pasture Pasture

vegetation cover

(as at 1995)

Main erosion Gully, earthflow | Shallow Shallow landslide, | Shallow landslide, | Shallow Shallow

processes (deep), slump, landslide, gully, sheet gully, sheet landslide, sheet | landslide,
shallow earthflow, gully sheet, tunnel
landslide gully

Erosion extent Severe to very Moderate to Slight to moderate | Moderate Moderate Negligible to
severe severe slight

Rainfall failure | 200 150 200 150 150 125

threshold (mm)
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3.5 Field Sites

In August 2002 a high intensity rainfall event induced widespread shallow landsliding
on the low lying coastal hills south of Gisborne. Off slope sediment delivery rates were
determined from field estimates taken immediately after the event for 220 individual
failures from three sites (Preston, 2008). These three sites selected by Preston (2008)
represented homogeneous lithology and vegetation allowing for the analysis of other
controlling variables on sediment delivery including slope properties and channel
location. The single site Hinenui (described in section 3.5.1) is used in this study to

predict sediment delivery ratios for individual failures (Figure 3.2).

The following three field sites selected for this thesis (described in sections 3.5.2 - 4)
were chosen because of the contrasting morphometric properties and storm history
which is expected to influence sediment delivery ratios. These three field sites are used
to observe hillslope channel coupling at the contemporary time scale (Figure 3.2).
Changes in the location of individual failures have a direct influence on sediment
delivery ratios. The location of failures on the hillslope profile is assumed to be
correlated to the stage of landscape relaxation since initial deforestation. Aerial
photography is available across the three sites from the 1940s to 2004. In these
catchments an average of one multiple occurrence landslide event occurred every seven

years.
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Figure 3.2 The location of the three field sites (Waimoa, Ahioteatua and
Mangakiore) used in this thesis to identify spatial and temporal trends in
sediment delivery ratios for earthflows. Also the proximity of the field site
Hinenui where the multiple regression analysis will be undertaken to predict off-
slope sediment delivery for earthflows.
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3.5.1 Hinenui

Hinenui is the site used to develop the multiple regression model to predict sediment
delivery ratios. It is a small hillslope catchment (~9 ha) part of a hill country property
‘Hinenui’ which forms the catchment for the second main tributary to the Pakowhai
stream, which is outside of the Waipaoa catchment to the south-east of the Te Arai
valley. The area is predominantly underlain by Miocene undifferentiated massive and
bedded, slightly calcareous mudstone. The small hillslope catchment has two valleys
both of which are in-filled with undelivered sediment towards the top ridgeline and
contain no permanent channels but evidence of ephemeral channels present during
intense rainfall events. The hill slopes range from 15° to 40° and the thalwegs around
15° to 10° with a small fan at the base of the two valleys merging into the tributary’s

floodplain.

From the 5™ to the 7™ August 2002 this area experienced an extreme rainfall event with
the highest rainfalls in the Gisborne area of >300 mm recorded in the low coastal hills
between Muriwai and the Te Arai valley. Consequently, this area experienced extensive
landsliding with the hill country landowners noticing that the majority of the failures
occurred towards the end of the storm following a 12 hour period of greatest rainfall
intensity. Within this small hillslope catchment there were 71 shallow rainfall triggered
earthflows causing widespread damage (Figure 3.3). These failures were very shallow
where generally only the top soil layer mobilised as a fluid flow that ran down the
hillslopes. Estimates of the sediment delivery from this 2002 storm event were
determined by Preston (2008) and this empirical data is used in the prediction of

sediment delivery ratios in this research.
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Figure 3.3 The Hinenui Catchment after the 2002 storm event. (Photo: N.
Preston, 2002).

3.5.2 Waimoa

Waimoa is located within the Wharekopae land system forming the headwaters of the
Wharekopae River in the western corner of the Waipaoa catchment. This field site is
named after the nearby Waimoa Station where the small subcatchment (~260 ha) used in
this study is located. Originally due to the small size of the catchment two other larger
catchments were also selected to the south-east. However, the aerial photography
obtained for this thesis did not provide adequate coverage for these catchments and
therefore they were not analysed. Underlying geology is massive and bedded Miocene
mudstone with intercalated beds of fine grained sandstone (Mazengarb and Speden,
2000). Soil depth within the Wharekopae land system is typically over 100 cm (Page et
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al, 1999) with a rhyolitic tephra mantle. The hillslopes are strongly rolling with no
clearly incised channels and the slope difference between the hillslopes and the channel
iIs minimal. In Catchment A the slopes are predominantly under 20° with some narrow
ridges over 30° and has considerably high drainage density. The rainfall threshold
required for individual failures in the Wharekopae land system is 125 mm in a 24 hour
period (Page et al., 1999). Using a 90 year rainfall record there have been 8 multiple
occurrence landslide events assumed to have affected the Waimoa catchment and the
average total rainfall for these events is 273 mm. Average landslide frequency within
the Wharekopae land system is 8 failures per km? per year on pasture (Reid and Page,
2002).
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Figure 3.4 Topographic map of the Waimoa Catchment. (Sourced from
Topographic Map 260, X17, Crown Copyright Reserved).
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3.5.3 Ahioteatua

Ahioteatua is located within the Waihora land system in the eastern side of the Waipaoa
catchment. The field site is named after the Ahioteatua Trig Station located at the
boundary of the two small subcatchments (~560 ha and ~480 ha). The underlying
geology is early Pliocene mudstone and bedded sandstone and mudstone throughout the
two catchments with mid Miocene massive and bedded mudstone with intercalated beds
of fine grained sandstone at the outlets of both catchments (Mazengarb and Speden,
2000). On uneroded hillslopes soil depth is up to 100 cm in the Waihora land system
(Page et al., 1999). The slopes are steep, planar and long with narrow ridge crests.
Within both catchments the slopes are predominantly >30° with long straight slopes
leading directly into incised channels. Catchment A is long and narrow where only the
northern half of the catchment has drainage channels off the main stream, whereas
Catchment B has more evenly distributed drainage. Catchment B drains directly into the
Waihora River whereas Catchment A drains further south into the Mangaoai Stream, a
tributary to the Waipaoa River. The rainfall threshold required for individual failures in
the Waihora land system is 150 mm of rain in a 24 hour period (Page et al., 1999).
Using a 90 year rainfall record there have been 12 multiple occurrence landslide events
and the average rainfall magnitude for these events is 263 mm. Average landslide
frequency on pasture in the Waihora landsystem is 18 failures per km? per year (Reid
and Page, 2002).
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Figure 3.5 Topogaphic map of the Ahioteatua Catchments. (Sourced from
Topographic Map 260, Y17, Crown Copyright Reserved).

3.5.4 Mangakiore Field Site

Mangakiore is located within the Te Arai land system in the southern part of the
Waipaoa catchment. This field site is named after Mangakiore Station where two of the
small sub-catchments (~930 ha and ~440 ha) used in this study are located. The
underlying geology is uniform between the two catchments with massive and bedded
Miocene mudstone and intercalated beds of fine grained sandstone (Mazengarb and
Speden, 2000). The mudstone weathers quickly frittering with surface exposure and
exhibits a closely spaced fracture pattern. Typical soil depth varies within the Te Arai
land system with 100 cm on the ridge tops and stable slopes reducing to 0 - 30 cm on
recently eroded slopes (Page et al., 1999). The hillslopes have various shapes with

complex pattern of ridges and spurs but generally long smooth slopes run directly into
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the narrow incised ephemeral channels. The main channel is incised in the upper half of
the catchments but there is significant infilling with the development of small colluvial
footslopes towards the outlet. Slopes range from ~30° to 40° in the upper half of the
catchments to ~20° to 30° in the lower half with channel slope below 15°. Both
Catchments A and B drain into the Waimata Stream a tributary to the Te Arai River.
The rainfall threshold required for individual failures in the Te Arai land system is 150
mm of rain in a 24 hour period (Page et al., 1999). Using an 80 year rainfall record
there have been 9 multiple occurrence landslide events with the average event being 293
mm of rain. Average landslide frequency on pasture is 28 failures per km? per year in
the Te Arai land system (Reid and Page, 2002).
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Figure 3.6 Topographic map of the Mangakiore Catchments.
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Chapter Four: Sediment Delivery Modelling

4.1 Introduction

This chapter introduces the methodology used to derive the catchment sediment delivery
ratios for earthflows in five catchments within the Waipaoa catchment. Data
characterising the catchments were derived from three main sources: digital elevation
models, aerial photography and field surveys. For each site the data source and mode of
further analysis were chosen according to their accuracy, suitability and availability.
Nearly the entire analysis of data was undertaken in a GIS environment (ArcGIS version
9.3) with all layers registered in the 1949 New Zealand Map Grid projection system.
The first part of this chapter focuses on the development of a multiple regression
equation to predict sediment delivery ratios for individual failures. The second part of
this chapter focuses on the overall techniques used to determine the changes in
connectivity and subsequent sediment delivery ratios throughout areas of the Waiapoa
catchment. The results of the empirical modelling of sediment delivery ratios and the
application of these results to determine catchment sediment delivery ratios are given in
Chapter Five. Further discussion on both modelling sediment delivery ratios and
identifying spatial and temporal patterns is provided in Chapter Six.

A flow diagram is given below providing a clear outline to the structure of the

methodology of this thesis and the configuration of this chapter (Figure 4.1).
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4.2 Sediment Delivery Ratio Multiple Regression

Morphometric

Properties
- Slope Angle

Multiple regression analysis
— of SDR based on

™ morphometric, landslide ‘L
and soil properties on SDR

Landslide Properties
-Scar Location
-Debris Tail Runout

— v

Develop regression

Figure 4.1 Flow diagrams of the methodology of this thesis and
also an overview of the structure of this chapter. Section 4.2

Also develop describes the techniques used for multiple regression analysis of

regression off-slope sediment delivery. Section 4.3 describes the techniques

e%“?)“_onf Tlor used to map the earthflow scars off aerial photography and
ebris tai

runout length

determine their connectivity to the fluvial network. From this

and scar length sediment delivery ratios are applied to individual scars to

Soil Properties

-Liquid Limit [

equation to predict the
sediment delivery ratio for
an individual failure

determine overall catchment sediment delivery and identify
spatial and temporal patterns to these  values.

4.3 Spatial and Temporal Trends in Sediment Delivery Ratios (SDR)

Digitise from the Aerial Photography

i) Landslide Scars

For each catchment and sequential /‘“

set of aerial photography

-determine scar area in GIS o
-derived scar volume using
Page et al. (1999) scar depths

Separate each catchment
into five overlapping
nested sub-catchments
For each of these:

Derive the spatial
pattern in SDR as
catchment size
increases

Identify Spatial Trends
i) Compare the SDR values of each
nested sub-catchment for each
individual field site

Derive the temporal
pattern in SDR as
the catchment
evolves

Identify Temporal Trends
i) Compare the SDR values of the
entire catchment (largest nested
catchment) for the time series used for
each individual field site

Determine SDR:

Scar Promixity:
i) Buffer the fluvial network in 10m

intervals

! ii) Determine the total length of the scar and

debris tail (using scar length and runout
equations derived from the multiple
regression analysis at Hinenui)

s

i) Determine SDR of connected scars
from Hinenui regression equation

ii) Determine total volume of delivered
sediment from these scars

iii) Assume 0% SDR for disconnected  w|
scars

iv) The catchment SDR is the total
volume of delivered sediment as a
proportion of the total volume of
generated sediment

Determine Connectivity:
i) Where the total length of the scar and debris
tail is greater than the length of the buffered
distance to the fluvial network then the scar is
connected as it will intersect the fluvial channel
ii) If the total length of the scar is less than the
buffered distance from the fluvial network then
the scar is considered disconnected as it will
not intersect a fluvial channel
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4.2 Sediment Delivery Ratio Multiple Regression

The methodologies outlined below relate to developing a simple multiple regression
equation to predict sediment delivery ratios for individual failures outlined in Aim One.
This model is calibrated on the Hinenui catchment with sediment delivery ratios from
the 2002 storm event determined in the field by Preston (2008). Flow diagrams for the
GIS analysis and Visual Basic scripts are given in Appendix A. The variables of scar
volume, scar length, runout slope angle, runout slope curvature, change in elevation of
the runout path, and distance between the scar and fluvial channel were used in the
regression analysis to develop a multiple regression model to predict sediment delivery

ratios.

4.2.1 Morphometic and Landslide Properties

Preston (2008) presented sediment delivery ratios for earthflow failures at Hinenui in
2002. The 71 scars at Hinenui were identifiable on the 2002 aerial photo and from this a
vector polygon layer of these scars was created. The low resolution 2002 aerial photo
was taken immediately after the storm event clearly showing scars and debris tails. This
image was rectified against a high resolution orthorectified 2007 photo. There was an
8.0 residual error for the rectification of the 2002 photo. This is a measure of the error
between the control points used to transform the photo (i.e. the difference between
where the point ended up representing opposed to the actual location that was specified
as the image was rectified). The scar polygons were derived polygons from the visible
bare soil in the 2002 aerial photo. This landslide scar layer was created by identifying
bare soil values by adding the aerial photo raster layer as one spectral band and then
using <SPATIAL ANALYSIS> <RECLASSIFY> to reclassify the bare soil value. This
layer was then converted from raster to vector using the <SPATIAL ANALYSIS>
<CONVERT> Raster to Features using the option of generalizing lines. This vector
layer was then edited to remove non-landslide derived bare soil polygons and separate
polygons for multiple scars. Scar length was determined from the estimated down

(maximum slope) axis. Scar area was derived in ArcGIS and the approximate volume of
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each of the landslide scars was determined by using a universal depth of 0.5 m. This is
lower than the average scar depth determined by Page et al., (1999) for Te Arai land
system for Cyclone Bola which is 0.76 m. The Te Arai land system is adjacent to
Hinenui and has similar underlying lithology but steeper and longer slopes. From field
estimations of the 2002 scars at Hinenui, the depth value of 0.76 m was considered a

slight overestimation.

A field survey was also carried out for the small hillslope catchment at Hinenui in April
2008. The site was surveyed using a Trimble S6 Servo-driven Total Station (S6) with
reflector-less (terrain scanning) capability. A total of 23 stations (including the base
station) were set up throughout the site, as while the S6 had a range limit of 400 m, this
allowed for higher resolution scanning necessitated by the irregular surface of the
hillslopes. Most of the stations were located in the thalwegs of each of the two valleys
with two stations set on the ridgelines (Figure 4.2). Elevation with easting and northing
coordinates was taken as points in 4m intervals in the automatic format across squares
set manually. The interval was set at 4 m to be as accurate as possible within a realistic
timeframe. The Trimble R8 Real Time Kinematic (RTK) GPS was used to collect base
station data for the S6 and was used in areas where the S6 was limited by trees,
topography or distance. The RTK was also useful in identifying clumping of trees to
edit distorted points from the S6 and along the ridge line to define the extent of the site.
The points collected from both the S6 and RTK were input into Trimble Geomatics
Office to read and process data. These data points were screened and translated into
ASCII and a digital elevation model (DEM) was constructed using ESRI Arc/Info GIS
software with grid interpretation of elevation. Each pixel in the DEM of the catchment

represents 1 m by 1 m, resulting in a high resolution representation.
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Figure 4.2 A) S6 stations in the Hinenui catchment. B) S6 in use by M.
Henderson scanning the Hinenui catchment. (Photo: K Jones, 2008).
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There is no permanent waterway though the hillslope catchment but Preston (2008)
found strong evidence of ephemeral channels in topographic convergences present
during heavy rainfall events. The likely location of these drainage pathways was
derived digitally through ArcMap from the DEM of the Hinenui site. Digitally the
drainage network is delineated using the <SPATIAL ANALYST> <HYDROLOGY>
tools. The upslope extent of the fluvial network was estimated from field evidence of

the ephemeral channels at Hinenui (Figure 4.3).

Hinenui Catchment

Figure 4.3 Evidence of channel formation at the top of the Hinenui catchment.
(Photo: K Jones, 2008).

The earthflow debris tails were derived digitally for each earthflow from the 1 m DEM
created for the field site. Runout paths were defined from the base of the surface rupture
of the scar and flowed downslope until either intersecting fluvial channel (if the scar
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delivered sediment) or exhaustion terminated the flow. Runout paths were derived in
ArcGIS for each individual landslide scar using the <STEEPEST PATH> tool under
<3D ANALYST> to generate a polyline layer which represents the path a ball would
take if released from the centre of the base of the landslide scar. This path was
converted to 3D in <CONVERT>. The Visual Basic scripts shape_Return3D_Length
and PolylineZ_GetSlope (sourced from www.ian-ko.com/free/free_arcgis.htm) were
used to determine the 3D length and slope angle of the runout path for each individual
failure. Where the earthflows failed to deliver sediment off-slope the terminus of the
debris tail was estimated from the 2002 aerial photo. Dymond et al. (1999) suggests
that steeper slopes tend to have longer runout distances as the tail depth is small and
sediment is depleted slowly as the mass flows downslope. In contrast, on more gentle
slopes the runout distances are shorter as sediment is depleted quickly due to the lower
transport capacity associated with lower slope angle. Therefore, higher slope angles are
expected to be correlated with higher sediment delivery from the landslides which occur
on these slopes. Another Visual Basic script was written to determine the start and end
point elevation of the runout path and therefore the change in elevation. This change in
elevation of the runout was used as a surrogate for the potential energy of the flow. The
slope angle, length and elevation change of each runout path was then compared to the

sediment delivery for each earthflow.

The second morphological property of curvature is expected to have a strong influence
on sediment delivery so is quantified for each earthflow scar runout path. Slope
curvature is again derived from the DEM in GIS with <SURFACE ANALYSIS>
<CURVATURE>. It identifies the curvature for each individual cell in a raster surface
including plan and profile curvature. While plan curvature influences the convergence
and divergence of runoff, profile curvature is assumed to have a higher influence on
sediment delivery. Profile curvature affects the acceleration and deceleration of runoff
and this also applies to the debris tail runout. A lower resolution 25 m DEM (available
on the Victoria University Database and produced by GeographX NZ Ltd with elevation
data from Land Information New Zealand) was used to determine curvature. The higher

resolution 1 m DEM was not used due the confusing effect of detailed microtopography
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4.2.2 Soil Properties

Soil samples were collected for determining the liquid limit of the soil within the small
hillslope catchment in Hinenui. Soil samples were chosen from three different types of
regolith and 8-10 locations for each resulting in 26 soil samples for the catchment
(Figure 4.4). These 26 samples have been assumed to be representative of soil across
the whole Hinenui catchment because the field site is small (~9 ha). The three types of
regolith sampled were:

1. Undisturbed regolith which usually appeared on the ridges.

2. Recently Disturbed regolith which was debris material from older landslides
which was re-vegetated, indicating that these landslides predated the 2002 storm
event.

3. Disturbed regolith which failed in the 2002 storm event.

Liquid Limit was determined for all of the soil samples using the Cone Penetrometer
technique based on NZ Standards NZS 4402: 1986 Test 2.5. While other techniques are
available for determining liquid limit the cone penetrometer test is relatively
straightforward and less subject to operator error. The procedure was repeated twice for
each soil sample and results were combined for all samples to give an average liquid
limit for each of the three sampling zones. Results of the liquid limit testing are given in

Appendix B.
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Figure 4.4 Soil sample locations in the Hinenui.

4.2.3 Multiple Regression Analysis

Frequency distributions were examined for each variable and the coefficients of
determination between variables were determined. Stepwise multiple regressions were
undertaken in Statgraphics Centurion XV Version 15.2.12 incorporating independent
variables physically related to sediment delivery to develop a predictive model for

sediment delivery ratios for earthflows.

Regression analysis was also repeated to model scar length and debris tail runout path.
Scar length is easily derived within GIS by determining the axis length of the scar
between the points of highest and lowest elevation. However, the DEM acquired for the
other field sites used in this thesis has resolution of 25 m by 25 m. This means that that
scar length axis must be longer than 25m in order that the scar polygon covers two DEM
pixels to assess the elevation difference between the crown and base of the scar.
However, in Page et al., (1999) the average scar length for Cyclone Bola was less than

25 m at the Wharekopae, Waihora and Te Arai land systems. Therefore, a regression
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equation was developed to predict scar length at these locations. Regression analysis
was also undertaken to develop a model for runout length. While there are suitable
regression equations already developed to predict runout distances for earthflows (e.g.
Corominas et al., 1991; Crozier, 1996), a more site specific regression equation for the
Waipaoa catchment was developed. This equation also allows for the inclusion of slope
angle which is important when this equation will be used at sites of varying slope

angles.

4.3 Spatial and Temporal Trends in Sediment Delivery
4.3.1 Mapping Landslides and Channel Density

Aerial photography is a valuable resource to view past landscape conditions, with
detailed imagery available for New Zealand since the 1930s. For this research, aerial
photos were obtained for the three study sites of Te Arai, Waihora and Wharekopae
(Table 4.1). Each set of aerial photography represents a different stage in the
catchments’ response since deforestation and displays the recent landslide scars

attributed to the local storm history.

All the aerial photos were scanned in black and white (with the exception of the 2004
colour photos) with a resolution of 1200 dpi to create individual JPEG files. After being
cropped in PICTURE MANAGER to remove the frames, each time set of photography
was stitched together in COREL DRAW to create one continuous photo for each time
set. No GPS co-ordinates were collected due to the rural location of the three field sites
which meant that there were limited potential reference control points identifiable both

in the aerial photo and in the field.
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Table 4.1 Aerial photography for the three field sites of Waimoa, Ahioteatua,
and Mangakiore.

Waimoa Ahioteatua Mangakiore

Date Scale Date Scale Date Scale
14/3/1943 | 1:12 500

2/3/1949 1: 12 500

1/4/1952 1:12 500

18/11/1957 | 1:12 500
27/9/1965 1:18 000 23/9/1965 1: 18 00
19/9/1969 | 1:18 000
19/12/1974 | 1:19 500 26/8/1974 | 1:18 700

26/9/1980 1:25 000

14/11/1982 | 1:27 000

9/12/1984 | 1:25000

22/3/1988 | 1:27 000 | 28/3/1988 | 1: 25000
15/4/2004 1:40 000 | 15/4/2004 | 1:4000 | 10/4/2004 | 1:40000

Therefore a 1:50 000 topographic map was imported into ArcGIS in a raster format with
the New Zealand Map Grid projection (NZMG) co-ordinate system. These maps were
used as the base to rectify the aerial photos. A minimum of 10 points were used for the
referencing of each set of aerial photography. These points were as evenly spaced as
possible with features common to most if not all of the photographs using clearly
identifiable reference points in the photography. Due to the rural nature of the
photography the exact locations of many of the reference points were open to
interpretation. Roads and other stationary references were usually limited to only one
side or corner of the photography, meaning points such as stream junctions, ridgelines

and vegetated areas were used for the other areas of the photography. Photos were
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rectified in 1% order so the distortion of the photography matched features between
photos. Finally, shape files of the catchment outline and stream network were digitised
from the topographic map and compared to the georeferenced images to check for
alignment in the photography (Figure 4.5 A-E). This has resulted in a large residual
error in the photography with RMS errors ranging from 30 to 73. In addition, the 1:50
000 topographic map which the photography is referenced against is only accurate to
within 100 m. The combination of the above is the greatest sources of error on the aerial
photography. Any remaining geometric distortion of the aerial photography is

considered less than the error margin given above.

Waimoa

1 Kilometers
]

Figure 4.5 A) Misalignment of catchment boundaries and channels as digitised from

images of the Waimoa catchment.
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Figure 45 B & C) Misalignment of catchment boundaries and channels as
digitised from images of the Ahioteatua catchments.
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Figure 45 D & E) Misalignment of catchment boundaries and channels as digitised from images of the Mangakiore
catchments.

61| K.E. Jones 2009



While the georeferencing errors for each photo are considered to be within a broadly
similar range, there still remains the issue of comparing and matching size and distance
factors of scars and the channel location between photography sets. It was possible to
digitally derive both the permanent and ephemeral fluvial network and the catchment
boundary using a digital elevation model but this method was not chosen. Due to
distortion from georeferencing of the images, the digitally derived boundaries and the
fluvial network would not be comparable between photos. Instead, the catchment outline
and the fluvial network were digitised from the aerial photography as vector layers for
each photo. The visible ephemeral channels running up from the main stream were also
digitised to represent ephemeral density during the storm rainfall events. These were
compared to the digitally derived fluvial network derived from the DEM (where all cells
with a flow accumulation equal or greater than 150 were considered part of the fluvial
network) to estimate their extent upslope. Catchments were also divided into five
overlapping nested catchments to observe spatial patterns in sediment delivery as
catchment size increases (Figure 4.6 A-E). The boundaries of the nested catchments
were defined using the watershed tool in GIS but were digitised on each aerial photo to

divide up the catchment.

Waimoa

Legend

Fluvial Network
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Figure 4.6 A) Nested catchments within the Waimoa Catchment.
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Figure 4.6 Nested catchments within the Ahioteatua Catchments.
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Figure 4.6 Nested catchments within the Mangakiore Catchments.
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With the high resolution scanning, individual landslide scars were visible on the aerial
photos within the GIS environment. Landslide scars were identified for each set of
aerial photography and digitised as separate polygon layers for each catchment. The
landslide scar layer for each photo was created by identifying bare soil values by adding
the photo raster layer as one spectral band. <SPATIAL ANALYST> <RECLASSIFY>
was used to reclassify the bare soil value range to the single value of 1 and all the other
layers as No Data. This layer was then converted from raster to vector using the
<SPATIAL ANALYST> tool <CONVERT> Raster to Features with the option of
generalizing lines selected. This vector layer was then edited to remove non-landslide
derived bare soil polygons and separate polygons for multiple scars. The scars layer
was then intersected with the nested catchment layer to separate out the mapped scars
into each nested catchments

In the 1988 aerial photography taken directly after Cyclone Bola for both the
Mangakiore and Ahioteatua catchments the debris tails from scars were visible.
Therefore each scar could be classified as connected or disconnected from the fluvial
network. However, this was not possible for the other photography where the storms
deemed to be associated with the multiple occurrence landslide event had occurred at
least one year prior to the photography and debris tails had become re-grassed.
Therefore to keep the techniques equal between photos the debris tails from the 1988
aerial photography were not digitised. Instead, scar length and runout length were
estimated for each scar from the regression equations developed at the Hinenui site. The
area of each scar was determined in GIS and volume was derived using representative

scar depths from Page et al., (1999) for the three land systems.

Additional information on the aspect of the scars was also determined to analyse the
spatial pattern of failure location between photos. Aspect was derived from the 25 m
DEM with the <ASPECT> tool under <SURFACE>. This raster layer was then
converted to vector with <3D ANALYSIS> <CONVERSION>. The landslide scar
layer was then intersected with the aspect layer. However, when a failure occurred on

more than one aspect polygon it split the scar polygon. Therefore, a Python script was
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written to attribute the aspect which covered the larger percentage of the scar to the 1D

of that scar before the layer was dissolved.

4.3.2 Connectivity and Sediment Delivery Ratios

Ideally, scar layers from each aerial photo are overlaid and this allows for the detailed
analysis of scar location between the aerial photos. From this, individual scars could be
pinpointed where they show reactivation of the scar crown and migration away from the
channels. But because of the off-set for each photo indicated by Figures 4.5 A-E above
this technique would not be reliable. Rather, a new method was developed which
allowed for comparison of upslope retreat of scars between photos without overlaying

the scar layers from each photo.

Buffer layers at 10 m intervals from the channel network divided up the catchment and
these layers were intersected with the failures. Where there were multiple instances of
individual failures located in two or more buffer layers, they were were edited so that
these scars were classed into the buffer layer which was closest to the channel network.
Thus, it was possible to determine whether there was any change in the cumulative
percentage of failures located within each buffer zone over time. For example, it was
possible to tell if 80% of the failures were located within 50 m of the channel network in
the 1943 aerial photo, but only 30% occurred within this distance in the 2004 photo

while 60% occurred within 150 m of the channel network.

While it would have been more accurate to measure the distance between the failure and
the nearest downslope channel in order to determine whether it is connected. This was
not possible in the time frame of this thesis due to the extremely large number of scars
observed. Rather, the total length of each earthflow was determined from the
combination of the scar length and debris tail runout distance and this was used to

establish whether each earthflow was connected or disconnected to the fluvial network.

Where the total length of the scar and debris tail was greater than the distance of the
buffer layer from the channel, the failure was deemed connected. Where the total length
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of the scar and debris tail was less than the distance of the buffer layer from the channel
the failure was deemed disconnected. This is likely to underestimate the total number of
connected failures, since some failures will be connected when they occur at the lower
boundary of the buffer layer, but since their total length is less than the upper limit of the
buffer layer they are recorded as disconnected (Figure 4.7). However, since 10 m
buffers were used, which are lower than the average scar length measured by Page et al.,
(1999) for the three land systems, this error margin is low and is unlikely to distort the
derived connected values greatly.

Total earthflow length = 70 m

Connected 50 m Buffer
Total earthflow length = 30 m Total earthflow length= 41 m

s N R R e
B Disconnected 40 m Buffer

[ FEE A Total earthflow length=25m _ DYJ---
30 m Buffer
Disconnected Connected 20 m Buffer

D I \ AN RR [N .
10 m Buffer

v Channel v

Figure 4.7 Sources of error when deriving connectivity from buffered layers.
Failures A & D (closed) are connected as the total earthflow length (combined
scar and debris tail runout length) is greater than the buffer distance from the
channel network. Scars B & C (open) are disconnected. The total length
(combined scar and debris tail runout length) of both these scars is less than the
buffer distance from the channel network.

Sediment delivery ratios for each of the connected earthflows were derived from the
regression equation developed from Hinenui. The sediment delivery ratio (%) for each
scar was multiplied by the volume of that scar (m®) to determine the total volume (m?®)
of delivered sediment for that scar (Equation 4.1). The total volume (m®) of delivered
sediment was then summed. The catchment sediment delivery ratio was calculated from
the total volume of delivered sediment compared to the total volume of generated

sediment obtained from the scar volumes (Equation 4.2).
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Vs * Individual SDR = Vd Equation 4.1
"Vd / "V = Catchment SDR Equation 4.2

SDR = Sediment Delivery Ratio (%)

Vcs = Volume Connected Scar (m®)

(Dvd = (Total) Volume of delivered sediment (m°)

™V =Total volume of sediment generated by earthflows (m®)

The spatial patterns in sediment delivery are determined from comparing the sediment
delivery values of each of the five nested catchments to the increasing catchment area
for each individual nested catchment. Temporal patterns in sediment delivery are
determined by comparing the sediment delivery ratios of the largest nested catchment
(Nested Catchment Five representing the entire catchment) for each photo for each

individual catchment.

4.4 Summary

This methodology has an empirical structure that involves a three stage process of
identifying failure location, determining connectivity and characterising sediment
delivery ratios through observation of failure characteristics at different temporal and
spatial stages. Furthermore, it requires the recognition of the changes in the potential for
delivery of the failed mass. This is based first on the development of a multiple
regression model to predict sediment delivery ratios and account for local variations
from site to site. Secondly, the changes in both connectivity and sediment delivery can

be compared at the varying spatial and temporal scales for each field site.

The results and analysis for sediment delivery ratios developed for this research are
given over the next two chapters. Chapter Five displays the results of determining
sediment delivery ratios and gives a description of the observed changes in sediment
delivery ratios throughout the three field sites used to represent the Waipaoa catchment.
Chapter Six discusses the trends observed in the previous chapter, considering these

changes in the context of stages in catchment evolution.
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Chapter Five: Spatial and Temporal Patterns of Sediment
Delivery Ratios

5.1 Introduction

In the previous chapter, the methods for observing slope channel coupling and deriving
associated catchment sediment delivery ratios were described. This chapter presents the
results from this analysis to display the spatial and temporal pattern in sediment
delivery. The first section of this chapter displays the results of the regression analysis
of the Hinenui earthflows. The following sections of this chapter display the determined
off-slope catchment sediment delivery ratios and explore the spatial and temporal
patterns in off-slope sediment delivery. Further discussion of these results is given in

the following chapter.

5.2 Multiple Regression Analysis of the Hinenui Earthflows

This section presents the results from the regression analysis undertaken at the Hinenui
field site to model sediment delivery ratios for individual failures. The regression
equations given in this chapter represent the most reliable models developed from the
Hinenui dataset. The full set of regression equations developed are given in Appendix B.

Further discussion on these results is given in Chapter Six.

5.2.1 Analysis of Multiple Variables

Stepwise multiple regression analysis was undertaken in STATGRAPHICS Centurion
XV version 15.2.14 using the following variables to develop regression equations for

sediment delivery ratios, runout length and scar volume:

69| K.E. Jones 2009



Dependent Variables:

Ds
Lr
Vs

Sediment Delivery Ratio (%)
Runout length (m)
Scar volume (m®)

Ls
Lr
Vs
Sr
Er
Cr

Independent Variables:

Scar length (m)
Runout length (m)
Scar volume (m®)
Slope angle of the runout path (°)
Elevation change of the runout path (m)
Profile curvature of the runout path

Since liquid limit was collected to determine the soil properties for the catchment as a

whole, it was not suitable for regression analysis for individual failures as it was a

constant variable.

Most of the other values are positively skewed and have large

variation values. Therefore, both log and square root transformations were carried out

to normalise selected variables (Table 5.1). Length (Lr), slope angle (Sr) and profile

curvature (Cr) of the runout paths were excluded from transformations because this did

not reduce their skewness.

However, profile curvature of the runout path (Cr) still

shows standardized kurtosis values outside the expected range which could invalidate

many of the statistical procedures normally applied to this data.

Table 5.1 Summary of the frequency distribution statistics for the variables used
on this study for 71 earthflows and the debris tail runout paths.

Cr LOG Ls| LOG Vs Lr |SQRT Ds|SQRT Er Sr
Count 71 71 71 71 71 71 71
Average 0.26 1.61 1.63 58.04 3.71 4.42 27.38
Standard 0.53 0.24 0.46 30.43 2.80 1.44 8.86
deviation
Coeff. of| 206.18% | 15.10% | 28.06% | 52.43% | 75.42% | 32.47% | 32.36%
variation
Minimum -1.6 1.08 0.66 2.0 0.0 0.71 2.12
Maximum 1.4 2.07 2.47 117.0 9.75 7.21 48.80
Range 3.0 1.00 1.81 115.0 9.75 6.50 46.67
Stnd. skewness| -2.06 -0.43 -0.58 0.64 1.52 -0.74 -0.70
Stnd. kurtosis 2.35 -1.40 -1.46 -1.44 -1.13 -0.28 0.82
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Pearson product moment correlations between each pair of variables were determined

(Table 5.2).

P-values below 0.05 indicate statistically significant correlations at the

95.0% confidence level. The following pairs of variables have P-values below 0.05:

However, only one variable is paired to delivery and the correlation value is low.

LOG_Vs and SQRT_Ds
LOG_Lsand LOG_Vs

Lr and SQRT_Er
SQRT_Erand Sr

Table 5.2 Pearson product moment correlations between the variables used for
the regression analysis at Hinenui for the 71 earthflows and the debris tail runout

paths.
Cr [LOG Ls[LOG Vs Lr [SQRT Ds|SQRT _Er

Correlation Cr
P-Value
Correlation | LOG Ls | -0.0165
P-Value 0.8915
Correlation | LOG Vs | -0.0453 | 0.9835
P-Value 0.7078 | 0.0000
Correlation Lr 0.1144 | 0.0379 | 0.0264
P-Value 0.3420 | 0.7535 | 0.8272
Correlation [SQRT_Ds| 0.0576 | 0.2316 | 0.2369 0.1396
P-Value 0.6331 | 0.0519 | 0.0467 0.2457
Correlation [SQRT_Er| 0.1396 | 0.0456 | 0.0528 0.9037 0.1032
P-Value 0.2457 | 0.7059 | 0.6619 0.0000 0.3917
Correlation Sr -0.0158 | 0.0714 | 0.0911 0.0574 0.0781 0.2804
P-Value 0.8958 | 0.5540 | 0.4497 0.6343 0.5174 | 0.0179
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5.2.2 Multiple Regression Analysis of Sediment Delivery

Multiple regression modelling was used in an attempt to produce a reliable predictive
model for sediment delivery ratios for individual failures. While volume of the scar
(Vs) was the only variable which displayed a statistically significant relationship with
the sediment delivery off-slope (Ds) and from this the following linear regression

equation was developed:

SQRT Ds = 1.34765 + 1.44959 * LOG_Vs

P-value = 0.04
R?*=0.06
Std. E. =2.24 Equation 5.1

However, this model only accounts for 5.6% of the variability in sediment delivery
ratios. The addition of the other variables improved the model and the multiple
regression equation was developed which accounted for 9.6% of the variability in
sediment delivery ratios but the P-value is greater than 0.05. Therefore, it indicates that
there is no statistically significant relationship between the variables at 95% or higher
confidence levels. Consequently, neither regression equations were considered to be

useful.

Equation 5.1 could be considered invalid since the data set from which it was developed
included failures which did not connected and therefore by definition had a sediment
delivery ratio of 0%. Therefore multiple regression analysis was repeated excluding the
scars which did not deliver sediment off-slope (excluding 28% of the scars at Hinenui).
For this data set, none of the independent variables displayed a statistically significant
relationship with sediment delivery and again these regression equations were not

considered to be useful.

5.2.3 Multiple Regression Analysis of Runout Modelling

Additional multiple regression analysis was undertaken to develop a model to predict

debris tail runout length. The aim for this equation, calibrated from the Hinenui field
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site, is for it to be used in the other field sites of Wharekopae, Waihora and Te Arai to
predict runout distances from scars observed on the aerial photography. From the
Hinenui site the dependent variable runout length (Lr) displays a statistically significant
correlation with the change in elevation of the runout path (Er) (Table 5.2). The
regression model is improved with the addition of all the other variables except for

curvature of the runout path (Cr). From this, the following regression equation was

developed:
Lr =-54.1624 + 55.0778 * LOG_Ls - 29.1542 * LOG_Vs
+20.4421 * SQRT_Er - 0.701875 * Sr
R*=10.86
P-value = 0.0
Stnd. E. =11.5 Equation 5.2

This model accounts for 86% of the variability in runout length and since the P-value is
less than 0.05 there is a statistically significant relationship between the variables at 95%
or higher confidence level. There is also greater confidence when the change in
elevation of the runout path is low, because as the elevation change of the runout path
increases, so does the deviation from the fitted model (Figure 5.1). While this model is
highly predictive it is the change in elevation (Er) variable which is vital. When this
variable is removed from the regression analysis the model only predicts 2% of the

variability in runout.
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Figure 5.1 Plot of the fitted model developed to predict earthflow runout length
(Lr) with the change of elevation between the start and end of the runout path
(Er) and slope of the runout path (Sr).

5.2.4 Multiple Regression Analysis of Scar Length Modelling

Multiple regression analysis was once more undertaken to develop a model to predict
scar length. For this regression, the dependent variable of scar length (Ls) displays a
statistically significant correlation with the volume of the scar (Vs) (Table 5.2). Hence,

the following regression equation was developed:

LOG_Ls =0.757159 + 0.522185 * LOG_Vs

R2 =0.97
P-value = 0.0
Stnd E. =0.04 Equation 5.3

This model accounts for 97% of the variability in scar length and since the P-value is
less than 0.05 there is a statistically significant relationship between the variables at 95%

or higher confidence level. Therefore, this regression equation is valid and can be
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applied to the other field sites used in this thesis with confidence (Figure 5.2).
Nevertheless, this regression equation is not ideal due to its circular nature as scar

volume is a derivative of scar length.
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Figure 5.2 Plot of the fitted model developed to predict scar length (Ls) using
the independent variable scar volume (Vs).

5.2.5 Regression Summary

The above results for predicting sediment delivery ratios are surprising. Since catchment
morphology and scar size are considered important in terms of slope channel coupling,
they could also be assumed to influence sediment delivery. However, the results of this
analysis using the above variables, has developed a regression model which predicts
very little of the variability in off-slope sediment delivery. Further discussion on the
low confidence in this model is given in the Chapter Seven. However, the regression
analyisis to predict debris tail runout distance and scar length resulted in highly
predictive models but they are circular in nature. The extent to which the above models

are applied in the other field site cathcments is explained in the following section.
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5.3 Sediment Delivery

5.3.1 Introduction

The initial strategy for the analysis of spatial and temporal trends in sediment delivery
was to use the regression model developed from the empirical dataset of off-slope
sediment delivery at the Hinenui field site. This regression equation was to be used to
calculate the sediment delivery ratio for individual earthflows and from these sediment
delivery ratios derived for each nested catchment. However, due to the low correlation
between both landslide characteristics and morphometric properties in relation to off-
slope sediment delivery, this model cannot be used with any confidence. Also, the
regression equation to predict runout distance, while accurate, is hard to apply due to the
elevation change of the runout path being itself dependent on the distance of the runout.
Therefore, neither the sediment delivery nor the runout distance regression equations

have been used.

Instead, the sediment delivery ratio for connected failures was assumed to be 27% which
was the average sediment delivery ratio established for the connected earthflows at
Hinenui catchment in 2002. Catchment sediment delivery ratios were also derived using
an assumed individual ratio of 50%, but the results of this are presented in Appendix C.
This 27% ratio estimated from Hinenui could be considered an underestimation where
the slopes, being less steep than other sites in the Waipaoa catchment and abutting
alluvial terraces, could be assumed to have higher percentages of on-slope and within

channel storage.

For determining runout a number of options were considered. A predictive model from
previous research in the Manawatu region by Crozier, (1996), would have been more
accurate than a standard ratio for runout length. But no data was collected about liquid
limit of the soil for the five catchments and so therefore this cannot be applied. Another
runout ratio derived by Corominas et al., (1991), developed for the Pyrenees, but which

excluded soil properties, was not considered accurate for use on the Waipaoa catchment
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due to the extremely low runout values it determined. Identification of which failures
were connected to the channel network can only be determined for two out of three sites
from the aerial photography taken after Cyclone Bola. Therefore, while runout ratios
could have been derived from this for the Ahioteatua and Mangakiore sites, the Waimoa

catchment would have been excluded.

So to keep the techniques consistent between all the catchments connectivity was
determined using a runout length ratio of 3:1 to scar length. The average runout length
to scar length ratio for the Hinenui site was developed as 1.7:1, but the maximum runout
length was only 117 m before the debris tail intersected the ephemeral channel. Also the
regression equation for runout highlights the important of the change in elevation
between the scar base and the debris tail terminus. This difference is likely to be greater
at the five catchments (especially in the Ahioteatua and Mangakiore catchments) within
the Waipaoa catchment since they generally have longer, steeper slopes compared to
Hinenui. For these reasons, the Hinenui ratio is expected to underestimate runout length
at the other catchments within the Waipaoa catchment were the slopes are steeper and
longer. Empirical runout ratios developed for the Tutira in Hawkes Bay for Cyclone
Bola in 1988 were 2.64:1 (Schneider, 2002), Wanganui — Manawatu area in the lower
North Island are 3.22:1 for a 1992 storm event (Crozier, 1996) and range from 2.62:1 to
3.48:1 for a 2004 storm event (Hancox and Wright, 2005). Thus, Croizer (2005)
suggested runout may be a function of inherent slope conditions rather than rainfall
duration or magnitude. Because of this the 3:1 ratio used, while considered suitable, is
only indicative of the real conditions and this is a source of error in determining

connectivity of each catchment.

5.3.2 Total Volume of Sediment Generated

For each nested catchment at the five field site catchments the total volume of sediment
generated from landsliding was determined (Table 5.3). The total volume of sediment
generated varied greatly between years. In the Waimoa catchment the estimation of the
total volume of sediment generated was high in the 1952, 1974 and 2004 aerial photos.

In comparison, the total volume of sediment generated by scars evident in the 1965
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photo was low compared to the other years. In the Ahioteatua catchments the total
volume of sediment generated was exceptionally low in 2004 compared to the other
years. In catchment A, large volumes of generated sediment were estimated in the aerial
photos from 1952 to 1982. In the 1988 aerial photo the outlet of catchment A was
missing and therefore only four nested catchments were represented. In spite of this the
total volume of nested catchment four is the highest in 1988 from the scars are attributed
to Cyclone Bola. Again in catchment B the 1988 aerial photo had the highest estimates
of sediment generated due to Cyclone Bola. Once more in the Mangakiore Catchments
Cyclone Bola was recorded as an extreme event with very high estimates of the total
volume of sediment generated. Comparably high volumes were also estimated for the
1965 aerial photo. In general the total volumes were higher in Mangakiore Catchment

A due to its larger size than Catchment B.
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Table 5.3 Total Volume of sediment generated in the Waimoa, Ahioteatua and

Mangakiore Catchments from earthflows for each nested catchment.

Waimoa Catchment

Nested 1952 | 1965 | 1974 | 1980 | 1984 2004
Catchment x10°m® | x10°m® | x10°m® | x10°m® | x10°m® x10°m®
1 2.0 3.4 2.2 2.5 0.6 19
2 2.7 5.3 6.5 2.7 1.2 3.4
3 12.0 7.6 6.8 4.3 7.4 10.9
4 14.7 9.3 14.5 6.9 8.6 14.3
5 25.1 9.5 21.9 14.6 16.6 22.9
Ahioteatua Catchment A
Nested 1943 1952 | 1969 1982 1988 | 2004
Catchment | * 10°m? x10°m® | x10°m? x10°m® x10°m® | x10°m?
1 20.3 69.5 16.9 60.4 40.3 2.6
2 61.6 128.2 77.9 119.7 67.1 7.6
3 104.0 188.5 | 131.7 151.6 141.4 19.4
4 145.5 2459 | 206.6 223.7 265.9 23.4
5 258.9 352.6 | 346.2 364.7 33.5
Ahioteatua Catchment B
Nested 1943 1952 | 1969 1982 1988 | 2004
Catchment | * 10°m? x10°m® | x10*°m? x10°m? x10°m®* | x10°m®
1 28.9 45 14.8 14.8 14.8 6.1
2 100.8 13.3 26.4 26.3 38.2 17.5
3 160.8 32.1 47.6 47.6 76.5 25.9
4 236.3 75.8 70.3 70.3 119.7 38.3
5 295.5 149.0 98.3 206.4 308.8 60.8
Mangakiore Catchment A
Nested 1949 1965 | 1974 1988 | 2004
Catchment x10°m® x10°m® | x10°m? x10°m® | x10°m?
1 9.1 116.3 72.6 140.5 45
2 17.8 163.2 | 135.2 198.2 5.2
3 39.4 220.2 | 167.8 356.2 29.9
4 112.4 366.2 | 267.8 575.4 71.3
5 216.7 567.2 | 400.1 1004.2 | 137.0
Mangakiore Catchment B
Nested 1949 1965 | 1974 1988 | 2004 x
Catchment x10°m® x10°m® | x10°m® x10°m® 10°m?
1 13.4 38.8 16.9 43.6 0.4
2 39.9 64.0 28.1 76.1 2.4
3 46.2 127.3 335 115.7 4.4
4 97.4 197.9 36.8 174.2 18.9
5 179.6 385.1 57.1 355.3 56.5
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5.3.3 Total Volume of Sediment Delivered

The total volume of sediment delivered off-slope to the fluvial network (both ephemeral
channels and permanent streams) is shows minimal variation throughout the aerial
photos in the Waimoa catchment (Table 5.4). In the Ahioteatua catchments the total
volume of sediment delivered off-slope varied between years. An exceptionally low
volume of sediment was delivered to the fluvial network in the 2004 aerial photo for
both catchments and also in the 1969 photo for catchment B. Overall in Ahioteatua
Catchment A the total volume of sediment delivered is generally higher (Table 5.4) but
Cyclone Bola in 1988 was responsible for the largest volume of off-slope sediment
being delivered in Catchment B (Table 5.4). Again, in the Mangakiore Catchments
Cyclone Bola produced the largest volumes of delivered sediment and the lowest
volumes were estimated in the 2004 aerial photo. Higher rates of delivered sediment
were estimated for Catchment A and the extremely high volume of delivered sediment
in the 1988 photo is due to the deep seated slide observed in this photo (Table 5.4). In
catchment B a low volume of delivered sediment was also estimated for the 1974 aerial
photo (Table 5.4) and this was not matched in Catchment A.
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Table 5.4 Total volume of sediment delivered to the fluvial network in the
Waimoa, Ahioteatua and Mangakiore Catchments from earthflows for each
nested catchment.

Waimoa Catchment

Nested 1952 | 1965 | 1974 | 1980 | 1984 2004
Catchment x10°m® | x10°m® | x10°m® | x10°m® | x10°m® x10°m®
1 0.3 0.8 0.4 0.6 0.1 0.4
2 0.5 2.1 1.8 0.7 0.3 0.8
3 2.9 2.5 3.4 1.6 19 3.3
4 3.1 2.9 35 1.7 2.1 3.3
5 3.9 3.0 3.8 2.7 2.8 3.9
Ahioteatua Catchment A
Nested 1943 1952 | 1969 1982 1988 | 2004
Catchment | * 10°m? x10°m® | x10°m? x10°m® x10°m® | x10°m?
1 4.3 17.0 3.9 15.3 10.6 0.4
2 14.3 32.0 19.7 29.6 17.3 14
3 23.5 46.6 32.9 36.8 36.2 3.3
4 31.9 60.6 51.2 54.8 48.0 3.7
5 43.6 64.4 64.5 67.0 3.9
Ahioteatua Catchment B
Nested 1943 1952 | 1969 1982 1988 | 2004
Catchment | * 10°m? x10°m® | x10°m? x10°m® x10°m®* | x10°m®
1 6.7 0.6 2.8 3.7 1.8 0.9
2 24.1 2.4 5.2 8.9 8.8 2.6
3 37.6 6.3 9.4 18.0 14.1 3.5
4 54.0 15.8 125 27.8 23.2 5.5
5 48.6 23.6 14.5 35.8 86.5 6.9
Mangakiore Catchment A
Nested 1949 1965 | 1974 1988 | 2004
Catchment x10°m® x10°m® | x10°m? x10°m® | x10°m?
1 15 28.3 18.8 36.5 0.8
2 3.1 38.3 35.2 50.7 0.9
3 7.3 52.2 43.3 92.0 6.1
4 23.9 81.5 66.4 148.3 14.2
5 34.8 88.6 75.0 195.5 17.3
Mangakiore Catchment B
Nested 1949 1965 | 1974 1988 | 2004 x
Catchment x10°m® x10°m® | x10°m? x 10° m® 10°m?
1 3.2 9.4 3.9 10.9 0.1
2 9.4 15.4 6.5 18.9 0.5
3 10.8 31.7 7.8 29.1 0.9
4 23.1 39.2 8.3 44,0 3.8
5 335 49.1 9.4 64.5 8.7
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5.3.4 Sediment Delivery Ratios

Overall, while there was a large variation for the sediment delivery ratios derived across
the five catchments, most of the sediment delivery ratios were under 30% (Table 5.5).
The Waimoa catchment had the highest sediment delivery ratio of 49.8% but the
average ratio for the entire catchment was only 16.9 % . The average sediment delivery
ratios for the entire Ahioteatua Catchment A and B were comparable at 16.7% and 17%
respectively. Within the Mangakiore Catchment A and B the average sediment delivery
ratio for the entire catchments were 16.3 % and 15 .8% respectively. The spatial and
temporal patterns in the sediment delivery ratios given below are displayed in the

following sections of this chapter.
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Table 5.5 Sediment Delivery Ratios for each nested catchment within

Waimoa, Ahioteatua and Mangakiore Catchments.

the

Waimoa Catchment

Nested 1952 | 1965 | 1974 | 1980 | 1984 2004
Catchment (%) (%) (%) (%) (%) (%)
1 15.4 23.4 20.7 25.6 22.8 22.3
2 175 40.1 27.8 25.0 23.0 22.3
3 24.2 32.3 49.8 37.6 26.2 29.9
4 21.2 31.0 24.1 24.7 24.5 22.9
5 15.4 31.6 17.3 18.4 16.9 17.2
Ahioteatua Catchment A
Nested 1943 1952 | 1969 1982 1988 | 2004
Catchment (%) (%) (%) (%) (%) (%)
1 21.3 24.4 23.2 25.4 26.3 155
2 23.2 24.9 25.4 24.7 25.8 17.8
3 22.6 24.7 25.0 24.3 25.6 17.3
4 21.9 24.7 24.8 24.5 18.0 15.9
5 16.8 18.3 18.6 18.4 11.6
Ahioteatua Catchment B
Nested 1943 1952 | 1969 1982 1988 | 2004
Catchment (%) (%) (%) (%) (%) (%)
1 23.2 135 19.0 24.8 12.1 14.0
2 23.9 17.8 19.8 33.7 23.1 15.1
3 23.4 195 19.7 37.8 18.4 13.6
4 22.9 20.8 17.8 39.6 19.3 145
5 16.4 15.8 14.8 174 28.0 11.4
Mangakiore Catchment A
Nested 1949 1965 | 1974 1988 | 2004
Catchment (%) (%) (%) (%) (%)
1 16.6 24.3 26.0 26.0 18.7
2 175 23.5 26.0 25.6 17.8
3 18.6 23.7 25.8 25.8 20.3
4 21.3 22.3 24.8 25.8 20.0
5 16.1 15.6 18.7 195 12.6
Mangakiore Catchment B
Nested 1949 1965 | 1974 1988 | 2004
Catchment (%) (%) (%) (%) (%)
1 23.8 24.4 23.3 25.0 18.9
2 23.5 24.1 23.2 24.8 21.0
3 23.5 24.9 23.3 25.1 21.2
4 23.7 19.8 22.7 25.3 20.2
5 18.7 12.7 16.4 18.1 154
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However, the landslide rate under forest (exotic and indigenous) is about ten times less
than under pasture (Hicks, 1991; Marden and Rowan, 1994; De Rose, 1996; and Page
and Trustrum, 1997). A 50% reduction in landslide derived sediment could be achieved
through stabilization of the hillslopes due to reforestation of 12% of the Waipaoa
catchment, which is susceptible to landslides (Reid and Page, 2002). Due to the rate of
reforestation since 1988, a storm of Cyclone Bola magnitude storm is predicted to
generate 15% less landslide derived sediment within the current Waipaoa catchment
(Page et al., 1999). Both Ahioteatua catchment A and Mangakiore catchment B were
partially reforested in commercial plantations in the 2004 aerial photography. This has
the potential to skew the sediment delivery ratio as the outlet of Ahioteatua catchment A
is forested and therefore failures are less likely to occur in this part of the catchment
which often has lower drainage density and a higher percentage of disconnected
earthflows compared to the rest of the catchment. In Mangakiore catchment B the upper
half of the headwaters is covered in commercial forestry and therefore unlikely to have a
high density of failures. In this area, the slopes are often steeper and the fluvial density
is higher giving a higher percentage of connected earthflows. Consequently, the 2004
catchment sediment delivery ratios for the Ahioteatua A and Mangakiore B catchments

may not be comparable to the earlier years.

5.4 Spatial Patterns in Sediment Delivery Ratios

The following fitted trend lines and correlations are taken from the above sediment
delivery ratio data for each nested catchment. Overall, every catchment displays a
decrease in the sediment delivery ratio as catchment size increases. In the Waimoa
catchment the 1952 and 1984 aerial photos display the strongest correlations in this
pattern (Figure 5.3). The 1965 aerial photos show a reverse in the expect trend where
sediment delivery ratios increases as catchment size increases and there is a moderate
correlation for this fitted trend line. However, the correlation for this line is very low.
In the Ahioteatua Catchment A the 1982 and 1988 aerial photos display the strongest
correlations (Figure 5.4). In the Ahioteatua Catchment B the 1969 aerial photo displays
the strongest correlation. However, the 1988 aerial photo shows a reverse in this trend
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(Figure 5.5). In Mangakiore Catchment A again, while four of the aerial photos display
the expected pattern of sediment delivery ratios decreasing with increasing catchment
area, the 1949 photo displays the reverse. However, the correlation for the 1949 fitted
trend line is extremely low. In comparison the correlation for the 1965, 1974 and 1988

trend lines are stronger (Figure 5.6). For Mangakiore Catchment B all the aerial photos

display a lowering of the sediment delivery ratio as catchment size increases. The

correlation for these fitted trend lines are also very strong (Figure 5.7).
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Figure 5.3 Spatial patterns to sediment delivery ratios in Waimoa catchment A.
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5.5 Temporal Patterns in Sediment Delivery Ratios

Again, the following fitted trend lines and correlations are taken from the sediment
delivery ratio data given in section 5.3.4. for each nested catchment. Overall, there is no
consistent trend between the five catchments. In the Waimoa catchment Sub-catchment
One and Catchment Five (representing the entire catchment) have the highest
correlations and display a pattern of increasing sediment delivery ratios over time
(Figure 5.8). In Ahioteatua Catchment A, all the nested catchments display the expected
trend of decreasing sediment ratios with increasing time. For this catchment, the
correlations were strongest in Sub-catchment Four and Catchment Five (Figure 5.9). In
Ahioteatua Catchment B all the Sub-catchments display the pattern of decreasing
sediment delivery ratio.  But Catchment Five displays the opposite pattern.
Nevertheless, in Ahioteatua Catchment B the correlation for the fitted trends lines are
very low (Figure 5.10). In Mangakiore Catchment A, the three smaller nested
catchments all display increasing sediment delivery ratios where as the larger
catchments display a decrease in sediment delivery over time (Figure 5.11). In
Mangakiore Catchment B all the Sub-Catchments display a decrease in sediment
delivery over time and Catchment Five shows no change (Figure 5.12). In both these
catchments Sub-catchment One has the highest correlation values, but generally the

correlation values were low to very low.

Waimoa
=3 40 Sub-catchment One
° (r2=0.33)
E 30 1 Sub-catchment Two
> —————— (r2=0.02)
g 20 - / Sub-catchment
T Three (r2=0.01)
o
£ 10 - Suh-catchment Four
g (r2=0.02)
5 Catchment Five
& 0 . . . . . (r2=0.40)

1950 1960 1970 1980 1990 2000
Year of Aerial Photography

Figure 5.8 Temporal patterns in sediment delivery ratios for Waimoa catchment
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Figure 5.9 Temporal patterns in sediment delivery ratios for Ahioteatua
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Figure 5.12 Temporal patterns in sediment delivery ratios for Mangakiore
catchment B.

5.6 Summary

This chapter has presented spatial and temporal trends in sediment delivery ratios. The
overall pattern of the catchment sediment delivery ratios is to decrease as catchment size
increases. This is observed across all the field sites used in this thesis. However, the
temporal pattern of sediment delivery ratios is not clear. The strongest trends were
observed in the Ahioteatua Catchment B, where the catchment sediment delivery ratio
decreased over time. However, this was not consistent throughout the other catchments.
The absence of a consitient temporal pattern to sediment delivery relates to the random
nature of failure location over time. The inability to observe a consistent pattern to
failure location on the hillslope in relation to the channel network in this research is
addressed in the following chapter. Further discussion on observed patterns in the

sediment delivery graphs above is also given in the following chapter.
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Chapter Six: Evolution of Sediment Delivery and its
Implications for Determining Ratios in the Waipaoa
Catchment

6.1 Introduction

The results of this thesis were presented in the previous chapter which highlighted the
common notion that sediment delivery is a complex process which is not easily defined
or predicted. This chapter discusses the meaning of the results and their validity. It also
provides an explanation for why no consistent temporal trends were observed across the
five sub-catchments within the Waipaoa Catchment. The first section of this chapter
briefly addresses the limitations to modelling sediment delivery ratios and explores
other variables which were not utilized in this research. The second section of this
chapter discusses the hypothesis, where importance is placed on the distance of the
earthflow from the channel and the evolution of this through time. The third section of
this chapter summarises the patterns both expected and observed from this research and
interprets them in the context of the evolutionary stages of the Crozier and Preston
(1999) Terrain Event-Resistance Model. The concluding section then outlines two
different approaches to applying the results derived in this thesis for estimating sediment
delivery ratios for the Waipaoa catchment and incorporating these patterns into

numerical modelling.

6.2 Limitations of the Ability to Predict Sediment Delivery

The original objective of aim one was to develop a predictive regression equation for
off-slope sediment delivery. The model was to incorporate the physical properties of the
failed material and the morphometric properties of the runout paths. However,
extremely low correlations between the variables resulted in a regression equation with
an extremely low level of explanation of the variation in delivery. Thus, the conclusion

can be drawn that sediment delivery is a complex process, and that little reliance can be
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placed on modelling using simple regression analysis of morphometric properties.
Instead, it is suggested that variables which account for the internal properties of the

debris flow need to be included to develop a more reliable model.

Internal properties of the earthflow, such as the moisture content of the soil at the time
of failure, are hard to observe empirically and even harder to predict in the natural
system. Yet they are vital to develop the desired result of an accurate predictive model
of sediment delivery ratios. They influence the style and length of debris tail runout
(Figure 6.1) and allow the mobilised sediment to be transported off-slope. Moisture
content at the time of failure is especially important but this is difficult to incorporate as

it cannot be determined accurately after the event.

Figure 6.1 Differences in debris flows from Hinenui earthflows triggered in the
2002 storm event. A) The lower moisture content in this debris tail has resulted in
it moving as a uniform mass downslope, whereas in B) the higher moisture
content in this earthflow, resulting from a tunnel exposed perpendicular to the
crown on scar, has transported the finer sediment much further downslope.
(Photos: N. Preston, 2002).
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6.3 The Importance of Scar Distance from the Channel

The underlying rationale for the hypothesis developed for this thesis was the importance
of the distance between earthflow scars and the fluvial network. When earthflows are
located adjacent to the channels (either the ephemeral channels present during the storm
event or the main stream in the catchment) then the potential for connectivity is high and
associated off-slope sediment delivery can also assumed to be high. However, a change
in the location of the failures, and in particular upslope retreat of scars, modifies this
relationship. If a larger percentage of the scars are located further from the channel then
the potential for connectivity decreases. While the distance sediment has to travel
downslope before entering the fluvial network increases, the average runout distance is
unlikely to increase to the same extent. Therefore, the potential for connectivity
decreases and overall catchment sediment delivery ratios might be expected to decrease.
As a consequence, the distance between the earthflows and the channel is expected to be

an important factor, as is the change in this distance over time.

If earthflows do migrate upslope over time then there should be a corresponding
decrease in the overall connectivity in the catchment. In Figures 6.2-6.6 the cumulative
percentage of scars within a given distance of the channel network is plotted for each of
the study catchments. If upslope migration of scar locations were occurring, this would
be evident as a regular downward progression in the curves. Such a pattern of upslope
retreat of the landslides is not clearly observed in the five field site catchments. Instead,
scar locations observed in the aerial photos move both closer and further away from the
channel over the time period examined. Hence, it could be appropriate to say there is no

consistently predictable pattern to scar location over time.
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Figure 6.2 Changes in the location of earthflow scars in relation to the fluvial
network for each aerial photo in the Waimoa Catchment.
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Figure 6.3 Changes in the location of the observed earthflow scars in relation to
the fluvial network for each aerial photo in Ahioteatua Catchment A.
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Figure 6.4 Changes in the location of the observed earthflow scars in relation to
the fluvial network for each aerial photo in Ahioteatua Catchment B.
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Figure 6.5 Changes in the location of the observed earthflow scars in relation to

the fluvial network for each aerial photo in Mangakiore Catchment A.
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Figure 6.6 Changes in the location of the observed earthflow scars in relation to
the fluvial network for each aerial photo in Ahioteatua Catchment B.

6.4 Changes in Sediment Delivery over Time

Upslope retreat of failure location has been linked to the notion of regolith exhaustion
and evolving thresholds for landslide initiation (Crozier and Preston, 1999; Brooks et.
al., 2002). This has been hypothesised here to result in significant changes to catchment
sediment delivery ratios for earthflows, with the percentage of connected scars
decreasing as the failure zone moves further away from the lower slopes which are
fluvially connected and towards the ridgeline where regolith depth is also reduced.

Hence the catchment sediment delivery ratio might be expected to decrease in time
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following these changes. However, as discussed above, no consistent temporal trend in
scar location was identified across the five study catchments. A general discussion of

these findings and an interpretation is given below.

6.4.1 Landslide location and Upslope Migration

The scar base is unlikely to be consistently at the regolith bedrock interface across all
three land systems as while the average soil depth is likely to be less than 100 cm, the
average scar depth for failure generated in Cyclone Bola is 76 cm across these systems
(Page et al., 1999). This allows these older scars to become reactivated in the next
landslide event, rather than a new scar forming above the previous scar’s crown. Soil
recovery rates within scars are also fast for the East Cape region (Smale et. al., 1997).
The production of new soil, by biological activity and surface weathering, creates new
material prone to failure within the old scar. Nevertheless, the reactivation of old scars
is not a sustainable process as soil recovery rates cannot recreate the critical depth for
failure within a scar before the next storm event. Therefore new failures must be

occurring elsewhere on the slope.

It is also generally common for the wetter and shaded southern facing slopes to be more
affected by mass movement failures. However, Owen (1981) suggests that the sunnier
and drier northern slopes are often more desiccated. This means they have higher
infiltration rates during intensive rainfall events which make them more vulnerable to
rainfall induced slope failure. Such a preference for the northern facing slopes could
also be due to the removal of regolith from previous earthflow generating events on the
wetter southern slopes as observed by Crozier et al. (1980). This inclination for failure
on the north facing slopes was seen with the 2004 storm event which affected the
Manawatu and Wairarapa regions in the lower North Island of New Zealand (Hancox
and Wright, 2005). In this thesis comparison of cumulative scar aspect was a technique
employed to observe changes in scar location between the aerial photos since

rectification of the photos did not allow for an overlay analysis of scars. Data on scar

95| K.E. Jones 2009



aspect and size for each catchment is given in Appendix D. Storm history for each

catchment is given in Appendix E.

At least eight multiple occurrence failure events are assumed to have affected the
Wharekopae field site and scars were measured from six sets of sequential aerial
photography in the Waimoa catchment. Yet there are no consistent properties between
these six datasets. The total number of scars, average dimensions, position and aspect
on the hillslope, and catchment sediment delivery ratio are different for all the datasets.
This pattern is repeated in the Te Arai field site where nine multiple occurrence events
are assumed to have affected the area and scars were measured from five sets of
sequential aerial photography. The Waihora field site is slightly different. Here twelve
multiple occurrence failure events are assumed to have affected the Ahioteatua
catchments and scars were measured off six sequential aerial photos. While scar
properties and catchment sediment delivery ratios varied between photos, there was a
general trend of decreasing number of failures and total area of catchment affected,
which lends support to the notion of regolith exhaustion for these catchments. Failures
also generally occurred on slopes of similar aspect between the photographs. However,
careful consideration needs to be taken when using patterns in scar aspect to support the

notion of regolith exhaustion.

While consistency of scar aspect over time would be expected if scars are moving
upslope, this observation alone does not prove that this is occurring; scars could be
occurring on similar aspects but in different parts of the hillslope. Conversely, lack of
consistency in the aspect of scars over time would not disprove upslope migration;
depending on the configuration of the slopes relative to the channel, some slopes may
become exhausted more rapidly than others, such that a change in modal aspect reflects
this rather than the absence of upslope migration. Yet, when scar aspect patterns were
similar between photos (Appendix D), then the pattern to scar location between photos
was also similar. For example, Waimoa (1980 & 2004), Ahioteatua A (1942, 1982 &
1988), Ahioteatua B (1952 & 1988), Mangakiore A (1965 & 1988; 1949 & 1974) and
Mangakiore B (1965, 1988 & 2005; 1949 & 1974). This suggests scar locations
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(Appendix D) are similar for the above years, possibly due to similar storm directions
which have affected particular slopes. This may explain why scar retreat is not an easily
observed phenomenon since scars location strongly mirrors storm direction. Hence scar
retreat may only be observed in catchments with a uniform storm history. So while
changes in distance of scars from the channel is the simplest variable to explore in
seeking a pattern, and as Figures 6.2-6.6 indicate, it is too simplistic a variable as a

pattern is not consistently observed.

6.4.2 Trajectories of Catchment Evolution

Hence, catchment evolution is a complex phenomenon, and adds a further layer of
complexity to the determination of sediment delivery ratios, in addition to those
described by Walling (1983; see Chapter 2). Scars cannot necessarily be expected to
simply retreat upslope as the catchment adjusts to human modification of the dominant
vegetation cover. Instead, failure patterns are a complex outcome of geomorphological
behaviour over time as the catchment moves towards a new stable phase. Therefore,
patterns in the associated sediment delivery ratios for these earthflows could still be
expected to reflect catchment evolution. But this relationship is not straight forward and
cannot be explained by consistent upslope retreat of the scar crowns. Instead, the
system needs to be considered as constantly evolving and landscapes viewed in terms of

the Crozier and Preston (1999) relaxation curve.

Following deforestation in the late 19™ and early 20™ Centuries the Waipaoa catchment
underwent an extreme and well defined adjustment in terrain resistance. The removal of
indigenous vegetation would have been accompanied by a significant decrease in the
triggering threshold for earthflows, allowing for enhanced erosional activity. A
hypothesised result of this is a subsequent increase in the triggering threshold due to
regolith stripping and bedrock exposure as the catchment moves towards a regolith
exhaustion phase (Crozier and Preston, 1999). However, this adjustment towards the

new more stable phase is interrupted by a secondary adjustment phase where colluvial
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deposits of earthflow derived debris on the lower slopes become prone to failure,

lowering the triggering threshold once again (Brooks et al., 2002).

When considered in this context, the failure of the study sites to show the expected
pattern of upslope retreat of the scars can be seen as not entirely unexpected. While
there may have been a spatial pattern to the location of failure in the decades
immediately following deforestation, this cannot be tested in this thesis. The time
period covered by aerial photography used for observing earthflows only starts in the
1940s and continues to 2004. Therefore it can be speculated that for the period covered
in this thesis the catchments have evolved to the stage of ‘Interrupted Relaxation’ in the
post-deforestation evolution characterised by Crozier amd Preston (1999) or the 3"
phase as proposed by Brooks et al. (2002). Over this time the colluvial footslopes have
become a significant source of the earthflows, and thus failures are occurring on both
lower and upper parts of the slopes. Because of this a tentative time scale can now be
introduced to the Terrain Event-Resistance Model developed by Crozier and Preston
(1999) (Figure 6.7).

98 |K.E. Jones 2009



Reaction Interrupted
Phase Relaxation
: Phase

Bedrock
Phase

Forest
Cover
Phase

Triggering thresholds for Earthflows

I—‘ Evolution to New Phase ’—»

»

. 1940 2000
1830-1920 Temporal Scale (Years)

Figure 6.7 Evolutionary model of terrain resistance following deforestation.
Under the Forested Phase triggering thresholds were high because of the
protective effect of vegetation. After forest removal and conversion to pasture
by European settlers between 1830 and 1920 A.D. the systems moves into the
Reaction Phase where the threshold for earthflows is reduced dramatically
resulting in widespread erosion. After this the Evolution to a New Phase begins
where the sensitivity to failure slowly decreases (i.e. the triggering threshold
increases) and eventually the system moves towards a new Bedrock Phase.
(Adapted from Crozier and Preston, 1999; Brooks et al., 2002).

During the Forest Phase the earthflows are located at the base of the slopes due to a
build up of pore water pressure. Due to this close proximity to the channel the off-slope
sediment delivery ratios for these earthflows are high. The removal of indigenous forest
from the slopes results in a higher density of earthflows in the reaction to this systemic
perturbation. After this, earthflows regress progressively upslope as available regolith is
removed from the lower slopes in previous events. A consequence of this upslope
retreat is a corresponding decrease in sediment delivery. Eventually the system moves
towards a new Bedrock Phase, where sheet and gully erosion are predominant as
continued regolith exhaustion has resulted in a soil mantle below the critical depth for
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mass movement failure. This thesis focuses on a sub-phase during this evolution termed
the Interrupted Relaxation Phase where the ripening of the lower colluvial slopes
(which is a consequence of undelivered material from earlier failure generating events)
results in an apparent random pattern to scar location. Thus no strong spatial pattern to

sediment delivery is observed in this phase.

6.5 Time Independent Sediment Delivery Ratios

The objective of Aim Three was to identify the temporal pattern in catchment sediment
delivery. It was hypothesised that sediment delivery ratios will decrease with time since
the initial disturbance event of the indigenous forest removal. Yet across the five
catchments, no temporal pattern to sediment delivery ratios were observed.
Accordingly, for the time period observed in this thesis it can be considered that there is
effectively a random pattern to earthflow location. The reasons for this have been given

above.

Therefore, the focus for predicting sediment delivery needs to be on modelling the
behaviour of storage units in the catchment as a whole, rather than on local scale
changes in slope-channel connectivity. This can be undertaken on a sub-catchment
scale using catchment area in landslide prone areas. Reflecting well-understood controls
on sediment delivery, the hypothesised spatial pattern to sediment delivery ratio was a
decrease as catchment size increased. This trend is seen with strong correlation values
through the five catchments, and in particular the Mangakiore Catchment B. Smaller
headwater catchments are expected to have higher drainage density and straight steep
slopes resulting in high connectivity, whereas large scale catchments have more
potential for fluvial storage in floodplains and overbank deposits which creates a buffer
to both off-slope delivery and within channel transportation. Consequently, sediment
delivery ratios are expected to be lower where the drainage density is lower. Yet the
drainage density in these field sites does not vary greatly throughout the catchment due

to their relatively small size and buffers to off-slope delivery are not present. For this
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reason, high connectivity is prevalent throughout all the catchments with the straight

slopes leading directly into channels.

From these findings two different approaches can be taken to apply the sediment
delivery ratios derived in this thesis to large scale modelling programmes (i.e. the
Terrestrial Landscape Change: MARGINS Source-to-Sink New Zealand Programme).
The first is to determine a catchment sediment delivery ratio based on catchment size
(Figure 6.8). This can then be applied to the volume of sediment generated by
earthflows, either modelled or observed within a catchment of given size, to determine
the total volume of sediment delivered to the fluvial network in the event which

generated them.

Sediment Delivery Ratio

v

A A?

Area of the Catchment

Figure 6.8 Sediment Delivery Ratio determined from catchment size.

These spatial sediment delivery curves are given below for each land system (Figures
6.9-6.11). The large amount of scatter for these trend lines displays how variable
sediment delivery ratios are on a temporal scale. Therefore, a more accurate linear
regression could be taken from an individual catchment for a single time series as given

in Chapter Five.
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Figure 6.9 Sediment delivery ratios for the Wharekopae land system.
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Figure 6.10 Sediment delivery ratios for the Waihora land system.
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Figure 6.11 Sediment delivery ratios for the Te Arai land system.
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The second approach is to derive connectivity for the catchment and from this apply a
sediment delivery ratio to the connected scars. If the distance of scars from the channel
for all aerial photography is grouped for each catchment (or land system) a time-
independent measure of connectivity can be derived, and from this an estimate of
catchment sediment delivery. The curves for each of the catchments have been
combined, and in Figure 6.12 the average total length of earthflows (combined scar
length and runout length) for each catchment has been applied to these curves to obtain

a measure of connectivity.
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Figure 6.12 Cumulative percentage of the earthflow scars in relation to distance
from the fluvial network for the five field sites representing the Wharekope
(Waimoa catchment), Waihora (Ahioteatua catchments) and Te Arai (Mangakiore
catchments) land systems. The average runout distance (ratios of scar length to
runout length of 3:1) of these catchments is combined with the average scar
length to determine the percentage of scars which are likely to intersect the
channel. For these percentages a sediment delivery ratio can be applied to
determine the overall catchment sediment delivery ratio using the total volumes
of sediment generated for each land system.
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This measure of connectivity is determined as the percentage of scars connected to the
channel in each catchment. For example, in the Mangakiore catchments the average
earthflow length is 170 m and 82% of failures are within this distance of the channel
(Figure 6.12). From this, the Te Arai land system displays extremely high hillslope
coupling with the fluvial network, the Waihora land system moderate coupling and the
Wharekopae moderate to low coupling with the fluvial network. If the total volume of
sediment generated within each catchment for a storm event is determined, for instance
through using relationships between storm magnitude and sediment generation (i.e. Reid
and Page, 2002), this observation can be used, in conjunction with a representative
sediment delivery ratio (i.e. Preston, 2008 or Page et al, 1999) to estimate a catchment

sediment delivery ratio.

6.5.1 Validation of the Sediment Delivery Ratios

At Hinenui, sediment is infilling the ephemeral channels (Figure 6.13) which suggests
efficient off-slope delivery and inefficient within-channel transport. In the other
catchments the significantly higher runoff value, due to their larger size, results in more
efficient channel transport. Therefore a higher volume of sediment once entrained into
the fluvial network will be transported to the outlet of the study catchment. Because of
this a clarification needs to be given if the results in this thesis are to be applied
elsewhere. The 27% ratio for Hinenui and all the catchment sediment delivery ratios
derived in this thesis are for off-slope sediment delivery to the channel network. They
do not incorporate the ratio of sediment, once entrained into the fluvial network , which
makes it to the catchment outlet.
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Figure 6.13 Sediment slug infilling the Hinenui valley. This is due to the high
volume of sediment being delivered off-slope and low percentages of this
sediment being entrained in the ephemeral channels and transported further
down the catchment. (Photos: K. Jones, 2008).

Nevertheless, the sediment delivery ratios derived here for the five catchments within
the Waipaoa catchment could be either underestimates or overestimates when using the
inenui ratio of 27% for individually connected scars. For this research 27% is
considered neither right nor wrong for the sediment delivery ratio for connected failures
but rather the most appropriate value as it was based on empirical observations
immediately following a high magnitude storm event (~ 250 mm). The Hinenui
catchment, located on the rolling coastal hills, is quite different to the other study
catchments used in this thesis. It has shorter and less steep slopes where the footslopes
abut the alluvial terraces compared to the Waihora and Te Arai sub-catchments where
the longer steep slopes drain directly into the stream channels. So while the Hinenui
slopes are shorter, suggesting higher ratios of hillslope channel coupling, they also abut
alluvial terraces which can act as a buffer to sediment delivery. However there is
evidence to suggest that 27% could be an underestimate if applied to the other

catchments since off-slope delivery is potentially more efficient at these sites. Steeper
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slopes suggest longer runout distances and larger elevation difference between the scar
and the channel which was identified as an overriding factor on runout distances at
Hinenui. Therefore, catchment sediment delivery ratios were also determined assuming

a 50% delivery ratio for individual connected scar and this data is given in Appendix C.

6.6 Conclusion

The results derived in this thesis have shown that sediment delivery is a complex
process. It cannot be adequately modelled using regression analysis of morphometric
properties. While it varies in both space and time, there are no predictable trends on a
temporal scale. The results derived in this thesis suggest that regolith exhaustion since
deforestation, and the associated increase in the rainfall thresholds for failure, is also not
a straight forward process. While the concept of a temporal pattern to sediment delivery
ratios is not rejected, it is considered too difficult to accurately model on the time scale
defined in this thesis. Instead, it is suggested that the temporal patterns of sediment
delivery derived in this thesis relate to the Interrupted Relaxation Phase of Crozier and

Preston’s (1999) trajectory of catchment evolution following a large scale perturbation.

Because of this there is no temporal aspect that needs to be taken into account when
applying the derived sediment delivery ratios to model sediment routing through a large
scale catchment on a contemporary time scale. The spatial scale to catchment sediment
delivery can be taken from the negative linear trend observed as catchment size
increases. However, there is large scatter in this relationship due to the random location
of scars between photos. As an alternative, average scar connectivity can also be
applied to the three land systems to determine the overall contribution earthflows make

to the sediment yield in a large magnitude storm event.
The following chapter gives an overview to this thesis and summarises all the results
derived for understanding patterns in off-slope sediment delivery. It also provides

recommendations for future research of sediment delivery in the Waipaoa catchment.
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Chapter Seven: Conclusion

7.1 Introduction

The Waipaoa Catchment is a dynamic and evolving large scale basin. The naturally
high sediment yield provides a catchment which is ideal to demonstrate the entire source
to sink sediment progression (Hicks et al., 1996). Yet the widespread conversion from
the indigenous podocarp-broadleaf forest to pasture faming by European settlers in the
late 19™ and early 20™ Centuries has resulted in a profound and long term change to
sediment pattern in the catchment (Kettner et al., 2007). The catchment has undergone
significant changes in the thresholds for initiation of erosional processes (Hicks et al.,
2000) and the importance of gullying and shallow landsliding has increased as the
removal of the forest cover has reduced the stability of these soft Tertiary hillslopes
(Hicks, 1991).

While there is understanding of the changes in the above erosion processes, this does not
necessarily transfer to a similar understanding of their contribution to the overall
sediment yield on the contemporary time scale. The amount of sediment transferred
from the hillslopes to the channels is not constant over time. Hillslope channel coupling
at varying spatial and temporal scales needs to be quantified to understand its influences
on the long term catchment sediment yield. The goal of this thesis was to display the
spatial and temporal patterns of sediment delivery ratios for earthflows in the Waipaoa
Catchment. Specifically, the aim was to explore the trends in delivery as they relate to
the evolutionary stage of the catchment represented by the time since the initial
disturbance event of land use change.

7.2 Deriving Off-Slope Delivery Ratios

An empirical approach was undertaken to both model sediment delivery ratios for the

three research aims developed for this thesis.
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Aim One was to:
Develop a multiple regression equation to predict the connectivity of individual
failures (and thus enabling summation to derive an overall sediment delivery

ratio for a small sub-catchment) based on simple predictive variables.

Multiple regression analysis was undertaken to model the off-slope sediment delivery as
a function of a range of morphometric variables, based on a dataset describing 71
earthflows at Hinenui in a 2002 storm event. Unfortunately, the analysis of
morphometric variables of the earthflows and their runout paths failed to explain the
variability in off-slope delivery. This suggests that the internal properties of the debris
flow, which were not modelled in this research, may have an overriding influence for

the delivery of sediment to the ephemeral and permanent stream channels.

Therefore, new techniques to predict sediment delivery from earthflow scars observed in
sequential aerial photos were determined. A standard sediment delivery ratio of 27%
(Preston, 2008) estimated from empirical observations at the Hinenui field site in 2002
was applied to the connected scars at the other five field site catchments featured in this
thesis. From this, the total volume of delivered sediment to the fluvial network was
compared to the total volume of sediment generated by the scars observed in the aerial
photo to develop the catchment sediment delivery ratios for each aerial photo covering

each catchment.

7.3 Application of Predictable Patterns in Catchment Sediment Delivery
Ratios

The following two aims were developed to determine the spatial and temporal patterns
in sediment delivery. This allows for the incorporation of these patterns into numerical
modelling of catchment evolution including sediment sources, stores, and transport

routes.
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Aim Two was developed to:
Determine the connectivity and sediment delivery ratios of shallow rainfall
triggered landslides for a range of catchment sizes within three landslide prone
land systems in the Waipaoa catchment to identify patterns in hillslope channel

coupling directly related to catchment size and channel density.

And Aim Three was developed to:
Define the connectivity and sediment delivery ratios of shallow rainfall triggered
landslides for a range of temporal scales within the Waipaoa catchment to
identify patterns in sediment delivery ratios related to catchment evolution

following change in boundary conditions.

While the results supported the expected linear decrease in the sediment delivery ratios
as catchment size increases, the hypothesis that sediment delivery ratios also had a
temporal pattern was not supported. Consistent upslope progression of the scars in
relation to the channel in subsequent storm events was not detected in any of the five
catchments. The changes to triggering thresholds, regolith exhaustion, and associated
catchment development towards a more stable phase are not straight forward. Therefore
the temporal evolution of sediment delivery ratios cannot be expected to be clear.
Changes in the hydrological and geotechnical properties of the hillslopes means there is
no predictable pattern to failure location over time. This is because the catchments
appear to be in the middle of the Crozier and Preston’s (1999) Interrupted Relaxation
Phase or Brooks et al., (2002) 3" Phase. As a result, the potential for hillslope channel
coupling varies between storm events as failures occur on both the upper slope and the

colluvial lower slope.

Because of this, sediment delivery needs to be viewed only at a spatial scale when being
incorporated into numerical modelling. There is a predictable decrease in catchment
sediment delivery ratios as catchment size increases. The percentage of connected
earthflows decreases as catchment size increases due to reductions in the channel

density and an increase in frequency of barriers preventing off-slope delivery.
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7.4 Recommendations for Future Research

A number of future studies could be undertaken to further the understanding of sediment
delivery ratios for earthflows. Numerical modelling of the internal properties of the
failure could allow for more accurate prediction of off-slope delivery ratios for
individual failures. Yet collecting this data at the desired spatial resolution is not a
straight forward process (Hennrich and Crozier, 2004). Nevertheless, changing
hydrological and geotechnical properties of the slopes related to catchment evolution, as
modelled by Brooks et al., (2002), could be incorporated to improve modelling. Thus,
the predicted sediment delivery ratios would integrate the temporal stage of catchment
evolution regardless of whether the failure is in undisturbed or redeposited regolith. If
an accurate predictive model for sediment delivery from individual failures was
developed this could be re-applied to the research undertaken in this thesis to more
accurately identify the spatial and temporal patterns of sediment delivery in the Waipaoa

Catchment.

Modelling the sediment routing once entrained into the fluvial network was beyond the
scope of this thesis. Consequently, further research is vital to understand the sediment
delivery ratio from failure on the slope and the transport of this sediment throughout the
fluvial network. It would be useful to develop a ratio which determines the percentage
of sediment generated on the inland hillslopes that is instantly delivered at the outlet of
the catchment during a storm event compared to the percentage delivered after
temporary storage within the system. From this, the importance of secondary erosional
processes and the frequency of their triggering events could also be quantified. This
would highlight the importance of the initial failure process and the role of extreme
events in the sediment cores taken from the Poverty Bay shelf and slope.
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Setnull
(Band_1 < 180, 1)

Band_1_scars

v

Convert
Raster to Features

Raw_scars_A57.shp

Scars_MA_CA.shp.shp

v

Edit
Attribute Table

Scars_MA_CA.shp
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Digitally Delineating
the Fluvial Network

DEM

DEM_Fill

Flow Direction

Flow_Dir

v

Flow Accumulation

Flow_Acc

v

Reclassify
Set Null
(Flow_Acc < 150,1)

Flow_150

v

Stream to Feature

Channel.shp
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Visual Basic Script used to determine the 3D distance of the runout path:

'shape_Return3D_Length.cal
‘Author: lanko Tchoukanski
‘http://www.ian-ko.com

On Error Resume Next

Dim pMxDoc As IMxDocument

Dim pGeometry As IGeometry

Dim pMap As IMap

Dim pCurve As ICurve

Dim dLength As Double

Dim pGeoColl As IGeometryCollection
Dim pPointColl As IPointCollection
Dim pVector As IVector3D

Dim pZAware As IZAware

Dimi As Long, j As Long

'NOTE: To get correct results the Z units should be the same as X & Y

'If the data is in Decimal Degrees and Z is in meters, the dataframe should be projected
‘and the bSrefFromMap should be TRUE

‘adjust the parameters below

'bSrefFromMap = True ==> the length will be calculated in the projection of the Map
'bSrefFromMap = False ==> the length will be calculated in the projection of the data
'bSrefFromMap needs to be True only if a real distance in Map units will be used -
bAsRatio = False

bSrefFromMap = False

Set pMxDoc = ThisDocument
Set pMap = pMxDoc.FocusMap
If (IsNull([Shape])) Then
dLength = -1
Else
Set pGeometry = [Shape]
If (0Geometry.ISEmpty) Then

dLength = -1

Else
Set pZAware = pGeometry
If (0ZAware.ZAware) Then

pGeometry.Project pMap.SpatialReference
Set pGeoColl = pGeometry

Set pVector = New Vector3D

dLength =0

Fori=0 To (pGeoColl.GeometryCount - 1)
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Set pPointColl = pGeoColl.Geometry(i)
For j =0 To (pPointColl.PointCount - 2)
pVector.ConstructDifference pPointColl.Point(j), pPointColl.Point(j + 1)
dLength = dLength + pVector.Magnitude
Next j
Next i
Else
Set pCurve = pGeometry
dLength = pCurve.Length
End If
End If
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Visual Basic Script used to determine the slope angle of the runout path:

‘polylineZ_GetSlope.cal
'‘Author: lanko Tchoukanski
‘http://www.ian-ko.com

On Error Resume Next

Dim pMxDoc As IMxDocument

Dim pMap As IMap

Dim pCurve As ICurve

Dim pPointl As IPoint, pPoint2 As IPoint
Dim dDistancel As Double, dDistance2 As Double
Dim dDelta As Double

Dim bAsRatio As Boolean

Dim pVector As IVector3D

Dim dSlope As Double

Dim Pi As Double

Dim bSrefFromMap As Boolean

‘adjust the parameters below

'bSrefFromMap = True ==> the length will be calculated in the projection of the Map
'bSrefFromMap = False ==> the length will be calculated in the projection of the data
'bSrefFromMap needs to be True only if a real distance in Map units will be used -
bAsRatio = False

bSrefFromMap = False

dDistancel = 0# 'Indicates the start point of the line. Change the value to perform
calculations for a different point.

bAsRatio = True ' the distance above will be used as a ratio from the total length.
Change to false to input an absolute distance.

dDelta = 0.000001 'A small tolerance - no change of slope expected within this tolerance

dDistance2 = dDistancel + dDelta
Pi=4* Atn(1)
If (Not IsNull([Shape])) Then
Set pCurve = [Shape]
If (Not pCurve.IsEmpty) Then
If (bSrefFromMap) Then
Set pMxDoc = ThisDocument
Set pMap = pMxDoc.FocusMap
pCurve.Project pMap.SpatialReference
End If
Set pPointl = New Point
pCurve.QueryPoint 0, dDistancel, bAsRatio, pPointl
Set pPoint2 = New Point
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pCurve.QueryPoint 0, dDistance2, bAsRatio, pPoint2
Set pVector = New Vector3D
pVector.ConstructDifference pPoint2, pPointl
dSlope = pVector.Inclination
dSlope = dSlope * 360/ (2 * Pi)
End If
End If

Visual Basic Script used to determine the elevation difference in the start
and end of the runout path:

'Z difference Start and End.cal
‘Author: Andrew Rae, Victoria University

'Date: April 2009

'Purpose: To determine the elevation of the point at the start and end of a line

Pre-Logic VBA Script Code:

Dim dblHeight1 as double

Dim dblHeight2 as double

Dim pCurve as ICurve

Set pCurve = [shape]

dblHeightl = pCurve.FromPoint.Z
dblHeight2 = pCurve.ToPoint.Z
Elevation Difference =
abs(dblHeight1-dblHeight2)
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Python Script to Determine Aspect of the Earthflow Scars

# Calc_Aspect.py

# Author: Andrew Rae Victoria University

# Date: April 2009

# Purpose: Assigns a value to the based on the largest part of a polygon.

# Usage: python ../../calc_extents.py <in file>

# Featureclass must be a polygon feature and have a field called Area,ID_1, and
GRIDCODE

# The script has been written for use with data that has been intersected with another
# data set and you need to maintain some of the original attributes.
S ———

import arcgisscripting, sys

gp = arcgisscripting.create()

inputFC = sys.argv[1]

#inputFC = r'D:\temp\Katie\Intersect_Copy.shp'

# The shapefile has to have a GRIDECODE field, an Area field and
#anid_1 field

gridcodeField = 'GRIDCODE'
idField ='ID_1'
areaField = 'Area’

# Set up a dictionary

# The keys are the id values

# The values are a list

# first value in the list is the area field, second value is from the GRIDCODE filed

curl = gp.SearchCursor(inputFC)
rowl = curl.Next()

while rowl;

# Check to see if the id_1 field and see if it is a key in the
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# dictionary if not add it to the dictionary

id=rowl.ID_1
if d.has_key(id):

# Check if the polygon area is larger than the previous polygon
# if so then set the values in the dictionary list for area
# and grid code to the current polygon.

if d[id][0] < row1.Area:
d[id] = [row1.Area, rowl.GRIDCODE]
else:
d[id] = [row1.Area, rowl.GRIDCODE]
rowl = curl.Next()

del curl

# Set an update cursor which loops through all the polygons.
# The ID_1 field value is used to access the dictionary
# lists.

# The GRIDECODE is then set to the second item in the list
e

row2 = cur2.Next()

while row2:
row2.GRIDCODE = d[row2.ID_1][1]
cur2.UpdateRow(row?2)
row2 = cur2.Next()

del cur2
del gp
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Appendix B: Multiple Regression Analysis
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Raw Data for Hinenui Earthflows — Scar and Morphometic Properties

Scar Slope Scar Slope | Runout | Evevation
Scar | Storage | Storage | Delivery | Length | Volume | Runout | Length Change
ID (%) (%) (%) (m) (m’) ©) (m) | Runout (m)
1 35 55 10.0 38.7 35.1 23.7 105.0 24.0
2 45 50 5.0 21.5 13.5 15.1 59.0 10.0
3 5 80 15.0 86.0 88.2 16.1 71.0 14.0
4 5 65 30.0 90.8 199.4 14.5 61.0 13.0
5 10 70 20.0 90.8 213.6 15.1 62.0 16.0
6 50 40 10.0 28.2 21.7 16.3 71.0 21.0
7 85 15 0.0 35.4 31.3 25.7 40.0 10.0
8 5 60 35.0 22.5 16.2 14.6 15.0 3.0
9 5 60 35.0 47.9 78.9 25.8 41.0 13.0
10 25 75 0.0 12.0 4.6 38.7 49.0 18.0
11 80 20 0.0 25.8 16.0 22.6 45.0 16.0
12 70 30 0.0 14.6 6.8 21.9 58.0 20.0
13 10 90 0.0 35.9 32.1 2.1 75.0 25.0
14 5 95 0.0 15.9 8.2 15.4 91.0 31.0
15 5 95 0.0 22.9 9.4 22.4 43.0 13.0
16 20 65 15.0 18.5 7.8 27.2 52.0 15.0
17 40 30 30.0 38.3 34.7 28.5 28.0 8.0
18 60 15 25.0 47.3 47.3 31.0 68.0 28.0
19 5 90 5.0 54.8 77.5 38.5 62.0 26.0
20 5 85 10.0 29.9 24.5 24.8 78.0 35.0
20 28 30 25.3 25.3 67.5 8.8 30.2 12.5
21 5 90 5.0 56.5 97.4 33.9 37.0 14.0
22 70 25 5.0 21.9 15.5 30.1 76.0 36.0
23 20 30 50.0 28.5 25.1 31.0 115.0 51.0
24 85 15 0.0 23.6 12.1 23.7 110.0 52.0
25 80 15 5.0 18.5 10.5 29.2 93.0 41.0
26 5 80 15.0 103.9 234.4 21.5 95.0 43.0
27 5 90 5.0 45.3 38.7 27.2 53.0 24.0
28 0 50 50.0 34.9 36.1 27.7 25.0 11.0
29 5 80 15.0 23.1 18.9 30.2 48.0 21.0
30 10 85 5.0 61.3 120.1 29.7 67.0 33.0
31 10 85 5.0 73.4 138.9 31.2 83.0 40.0
32 5 85 10.0 73.0 144.4 29.5 46.0 19.0
33 10 85 5.0 24.4 11.0 27.8 65.0 30.0
34 5 90 5.0 39.4 51.0 28.3 70.0 35.0
35 0 95 5.0 54.7 80.8 29.7 46.0 20.0
36 26 53 21.5 47.0 69.2 27.4 58.0 21.6
36 10 50 40.0 37.4 43.3 48.8 50.0 21.0
37 5 20 75.0 70.3 130.0 38.8 109.0 45.0
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Scar Slope Scar Slope | Runout | Evevation
Scar | Storage | Storage | Delivery | Length | Volume | Runout | Length Change
ID (%) (%) (%) (m) (m’) ©) (m) | Runout (m)
38 5 20 75.0 90.4 197.2 34.6 93.0 36.0
39 5 5 90.0 46.6 38.4 45.9 75.0 30.0
40 5 5 90.0 63.8 88.2 15.0 52.0 17.0
41 40 60 0.0 99.9 217.7 32.2 27.0 14.0
42 40 50 10.0 50.3 53.6 39.8 61.0 27.0
43 15 75 10.0 37.0 44.2 11.9 18.0 4.0
44 10 80 10.0 111.9 297.3 28.8 112.0 51.0
45 5 50 45.0 23.0 16.8 23.0 61.0 24.0
46 25 70 5.0 50.0 89.5 39.3 75.0 33.0
47 50 10 40.0 16.6 6.0 31.9 35.0 13.0
48 15 10 75.0 50.2 51.9 8.6 2.0 0.5
49 5 90 5.0 63.9 93.3 12.4 5.0 1.0
50 80 20 0.0 59.8 110.8 29.7 10.0 6.0
51 10 85 5.0 20.1 9.8 34.0 36.0 15.0
52 70 25 5.0 17.9 11.1 32.0 23.0 10.0
53 10 90 0.0 52.4 59.0 30.9 12.0 7.0
54 10 70 20.0 44.7 61.7 28.4 26.0 10.0
55 95 5 0.0 41.7 38.0 26.4 19.0 10.0
56 95 5 0.0 49.9 67.9 28.0 17.0 11.0
57 5 95 0.0 23.9 15.9 35.2 3.0 5.0
58 5 90 5.0 22.4 16.9 17.9 16.0 7.0
59 20 50 30.0 30.9 32.4 27.0 29.0 13.0
60 5 80 15.0 42.8 58.2 43.0 45.0 19.0
61 20 40 40.0 58.7 80.5 28.0 51.0 23.0
62 20 20 60.0 54.7 76.9 37.1 41.0 18.0
63 10 35 55.0 83.1 162.0 21.6 34.0 16.0
64 50 40 10.0 118.5 285.5 45.1 17.0 7.0
65 0 5 95.0 44.0 55.1 23.5 95.0 28.0
66 5 20 75.0 52.8 72.8 28.6 82.0 26.0
67 10 60 30.0 30.1 24.4 24.7 109.0 39.0
68 70 25 5.0 60.6 91.1 29.0 117.0 38.0
69 20 40 40.0 16.0 8.5 325 97.0 29.0
70 40 45 15.0 71.9 97.5 29.1 89.0 25.0
71 50 30 20.0 69.1 107.2 30.6 91.0 24.0
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Liquid Limit of the Hinenui Catchment
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Overall liquid limit was determined at 35% for the Hinenui Catchment
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Location and Runouth Paths of the Hinenui Earthflows

Legend

[ ] 2002 scars

Fluvial Network
- Hinenui Catchment
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The 71 earthflow scars at the Hinenui catchment triggered in 2002.

Legend

Runout Paths

\:] 2002 Scars

Fluvial Network

0 25 50 100 Meters
ST S Y T Y |

Runout paths of the 71 earthflow scars at Hinenui.
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Spatial Pattern to Sediment Distribution
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Runout Paths

——— Fluvial Network
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Spatial pattern to Scar Storage at Hinenui.
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Spatial pattern to slope storage at Hinenui.
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Spatial patterns to off-slope sediment delivery at Hinenui.
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Morphology of the Hinenui Catchment
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Slope angles of the Hinenui Catchment.
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Profile curvature of the Hinenui catchment.
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Multlple Regression Modelling
Sediment Delivery Ratios for all Earthflows

SQRT_Ds =3.23271 + 0.408425 * Cr - 3.1156 * LOG_Ls + 3.07101*LOG_Vs +
0.0412901 * Lr - 0.709185 * SQRT_Er + 0.0407677 * Sr
R% =0.096
P-value =0.354
Std. Error = 2.12

SQRT _Ds =0.810248 + 0.363697 * Cr + 1.43784 * LOG_Vs + 0.0386576 * Lr -
0.652059 * SQRT _Er + 0.0402349 * Sr
R? =0.094
P-value =0.257
Std. Error = 2.76

SQRT _Ds =0.864129 + 1.41703 * LOG_Vs + 0.0376012 * Lr - 0.609305 * SQRT_Er
+ 0.0382551 * Sr
R% =0.089
P-value =0.181
Std. Error = 2.75

SQRT_Ds =1.2414 + 1.45691 * LOG_Vs + 0.0257658 * Lr - 0.316981 * SQRT_Er

R? =0.079
P-value =0.137
Std. Error = 2.74

SQRT Ds=0.670724 + 1.42806 * LOG_Vs + 0.012267 * Lr
R%=0.074
P-value =0.074
Std. Error = 2.73

SQRT_Ds = 1.34765 + 1.44959 * LOG_Vs
R? =0.056
P-value =0.047
Std. Error = 2.74
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Multlple Regression Modelling
Sediment Delivery Ratios for Connected Earthflows

SQRT_Ds =1.8304 - 0.40189 * Cr + 3.40488 * LOG_Ls - 1.32297 * LOG_Vs +
0.0317462 * Lr - 0.702104 * SQRT_Er + 0.030411 * Sr
R? =0.054
P-value =0.825
Std. Error = 1.956

SQRT _Ds =3.61949 - 0.356214 * Cr + 0.979764 * LOG_Ls + 0.0338943 * Lr -
0.749204 * SQRT _Er + 0.0310025 * Sr
R? =0.052
P-value =0.733
Std. Error = 2.393

SQRT Ds =3.53826 + 0.990571 * LOG_Ls + 0.0343166 * Lr - 0.762489 * SQRT_Er
+ 0.030721 * Sr
R% =0.047
P-value =0.640
Std. Error = 2.376

SQRT _Ds =3.7946 + 1.01887 * LOG_Ls + 0.0264132 * Lr - 0.53571 * SQRT_Er
R*=0.038
P-value =0.550
Std. Error = 2.365

SQRT_Ds =5.4242 - 0.55198 * SQRT_Er + 0.0282666 * Lr
R =0.028
P-value =0.465
Std. Error = 1.983

SQRT_Ds =4.34001 + 0.00465334 * Lr
R?=0.035
P-value =0.661
Std. Error = 2.362
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Multlple Regression Modelling
Runout Length for all Earthflows

Lr =-56.9206 - 2.17251 * Cr + 59.1729 * LOG_Ls - 31.4185 * LOG_Vs + 20.5695 *
SQRT_Er - 0.707084 * Sr
R =0.866
P-value = 0.000
Std. Error = 11.560

Lr =-54.1624 + 55.0778 * LOG_Ls - 29.1542 * LOG_Vs + 20.4421 * SQRT _Er -
0.701875 * Sr
R =0.865
P-value = 0.000
Std. Error = 11.530

Lr=-14.0352 + 1.1628 * LOG_Ls + 20.4202 * SQRT _Er - 0.732508 * Sr
R?*=0.858
P-value = 0.000
Std. Error = 11.703

Lr =-12.2451 + 20.4257 * SQRT _Er - 0.73048 * Sr
R?*=0.858
P-value = 0.000
Std. Error = 11.620

Lr =-26.658 + 19.1613 * SQRT _Er
R?=0.817
P-value = 0.000
Std. Error = 10.990

Excluding Change in Elevation (Er) Variable:

Lr =18.5558 + 6.20124 * Cr + 38.6313 * LOG_Ls - 18.4711 * LOG_Vs + 0.214411 *
Sr
R?=0.020
P-value = 0.849
Std. Error = 31.019
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Multlple Regression Modelling
Scar Length for all Earthflows

LOG Ls =0.777527 + 0.0143564 * Cr + 0.524192 * LOG_Vs + 0.00084493 * Lr -
0.0183357 * SQRT_Er + 0.000171022 * Sr
R?=0.970
P-value =0.000
Std. Error = 0.044

LOG Ls=0.779232 + 0.0141674 * Cr + 0.524358 * LOG_Vs + 0.000791788 * Lr -
0.0170145 * SQRT_Er
R*=0.970
P-value = 0.000
Std. Error = 0.043

LOG_Ls =0.78057 + 0.523467 * LOG_Vs + 0.000774497 * Lr - 0.0159384 *
SQRT_Er
R?=0.970
P-value = 0.000
Std. Error = 0.044

LOG Ls=0.751875 + 0.522017 * LOG_Vs + 0.0000957547 * Lr
R? = 0.967
P-value = 0.000
Std. Error = 0.045

LOG_Ls=0.751875 + 0.522017 * LOG_Vs + 0.0000957547 * Lr
R% =0.967
P-value = 0.000
Std. Error = 0.444
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Appendix C: Sediment Delivery Ratios
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Sediment Delivery Ratios
Using individual ratio of 50% for Connected Scars

Waimoa Catchment

Nested 1952 | 1965 | 1974 | 1980 | 1984 2004
Catchment
1 28 43 39 47 42 41
2 33 74 52 46 43 41
3 45 60 42 68 49 55
4 39 58 44 46 46 42
5 29 32 17 34 31 32
Ahioteatua Catchment A
Nested 1943 1952 | 1969 1982 1988 | 2004
Catchment
1 39 45 43 47 49 29
2 43 45 47 46 48 33
3 42 46 46 45 47 32
4 41 46 46 45 33 29
5 31 34 35 34 21
Ahioteatua Catchment B
Nested 1943 1952 | 1969 1982 1988 | 2004
Catchment
1 43 25 35 46 22 26
2 44 33 37 62 43 28
3 43 36 37 70 34 25
4 42 39 38 73 36 27
5 30 29 24 32 52 21
Mangakiore Catchment A
Nested 1949 1965 | 1974 1988 | 2004
Catchment
1 31 45 48 48 35
2 32 43 48 47 33
3 34 44 48 48 38
4 39 45 46 48 37
5 30 27 35 36 23
Mangakiore Catchment B
Nested 1949 1965 | 1974 1988 | 2004
Catchment
1 44 45 43 46 35
2 44 45 43 46 39
3 43 46 43 46 39
4 44 46 42 47 37
5 35 19 30 34 28
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Spatial Trends in Sediment Delivery Ratios
Waimoa Catchment
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Spatial Trends in Sediment Delivery Ratios
Ahioteatua Catchment A

Ahioteatua A 1943

Ahioteatua A 1952
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Spatial Trends in Sediment Delivery Ratios
Ahioteatua Catchment B

Ahioteatua B 1949
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Spatial Trends in Sediment Delivery Ratios
Mangakiore Catchment A
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Spatial Trends in Sediment Delivery Ratios
Mangakiore Catchment B
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Temporal Trends in Sediment Delivery Ratios
Waimoa Catchment
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Temporal Trends in Sediment Delivery Ratios
Ahioteatua Catchment A
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Temporal Trends in Sediment Delivery Ratios
Ahioteatua Catchment B
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Temporal Trends in Sediment Delivery Ratios
Mangakiore Catchment A
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Temporal Trends in Sediment Delivery Ratios
Mangakiore Catchment B
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Appendix D: Earthflow Scars
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Earthflow Scars
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Earthflow Scars
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Earthflow Scars
Ahioteatua Catchments 1943
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Earthflow Scars
Ahioteatua Catchments 1952
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Earthflow Scars
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Earthflow Scars
Ahioteatua Catchments 1982

Ahioteatua Catchment A - 1982

Legend

1982 Scars
Connectivity

- Disconnected Scars
- Connected Scars

Fluvial Network
- Ahioteatua Catchment A

0 0.25 0.5 1 Kilometers
L 1 L ! | 1 1 1 J N,

Ahioteatua Catchment B - 1982

Legend
1982 Scars
Connectivity

- Disconnected Scars
- Connected Scars

Fluvial Network i 1 Kilometers
- Ahioteatua Catchment B

159 |K.E. Jones 2009



Earthflow Scars
Ahioteatua Catchments 1988
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Earthflow Scars
Ahioteatua Catchments 2004
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Earthflow Scars
Mangakiore Catchments 1949
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Earthflow Scars
Mangakiore Catchments 1965
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Earthflow Scars
Mangakiore Catchments 1974
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Earthflow Scars
Mangakiore Catchments 1988
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Earthflow Scars
Mangakiore Catchments 2004
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Earthflow Aspect
Waimoa Catchment
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Earthflow Aspect
Ahioteatua Catchments
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Earthflow Aspect
Mangakiore Catchments
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Average Earthflow Scar Properties

Average Scar Depth from Page et al. (1999):
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Appendix E: Storm History of the Waipaoa Catchment
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Rainfall History
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Suggested storm magnitude - frequency history for the Wharekopae field site from
2/4/1913 t15/4/2004 the date of the last aerial photograph used for the Waimoa
catchments. The Pembroke station rain gauge was the closest to the Waimoa catchments
however this gauge was only started on 2/1/1979. Therefore the possible storm history
can be extended back using the both the Otoko and Eastwood Hill 2 station which date
from 2/4/1931 and 2/4/1923 respectively but are located to the NE and SE of the
Waimoa catchments.
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Suggested storm magnitude - frequency history for the Waihora field site from 2/4/1913
to 15/4/2004 the date of the last aerial photograph used for the Ahioteatui catchments.
The Ahititi station rain gauge was the closest to the Ahioteatui catchments however this
gauge was only started on 2/11/1973. Therefore the possible storm history can be
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extended back using the both the Otoko and Eastwood Hill 2 station which date from
2/4/1931 and 2/4/1923 respectively but are located to the north-west and south-west of
the Ahioteatui catchments.
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Suggested storm magnitude - frequency history for the Te Arai field site from 2/4/1923
to 10/4/2004 the date of the last aerial photograph used for the Mangakiore
catchments. The Waerenga O Kuri 2 rain gauge was the closest to the Mangakiore
catchment however this gauge and this started on 2/10/1948 which only just predates
the first aerial photo used taken on 2/3/1949. However the possible storm history can be
extended using the Parikanapa rain gauge which is the nearest rain gauge to the east
with a longer history as it was started on 2/4/1937 and the longer Eastwood Hill Stn 2
to the north. Gaps in the Waerenga O Kuir 2 rain gauge are filled by the Parikanapa
data.
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