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ABSTRACT 
 
 
New Zealand estuaries are sites of ecological, economic, and recreational 

significance. Estuaries are vulnerable to the impacts of increased erosion as they 

act as natural sediment traps. The objectives of this study were to; 1) quantify the 

relative amounts of sediment entering the estuary from the native forest, exotic 

forest, and agricultural landscape units in the Whangapoua catchment, 

Coromandel Peninsula, New Zealand; 2) identify the dominant processes 

generating the sediment within the native forest, exotic forest, and pastoral 

landscape units; and 3) assess the utility of the sediment fingerprinting technique 

in New Zealand by comparing the results with other sediment measurement 

techniques. 

 
Sediment fingerprinting, which uses geochemical elements to link potential source 

areas to the estuary sediment, was used to identify sediment sources in the 

Whangapoua catchment. Three landscape units (referred to as native forest, exotic 

forest, and agriculture), and three erosion positions (surface, subsurface, and 

streambanks) were investigated.  A radionuclide tracing study, a stream suspended 

sediment monitoring programme, and catchment modelling were undertaken to 

compare with the sediment fingerprinting results.  

 
An initial pilot study was undertaken which confirmed that sediment 

fingerprinting could distinguish sediment derived from the three landscape units 

and three erosion positions. In a full sampling programme, the landscape units and 

erosion positions in the Whangapoua catchment were each characterised by 

analysing 50 samples using ICP-MS to determine the concentrations of 29 

elements. The elements Si, P, Se, V, U, In, and Bi were identified as forming a 

composite fingerprint to distinguish landscape units. The native forest landscape 

unit (21% of the catchment area) contributed 62% of estuary sediment, with 23% 

from the exotic forest (61% of the catchment area), and 15% from the agricultural 

landscape unit (18% of the catchment area). The elements Se, Fe, Ba, Mn, P, and 

Ca formed a composite fingerprint to distinguish erosion positions and showed 

that most of the estuary sediment was derived from subsurface (79%), followed by 

streambanks (13%), and then surface sources (8%). 
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A radionuclide tracing study was undertaken and 15 samples were used to 

characterise each of the surface, subsurface, and streambank erosion positions. 
137Cs was effective at distinguishing the surface (0-2cm) from other erosion 

positions, but could not distinguish the subsurface (>20cm) from the streambank 

sediment. The 137Cs results indicated that up to 98% of the estuary sediment was 

derived from subsurface and streambank sources.   

 
Stream suspended sediment monitoring was undertaken at four small 

subcatchment sites over a two year period. Monitoring commenced at the four 

sites as follows; immediately harvested exotic pines, six month post harvested 

pines, ten year re-growth pines, and agricultural pastures. The erosion rates were 

high in pines after harvesting (48 t km-2 yr -1), but dropped to 28 t km-2 yr -1 six 

months post harvesting and then to 2 t km-2 yr -1 ten years post harvesting. The 

agricultural erosion rate was calculated at 7 t km-2 yr -1. The lack of a native forest 

monitoring site, lack of replication, data capture problems, and inherent errors 

limit confidence in the stream suspended sediment monitoring results which 

should only be considered indicative.  

 
A stream bed sampling programme used 18 sampling points to estimate how 

much fine sediment was stored within the rivers and streams. Less than 4% of the 

annual estuary fine sediment budget was stored within the stream and river beds, 

indicating that sediment was efficiently conducted from the native forest 

landscape unit into the estuary.  

 

Two catchment models (Sediment Yield Estimator and the New Zealand 

Empirical Erosion Model) gave results that were contradictory to the sediment 

fingerprinting results as they suggested that deforested areas (such as agriculture 

and harvested pines) were sediment generating areas. 

 
This thesis demonstrated that the use of sediment fingerprinting in New Zealand 

was an effective means of quantifying various sediment sources based on 

landscape unit and erosion position. The current pattern of landuse within the 

Whangapoua catchment is appropriate in providing an economic return while 

minimising the levels of sediment delivery to the Whangapoua estuary.   

ii 



 

ACKNOWLEDGEMENTS 
 

 
 
It is my pleasure to acknowledge those who have assisted me in the production of 
this thesis, some whose contributions has been more than ordinary.  
 
Firstly to my supervisors, Vicki Moon, Megan Balks, and Fiona Dyer. Vicki as 
Chief Supervisor has been the steady hand on the tiller guiding me in this process. 
Calm by nature, I would flick through Vicki’s edits with nothing written page 
after page until five or six words in the margin would elicit a pang of panic and 
then a weeks work to fix the identified problem. Thank you Vicki. 
 
If Vicki was the Captain of the ship up in the bridge, Megan was the ships 
mechanic down in the engine room with her sleeves rolled up, covered in grease, 
and no detail escaping her notice. My manuscripts would come back from Megan 
covered in red pen and resembling a abattoir’s drop sheet. Megan’s tenacious 
attitude to ‘getting it right’ has been a major contribution in the production of this 
thesis. Cheers a million Megan. 
 
If Megan was the ships mechanic, than Fiona was….sorry, out of nautical 
analogies! Fiona made the trip over to New Zealand midway to inspect the field 
work and then reviewed the thesis toward the end of the write up. To Fiona’s 
daughters I offer my apologies, because Mummy really wasn’t watching at the 
swimming carnival because she was editing Chapter 8 (who else takes a lap top to 
the pool?). Fiona offered an overview of the science and a challenge to the quality 
of my writing at a critical stage. I thank Fiona for her efforts and friendship.     
 
If George Martin was the fifth Beatle, then Judi McWhirter was the fourth 
supervisor. Sediment fingerprinting is a statistics heavy technique and Judi 
provided oversight and unique contributions to this side of the study, as well as 
unlimited patience when answering my silly questions no matter what time of the 
day or night (a phone call to Judi at home at 9:50pm on a Saturday night was my 
record!). I am grateful for Judi’s contribution. 
 
This thesis would not have been possible without the generous support of 
Environment Waikato, initially from Peter Singleton and then from Reece Hill. I 
also need to thank Dan Borman for GIS and NZeem help, Nick Kim for his 
knowledge on trace elements, and Bevin Jenkins for the provision of Whangapoua 
rainfall records. The hydro technicians Ross Jones and Doug Stewart were also 
important sources of information on the deployment of turbidity probes.  
 
 
I acknowledge the Department of Earth and Ocean Sciences for material support 
and the departments academics. Willem De Lange assisted with the writing of a 
macro and in patching data. All the other academics provided time for discussion 
and provided pearls of wisdom along the way. I also acknowledge the departments 
technicians, Craig Burgess, Chris McKinnon, Steve Cooke, Annette Rodgers, and 
Craig Hosking for their assistance both large and small. I also wish to thank the 
long suffering Computer Support team headed by Ai Phing Wood, and the team 

iii 



 

members Liz Brodie, Brett Loper, and David Nicholls who handled every ‘end of 
the earth’ computer catastrophe with patience and aplomb.      
 
I would like to thank the many students within the School of Science who have 
also assisted me. They include Dave Palmer, Adam Vonk, Kyle Bland, and Matt 
Allen for GIS assistance, and Suus Rutledge provided Matlab processing of 
suspended sediment data. In particular I wish to thank Fiona Sanders for proof 
reading and tarting up the thesis just before printing; it was such a better 
document due to Fionas hard work. Brilliant! Many other students just provided 
friendship and an ear to bend such as Deb Stokes and the DunGeon Crew.  
 
I have been the recipient of the University of Waikato’s Doctoral Scholarship, 
which I was grateful to receive. This has been administered by the wonderful staff 
at the Scholarships Office, in particular Gwenda Pennington who has been an 
absolute joy to deal with.  
 
It has been my pleasure to meet a great bunch of Kiwi scientists during this PhD 
who have been generous with their time and advice above and beyond the call of 
duty. In no particular order they are Les Basher, Chris Phillips, Sandy Elliot, Mike 
Marden, Rob Davies-Collier, Mal Green, Max Gibbs, Brenda Rosser, and Murray 
Hicks.  
 
It was vital for this study to gain access to the Whangapoua catchment itself and I 
would like to thanks the landowners and forest managers. I would especially like 
to thank Robin and Wendy Denize for access to their property, likewise Dean 
Woods, and all the lads from Ernslaw One (Lindsay Arthur, Matene Blandford, 
Graeme Lister, Ropata Shep, and Peter Weir) for their assistance and putting up 
with me during my field work. Nina Whitley was also most helpful during the 
establishment of this study. Jo and Russ Scott also provided me accommodation at 
the ‘Whangapoua Hilton’ and also acted as unofficial safety officers while I was 
in the field. Cheers guys. 
 
Under the miscellaneous column, I wish to thank Damon Walsh from Chemiplas 
who assisted with various potions for the size fractionation. I was treated like a 
million dollar customer rather than a nagging PhD student.  
 
On a personal note, I have had a constant cheer squad of great mates who have 
barracked for me during the years of working on this PhD and it has been greatly 
appreciated. In particular, Anthony ‘TT’ Clark proof read my thesis and provided 
much needed encouragement during the last weeks while all the time juggling a 
young family, a busy career, and visiting in-laws!   
 

 

 
 
 
 
 
 
 

iv 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This PhD is dedicated to my dear old Mum, Vera, who has been unwavering in her 

support not only during this study, but for my entire life. This thesis is only a drop 

in the ocean of gratitude that I owe to the best Mum in the world. 

 

 

This PhD is also in memory of Frank Gleeson, a mate of the highest order who 

didn’t make it to the line. 

 

 
 
 
 
 
 
 

v 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

vi 



 

 

 

 

 

 

 

 

 

 

“Soil erosion is a relentless process that is nearly impossible to stop, usually 

difficult to control, and easily accelerated by man”. 

H.E. Dregne (1982) as cited in (Cannell & Hawes 1994) 

 

 

 

“Today the effects of suspended sediment on estuarine ecosystems remain 

arguably the biggest threat to the estuarine ecosystems” 

(Hume 2003) 

 
 
 

“Thus…all New Zealanders should care about muddy rivers, and sooner or 

later,…are likely to face a problem requiring information on sediment” 

(Hicks & Griffiths 1992) 
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CHAPTER ONE 
INTRODUCTION 

 

1.1 Introduction 
Estuary and harbour environments in New Zealand have high ecological, 

recreational, and visual values (Environment Southland 2007). Specifically 

estuaries are: important habitat areas for rare and threatened wildlife; locations of 

significant salt-marsh, eel-grass and mangrove communities; areas of extensive 

shellfish beds; and sites of archaeological and cultural significance (Mead & 

Moores 2004; Environment Waikato 2005b). 

 

Estuaries also act as natural sediment retention systems which makes their 

intrinsic values vulnerable to accelerated sedimentation caused by human 

activities (Ellis et al. 2004; Thrush et al. 2004). The main landuses in the North 

Island of New Zealand, with the potential to accelerate erosion, are agriculture 

and exotic (mainly pine) forests. The Whangapoua Harbour in the Waikato region 

of New Zealand (Figure 1.1) is experiencing increased sedimentation, and this 

harbour will be the focus of this study. There has been a 1.5 fold increase in 

sediment accumulation after Polynesian settlement and around a 10 fold increase 

after European settlement in the Whangapoua estuary (Hume & Dahm 1992). One 

consequence of increased sedimentation has been an increase in mangrove areas 

and a decline in sea-grass areas (Halliday et al. 2006). 

 

From a management perspective, local authorities (such as Environment Waikato) 

are empowered under the Resource Management Act (1991) to control the effects 

of landuse and to promote sustainable management which includes minimising the 

harmful effects of soil erosion. While the Resource Management Act does not 

focus on restricting landuse activities, it does state that the effects of landuse 

should not harm the resource or the environment (Hicks 1995). Consequently, the 

problems of increased sedimentation are a concern for natural resource managers 

as well as soil conservators, planners, engineers, and geologists (Hicks & Griffiths 

1992). 

1 
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Figure 1.1. Location of Whangapoua Harbour catchment, North Island, New Zealand. 

 

From the research perspective, non-point source suspended sediment has been 

identified as a threat to the values of New Zealand estuaries. Environment 

Waikato has identified that the cumulative adverse effects of non-point source 

suspended sediment can outweigh the adverse environmental effects of point 

source discharges. Non-point source suspended sediment is considered by 

Environment Waikato to be a dominant cause in the reduction in water quality in 

the area under its management (Environment Waikato 2005b). For example, 88% 

of the sediment transported by North Island New Zealand rivers is the suspended 

fraction (Adams 1979). To tackle the problems of non-point source suspended 

sediment, it is critical to identify the sediment sources to implement appropriate 

erosion control strategies (Mosley & Jowett 1999; Walling et al. 1999; Wallbrink 

2004; Walling 2005; Douglas et al. 2007; Gao 2008). But sediment source 

identification is hampered by a lack of understanding of the complexities of 

erosion rates, sediment yields, sediment transfers, and deposition dynamics in a 

drainage basin system (Walling 2006). The research aim of this thesis is to tackle 

the problem of sediment source identification.  
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1.2 Sediment source area identification and sediment fingerprinting 
The identification of catchment sediment sources (i.e., measuring erosion 

contributions from potential source areas) is a problematic and difficult task. Most 

popular indirect erosion estimation methods (such as erosion plots and erosion 

pins) measure erosion in ‘like’ areas (e.g., landuse, geology, or slope) and then 

extrapolate the result to the rest of the catchment. The problem with the indirect 

erosion estimation approach is that the techniques only measure sediment past a 

particular point in the landscape and don’t account for the spatial and temporal 

complexity of sediment detachment, transport, and deposition (Prosser et al. 

2001b; Phillips et al. 2007). Other approaches such as suspended sediment 

monitoring of catchment streams provide information on sediment fluxes and can 

be used to construct sediment budgets for the receiving estuary. But suspended 

sediment monitoring does not provide information on the exact sediment source 

area within a catchment, nor the process responsible for sediment generation.    

 

The technique of statistically verified composite sediment fingerprinting holds the 

promise of overcoming the problems of understanding sediment routing through a 

catchment (Collins et al. 1997; Collins & Walling 2002). Sediment fingerprinting 

seeks to link the different sediment source areas within a catchment to its eventual 

sink (in this case the Whangapoua estuary). Sediment fingerprinting identifies the 

important sediment source areas by quantifying their input into the estuary relative 

to other sediment source areas. The sediment fingerprinting technique will be the 

main technique used in this thesis for the problem of sediment source area 

identification, although it has not been previously applied in the New Zealand 

setting before. Independent comparison of the sediment fingerprinting results was 

provided by radionuclide analysis, stream gauging, and modelling techniques.  

 

1.3 Aims and objectives 
The overall goal of this research was to improve our understanding of catchment 

scale sediment generation and delivery in a mixed landuse watershed in New 

Zealand. The specific objectives of this study were to:  

1. quantify the relative amounts of sediment generated from the native forest, 

exotic forest, and agricultural landscape units in the Whangapoua catchment; 
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2. identify the dominant processes generating the sediment within the native 

forest, exotic forest, and pastoral landscape units; and  

3. assess the utility of the sediment fingerprinting technique in New Zealand by 

comparing the results with other sediment measurement techniques. 

 

1.4 Thesis structure 
In order to address the aims and objectives, this thesis is organised into four main 

sections: 

• Section 1 sets the context of the study and provides a brief introduction 

outlining the relevance of this research and providing a brief background 

to the study area (Chapter 1). A more detailed examination of the study 

area is conducted in Chapter 2 where the physical characteristics of the 

catchment are presented as well as a summary of previous studies 

conducted in the area. Three alternative hypotheses of erosion from the 

landuses are also presented in Chapter 2. A comprehensive review of the 

literature occurs in Chapter 3 which discusses the problems of 

sedimentation, the processes of sedimentation, sediment sources, and the 

various methods of measuring sediment. A case is made for the 

employment of a sediment fingerprinting approach to answer the aims of 

this research.  

• Section 2 details the methods used for this study including all the sample 

collection methods and laboratory analysis (Chapter 4) 

• Section 3 presents the results of the various techniques employed in this 

research, including the pilot study (Chapter 5), sediment fingerprinting 

(Chapter 6), radionuclide soil tracing (Chapter 7), suspended sediment 

monitoring (Chapter 8), modelling of the catchment (Chapter 9), and the 

estimation of stream sediment storage (Chapter 10).   

• Section 4 discusses the results of Section 3 and quantifies sediment 

generation from native forest, exotic forest, and agricultural landscape 

units (Chapter 11). It also identifies the sources of sediment generation 

within each landuse type from radionuclide analysis and then considers the 

advantages and problems of the approaches taken in this study. Areas of 

further work and a summation of the research complete the chapter.  

 



CHAPTER TWO 
WHANGAPOUA HARBOUR 

 

2.1 Introduction 
The objective of Chapter 2 was to describe the Whangapoua catchment physical 

setting so as to propose three conceptual models of likely sediment source areas. 

The three conceptual models will then guide the review of the literature (Chapter 

3) and establish the requirements of the experimental design. This chapter 

describes: 

• the physical setting (i.e., geology, climate, etc) of the Whangapoua 

Harbour;  

• the past and present landuses;  

• previous studies conducted within the Whangapoua catchment; and  

• the observed erosion processes within the native forest, exotic forest, and 

agricultural landuses. 

 

A synthesis of the information from the four points above was then used to 

develop three conceptual models of sediment source areas. 

   
2.2 Whangapoua physical setting 
2.2.1 Whangapoua catchment 

The Whangapoua catchment is approximately 110 km2 in area. The Whangapoua 

catchment is typical of the many smaller drainage basins found along the coastline 

of the North Island (Figure 2.1). It has steep slopes with short first order streams 

and the area is subject to intense rainfall events. In global terms, this type of 

catchment is important as small steep drainage basins make disproportionally 

large sediment contributions to the worlds oceans (Milliman & Syvitski 1992). 

5 
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Figure 2.1. Drainage basins of the North Island of New Zealand (from White et al. 2006).       

 

2.2.2 Whangapoua estuary 

Whangapoua Harbour (Figure 2.2) is classified as a barrier-enclosed estuary 

which is the most common type of estuary found in New Zealand (Healy & Kirk 

1991; Hume & Herdendorf 1998). The Whangapoua estuary is relatively small in 

area at 13.7 km2 and is enclosed by a single spit of Holocene age that lies across 

the mouth of a drowned river valley (Healy et al. 1996; Hamilton 2003). This type 

of estuary has extensive sand flats cut by narrow channels so typically around 

70% of the surface area is intertidal. Consequently flows are dominated by tides, 
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and tidal pumping facilitates the exchange and flushing of sediments between the 

estuary and the sea (Hume 2003). The Whangapoua estuary has been identified in 

the Waikato Regional Plan as an estuary prone to infilling by sediment, because of 

high rainfall, which endangers its ecological values (Environment Waikato 2006). 

 

 
Figure 2.2. The Whangapoua estuary and surrounding catchment. The vertical 

exaggeration of the image is three. Approximate north direction is indicated by the arrow.  

 

2.2.3 Whangapoua geology, geomorphology, and soils 

The main influence on the geology of the Whangapoua Harbour catchment is the 

andesitic and dacite volcanism that occurred along the Coromandel Peninsula 

from 19 to 2 million years ago. The volcanics were built on a greywacke basement 

that is mainly exposed in the north and north-west of the Coromandel Peninsula 

(Skinner 1986; Adams et al. 1994; Malengreau et al. 2000). The Whangapoua 

Harbour catchment is dominated by andesite with small areas of Quaternary 

deposits (dune sands and alluvial terraces) occurring at the spit enclosure and 

drowned valleys (Figure 2.3) (Skinner 1993).  

 

The landforms in the Whangapoua catchment are characterised by steep upper 

slopes with ridge lines extending toward Whangapoua Harbour in a radial pattern 

(Figure 2.4). Slopes of more than 25° are found in the upper catchment while over 
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Figure 2.3. Whangapoua Harbour geology at the group level. The catchment is 

dominated by andesitic geology with low lying areas of Quaternary alluvium, and dune 

sand along the estuary enclosing spit (Newsome et al. 2000). 

 

85% of the entire study area has slopes of more than 20°. Rolling hills are found 

in the mid-catchment area while flat areas and swamps are found on lower alluvial 

deposits adjacent to the estuary. Due to the steep slopes, erosion potential is 

considered severe for 35% of the catchment, moderate for 52%, and slight for the 

remaining 13% (Hill 2002).  

 

The soils that have developed on the Whangapoua geology have been previously 

mapped as brown granular clays on the Coromandel uplands and gley soils on 

lowland areas under the New Zealand Genetic Soil Classification (Orbell 1974). 

In the study area the soils are classified as Typic Orthic Brown Soils and Mottled 

Brown Soils on the hill country and a range of Gley, Organic, and Allophanic 

Soils on the lowlands around the harbour under the New Zealand Soil 

Classification of (Hewitt 1998) (Figure 2.5) (McLaren & Cameron 1990;  Molloy 

1993;  Hewitt 1998;  Newsome et al. 2000).  
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 0-70m  70-170m  170-270m  270-581m 
 

Figure 2.4. Digital elevation model (DEM) of the Whangapoua Harbour catchment 

showing the steep hinterland and radial ridge line pattern running down to the low lying 

areas around the estuary. Approximate north is indicated by the arrow. 

 
BROWN SOILS GLEY SOILS OTHER 
BOM- orthic mottled GRT- recent typic LOT- typic orthic allophanic 
BOA- orthic acidic GUFQ- sulphuric fluid saline OMM-organic mellow mesic 
BOT- orthic typic  WS- sandy raw soils 
 

Figure 2.5. Soils of the Whangapoua Harbour (Newsome et al. 2000). 
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2.2.4 Whangapoua climate 

The Whangapoua Harbour has a temperate climate with a mean daily temperature 

of 15°C and an annual rainfall of over 1800 mm with wetter months occurring 

during winter (Figure 2.6). The Whangapoua Forest (4m ASL) rainfall record 

showed that the return period for storm events of > 50 mm day-1 was 55 days or 

approximately seven times per year, and > 200 mm day-1 was 6.5 years.  
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Figure 2.6. Mean monthly rainfall and mean monthly temperature for the Whangapoua 

Forest station (#1515 Lat -36.76 Long 175.601) 1961 to 1989 record (NIWA 2007). 

 

The Whangapoua catchment is prone to frequent, high intensity, localised storms 

that are often tropical in their origin (Marden et al. 2006). Two examples are the 

1995 weather bomb that delivered large quantities of sediment to the harbour 

(Gibbs 2006) and the 2002 weather bomb that caused severe flash flooding across 

the Coromandel due to localised intense rainfall (Leslie et al. 2005). 

 

Environment Waikato (EW) did an assessment of the spatial pattern of rainfall in 

the Whangapoua catchment between 2001 and 2006 based on two permanent 

recording sites at Castle Rock and Opitonui and four temporary Hobomatic 

rainfall gauges (Jenkins 2006). A linear regression was carried out between 
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rainfall and elevation and the result was an r2 of 0.68; this relationship was then 

used with a 20 m digital elevation model (DEM) to produce an annual rainfall 

map of the Whangapoua catchment (Figure 2.7). While most of the Whangapoua 

catchment receives the mean annual rainfall of around 1800 mm, the steep upper 

parts of the catchment under native forests (lower insert Figure 2.7) may be 

receiving an annual total rainfall of over 3000 mm. 
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Figure 2.7. Estimated mean annual rainfall for the Whangapoua catchment based on 

linear regression results for a five year rainfall record and elevation. Regression results 

shown on the upper inset and landuse is shown on the lower inset (Jenkins 2006).  

 

2.2.5 Whangapoua vegetation and landuse 

The Coromandel Peninsula was extensively forested before the arrival of 

Europeans. The three main vegetation types that were found in the Whangapoua 

area were a) coastal forest  (pohutukawa, kohekohe and puriri) confined to the 

narrow coastal perimeter, b) dense conifer (kahikatea, matai and totara) forest on 

flat and poorly drained river terraces, and c) mixed kauri-conifer-broadleaved 

forest and rimu-tawa forest covering the hills of the catchment (Environment 

Waikato ND). The arrival of Europeans saw the removal of kauri and other 
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marketable timbers from the forest. European settlers also removed mature coastal 

forests creating grasslands and extending mudflats in low lying areas (Donald 

1990). 

 

The current vegetation pattern in the catchment sees native forests on the steep 

hinterland (Figure 2.8). It is important to note that while this type of vegetation is 

referred to as ‘native forest’ in this thesis, virtually no mature kauri trees remain 

due to logging. The native forest currently located on the steep upper slopes is 

dominated by rata-podocarp/tawa species. The canopy is typically 11-20 m tall, 

the understory is many tiered with a large diversity of species, and lianas and 

epiphytes are common. Manuka dominated scrub occurs in small patches south of 

the Whangapoua settlement and east of Matarangi on steep slopes unsuitable for 

agriculture. The scrub ranges in height depending on disturbance history, and 

understory species are diverse (Donald 1990). Exotic forests comprise over half 

the catchments vegetation on the mid-slope areas and are almost exclusively pines 

(P.radiata) with small patches of the cypress C.lusitanica and eucalypt E.salgina. 

The flat areas adjacent to the harbour are predominately agricultural pasture of 

high producing exotic grasses which are typically clover and perennial ryegrass. 

Of the 110 km2 catchment, 56% is exotic forest, 19% native forest, and 16% 

agriculture (mainly pasture) (Hill 2002). The other 9% of the catchment comprises 

scrub, coastal vegetation/swamps, and urban areas.  

 
2.3 Landuse history and impacts 
2.3.1 Introduction 

The first anthropogenic landuse change occurred with Polynesian settlement 

approximately 650 to 800 years ago (Lowe et al. 2000). The main impact of 

Polynesian settlement on sediment generation was due to deforestation by fire 

which caused accelerated erosion (Sheffield et al. 1995; Wilmshurst 1997; 

Horrocks et al. 2001; Byrami et al. 2002; Wilmshurst & McGlone 2005; Ogden et 

al. 2006). ‘Polynesian settlement led directly to the destruction of half of the 

lowland and montane forests’ (Horrocks et al. 2007). With the arrival of 

Europeans in the 1770s, landuse changed to logging, gum digging, mining, 

pastoral activities, and exotic forests establishment.  
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Figure 2.8. Native forest, exotic forest, and agricultural grassland vegetation distribution 

within the Whangapoua catchment.  
 

2.3.2 Logging 

Logging first began when visiting ships would cut spars for repairs from the 

Coromandel area in the 1770s. The commercial exploitation of kauri trees began 

in the 1820s but was limited because extraction methods were confined to manual 

labour and bullock teams. Kauri exploitation increased from the 1850s onwards 

with the development of tramways and driving dams. Driving dams involved 

placing temporary timber barriers across stream lines where cut logs would be 

deposited in the impounded water. The dams would then be tripped sending a 

cascade of water and logs down the creek toward harbour locations where saw 

mills were located. Whangapoua was one such receiving harbour and over 50,000 

m3 was exported from Whangapoua harbour. By 1900 over three quarters of Kauri 

timber had been removed from the Coromandel region. Tightening restrictions 

and a dwindling resource saw kauri logging in the area all but cease by the 1930s 

(Harrison 1988).  
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2.3.3 Gum digging 

The kauri tree excretes a resin which was used for paints, varnishes, and other 

ornamental purposes (Ministry of Culture and Heritage 2007). The first export of 

kauri gum began in 1830s and by 1845 it comprised over half the exports from 

Auckland Harbour from source areas such as Whangapoua. Once surface deposits 

were exhausted, gum digging commenced with subsurface deposits located by a 

spear and then dug or hooked to the surface. The burning of scrub (such as 

manuka and kanuka) to facilitate the location of gum was common and this left 

the land denuded, facilitating erosion down to the clay base and aided the 

infestation with introduced weeds. Gum production peaked in 1899 but dwindled 

after this to all but cease after the mid 1930s (Harrison 1988).  

 

2.3.4 Mining 

Gold was discovered in the Coromandel in 1852 with the first boom centred on 

Thames beginning in the 1860s and by 1890 mining had spread along the whole 

peninsula. Gold was mined in the Whangapoua area at Opitonui and Kuaotunu 

during the 1890s. The most immediate impact of mining was the disposal of mine 

waste. Tailings and sediments produced from mining in the Ohinemuri River 

system caused shoaling and silting in the Firth of the Thames. Sedimentation of 

this extent in Whangapoua Harbour is not reported, probably due to the less 

extensive nature of mining in the Whangapoua catchment. Another impact of 

mining was the clearance of timber in the immediate area of the diggings. Kauri, 

manuka, and rewarewa were used for mine supports while other timbers were 

used for fuel (Harrison 1988).  

 

2.3.5 Agriculture 

The earliest agriculture was practiced by the Maori population. The local Maori 

grew large areas of potatoes, mainly for visiting ships. At the beginning of the 20th 

century European agriculture was confined to the low hill country along the 

coastal fringe. Dairy farming developed in the 1910s and was assisted by granting 

of pastoral leases and the opening of dairy factories at Whitianga and 

Coromandel. Further land development occurred after World War II with the 

granting of 1,000 ha blocks to returned serviceman in the hill country of the 

Whangapoua area (Harrison 1988).  
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The cleared hill country initially produced good pastures but fertility rapidly 

declined and the country quickly reverted to manuka scrub, which was managed 

by the local farmers by slash and burn. The advent of aerial top dressing of 

fertiliser in the 1950s addressed fertility problems but steep pastures were 

abandoned so today most of the agriculture is practiced on areas close to the 

Whangapoua Harbour. Through the 1960s and 1970s the main pastoral activity 

was store sheep and cattle (Harrison 1988). The main agricultural activity today is 

predominantly cattle and fat sheep with increasing numbers of dairy cattle 

 

2.3.6 Exotic forestry 

Large scale planting programmes began in the Coromandel area in the 1930’s in 

the Tairua area with P.radiata because of restrictions placed on logging native 

species (especially kauri) in the early 20th century and the need to rehabilitate 

eroded mining areas. Plantations in the Whangapoua catchment were developed in 

the 1960s and 1970’s mainly with P.radiata and some small pockets of eucalypt 

and cypress species. Exotic forest expansion continued into the Coromandel 

region between 1969 and 1975 (Harrison 1988). 

  

The Whangapoua plantation managers (Ernslaw One Ltd) harvest pines on a 30 

year rotation and first rotation harvesting began in the early 1990s which means 

the oldest second rotation trees are around 12 years old (Environment Waikato 

2005a). Today approximately 55% of the Whangapoua Harbour’s catchment is 

under exotic pine (P. radiata) plantations. The pine plantation in the Whangapoua 

Harbour catchment (and to the west in the Coromandel area and south in the 

Whitianga area) are divided into around 120 compartments which range in size 

from 10 to 100 ha. The compartments form the basis for harvest planning and 

logging crews will generally harvest several compartments in the one area.  

 

Preparations for harvesting begin by earth moving crews either constructing roads, 

log landing, and drains, or re-establishing existing ones (Figure 2.9).  

 

Timber extraction by Ernslaw One is achieved by the ‘cable logging’ method 

Figure 2.10). This method is used due to the steep slopes and the lower soil 

disturbance when compared with machine extraction. 
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A B
Figure 2.9. A) Newly constructed access road and batters into a logging compartment; B) 

newly formed log landing in the background and a metal sealed access road.  

 

 

A 

B 

 
C 

 

Figure 2.10. A) The cable logging machine or ‘yarder’ from which the skylines are run 

out so that harvested logs can be towed back to the log landing; B-C) A sequence of 

images where a pair of logs is being towed up to the log landing along a cable. Visible at 

the top of the log landing is the yarder with skylines running out from the mast, and a 

modified excavator used to load the logs onto the logging trucks.  
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A cable logging machine (or ‘yarder’) is located at the log landing which is 

located at the highest point in the area (Figure 2.10-A). From the yarder’s mast, 

steel cables (or skylines) are run out and attached to the stumps of trees. Tree 

fellers cut the pines using chainsaws and remove the branches which are left as 

trash on the forest floor. The logs are attached by chains to a runner that moves 

along the skyline and the logs are then ‘towed’ back to the log landing (Figure 

2.10-B and C) where they are graded, cut to size, and loaded onto logging trucks 

for transport to local timber mills. 

 

The cable logging method has the advantage that relatively steep areas can be 

harvested for trees and does not require the construction of more roads into the 

compartment. It also has the advantage that it avoids the dragging of logs to the 

landing by forwarding tractors which can cause compaction of the soil. The cable 

logging method causes a characteristic shallow disturbance (or scalping) as the log 

makes contact with the soil surface while being dragged up to the log landing. The 

scalping pattern of shallow disturbance emanates outwards in a radial pattern from 

the log landings (Figure 2.11). 

 

2.3.7 Impacts of landuse on Whangapoua estuary 

The main impact that landuse change has had is to accelerate sediment 

accumulation because of land clearance and soil disturbance for commercial and 

urban activities (Nichol et al. 2000; Hume 2003; Hutchings et al. 2005). Pre-

settlement rates of sediment accumulation in Whangapoua estuary have been 

estimated at 0.03-0.08 mm yr-1, increasing to 0.12-0.13 mm yr-1 for Polynesian 

settlement, and 0.9-1.5 mm yr-1 for European settlement (Hume & Dahm 1992) as 

cited in (Jones 2008). 

 

There is an order of magnitude increase in the rates of sedimentation for 

Whangapoua estuary from pre-settlement to Polynesian settlement to European 

settlement, but the absolute values are low. A possible explanation for the low 

values is that Hume & Dahm (1992) had problems with the dating of pollen 

within the sediment cores and recommended that further work was required. 
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Figure 2.11. Aerial image of a recently harvested compartment north of State Highway 

26 and the locations (indicated by arrows) of the log landings used in harvesting 

operations.  

 

Another possible explanation is that the Whangapoua Harbour reworks and 

flushes deposited sediment out to sea as around 70% of the estuary bottom is 

exposed at low tide.  The fate of increased sediment quantities onto estuary floors 

is complex as terrigenous sediment de-waters at low tide and is redistributed and 

re-suspended by wave action at high tide (Lohrer et al. 2006). For example, an 

estuary in Ohio, USA traps 47% of suspended sediment on one hand, but can be a 

net exporter of sediment during large events on the other (Wilson et al. 2005). 

 

There are ecological impacts to the Whangapoua estuary due to increased 

sediment. Increasing sedimentation has impacted sea grass (Zoestera capricorni) 

and mangroves (Avicenna marina). In the period 1945 to 2006, the sea grass area 

has decreased while the mangrove area has increased (Schwarz 2004; Halliday et 

al. 2006; Lovelock et al. 2007). The mangrove increase appears to be facilitated 

by fine sediment, while sea grass retreat is due to coarse sand material moving as 
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‘slugs’ over the intertidal flats (Halliday et al. 2006; Jones 2008). Mangrove 

expansion in New Zealand estuaries as a result of increased sedimentation from 

human landuse disturbance has also been observed by Delange & Delange (1994), 

Ellis et al. (2004), Thrush et al. (2004), and Swales et al. (2007). 

 

2.4 Previous studies 
A report by Marden & Rowan (1995) examined the March 1995 storm event 

(approximately 150-200 mm in < 24 hrs) in the Whangapoua catchment using 

stereo-photo interpretation and ground truthing of erosion sources. The reports 

main findings were: 

• 51% of derived sediment was from native forest areas (31% of study area), 

38% from exotic forests (49% of the study area) and 12% from pastoral 

areas (20% of the study area). This is due to the native forests being 

located on the steeper erosion prone hills of the upper catchment. 

• Steep slopes (26-35°) accounted for 77% of the sediment volume, 

moderate slopes (21-25°) 22%, and low slopes only 1%. 

• The main sediment generating form was debris avalanches (71%), soil 

slips (28%), stream banks (0.6%), and log landing failures (0.5%). 

• Debris avalanches accounted for 91% of sediment delivered to streams and 

were the main sediment transport mechanism. 

• Sediment production was four times greater from harvested areas 

compared with mature pines, and the mature pine areas contributed only 

4% of the total sediment.  

 

Marden et al. (2006) examined sediment generation from a 2-year post-harvest 

exotic forest subcatchment in the Whangapoua basin. They identified slopewash, 

soil scraping by cable hauled logs, and storm initiated landsliding as the main 

sediment generating processes. From the 36 ha site, 1864 tons of sediment was 

produced of which 64% was generated by soil scraping, 32% was generated by 

landsliding, and less than 3.5% was generated by slopewash processes. 

Significantly, the authors found that only 12% (228 t) of the generated material 

entered the stream network. Of the sediment that was delivered to the streams, 
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landslides accounted for 72% of the material, soil scraping 26% and slopewash 

only 2% (Marden et al. 2006). 

 

A report by Wild & Hicks (2005) reviewed Environment Waikato’s Opitonui 

Stream monitoring programme in the Whangapoua catchment. The report 

concluded that there is a significant relationship between event suspended 

sediment yield and peak discharge, but no clear relationship between sediment 

yield and exotic forestry activities (Wild & Hicks 2005).  

 

Gibbs (2006) undertook a pilot study into a novel plant compound specific isotope 

(CSI) technique to fingerprint sediments in the Whangapoua estuary using a plant 

isotope of 13C that binds onto soil particles. The CSI’s provide a different 

signature for soils under native forest, exotic forest and pasture. Analysis of the 

CSI’s from source areas in the catchment was used to determine the relative 

proportion that each landuse contributed to estuarine sediments. The report 

concluded that recently logged exotic pines contributed 54-75% of estuarine 

sediment, native forest and scrub contributed around 22-26%, pasture was less 

than 10% at most harbour sites (Gibbs 2006).  

 
2.5 Catchment landuse and erosion 
2.5.1 Introduction 

A reconnaissance survey of the native forest, exotic forest, and agricultural 

landuses was conducted to identify potential erosion sources. The landuse patterns 

in the Whangapoua catchment (as seen in Figure 2.8) generally occur in three 

topographical zones. The native forest is confined to the steep slopes in the 

headwater areas of the catchment. The exotic forest occurs mainly on the hilly 

mid-slope areas, although it also does occur on some steep slopes. The 

agricultural areas are on mainly flat areas around the Whangapoua estuary, 

although some pastures do occur on hill country (Figure 2.12). Henceforth the 

native/steep, exotic/hill, and agricultural/flat zones will be referred to as 

‘landscape units’ in this thesis.      

 

 

 



                                                                                              Whangapoua Harbour 
 

21 
 

 

A 
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Native  
forest  

Exotic 
forest 

Agriculture 

Figure 2.12. A) Simplified diagram of the Whangapoua catchment with the 

topography/landuse zones; B) example of native forest areas in the steep headwater areas, 

C) example of harvested exotic forest in the mid-catchment hill area, and D) example of 

agricultural landuse on flat harbour side area. An area of pasture on sloping land can be 

seen in the background.    

 

2.5.2 Headwater native forest landscape unit 

The native forests in the steep headwater areas have a dendritic drainage pattern 

which is characterised by short steep streams in the hinterland (Marks & Nelson 

1979; Bridge 2003). Permanent and ephemeral streams are found in the headwater 

area. The ephemeral streams typically have cut down into the clay base to an 

approximate depth of 0.4m (Figure 2.13-A). The material within the ephemeral 

stream beds was a poorly sorted mix of fine material, sand, and pebbles that is 
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potentially available for transport (Figure 2.13-B). The permanent streams in 

contrast are protected by thick vegetation and within the stream beds cobbles and 

sand material dominate (Figure 2.13-C).   

 

A

 

B

 

C   

Figure 2.13. Native forest landscape unit stream beds. A) Ephemeral stream in the 

headwater area under native forest. Drainage line depth is approximately 0.4m. B) Poorly 

sorted material in the ephemeral drainage line. Machete in centre image for scale. C) 

Permanent stream in the headwater area under native forest.  

 

While erosion in ephemeral streams is evident, the main erosion type in the native 

forest landscape unit is landsliding. Landslide scars can be seen on the steep 

slopes in the upper catchment (Figure 2.14). The slope failures appear to be
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Figure 2.14. Example of a landslide in the steep headwater area under native forest.  

 

depositing significant amounts of soil into the drainage lines due to the steep 

topography.  

 

Inspection of two examples of native forest landslide shows the potential of 

landslides to deliver sediment to stream lines. The example in Figure 2.15-A and 

2.15-B is a large wide slope failure that has deposited a lens of soil material into a 

creek. The edges of the re-vegetating scar indicate the depth of the failure to 

average around 0.5 m. The second example (Figure 2.15-C and 2.15-D) is a 

narrow landslide that has failed from a ridge top and crossed an access road. The 

landslide is around 40 m in length and has channelised recent rainfall to continue 

delivering sediment to the drainage line.  

 

2.5.3 Mid-catchment exotic forest landscape unit 

The exotic forests on the mid-catchment areas occur typically on hills, but range 

from gently rolling hills (adjacent to agricultural areas) to steep slopes where the 

pines extend into the upper catchment in the south and west. Erosion sources are 

hard to find in older closed canopy pine forests, but recently harvested pines 
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exhibit erosion sources from surface scraping, shallow landsliding, and 

streambank erosion.  

 

A B

 
C D

Figure 2.15. A) Landslide scar in the native forest headwater area and landslide depth is 

indicated by arrows; B) looking down slope to the drainage line (dashed arrow) from the 

same perspective where the landslide material was deposited; C) a narrow landslide that 

has been initiated from a ridge top and crossed the road. The perspective is from the road 

looking up; D) the same landslide viewed from the road looking down into the drainage 

line.     
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The potential erosion source of surface scraping (caused by dragging logs up to 

the log landing) has been identified in Section 2.3.6 (see Figure 2.11). Shallow 

landsliding occurs after pine harvesting (Figure 2.16) and is caused by soil 

disturbance and the removal of the protective vegetation. Landsliding is more 

common on steeper slopes. 

 

 
Figure 2.16. Landslides (circled) on recently harvested exotic forest on the steeper slopes 

in the west mid-catchment area. Shallow landslide failures (arrows) caused by the 

disturbance of a ridge top logging road are also evident. The native forest on the steep 

upper slopes can be seen in the background.  

 

Landslides are also generated from logging infrastructure. Log landings are 

flattened areas on ridge tops for the receiving and processing of pine logs. Log 

landings are constructed by bulldozing soil off the top and pushing it off the edges 

to create a large flat surface. Logging trash is usually pushed over the top to 

protect the unconsolidated soil. The unconsolidated material can fail in rain 

events. The example from Whangapoua shown in Figure 2.17 shows a large 

failure which has blocked the access road beneath it. The eroded material has been 
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reworked and channelised by subsequent storms and has the potential to enter the 

stream network.  

 

A B

Figure 2.17. A) Landslide failure from a log landing that has blocked a logging road. The 

large lens of failed material has been reworked as evidenced by an erosion scar (arrow); 

B) the same erosion scar (arrow) looking down to the permanent stream line (dashed 

arrow).  

 

Streambank erosion was also observed in the exotic forest areas. There appears to 

be no buffering of riparian zones in harvested areas where higher order streams 

occur. The logging disturbance appears to increase streambank erosion by 

stripping away the protective vegetation (Figure 2.18-A). It was also observed that 

vegetation (mainly exotic weeds) quickly colonised the banks (Figure 2.18-B) and 

that streambank erosion was hard to find in closed canopy exotic forests (Figure 

2.18-C) due to the large variety of shade tolerant understory species (Ogden et al. 

1997).  

 

The material in exotic forest stream lines varies. In recently harvested areas the 

material was poorly sorted and contains gravel, sand, and fine material (Figure 

2.19-A). In older and mature pines, the material in streams is a more uniform size 

of predominately sand with finer material in the matrix (Figure 2.19-B).   
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Figure 2.18. A) Exotic forest mid-catchment stream one year post harvest; B) 

approximately 10 years post harvest, and; C) mature exotic pine forest stream.  

 

 

Figure 2.19. A) Poorly sorted material trapped behind a weir after a large storm event 

from recently harvested exotic pines; B) more uniform sand and fine material in a 10-15 

year exotic pine re-growth stream. 

 

2.5.4 Lower plains agricultural landscape units 

Streambank erosion was the most obvious erosion process operating in the 

lowland agricultural areas. The stream network was highly channelised and 

typically unfenced and open to access from stock. The stream walls were steep 

sided and there was little if any riparian vegetation (Figure 2.20).  
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Figure 2.20. A) Example of streambank erosion along the Waitekuri River in the lowland 

agricultural area. Streambank walls are steep sided, there is little riparian vegetation, and 

the stream is unfenced and open to stock. B) Streambank erosion along the main channel 

of the Owera Stream. The bank wall has collapsed directly into the stream and is 

available for transport during storm event.   

 

Some actively eroding gullies were found in the agricultural areas where grazing 

was practiced on sloping ground. These were few in number and the biggest gully 

found in the Whangapoua catchment is shown in Figure 2.21.    

 

 
Figure 2.21. A gully head-cut found on an area of sloping agricultural pasture. The 

landowner has tried to ameliorate the gully erosion by depositing rocks into the head-cut 

area. 
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The most common form of surface erosion in the agricultural landscape unit was 

observed to be the result of stock pugging the soil during the wetter winter months 

(Figure 2.22). There are no areas of cultivation in the Whangapoua catchment. 

The worst areas of pugging were heavily trampled ‘stock camps’ which were 

small in size where cattle tend to congregate.   

 

 

 
Figure 2.22. An example of soil pugging by cattle. This stock camp was in a paddock 

corner and situated on top of a ridge. 

 

 

The stream bed material found in the lowland catchment streams seems to have a 

larger percentage of finer material in the sand matrix (Figure 2.23). There are 

regular in-stream sediment storage deposit banks and with evidence of vegetation 

colonisation. Large volumes of material have been observed to be transported 

during high flow events (Fuller & Hutchinson 2007). 
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Figure 2.23. Lower plains example of in-stream sediment storage. A hole has been dug to 

show the nature of the material which is a sand and fine clay material mix.  

 

2.6 Alternative hypotheses for main Whangapoua estuary sediment 

source areas 
Three alternative hypothesis of the main sediment source area for the 

Whangapoua estuary have been developed. The models describe the possible 

dominant sediment source areas and the processes responsible for sediment 

mobilisation and delivery.  

 

Hypothesis A. Native forest landscape unit is the main sediment generating 

area 

If the native forest landscape unit was the dominant contributor of sediment to 

Whangapoua estuary, it would be due to landsliding processes. Landslides have 

the potential to deliver significant amounts of material. The native forest areas 

would be susceptible to landslides due to the combination of very steep slopes 

found in this area and high rainfall experienced in the higher altitude areas (see 
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Figure 2.7). The removal of kauri trees from the native forest would also increase 

its susceptibility to disturbance.   

 

The sediment generated by landslides has the potential for efficient delivery to the 

estuary due the well coupled nature of the head water areas. The hillslope and 

channel are well coupled because of steep slopes and lack of toe slope features, 

and the upper channel and lower channel are well coupled because of steep stream 

gradients which create a higher energy stream environment. Native forests have 

been identified as the dominant sediment source area by Marden & Rowan (1995) 

where they concluded that native forests contributed over half the sediment in the 

March 1995 storm. They also concluded that landslides were the main erosion 

process (71%) and that 77% of material was derived from steeply sloped areas.  

 

Hypothesis B. Exotic forest landscape unit is the main sediment generating 

area 

If exotic forests were the main sediment source area, this would be due to a 

combination of landslide, streambank, and surface erosion processes. The exotic 

forests would be vulnerable to erosion during harvesting operations and for a 

period after until the replanted pines stabilised the soil surface. As was shown in a 

Whangapoua study, surface erosion (due to soil scraping by logs) generates more 

sediment than landsliding. But because landslides are better coupled with the 

stream network than surface erosion, landslides deliver more sediment than 

surface erosion (Marden et al. 2006). Streambanks would also be active erosion 

areas after harvesting until they had been stabilised by vegetation.  

 

Exotic forests are the largest landuse in the catchment (56%) and there would 

usually be an area within the exotic forest estate that would be undergoing 

harvesting or had been recently harvested. The exotic forest areas in Whangapoua 

have been identified as being the dominant sediment generating area by a previous 

report by Gibbs (2006).   
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Hypothesis C. Agriculture landscape unit is the main sediment generating 

area 

If agricultural areas were the main sediment generating area, this would be mainly 

due to streambank erosion processes. Very little potential surface erosion sources 

were found (pugging) and no landslide sources were evident due to low slopes. 

Soil slumps were observed in the agricultural areas but there were signs that they 

were generating and delivering sediment to the streams.  

 

Streambank erosion would be assisted by the action of stock as they disturb the 

streambanks directly and ensure riparian vegetation does not establish to protect 

the riparian zone. Streambank erosion delivers material directly into the stream 

and this is an efficient process to convey sediment into the estuary. The location 

of the agricultural landuse around the harbour also means that the generated 

sediment has only a short distance to travel to the estuary.   

 

2.7 Conclusion 
Whangapoua Harbour provides a good setting to examine sediment source area 

identification. The Whangapoua estuary and catchment are typical of other North 

Island estuaries which are relatively small, have steep surrounding catchments, 

and are subject to heavy rainfall. The exotic forest and agricultural landuse pattern 

in Whangapoua has the potential to accelerate erosion compared to the native 

forest landuse, but the native forests have been modified and are located on the 

steep headwater slopes.   

 

From reviews of the physical setting, past and present landuses, previous studies, 

and erosion within each landuse, three alternative hypotheses of erosion within the 

Whangapoua catchment have been proposed. The first is that sediment is mainly 

generated from native forest areas by landsliding; the second is that most sediment 

is generated from exotic forest areas by surface, streambank, and landsliding; the 

third is that agricultural areas generate the most sediment primarily from 

streambank erosion processes. Any technique that seeks to measure catchment 

scale erosion to identify the main sediment source areas also needs to account for 

erosion process within each landuse. 



CHAPTER THREE 
LITERATURE REVIEW 

 

3.1 Introduction 
This chapter will review the literature relevant to catchment scale erosion and to 

achieve this aim this chapter will be divided into two parts. They are: 

A. Impacts of soil erosion. The on-site and off-site impacts of soil erosion 

will be reviewed. Soil erosion processes and the influencing factors of 

soil erosion (with emphasis on fluvial erosion) will be presented; and 

B. Measuring soil erosion. The techniques available to measure soil erosion 

within a catchment for sediment source identification will be reviewed 

and their inherent problems discussed. An erosion measurement 

technique that will be capable of identifying Whangapoua Harbour’s 

three potential landscape unit/process sediment source areas (Section 2.6) 

will also be proposed. 

 

PART A: 

3.2 Soil erosion  
3.2.1 Soil erosion and sedimentation 

Soil degradation is the reduction in the current and/or future capacity of the soil to 

support life through the destruction of soil structure, the removal of parts of the 

soil, and changes in the soil’s biological properties (Ritsema et al. 2005). The 

processes of soil degradation (set in motion by the natural and/or human 

processes) can be classified into seven main groups. They are water erosion 

(sheet, rill and gully), wind erosion, mass movement, excess of salts, chemical 

degradation (e.g., acidification, contamination, nutrient depletion), physical 

degradation (e.g., crusting, compaction, structural breakdown), and biological 

(e.g., loss of biodiversity, humus reduction) (Murphy 1993; Lal 2001; Gilley 

2005). Thus soil erosion is a process that falls within the broader term of soil 

degradation. This literature review will focus on soil erosion by water.   
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Soil erosion is the removal of soil by water and wind at rates in excess of soil 

formation, and it is generally the result of one or a combination of the soil 

degradational processes (Jayasuriya 2003). Soil erosion due to natural processes is 

termed geological erosion, and erosion levels above geological erosion caused by 

anthropogenic perturbations is termed accelerated erosion (Chartres 1987).  

 

A product of soil erosion by water is sediment. Sediment is defined as loose, 

fragmental, solid material that is transported or suspended in water. Sediment 

includes rock fragments, chemical and biochemical precipitates, and decomposed 

organic material (Garde & Ranga Raju 1977; Stewart et al. 2003). Sediment is 

principally carried by streams and rivers which dominate the removal of 

weathering products and link landscapes to their boundaries (Garde & Ranga Raju 

1977; Howard et al. 1994).  

 

The removal of sediment by water means that landscapes have areas of net erosion 

and deposition. In particular, storm events remove two components of the soil, the 

coarse bedload and the fine suspended sediment. Usually the coarse fraction is 

deposited at the base of hills while the fine fraction is transported in suspension 

beyond the deposited mantles to adjacent flats or removed completely and 

delivered to streams (Downes et al. 2002; McKenzie et al. 2004). This thesis will 

focus on the suspended or ‘fine’ fraction of the eroded soil. 

 

The impacts of sediment can be divided into ‘on-site’ effects (e.g., reduced animal 

and vegetative production and damage to fixed structures) and ‘off-site’ effects    

(e.g., off-site community and environmental effects) (Clough & Hicks 1993). 

  

3.3 On-site effects of erosion 
The principal on-site effect of soil erosion by water is the reduction of vegetative 

production from affected lands and animal performance (i.e., growth rates and 

general health) (Clough & Hicks 1993). Reduced animal and vegetative 

production is principally brought about by the loss of soil fertility. Soil fertility is 

reduced because water erosion selectively removes the finer particles and leaves 

behind the coarser sands and gravels (Tanberg et al. 1998). Major plant nutrients 

such as nitrogen and phosphorous are associated with the fine clay (< 2 μm) 
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fraction that is preferentially eroded (DeRose et al. 1995; Haygarth & Jarvis 1999; 

Hatch et al. 2002).  

 

Soil erosion contributes to the loss of agrichemicals and fertilisers, lower soil 

water holding capacity, replanting costs, additional machinery costs, and the 

repair of infrastructure such as fences, roads, and culverts (Clough & Hicks 1993; 

Lal 1998). There is also a loss of visual amenity for farming properties and public 

lands (Krausse et al. 2001). One example from New Zealand is that landslides in 

North Island hill country can have negative impacts to pastoral production up to 

80% at paddock scale and 20% at farm scale (DeRose et al. 1995; Blaschke et al. 

2000).   

 
3.4 Off-site effects of erosion 
3.4.1 Introduction 

“The principal off-site effect of soil erosion is the impact on water quality due to 

water entrainment of sediments and chemicals in suspended and dissolved forms” 

(Lal 1998). The impacts of increased delivery of sediment to rivers and streams by 

accelerated erosion can be divided under two main categories; sediment quantity 

and sediment quality (Owens et al. 2005).  

 

3.4.2 Sediment quantity 

Increased sediment quantity increases turbidity in the water column which 

impacts the ecology of rivers and estuaries. Increased sediment quantity also 

causes siltation of waterways, which changes channel behaviour and morphology, 

decreases reservoir storage, increases flooding risk, and impedes navigation of 

waterways (Vanoni 1975; Ryan 1991; Marden & Rowan 1995; Pimentel et al. 

1995; Buzzelli et al. 1998; Lal 1998; Miller et al. 2002; Armstrong et al. 2003; 

Schwarz 2004; Owens et al. 2005; Collins & Owens 2006; Lohrer et al. 2006; 

Stanley 1996; Yu 2002). It has been estimated that the annual world cost of off-

site sedimentation is around $225 billion per year (Pimentel et al. 1995). 

 

3.4.3 Sediment quality 

The off-site effects of sediment quality relate to pollutants in the form of nutrients 

(principally phosphorus and nitrogen) and contaminants (such as pathogens, 
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heavy metals, and pesticides). Pollutants exist in two phases; particulate (i.e., 

bound to soil particles) and dissolved in water. Apart from nitrogen, most 

pollutants are in particulate form and are transported with sediment, particularly 

the fine fraction (Haygarth & Jarvis 1999;  Novotny 1999;  Owens et al. 2005;  

Walling 2005;  Walling et al. 2008). This is because the specific surface area of 

sediment exerts a major control on surface chemistry and decreases markedly with 

increasing particle size (Walling & Moorehead 1989). The eroded soil represents 

the primary source of sediment (and therefore pollutants) to waterways (House et 

al. 1998). 

 

3.4.4 Estuarine impacts 

Suspended sediment (fine silts and clays) are highly charged particles that 

flocculate on contact with salt water and are rapidly deposited. If thick enough, 

sediment can directly smother the resident fauna. More frequent and extensive 

lower concentrations of suspended sediment can have chronic effects on 

physiological conditions and the behaviour of macro fauna, as well as creating 

biogeochemical gradients in the sediment which encourages the growth of 

microalgae (Thrush et al. 2004).  

 
3.5 Soil erosion processes 
3.5.1 Introduction 

The energy for the work of soil erosion is principally derived from gravity, 

chemical reactions, human perturbations, and physical (wind and water) (Lal 

2001). Soil erosion by water is the result of rainfall and runoff driven processes 

that occur simultaneously during rainfall events. Soil erosion by water involves a 

three stage process; detachment, transport, and deposition (Lal 2001; Asadi et al. 

2007).  

 

The erosion, transport, and deposition processes are influenced by the physical 

and chemical properties of the sediment, both at an individual level and as the 

bulk character of the sediment (Vanoni 1975). The detachment phase is influenced 

by the grain size distribution, sorting, grain orientation, packing arrangement, 

porosity, and degree of cohesion. During transport, sediment particles are sorted 

by size, shape and density and extended transport may fracture or destroy grains 
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of relatively low hardness (Pye 1994). Grain size and its settling velocity (which 

in itself is dependant on the sediment grains size, shape, and density) has the 

greatest influence on the detachment, transport, and deposition erosion process 

(Vanoni 1975; Pye 1994; Walling et al. 2000). 

 
3.6 Soil erosion forms 
3.6.1 Coupling definition 

Before the review of soil erosion forms, it is necessary to define coupling. 

Coupling refers to the connectivity that exists between the hillslope and the stream 

(lateral) and the connectivity of upstream and downstream (longitudinal) (Harvey 

2002). The extent of coupling depends on a range of diverse processes, such as 

climate, slope, and bioturbation (Roering 2008). Coupling should not be confused 

with the sediment delivery ratio (SDR). The SDR is a ratio of sediment generation 

within a catchment to the sediment delivery at the catchment mouth (Walling 

1983). The better an erosion form is coupled with streams delivering sediment to 

the catchment mouth, the higher the SDR ratio.   

 

Lateral coupling decreases in a catchment from the headwater zone (highly 

coupled) to the mid-catchment and then the lowland plains (poorly coupled) 

(Brierley & Fryirs 2005). Coupling decrease is due to channel and valley slope 

decline and alluvial accommodation space (i.e., in-stream sediment storage) 

increasing (Phillips & Slattery 2007).  

 

3.6.2 Surface erosion 

Surface erosion by rainfall is not just the action of flowing water, but also the 

impact of the raindrop itself (Ellison 1944). Erosion by rainfall is the result of the 

expenditure of the energy of falling raindrops and flowing water, whether these 

two agents act either singly or together (Kinnell 2005).  

 

Once the soils infiltration capacity is exceeded overland flow is initiated. The 

movement of water across the soil surface is known variously as Hortonian 

overland flow, sheet flow, sheetwash, slopewash or wash (Selby 1994). Overland 

flow rarely occurs as a uniform sheet, but is more commonly a network of braided 

water courses broken up by the soil surface and vegetation (Morgan 2005).  
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3.6.3 Gully erosion 

Gullies are defined as surface erosion features that are larger than rills and cannot 

be obliterated by tillage (Poesen et al. 2003;  Fangmeier et al. 2005). A ‘classic’ 

gully is characterised by a headcut, steep walls, and flat floors. Gullies have 

steeper banks, greater depth, and narrower width than stable channels (Selby 

1994; Morgan 2005).  

 

Gully development is a threshold dependant process which is controlled by a 

range of factors including: topographic (slope, critical drainage area); soil and 

lithology; and landuse (Poesen et al. 2003; Belyaev et al. 2004; Valentin et al. 

2005). Gully development is commonly initiated by vegetation removal. Water 

concentrates in the developed depression which concentrates erosion at the head 

of the depression where a near vertical scarp develops. Erosion continues at the 

base of the scarp which causes the headwall to retreat upslope.  

 

The threshold values (i.e., resistance to initiation) for gully development are much 

higher under native forest than pasture. An example of threshold value change due 

to landuse from the East Coast region of New Zealand shows a decline after 

native forest clearance for pasture, a threshold increase from pasture reversion to 

scrub, and then a restoration of threshold values under exotic pine forest      

(Figure 3.1) (Parkner et al. 2006).  

 

Gullies can be the dominant catchment sediment source because they are well 

coupled to the drainage network (Selby 1972; Harvey 2002). For example, as 

much as 90% of catchment sediment yield in Australia can be from gully sources 

(Olley et al. 1993; Wallbrink et al. 1996; Wallbrink et al. 1998) and 80% in the 

Mediterranean (Poesen et al. 1996).  

 

Gullies can also be the dominant erosion form in New Zealand. For example, 

studies in the soft rock East Coast country around Gisborne have shown that gully 

complexes in the Te Weraroa catchment account for 6% of the catchment area, 

but contributed 62% of the generated sediment (Kasai et al. 2001). High 

resolution Digital Elevation Model measurements from the Waiapu catchment 

estimated that gullies generated 90% of the sediment (Betts et al. 2003).  
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Figure 3.1. Model of different threshold values for gully development under native 

forest, pasture, scrub, and exotic forest from the east coast region of the North Island, 

New Zealand (Parkner et al. 2006).  

 

3.6.4 Landslide erosion  

The term ‘landslide’ has been used to cover a range of mass movement 

phenomenon in the literature. Typically, landslide erosion is defined as the 

sliding, flow, or complex movement of soil, debris and rock without the agent of 

running water (Crozier 1986; Glade 2003; Schuster & Highland 2007). In this 

thesis the term landslide will be used in the widest possible sense to describe 

hillslope mass movement following the classification of (Varnes 1975). Varnes 

(1975) uses the term landslide to describe falls, topples, shear failures, lateral 

spreads, flows, and complex failures.  

 

Slopes are stable because they have an excess of resistance over shear stress. 

Hillslopes become unstable and susceptible to landslides when the excess of 

resistance is reduced to zero (Crozier 1986). The causes of slope instability can be 

divided into two categories; quasi-static variables and dynamic variables.  

 

The quasi-static variables refer to factors of landscape stability such as slope, land 

cover, aspect, gradient, elevation, geology, and soil properties. The dynamic 
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variables are typically rainfall or earthquakes (Dai & Lee 2003). In other words, 

the vulnerability of a slope to landslides depends on the combination of quasi-

static variables up to a given threshold of triggers (dynamic variables) (Crozier & 

Glade 2005). For example, a forested slope (quasi-static variable) will require a 

greater threshold of rainfall (dynamic variable) to initiate landslides than a grassed 

slope of similar gradient.  

 

Most studies focus on rainfall (dynamic variable) triggered landslides and De Vita 

& Reichenbach (1998) list a review of over 450 such references. In much of New 

Zealand’s hill country, regolith depths are around 1-2 m especially on steeper 

slopes. During rainfall events, vertically percolating water meets the bedrock 

substrate, which has a lower hydraulic conductivity than the rainfall intensity in 

relative terms. This leads to positive pore water pressure and a reduction in the 

effective stress of the soil and consequent slope failure (Dai & Lee 2003; Brooks 

et al. 2004).   

  

The rainfall (dynamic variable) frequency/magnitude relationship that triggers 

landslides is complex. Examples from the East Cape region of the North Island of 

New Zealand show variable storm frequency/magnitude and landslide occurrence 

relationships (Figure 3.2). The study concluded that the minimum landslide 

generating storm threshold was 150 mm for the Te Arai, Waingaromia, and 

Wharerata, while the value was only 125 mm for the Wharekopae (Reid & Page 

2002).  

 

The rainfall frequency/magnitude relationship was also studied by Hicks et al. 

(2000). The authors found that low magnitude/high frequency storm events (< 1 

year) delivered the most sediment for the Mangatu basin because the main erosion 

processes were gully erosion and surface scour. In the same study, the opposite 

was true for the Te Arai basin where high magnitude/low frequency storm events            

(> 2 years) generated the most sediment as numerous shallow landslides are 

generated above this threshold. Similar to the Te Arai basin, in the Tutira 

catchment it was concluded that high magnitude/low frequency events produce a 

disproportionally large amount of sediment because landslides are the main 

erosion process (Page et al. 1994a). Low magnitude/high frequency events are 
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more important if gully and streambank erosion processes are present (Glade 

2003).   

 

 
 

Figure 3.2. A) Storm magnitude and areal landslide density on different catchments in 

New Zealand; B) storm recurrence interval and averaged areal landslide frequency for 

eight different areas of New Zealand (Reid & Page 2002). 

 

For quasi-static variable studies, modelling has found that landslide occur 

disproportionally on steep slopes (Montgomery et al. 2000). Landslide risk is 

mainly on steep slopes > 25°, but slopes over 15° are vulnerable (Eyles 1983). 

This is an important point for the Whangapoua catchment where around 85% of 

the study area has slopes over 20° as identified in Section 2.2.3. 

 

The other important quasi-static variable is landuse change. Landuse change is 

one of the most important variables influencing the occurrence of rainfall-

triggered landslides, particularly the conversion of forests to pasture (Glade 2003; 

Brooks et al. 2004). The removal of forests for pasture lowers the cohesion of the 

soil by the elimination of root strength and changes the equilibrium between slope 

angle, soil depth and strength, moisture levels, and water tables that leads to slope 

destabilisation (Glade 1998; Watson et al. 1999; Montgomery et al. 2000; 

Istanbulluogulu et al. 2004; Sidle et al. 2006; Imaizumu et al. 2007). One 

example from New Zealand shows the increasing influence of rainfall triggering 
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events due to forest clearance (Figure 3.3). Forest clearance in the early 20th 

century resulted in a sharp spike in storms that led to landslides1 in the 1920s and 

1930s. Post World War II clearance saw the second spike in rainfall triggered 

landslide occur in the 1960s (Glade 1998).  

 

 

Percentage of forest cover of total area

Number of landslide triggering rainstorms

 
Figure 3.3. Relationship between landuse (forest clearance for pasture – shaded line) and 

landslide triggering storms (black line) in New Zealand from 1861 to 1981 (Glade 1998).  

 

Landslides are an important erosional form in the North Island hill country (Page 

et al. 1994b). Over 80% of New Zealand is hills and mountains and in the North 

Island much of the hillslopes are undergoing episodic regolith stripping by the 

upslope progression of regolith removal by landslides and the consequent 

exposure of the underlying parent material (Drenge 1995; Brooks et al. 2004; 

Dymond et al. 2006). In parts of the North Island landsliding can be the dominant 

erosion source, triggered by large magnitude rainstorms (Crozier et al. 1992; Page 

et al. 1994b; Moon et al. 2003; Claessens et al. 2005). For example, Page et al. 

(1994b) found that 89% of sediment generated from Cyclone Bola in March 1988 
                                                 
1 Note: the landslide triggering storms (black line in Figure 3.3) should not be confused with an 

increase in storm events per se, but that the rainfall events that do occur now cause landslides due 

to land clearance where once they did not when the land was under native forest.  
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was from landslide sources (Figure 3.4). A study by Page et al. (1994b) identified 

landslides as the major sediment generating process (89%), of which 21% 

remained stored on hillslopes, 22% was deposited on valley floors, and 51% 

entered the lake system. Overseas, Peart et al. (2005) found that landslides are an 

important sediment generation process in Hong Kong, and around 50% of 

material is delivered to drainage systems.  

 

Landslides can be the dominant sediment source as they can be well coupled with 

the stream network in steep headwater areas. Landslides can deliver large amounts 

of sediment directly to stream lines and the debris and landslip scar material can 

be reworked in subsequent storm events and entrain further material (Figure 3.5) 

(Peart et al. 2005). The importance of erosion form coupling was shown in the 

Whangapoua exotic forest where surface and scraping were the dominant 

sediment generating processes (64%) and landslides only 32%. But in terms of 

sediment yield (i.e., delivery of sediment to streams), landslides accounted for 

72% whereas surface and scraping processes delivered only 28% (Marden et al. 

2006).  

 

 
Photo: Hawkes Bay Catchment Board from (Glade 1998). 

Figure 3.4. Example of rainfall triggered landsliding in the hill country in the Hawkes 

Bay region after Cyclone Bola in March 1988 (Glade 1998).  
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Figure 3.5. Diagram of sediment delivery to stream lines by landslides. Material is 

injected directly and colluvium is available for reworking during bank full stream 

discharge (De Vente et al. 2006). 

 

3.6.5 Streambank erosion 

Streambank erosion is the removal of soil material from streambanks that 

typically occurs in conditions of high flow (Rosewell et al. 1993). Streambank 

erosion entails two phases, the detachment of sediment particles and their 

entrainment in the stream. The detachment phase is achieved by two groups of 

processes, hydraulic action processes and mass failure processes (Figure 3.6) 

(Green et al. 1999;  Brierley & Fryirs 2005). For the hydraulic action processes, 

fluvial entrainment occurs at near bankfull discharge, while mass failure by 

undercutting occurs at low flows. The most typical streambank erosion occurs 

mainly as large discrete events rather than a slow continuous process          

(Lawler et al. 1997). 

 

The zonation of streambank erosion processes within a catchment can be 

generalised (Prosser et al. 2000) as researchers have reported that processes occur 

in spatial domains within a catchment. Sub-aerial processes (such as needle ice 

formation and clay desiccation) dominate the upper headwater reaches, fluvial 

erosion the mid basin, and mass failure the lower reaches of a river.
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.  

 

Figure 3.6. Streambank erosion hydraulic processes (left) and mass failure processes 

(Brierley & Fryirs 2005). 

 

The occurrence of these spatial domains is attributed to the upper catchment 

having weak stream power (or boundary shear stress). Stream power increases 

mid basin so that fluvial processes dominate. As the channel depth increases and 

stream gradients decrease in the lower catchment, then bank height will be the 

dominant factor and thus bank stability/mass failure will be the main erosion 

process (Lawler et al. 1997; Lawler et al. 1999; Prosser et al. 2000; Couper & 

Maddock 2001).  

 

Landuse can also influence streambank erosion with the highest rates of 

streambank erosion found in cropped fields, followed by pasture, and the lowest 

rates in forests (Zaimes et al. 2004). Studies cited in Bull (1997) report that 

streambanks protected by plant roots (riparian vegetation) may be 20,000 times 

more resistant to erosion and have ten times the tensile strength than streambanks 

without riparian vegetation.  
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Streambank erosion is an important process as the delivery of sediment from 

stream banks, and ephemeral drainage lines can be the main source of sediment in 

a drainage basin (Olley et al. 1993; Bull 1997; Kronvang et al. 1997; Wallbrink et 

al. 1998; Laubel et al. 1999; Nagle & Ritchie 1999; Wasson et al. 2002; 

Wallbrink et al. 2003a; Thoma et al. 2005). Sediment delivery to rivers via 

streambanks is efficient due to the well coupled nature of streambank erosion to 

streams as eroded material is deposited directly into the waterways.  

 

While streambank erosion is important, it is a complex process as the interaction 

between the detachment and entrainment processes occurs at varying spatial and 

temporal scales. In New Zealand, streambank erosion is a poorly studied process 

and there is little data on its contribution to river sediment (Watson & Basher 

2005).  

 

3.7 Factors influencing soil erosion  
3.7.1 Introduction 

Soil erosion processes are influenced by the climate, soil/lithology, vegetation, 

terrain, and landuse, as well as the interaction between them (Selby 1994; 

Pimentel  et al. 1995; Lal 2001). The review will focus on the influence of landuse 

on soil erosion. 

 

3.7.2 Landuse 

Human activities often lead to changes in vegetation cover that lead to accelerated 

erosion by the removal of forests (logging), the change of vegetation cover (forest 

to grasslands for grazing), or the mechanical interference with the soil (tillage for 

crops,  mining, and road/urban development). Results obtained from erosion plot 

experiments from different parts of the world show clear evidence of erosion rate 

sensitivity to landuse and other human activities (Walling 1999). In New Zealand 

sediment delivery to the continental shelf is sensitive and highly responsive to 

historic hillslope destabilisation driven by anthropogenic landuse change (Phillips 

& Gomez 2007). 
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Generally, sediment yield will increase as vegetation cover is reduced (e.g., forest 

to pasture) and soil interference is increased (e.g., permanent pasture to tilled 

crops). Forests have the effect that they buffer soils from erosive forces and 

consequently erosion rates are lower in forests than in pastoral or arable landuses 

(Maclaren 1996; Lal 1998). A study examined 61 catchments in Kenya and 

showed that in terms of sediment yield, landuse was the dominate factor. The 

study showed that sediment yield followed the pattern of; forestry < forest cover 

(50% forest, 50% cultivation) < forest/agricultural mix < grazing in terms of 

sediment yield. The increase in sediment yield was primarily due to decreasing 

land cover with climate and topographic effects playing lesser roles (Dunne 

1979). Table 3-1 shows the results of several studies that examined sediment yield 

from changing landuse. Sediment yield increases range from an eight fold 

increase with clearfelling in New Zealand, a 310 fold increase with forest 

clearance and cultivation in the USA, up to a 1682 fold increase due to 

deforestation on loess soils in China.   

 
Table 3-1. Results from drainage basin studies of the impact of landuse change on 
sediment yield.  
Region Landuse change Increase in 

sediment yield 
Reference 

Westland, New 
Zealand 

Clearfelling × 8 (O'Loughlin et al. 
1980) 

Mahaweli, Sri 
Lanka 

Agricultural plots × 10 - 100 (Hewawasam et al. 
2003) 

Northern England Deforestation (ditching 
and ploughing) 

×100 (Painter et al. 1974) 

Murrumbidgee 
River, Australia 

Tree clearance for 
grazing 

×150 (Olley & Wasson 
2003) 

Texas, USA Forest clearance and 
cultivation 

×310 (Chang et al. 1982) 

Maryland, USA Building construction × 126-375 (Wolman & Schick 
1967) 

Loess Plateau, 
China 

Deforestation for 
agriculture 

× 797-1682 (Zheng 2006) 

 

Landuse change in New Zealand has impacted estuaries mainly by accelerating 

sediment accumulation because of land clearance and soil disturbance for 

commercial and urban activities (Nichol et al. 2000; Hume 2003; Hutchings et al. 

2005). In pre-settlement times accumulation rates are generally below 1 mm yr-1, 

while European settlement can increase siltation rates by an order of magnitude 

above natural levels (Table 3-2) (Nichol et al. 2000; Hume 2003). Modelling of 

sediment discharge from the Waipaoa River (North Island) has shown sediment 
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discharge rates were 2.3-14.9  Mt yr-1 before human arrival, increasing by 140% 

after Polynesian settlement; by 350% after European settlement; and by 660% 

after deforestation of the headwaters (Kettner et al. 2007).  

 

As native forests, exotic forests, and agriculture landuse in the Whangapoua 

catchment is a focus of this study, a further discussion of these three types of 

landuse and the expected relationship with fluvial erosion follows. 

 

Table 3-2. Summary of sedimentation rates for pre-settlement, Polynesian settlement, and 

European settlement periods.   

Location Pre-settlement Polynesian 
settlement 

European 
settlement 

Reference 

Whangapoua 0.03-0.08 mm yr-1 0.12-0.13 mm yr-1 0.9-1.5 mm yr-1 (Hume & 

Dahm 1992)* 

Gt. Barrier 

Island estuary 

0.39mm yr-1 0.93 mm yr-1 1.23 mm yr-1 (Ogden et al. 

2006) 

Whangamata 0.1 mm yr-1 0.3 mm yr-1 11 mm yr-1 (Sheffield et 

al. 1995) 

Whangape 0.1-0.5 mm yr-1 0.1-0.5 mm yr-1 1.7-4.6 mm yr-1 (Nichol et al. 

2000) 

Hawkes Bay 1.7 mm yr-1 2.7 mm yr-1 13.8 mm yr-1 (Wilmshurst 

1997) 

* As cited in (Jones 2008) 

 

3.7.2.1 Native forests 

Native kauri (Agathis Australis) forests used to cover one tenth of the North 

Island, but now only 10,000 individuals survive (Vrana 2007). Kauri are endemic 

to New Zealand and it is an emergent tree (35 m) above a mixed angiosperm 

canopy of 10-20 m (Claessens et al. 2006).  

 

Mature kauri trees tend to grow preferentially on ridge tops and moderate to steep 

slopes with moderate to high landsliding risk. This is attributed to the high 

occurrence of landslides and soil slips that favour the establishment of light 

demanding kauri seedlings (Ogden 1985; Claessens et al. 2006). After a landslide 

disturbance, the site is colonised by a dense cohort of kauri seedlings, which is 

followed by a period of self thinning in which the biomass remains constant. 
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Lower light demanding species are out competed by the kauri as self thinning 

continues where only a few tall trees remain in the climax community. This 

process may take 600-1000 years (Ogden 1985; Burns & Smale 1990; Claessens 

et al. 2006). Kauri also have a competitive advantage in that growing on landslide 

prone areas, their dense and strong rooting systems combine with tree weight to 

improve soil cohesion and this postpones landslide disturbance events, where the 

kauri then uses its long life time to outlive other species (Claessens et al. 2006). 

The removal of kauri from the native forest areas of Whangapoua may potentially 

increase the landsliding risk. 

 

3.7.2.2 Exotic forest 

Exotic forestry influences sediment generation in two main ways; hydrological 

and physical. A water balance equation may be expressed as:  

 

R  = P – E - ΔS              (Eqn 3.1)  

 

where R is runoff, P is rainfall, E is evaporation (including transpiration), and ΔS 

is the change in water stored in the soil profile and in groundwater systems (Fahey 

et al. 2004). Forest harvesting causes a decrease in E and a small increase in ΔS 

which will result in increased runoff. Thus forest harvesting generally increases 

the fraction of precipitation that eventually becomes increased stream flow 

(Swank et al. 2001; Moore & Wondzell 2005). In the paired Pakuratahi exotic 

forest/pasture study in New Zealand, the forest had a lower water yield than the 

agricultural catchment until harvesting which caused exotic forest water yields to 

increase 22% above the pasture catchment (Wood & Fahey 2006). Figure 3.7 

shows the increase in water yield and subsequent logarithmic decline in a 23 year 

harvest cycle of a harvested hardwood forest (Hibbert 1967 as cited in Pereira 

1973). Johnson et al. (2007) found that the amount of rainfall to cause a 50% 

saturation of the soil fell from 54mm to 21mm after timber harvesting. Bruijnzeel 

(2004) cites studies that show water yield can return to original levels within 8 

years of harvesting and that water yield may decline if afforestation occurs on 

degraded or agricultural land, or water hungry trees such as eucalypts are planted.   
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Figure 3.7. Water yield response to harvesting of a hardwood forest (Hibbert 1967 as 

cited in Pereira 1973). 

 

The direct physical disturbance of the soil surface begins by the removal of native 

vegetation for site preparation. Further physical disturbance is caused by exposing 

the soil by removing the tree crop, construction of logging infrastructure (i.e., 

unsealed roads, road cuttings, drainage features, snig tracks, log landings, etc), 

and dragging logs across the soil surface (Croke et al. 1999; Croke & Mockler 

2001; Fransen et al. 2001; Lane & Sheridan 2002; Wallbrink et al. 2002a; 

Bruijnzeel 2004; Stott & Mount 2004; Sidle et al. 2006). Cable logging disturbs 

less of the harvested area than machine extraction methods. The main soil 

disturbance by cable logging is the upper few centimetres of the soil from the 

centre to the outward edge of the drag lines (Laffan et al. 2001). Prepared exotic 

forest sites that have been ripped, ploughed, furrowed, and residue removed 

results in no protective vegetative cover and sediment is easily detached and 

transported (Costantini & Loch 2002).  

 

Physical disturbance in exotic forests can be caused by compaction from features 

such as snig tracks and roads. Compacted roads increase overland flow which 

cause increase sediment generation (Wallbrink & Croke 2002).  
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The hydrological and physical disturbance caused by harvesting trees causes an 

immediate increase in surface erosion and an increase in landsliding for periods 

from 3 to 15 years due to a deterioration in root strength (Gomi et al. 2005; 

Marden et al. 2006; Sidle et al. 2006). Consequently the sediment yield 

characteristics of exotic forests are an initial increase with site preparation, 

recovery, and then a more significant increase with infrastructure construction and 

harvesting (Swank et al. 2001; Stott & Mount 2004).  

 

The increase of suspended sediment yields caused by harvesting forests has been 

reported from various studies in the UK (Table 3-3). The increased sediment 

yields from logged forests in comparison to undisturbed forests is also supported 

in a review of the Pacific Northwest region, USA (Gomi et al. 2005).  

 

Table 3-3 Mean values and ranges of suspended sediment yield (SSY) in t km-2 yr-1 for 

plantation forests in the UK (Stott & Mount 2004).  
 Undisturbed Mature 

forest 
Harvesting Post harvesting 

SSY 14.9 30.3 163.3 98.4 
Range 1.0-41.0 15.3-118.0 43.8 – 462.8 0 
  

3.7.2.3 Agriculture 

Conventional agriculture involves the clearing of native vegetation primarily for 

the purposes of pasture establishment for the grazing of animals or crop 

production. This review will examine soil erosion under pastoral systems.   

Live stock can cause soil pulverisation and compaction (particularly in moist 

conditions) which causes lower infiltration rates, an increase in fines production, 

and the consequent increase in sediment detachment and transport rates (Eldridge 

1993). In New Zealand there has been a trend away from sheep and a movement 

toward dairy cattle and an intensification of agriculture (Parkyn & Wilcock 2004). 

The effect that high stocking rates of cattle have on soils in high rainfall areas is a 

condition known as ‘pugging.’ Pugging is when cattle trample wet soils into a 

slurry like condition and cause considerable pasture damage, particularly to soil 

drainage due to macropore destruction. Pugging increases the area of bare ground 

and consequently erosion by overland flow, and pugging damage may take some 

time to recover (Singleton & Addison 1999; Elliott et al. 2002; Adams & Elliott 

2006; Drewry 2006).  
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Grazing stock also impact riparian vegetation and stream bank stability, 

particularly cattle due to their size and affinity with water (Parkyn & Wilcock 

2004; Agouridis et al. 2005). Stock also have the indirect effect of reducing 

vegetative cover and increasing bare areas exposing the soil surface to greater 

raindrop erosion and lowering the impedance to overland flow (Eldridge 1993).  

 

3.7.2.4 Multi-landuse studies in New Zealand 

Studies of sediment generation by different landuse in New Zealand have tended 

to take the perspective of a landscape history (e.g., Kasai et al. 2005) or compared 

the impacts of a single landuse against some form of forestry to determine the 

level of accelerated erosion (e.g., Rodda et al. 2001). Dissolved organic carbon 

flowpaths were examined for native forest, exotic forest, and agricultural landuses 

by Findlay et al. (2001).  

 

This review has only been able to identify three multi-landuse studies in New 

Zealand that compare native forests, exotic forests, and agriculture; one published 

journal article and two reports. The two reports are detailed in the Whangapoua 

Harbour background section in Chapter 2.  

 

Briefly Marden & Rowan (1995) used stereo-photo interpretation and field 

truthing to determine sediment generation from agricultural, exotic forest, and 

native forest landuse in the Whangapoua catchment. They determined that native 

forest was the largest sediment source, followed by exotic forest followed by 

agriculture. Gibbs (2006) used a single novel parameter (a plant compound 

specific isotope of 13C) to fingerprint sediments from the same landuse types and 

he found that exotic forests were the largest sediment source, followed by native 

forest followed by agriculture.   

 

Quinn & Stroud (2002) examined the impacts on water quality from nutrients and 

sediment from native forest, pine forest, and pasture landuses in 

sandstone/siltstone hill country of the Mangaotama catchment west of Hamilton. 

They used stream monitoring (at 15 minute intervals) to determine flow, and used 

monthly grab samples to determine turbidity and suspended solids and an 

automated sampler  (4.5 hr intervals) to determine sediment and nutrient exports. 
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Streams draining the native forest had the lower suspended solids and nutrient 

exports than pines or pasture, and the highest turbidity and suspended solids was 

derived from a mixed exotic pine/scrub landuse (Table 3-4).  

 

Table 3-4. Landuse effects on average water quality from two native forest streams, a 

predominantly pine stream, and two pasture streams (Quinn & Stroud 2002). 

Parameter Native Pine Pasture 
Suspended solids (gm-3) 4.5 20.9 11.6 
Turbidity (NTU) 8.7 24.7 11.3 
 

Two studies that compared exotic forests with agricultural pasture are also of 

relevance. A paired catchment study was undertaken in the Hawkes Bay region of 

New Zealand for a two and a half year period. The results were that the exotic 

forest was yielding 32.7 t km2 and the pasture 104.4 t km2 of sediment, or roughly 

three times that of the exotic forest. Between a quarter and a third of the total 

suspended sediment yield for the study was delivered in one storm (Marden & 

Rowan 1995). In another exotic forest and pasture paired catchment study, it was 

found that grazed pastures yielded 3.7 times more sediment than mature exotic 

pines. Although harvesting pines increased the sediment yield, the erosion rates 

returned to pre-harvest levels within two to three years (Fahey & Marden 2006).  

 

3.8 Synthesis of Part A  
Part A has reviewed the literature for erosion processes, erosion forms, and the 

factors influencing soil erosion. Landslides, gullies, and streambanks have been 

identified as having the potential to be the main sediment sources within a 

catchment. Surface erosion due to log scraping (exotic forests) and pugging 

(agriculture) can also generate significant amounts of sediment.  

 

Landslide erosion on steep slopes is often well coupled to the stream network. On 

New Zealand hill country, slopes of > 25° are at risk of landslides but slopes > 15° 

remain vulnerable. Most landslides are triggered by large storm events and 

thresholds of between 125-150 mm have been identified in New Zealand hill 

country studies. The type of rainfall most important in triggering landslides is 

high magnitude and low frequency rainstorms. Landslides on steep slopes in 
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harvested exotic pine areas can remain a risk for periods of between three and 15 

years.  

 

Gully erosion forms can remain active for decades. The most important rainfall 

threshold for gully sediment generation is low magnitude and high frequency 

storms because they are well coupled with the stream network. While being major 

sediment sources in areas such as the soft rock country of the East Coast, their 

limited extent in the Whangapoua catchment means that they are not a major 

potential source of sediment generation.  

 

Surface erosion in the forests is caused by dragging logs across the soil surface 

during cable logging. Shallow furrows are created and they can be the main 

sediment generating erosion form in exotic forest areas, but in terms of sediment 

delivery they are not efficiently coupled with the stream network and landslides 

can deliver more sediment on sloping post harvested areas. 

 

Streambank erosion is most likely to occur in the mid-catchment areas due to 

fluvial processes and in the lowland catchment area due to mass failure events. 

The delivery of sediment to the stream network is well coupled and would most 

likely occur as discrete events during storms rather than at a constant rate during 

low flow conditions. The action of stock in agricultural areas can exacerbate 

streambank erosion due to direct disturbance of the streambanks and the 

destruction of riparian vegetation.   

 

Pugging by stock can disturb the soil surface and be another sediment generating 

erosion form in agricultural areas. While not extensively found in the 

Whangapoua catchment, it remains a potential sediment source.         

 

There have only been a few multi-landuse studies conducted in New Zealand 

comparing native forests, exotic forests, and agriculture. One study identified 

native forest > exotic forest > agriculture in terms of sediment generation. 

Another study ordered the landuses as exotic forest > native forests > agriculture, 

while another ranked them exotic forest > agriculture > native forest. In paired 

catchment studies between exotic forest and agriculture, agriculture had higher 
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erosion rates than mature exotic forests. Although recently harvested exotic forest 

erosion rates far exceeded that of agriculture, exotic forest sediment yields 

declined to pre-harvest levels within two to three years.  

 

In general, sediment yields decline with drainage basin size so catchments the size 

of Whangapoua have the potential to deliver greater amounts of sediment to the 

coastal margins per unit of area than for larger catchment (> 1000 km2). Studies 

from the soft rock country of the East Coast identified headwater areas as 

important sediment sources because they are well coupled to the stream network 

due to steep slopes and narrow valley floors limiting sediment storage on-slope.  

Native forests, exotic forests, and agricultural pastures are all potential sediment 

source areas. There is no landuse and erosion form combination that can be 

confidently said is delivering the most sediment to Whangapoua estuary. 

Consequently, any measure of erosion within the Whangapoua catchment to 

identify sediment source areas will need to account for the various landuses and 

erosion forms of the three conceptual models.  

 

PART B: 

3.9 Measuring catchment scale erosion 
3.9.1 Introduction 

Reliable information on the nature of catchment suspended sediment sources is 

important for designing strategies for reducing sedimentation (Collins & Walling 

2004). There are a range of techniques available to investigate sediment 

generation and they can be divided into direct and indirect methods (Loughran & 

Campbell 1995). Indirect methods seek to infer catchment scale erosion by in situ 

measurement (e.g., erosion plots or erosion pins) and then extrapolating up to the 

whole catchment (Loughran & Campbell 1995). Direct methods seek to determine 

catchment erosion by accounting for both sediment mobilisation and delivery to 

streams via a tracing method (Loughran & Campbell 1995; Collins & Walling 

2004).  

 

The technique employed to measure catchment erosion will largely be determined 

by the dominant type of erosion in the catchment (e.g., erosion pins for stream 
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bank erosion or erosion plots for surface erosion from agricultural fields) (Lal 

2001). Thus indirect methods have proven popular tools in erosion studies, but 

erosion is a complex process with a range of influencing factors and source types 

at a catchment scale (Collins & Walling 2004). Table 3-5 summaries a range of 

potential indirect and direct methods of measuring erosion and provides the 

advantages and disadvantages of each technique.  

 

3.9.2 The sediment measurement problem with indirect methods 

Sediment sources, sinks, and fluxes in a drainage basin are highly variable in 

space and time and the use of short term sediment yields as determined by indirect 

methods is of limited utility (Trimble 1999). The difficulties of measuring 

catchment scale erosion can be divided into the spatial and temporal variability of 

sediment transport (Walling 1983; Gao 2008). 

 

3.9.2.1 Spatial issues  

Catchments are complex environments in which to determine sediment generation 

and delivery. “Rather than functioning as a conveyor belt moving sediment from 

the hinterland to terrestrial and marine sinks, the links between erosion and 

sediment yield are discontinuous, and the relationships among sediment 

production, transport, storage and export in drainage basins accordingly are 

complex and nonlinear” (Phillips et al. 2007). 

 

Scale plays an important role in explanations of specific sediment yield (De Boer 

& Crosby 1996). Measurement of erosion or sediment transport at a plot scale, for 

example, gives results on sediment passing a particular point in the landscape, but 

reveals little information on the travel distance of that sediment before it is re-

deposited, or if it is remobilised again (Prosser et al. 2001b;  Ventura et al. 2001). 

Even in areas of high erosion as measured by plots, hillslopes can be poorly 

coupled with the fluvial system as there are often abundant storage sites with a 

catchment (Harvey 2002). Thus erosion rates determined at one scale cannot be 

extrapolated to other scales without further testing (De Boer & Crosby 1996).  

 

 

 



 

 
 
Table 3-5. A list of indirect and direct erosion measurement techniques and their advantages and disadvantages and an example reference. After (Collins & 
Walling 2004).   
Technique Description Advantages Disadvantages 
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Indirect  Estimates of erosion from in situ measurements 
Mapping 
(van Dijk et al. 2005) 

Sediment sources are mapped using 
semi-quantitative sources. These can 
identify rilling, gullying, stream bank, 
percentage of bare ground, and tree 
root exposure. 

Relatively cheap, traditional method, 
can be combined with other 
procedures (e.g., soil profiles),  

Subjectivity, need for cartographic skills, problems of 
interpretation of erosion surfaces as to whether they are 
contributing or non contributing, time consuming. 

Estimates of erosion and deposition are made in reference to a datum level. Surveying 
 Profilemeters 

(Sirvent et al. 1997) 
A series of rods are lowered onto the 
surface from set benchmarks and 
changes are recorded.  

Commonly used, low site 
disturbance, relatively cheap. 

Potential loss of data after benchmark disturbance, limited 
spatial coverage, problems operating on stony and litter 
layers.  

 Erosion pins 
(Couper et al. 2002) 

Insertion of a pin or nails into surface 
of stream bank to establish datum point 
from which changes can be measured. 

Relatively cheap, simple method Potential loss of data after pin disturbance, non erosion 
changes to datum levels (e.g., ground swelling), spatial 
representativeness, site interference, unable to measure mass 
wasting events, time series requirements 

 Cross-profiling 
(Hooke 2007) 

Accurate surveying establishes datum 
points on slopes and stream channels  

Relatively cheap, can measure stream 
morphological changes over time,  

Spatial representativeness, underestimation of sheet wash 
from slopes, time series requirements, operator skills 

 GPS 
(Malet et al. 2002) 

Accurate surveying establishes datum 
points on slopes and stream channels 

Data processing through readily 
available software, precision, data 
collection out of ‘line of sight’,   

Technical requirements of equipment and operator, need for 
signal reception (e.g., problems under canopy), identification 
of fixed survey points,   

Photogrammetry 
(Chandler 1999) 

Photographs (terrestrial and aerial) 
used to examine change of erosional 
features  

Minimal site disturbance, reduces 
field work costs, documentation of 
change, applicable to different scales  

Frequency requirements, light requirements, availability of 
records, quantification of sediment generation, resolution of 
camera, establishment of stable camera points, optical 
barriers 
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Indirect (continued) Estimates of erosion from in situ measurements 
Erosion plots 
(Coppus & Imeson 2002) 

Bounded plots are used to monitor 
sediment generation from hillslopes 
and extrapolated to a wider area 

Simple, widely used, relatively cheap, Spatial representativeness, edge effects, calibration and sub 
sampling of collected sediment, need for many replicates 
over long periods of time, subsurface process limited 

Suspended sediment flux 
monitoring 
(Donohue et al. 2003) 

Manual or automated collection of 
suspended sediment samples from 
catchment tributaries 

Relative contributions of 
subcatchments possible, routing of 
sediment accounted for,  

Interval and length of sampling to ensure representativeness, 
calibration of sediment concentrations and stream flow, 
equipment requirement, equipment maintenance, laboratory 
processing of samples, sampling of high intensity events, not 
process specific  

Remote sensing 
(Pickup & Marks 2001) 

Geomorphic processes are monitored 
using airborne platforms (e.g., satellite, 
laser-altimetry)  

Spatial and temporal resolution Assumption that erosion process is detectable, cost of data 
acquisition, small scale studies, technical requirements of 
operator, error from aerial platform stability  

Laser scanning 
(Flanagan et al. 1995) 

Soil surface changes are measured by 
laser 

Minimal site disturbance, surface 
fitting possible, and accurate 

Technical requirements of airborne platforms, expensive, 
and not sensitive for fine sediment movement  

Examination of soil redistribution by measuring detectable properties of transported sediment  Soil tracers 
 Radionuclide 

(Wallbrink et al. 2002a) 
Fallout radionuclides (137Cs, 210Pb, and 
7Be) bind with soil particles and emit 
detectable amount of gamma radiation 

Spatial representativeness, 
retrospective, single site visit, 
remains conservative during 
transport, minimal site disturbance 

Selection of reference site, expensive laboratory processing, 
choice of calibrating model, variability of radionuclide 
deposition 

 Rare earths 
(Polyakov et al. 2004) 

Soil redistribution is measured by 
natural or tagged rare earths 

Ability of tag discrete elements 
within a landscape (e.g., hillcrest, toe 
slope) 

Relatively new technique, expensive laboratory analysis by 
neutron activation, heavier elements may not be 
conservative during transport process 

 Magnetics 
(Wasson et al. 2002) 

The magnetic minerals (e.g., magnetite 
and haematite) occur in different 
combinations in soils, can be measured 
to delineate sediment from different 
parts of the catchment 

Modest cost of mineral magnetic 
susceptibility analysis 

Uniform geology does not provide resolution within a 
catchment, magnetic signature may not be conservative 
during transport process 
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Technique Description Advantages Disadvantages 
Direct  Methods that take account of sediment mobilisation and delivery 
Erosion vulnerability 
indices 
(Wilson & Gallant 1996) 

Values are assigned to various erosion 
features in a catchment to yield a 
sediment probability ranking   

Provides information for targeting 
erosion monitoring and/or control 
measures within a catchment 

Subjective, time consuming field component,  

Sedigraphs and hysteretic 
loops 
(Jansson 2002) 

Eroding sections of a catchment are 
monitored by examining storm 
hydrographs and sediment 
concentrations/discharge relationships 

Spatial detection of sediment sources 
possible,  

Inability to identify sediment processes 

Sediment fingerprinting 
(Walling et al. 1999) 

A range of properties (e.g., 
geochemical, magnetic, organic etc) 
are used to characterise source soils 
and then compared to fluvial 
suspended sediment  

Sediment routing accounted for,  
spatial and temporal patterns possible, 
can avoid in situ measurements 

No generic guide for selecting fingerprint properties or 
number of samples required, associated uncertainty with 
current generation of multivariate mixing model outputs.    

Catchment modelling 
(Kinsey-Henderson et al. 
2005) 

Computer models simulate sediment 
generation and delivery rates 

Field costs reduces, highly user 
friendly outputs (e.g., maps), scenario 
modelling possible 

Availability of reliable catchment information, operator skill 
requirements, validating data is required 
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The general rule of the inverse relationship between drainage basin size and 

sediment yield can be complicated by erosion form, lithology, land cover, climate 

and topography (de Vente et al. 2007). The interplay of erosion forms and 

sediment storages at different catchment scales changes sediment yield (Figure 

3.8). So for small areas (i.e., plot scale 10-6) surface processes dominate and 

sediment storage is limited to the slope with consequent low sediment yields. 

Maximum sediment yield is found for basins around 10-100 km2 where the 

subsurface erosion forms (gully, streambank, and landslide erosion) come into 

play. As catchments increase in size from 10 km2 then so do the sediment storage 

areas (floodplains, in-stream banks, dams) and sediment yield begins to decrease.   

 

 

 
Figure 3.8. Representation of the relationship between the type of sediment sources (dark 

bars – top), sediment sinks (open bars – bottom), sediment yield and drainage basin area 

from erosion studies in Spain (de Vente & Poesen 2005). 

 

3.9.2.2 Temporal issues  

Measurement of catchment erosion by indirect methods is also complicated by 

temporal issues. (Parsons et al. 2006) argue that the idea of sediment delivery is a 

fallacy. The widely used sediment delivery ratio (SDR) is calculated by measuring 
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sediment yield at the catchment outlet in t km-2 yr-1 to the gross erosion rate 

measured within the basin (by plots for example) in t km-2 yr-1 (Walling 1983).  

 

Parsons et al. (2006) state that sediment yield measured at the basin outlet (e.g., 

by stream gauging) will be in the short term derived from in-stream and near 

stream sources. This is because a considerable portion of the sediment load 

accumulates on slopes and valley bottoms (Dedkov & Mozzherin 1996). 

Consequently the measurement of gross erosion at a point in the landscape (by 

plots) in the catchment may take years to reach the basin outlet, so plot 

measurement of erosion should be considered to be a measurement of sediment 

flux only.  

 

Attempting to measure erosion at points in a catchment, many events may have 

occurred in a single measurement interval, so that measurement is of some 

aggregated, temporally lumped response which creates further problems in up-

scaling results (Lawler 2005). Other temporal issues regarding sediment delivery 

at a catchment scale are given in Table 3-6.    

 

3.9.2.3 General complexity issues  

Widely used indirect methods of measuring soil erosion are plots, erosion pins, 

sediment budgets, stream monitoring, and modelling, and they provide examples 

of the complexity of determining catchment sediment yields.  

 

Catchment erosion rates may be over estimated when determined from the erosion 

plot method. For example, Parsons et al. (2004) states that the lowest global rates 

of soil erosion (extrapolated from plots) are from Europe and the USA, but even at 

this rate both areas would be eroded to sea level in 500,000 and 1 million years 

respectively. Schaub & Prasuhn (1993) report that field plots were estimating 

erosion rates higher than other measures. The Universal Soil Loss Equation 

(USLE) was developed from data from erosion plots on planar agricultural 

surfaces and does not account for re-deposition of mobilised sediment (Collins & 

Walling 2004; Kinnell 2004).  

 

 



 

Table 3-6. Examples of temporal complexity of sediment transport within drainage basins. 

Authors Temporal issue 

(Collins & Walling 2007a;  

Collins & Walling 2007b); 

 

Averages of between 18% and 57% of the annual suspended sediment load is stored on the channel bed of 

five catchments in the UK, but this can range widely (7-92%) throughout the year and local complexity 

caused no common trend between three river systems  

(Owens et al. 1999a) 40% of the annual sediment load is stored on the channel bed and 4% is stored on the floodplain of the River 

Tweed in Scotland. The residence time of bed stored sediment is probably less than a year, while stream bank 

erosion reintroduces floodplain sediment with a considerably longer residence time 

(Phillips & Marion 2001); ‘new’ sediment (delivered from the catchment) dominates the upper reaches and ‘old’ sediment (remobilised 

from the channel) dominates the lower reaches of a Texan catchment  

In a 389 km2 Idaho catchment, ‘new’ sediment dominated the upper reaches and fine sediment had a short 

residence time (1.6 days) and rapid migration. ‘Older’ finer grained sediment dominated the lower reaches 

and residence times increase to 103 days. Transit distances in this environment are between 15 to 60km and 

that at high discharges, the delivery of fine sediment is high but that it is also flushed through the system. The 

implications for small basins with stream lengths of < 10km is that the lack of stream storage will mean the 

effective delivery of sediment to the stream mouth. Extrapolating the results, basins with stream lengths of > 

100km could take a substantial period to deliver sediment to the river mouth 

(Bonniwell et al. 1999) 62 

(Matisoff et al. 2005) Data from three drainage basins in Ohio, Alabama, and Oregon show the mean age of sediments is 50-80 days 

in rivers, 80-100 days in estuaries, to 300 days on river bottom sediments. ‘New’ sediment proportions are 35-

50% in rivers, 25-35% in estuaries, and 1-4% on the river bottom 
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Authors Temporal issue 

(Dosseto et al. 2006) In the Murray-Darling Basin in Australia, sediment transit times have been measured between 2 and 11 km yr-

1 meaning it would take an average of 1000 years for sediment to travel the approximate 400km of the study 

river length 

(Wallbrink et al. 1998) The mean residence time of fine sediment in a 50km mid-reach section of the Murrumbidgee River in 

Australia is 10 years 

(Phillips et al. 2007) The Waipaoa River Holocene alluvium has a mean age of 4400 years and of the potentially re-mobilisable 

sediments, they are likely to remain in storage for > 100 years and have a half life (time for 50% removal) of 

> 2000 years 

(Le Cloarec et al. 2007) The average residence times for suspended matter on drainage basin lands in France range from 4,800 to 

30,000 years, while once in the fluvial system (or close proximity) this drops to less than a year 

(Rommens et al. 2005) A Holocene sediment budget for a 103 ha loess agricultural catchment in Belgium report sediment delivery 

ratios of between 20% and 42%. These figures show that the majority of historical sediments remain near the 

source area and have not been delivered downstream 

(Rommens et al. 2006) A long term (1000 year) sediment budget for a Belgium catchment (52 km2) shows that 50% of the eroded 

Holocene sediment is stored as colluvial deposits on footslopes and dry valley bottoms. Only 29% of 

sediment was delivered to valleys with permanent streams where it is stored as alluvial deposits. The 

remaining 21% is transferred out of the system to higher order rivers 
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Large variability in erosion rate estimation can occur due to natural and 

measurement variability. Nearing et al. (1999), citing the few erosion plot studies 

that conducted replicates, reported that the coefficient of variability ranged from 

18 to 91% in one study and 3.4 to 173% in another. Another study found 

differences between replica plots up to an order of nine (Boix-Fayos et al. 2007). 

A review of plot data by Boix-Fayos et al. (2006) reported that variation in 

erosion estimation was attributable to exhaustion of material in closed plots, 

different erosion processes operating at different scales to that measured by 

erosion plots, and difficulty with extrapolation from plot to catchment scale. A 

key difficulty is to encapsulate the complexity of system interactions and to 

represent them by means of erosion plots. The smaller the plot, the larger the 

hydrological disconnection within the system, the lower the energy flows due to 

short distances and the quicker the response to runoff due to an artificial decrease 

of concentration times for continuous flow (Boix-Fayos et al. 2007).  

 

Another popular indirect method is the erosion pin method for estimation of soil 

erosion. But again problems are encountered. As the erosion pin method is quite 

point specific, a high degree of systematic and random spatial variability is to be 

expected. Coefficients of variation often exceed 100% (Laubel et al. 1999).  

 

The guiding concept behind sediment budgetary approach is that high erosion 

from sediment sources will lead to high sediment yields (i.e., sediment yield is 

supply limited). This is contrasted by hydrological modelling based on stream 

gauging which extrapolates catchment erosion based on sediment-discharge 

relationships (i.e., sediment yield is transport limited) (McKergow et al. 2005).  

 

3.9.2.4 Discussion on erosion measurement  

All of the examples above show the problems associated with indirect methods of 

erosion measurement, mainly because they measure the flux of sediment past a 

particular point in the landscape. In other words, they are measures of sediment 

mobilisation. Erosion at a catchment scale is a complex process and involves 

detachment, transport, deposition, and resuspension. The main problem of indirect 

methods is that they do not account for sediment delivery. There are techniques 

that measure the amount of sediment delivered to the estuary such as estuary 
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coring or turbidity monitoring, but these techniques do not identify the from 

where in the catchment sediment is mobilised from nor what erosion form or land 

management technique is responsible for generating the sediment (Collins & 

Walling 2004).  

 

The key research aim of this thesis was finding out from where in the catchment 

the sediment in the Whangapoua estuary was coming from. Also of interest was 

what erosion form was generating the sediment within the catchment. It would be 

possible, using indirect techniques, to assemble a suite of measurement methods 

to estimate comparative erosion rates within different parts of Whangapoua 

catchment (e.g., erosion plots), and to measure the surface, landslide, and 

streambank erosion forms within the catchment (e.g., streambank erosion pins). 

Missing from this approach would be linking catchment erosion (mobilisation) to 

the deposited estuary sediment (delivery). Say for example indirect methods found 

that landslides from native forests where the biggest generator of sediment within 

the catchment based on surveying methods. Would erosion remediation and 

control strategies be warranted to address this problem if the reality was that most 

of the eroded material was stored on-slope? Erosion estimation is possible by 

indirect methods, but they don’t account for the numerous uncertainties that have 

been identified above in regard to sediment delivery. Any targeted sediment 

control strategy must take into account both sediment mobilisation and delivery.     

 

Sediment flux from a catchment cannot be determined by simply multiplying a 

yield from a unit area by the catchment area because of the lack of a simple 

relationship between yield and area (Parsons et al. 2004). Since much of the fine 

sediment transported by river systems will have been mobilised from the 

catchment from soil erosion, amelioration strategies must be whole catchment 

focused (Walling 2003). Catchment management strategies for reducing sediment 

by necessity require information on source types (Collins & Walling 2004), but 

there are problems using indirect techniques.  
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3.10 Sediment fingerprinting 
3.10.1 Introduction 

One method that has been used to address the issues raised in the previous section 

is the direct method of sediment fingerprinting. Sediment fingerprinting seeks to 

characterise sediment delivery by linking the catchment mobilisation (or source 

areas) to where the sediment is delivered (or sink), there by addressing the 

problem of sediment routing through a catchment. Sediment fingerprinting 

provides an alternative basis for identifying catchment suspended sediment 

sources and overcoming the problems of indirect measurement methods (Collins 

& Walling 2004) and for these reasons has found wider application in erosion 

studies (Walling & Woodward 1995; Collins et al. 1997; Walden et al. 1997; 

Collins et al. 1998; Martin & McCulloch 1999; Owens et al. 1999b; Walling et al. 

1999; Franks & Rowan 2000; Kelley & Nater 2000b; Collins et al. 2001; Russell 

et al. 2001; Walling et al. 2001; Collins & Walling 2002; Motha et al. 2002; 

Douglas et al. 2003; Krause et al. 2003; Walling et al. 2003; Motha et al. 2004; 

Miller et al. 2005; Yeager et al. 2005; Evans et al. 2006; Kelley et al. 2006; 

Walling et al. 2006; Collins & Walling 2007b; Minella et al. 2008; Walling et al. 

2008).  

 

3.10.2 Development of the sediment fingerprinting technique 

Sediment fingerprinting was developed to determine the sources of suspended 

sediment in catchments. In the 1970s workers used a range of properties 

(geochemical, mineralogical, mineral magnetic) to trace sediment from different 

origins (Walling 2005). The properties of a tracer that make them suitable for such 

studies are that they (through inherent or delivered properties) are measurable, 

representative, and conservative (Motha et al. 2002). In other words, a tracer 

should be stable through the physical and chemical processes of fluvial transport 

and spatially and temporally constant for a given source (Caitcheon 1998; Dyer 

1998). An example of a tracer is Caesium-137, which binds to soil particles 

(delivered property), is conservative during transport, and can identify surface 

versus subsurface erosion sources (Wallbrink & Murray 1993).     

Developments in the late 1980s saw the shift to using several soil tracers 

(composite fingerprints) to discriminate between multiple source areas and the 
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development of quantitative methods to increase the precision of source area 

determination. The quantitative methods included statistical tests such as the 

Kruskal-Wallis to select properties for the composite fingerprint, Discriminant 

Function Analysis (DFA) to determine the optimum mix of fingerprint properties, 

and multivariate mixing models to quantify the relative proportions from different 

source areas (Walling 2005).  

 

Use of the sediment fingerprinting technique has yielded information for effective 

sediment and pollution control strategies, the development of more 

comprehensive sediment budgets and models, understanding of sediment delivery 

from contrasting landuses in a catchment, and understanding of the temporal and 

spatial patterns of sediment delivery (Collins et al. 1997; Collins et al. 1998; 

Collins & Walling 2002). Sediment fingerprinting has been applied to catchments 

as small as < 2 km2 to thousands of square kilometres (Collins et al. 1998; Russell 

et al. 2001; Krause et al. 2003; Minella et al. 2008). Careful assemblage of the 

data can also mean a range of temporal scales can be investigated (Collins & 

Walling 2004). For example, Collins et al. (2001) determined the dynamic nature 

of suspended sediment sources for intra-storm, inter-storm, and between seasons 

(Figure 3.9).    

 

Sediment fingerprinting has shown results that are consistent with existing 

information on sediment yields from different subcatchments and temporal 

variations (Collins et al. 1998). Two papers in particular by Walling (1999) and 

Collins et al. (1998) validated the results of sediment fingerprinting with other 

techniques.  

 

Walling et al. (1999) identified the relative contribution of sediment derived from 

three different subcatchments to the River Ouse in the UK. The relative sediment 

contribution as determined by sediment fingerprinting was 82% from the River 

Swale, 15% from the River Ure, and 3% from the River Nidd subcatchment. 

These results were compared with annual suspended sediment loads from gauging 

stations that gave the contributions at Swale (54%), Ure, (37%), and Nidd (10%). 
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Figure 3.9. Results of sediment fingerprinting showing changes from the contributing 

sediment source types (surface/bush grazing, surface/communal cultivation, 

surface/commercial cultivation, and subsurface channel banks and gullies) for: A) intra-

storm; B) inter-storm; C) and between seasons (Collins & Walling 2004). 

 

 

The discrepancies were accounted for by the authors as being caused by spot 

sampling of water from the rivers during storm events and not being 

representative of a subcatchments contribution over a longer period as reflected in 

the gauging results.  

 

Collins et al. (1998) identified the relative sediment contributions of geological 

subareas to the River Exe and Severn River catchments in the UK. The sediment 

fingerprinting relative contributions were compared with previous findings based 

on suspended sediment loads and were found to be ‘clearly consistent with 

existing information regarding the suspended sediment yields from different 

subcatchments’, although direct comparison was complicated to the extent that 
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subcatchments did not correspond directly with geological subareas that were the 

focus of the study (Collins et al. 1998).  

 

3.10.3 The sediment fingerprinting process 

The sediment fingerprinting technique (Figure 3.10) is founded on two 

assumptions. Firstly, that the various source areas can be distinguished on the 

basis of a range of physical, geochemical and biogenic properties. The use of a 

number of properties to form the ‘composite fingerprint’ aims to reduce the 

spurious source-sediment linkage that may occur when using a single property. 

Due to the complexity of sediment routing and delivery, a single property will 

rarely prove adequate to discriminate multiple catchment sources (Walling et al. 

1999). The second assumption is that the range of selected fingerprint properties 

can determine the relative importance of various source areas when compared to 

suspended sediment sink material from a floodplain or estuary (Collins & Walling 

2002; Collins & Walling 2004).  

 

 
Figure 3.10. Conceptual model of the sediment fingerprinting technique with the erosion, 

transport and deposition of sediment and the ascription of properties based on either 

source or spatial types (Collins & Walling 2002). 
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Some sediment fingerprinting studies have traced sediment source by underlying 

catchment geology (e.g., Collins et al. 1998; Miller et al. 2005), subcatchment 

(e.g., Collins et al. 1996), surface vs. subsurface sources (e.g., Collins et al. 1997; 

Owens et al. 1999b), or landuse types (e.g., Collins et al. 2001). Russell et al. 

(2001) used sediment fingerprinting to examine the contribution of surface, 

channel bank, and tile drain sources of eroded material.  

 

There have been different statistical approaches taken using the sediment 

fingerprinting technique such as the Mann-Whitney U-test (Collins et al. 1997) or 

cluster analysis (De Boer & Crosby 1995; Walling & Woodward 1995; Nath et al. 

2007) to select fingerprint properties, or a chemical mass balance model (Kelley 

& Nater 2000a), Bayesian statistical approach (Douglas et al. 2003), or a 

Bayesian-Monte Carlo approach (Franks & Rowan 2000) have been used for 

source ascription. Other authors have adapted mixing models from other fields for 

sediment source area ascription, such as the US EPA chemical mass balance 

model that was designed for air quality studies (Kelley & Nater 2000b), or the 

stable isotope analysis in R (SIAR) mixing model that was designed for 

determining the diet compositions of consumers based on stable isotopes (Gibbs 

2008). For this study, the approach taken will be that of workers from the 

University of Exeter (Collins et al. 1997; Collins & Walling 2002) as this is where 

the composite sediment fingerprinting approach was developed and this approach 

has been successfully applied to catchment sediment source ascription in other 

parts of the world.   

 

Sediment fingerprinting is a three stage process. The first stage is to select the 

properties that will form the composite fingerprint from analysis of soil samples 

taken from the source areas. The range of properties may be geochemical, 

radionuclide, mineral magnetic, or biogenic. Depending on the investigation, 

suspended sediment source areas may be sampled on geological areas, 

subcatchments, landuse types, or erosion sources (Collins & Walling 2002; 

Collins & Walling 2004; Walling 2005).  
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3.10.3.1 Stage 1: selection of candidate elements for the fingerprint 

The method to select the candidate fingerprint properties is the Kruskall-Wallis H-

test (Appendix A). This is the non-parametric equivalent of a one-way analysis of 

variance (ANOVA), but uses the sums of the rankings rather than the raw data to 

determine significant differences between populations.  

 

For example, suppose we wish to find the best properties to distinguish between 

two subcatchments (source areas) draining into a lake (sink area). Five sites are 

sampled in the two subcatchments for a total of 10 samples. The 10 sediment 

samples will be analysed for a range of geochemical properties. The results of a 

particular property (e.g., magnesium) are ranked from lowest to highest (i.e., 1  

10) and the ranks are summed for each subcatchment. Hypothesis testing is used 

to determine if the sums of the ranks are significantly different between the two 

subcatchments (i.e., their p-value being below the 5% level of significance). If in 

this example all the lowest magnesium concentrations are in one subcatchment 

(ranks 1  5 = 15) and all the highest magnesium concentrations are in the other 

subcatchment (ranks 6  10 = 40). It will be determined that magnesium does 

vary significantly between the two subcatchments and that it is a useful property 

to include in the fingerprint to distinguish the two potential subcatchment source 

areas. All the other geochemical properties will be interrogated independently in 

this same way.  

 

3.10.3.2 Stage 2: optimisation of the fingerprint elements 

The second stage optimises the number of fingerprint properties and this is 

achieved by Discriminant Function Analysis (DFA) (Appendix B). DFA is similar 

to multivariate analysis of variance (MANOVA) in that it examines the ability to 

predict membership to a group (e.g., different landuse types) based on the means 

of the variables. In other words, can different groups be distinguished as 

significantly different based on the means of the variables selected?  

 

A common method used in DFA (that will be employed in this research) is 

forward stepwise analysis. In the first step all the elements (as selected by the 

Kruskall-Wallis H-test) are considered together to find the one element that 

affords the greatest discriminatory power between groups, testing the null 
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hypothesis that there is no difference between groups. Matrices are determined for 

the within-group and between-group sums of squares and are used to find an F-

ratio to see if the result is statistically significant. The procedure is guided by the 

F-to-enter and F-to-remove results. The element with the largest F-ratio is chosen 

and entered into the model, provided that its value is larger than the designated F-

to-enter value (Tabachnick & Fidell 1996). The second step of the DFA process 

begins with the new model as the basis for considering the remaining elements 

(StatSoft Inc 2007). The DFA process does have the potential for any elements 

already included in the model at an earlier iteration to be removed. Removal 

occurs if the F-ratio for the element is less than the designated F-to-remove value. 

The smallest combination of elements  that gives the best discriminating power is 

found by minimising the Wilks’ lambda score (Collins & Walling 2002). The 

Wilks’ lambda is a test statistic used in multivariate analysis of variance to test 

whether there is a difference between the means of different groups based on a 

combination of variables (Crichton 2000).      

 

The statistical software package STATISTICA 8.0 goes through the forward 

stepwise DFA process using a default of the F-to-enter of one. In other words, an 

element will be accepted into the model when its F-ratio is larger than one. The 

value of one has also been used by other researchers (e.g., Collins & Walling 

2002). Figure 3.11 shows the F distribution with degrees of freedom of 5 and 66, 

where the x-axis shows the F-to-enter values from one to four and the 

corresponding significance levels (α) are in the inserted table. In the example in 

Figure 3.11, a null hypothesis that there is no difference between groups would be 

rejected at the 42% level of significance if the observed F-ratio was greater than 

one. This example (like the process in STATISTICA) has the potential of 

‘accepting’ all the elements that were selected by the Kruskal-Wallis H-test 

procedure. Further more, STATISTICA has a default F-to-remove value of zero, 

which means once an element is in the model it will not be removed. 

 

3.10.3.3 Stage 3: determining the source area contributions by a mixing model 

The third stage uses a multivariate mixing model to estimate the relative 

contributions of the suspended sediment source areas to a particular sediment 
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F-to-enter α 
1 0.4248 
2 0.0901 
3 0.0168 
4 0.0031 

 

α ≡ level of 
significance 

Figure 3.11. Example of the F distribution for a degrees of freedom of 5 and 66 with the 

F-to-enter values listed on the x-axis (Thompson 2008). 

 

 

 

sink. For each of the composite fingerprint member elements, a linear equation is 

constructed that relates the mean concentration of the element in each source 

sample to that in the sink sample.  Thus, the composite fingerprint is represented 

by a set of linear equations, one for each element. These are not solved directly, 

but the least squares method is used and the proportion from the different source 

areas/groups (i) is estimated by minimizing the sum of the squares of the residuals 

(Res) for the elements (Collins et al. 1997). The residual for element (j) is: 
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m
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i
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=

−∑                (Eqn 3.2) 
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The residual is scaled by xsj to take into account the differences in the units 

associated with each element. The least squares equation to be minimised is: 
2
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∑                 (Eqn 3.3) 

In this formulation 

p  is the number of element in the composite fingerprint 

m is the number of source groups (e.g., landuse) 

Res is the sum of squares of the residuals 

is the concentration of element (j) in the sediment sink sample  xsj 

is the mean concentration of element (j) from the sample in source group 

(i)     
ijx  

is the relative contribution/relative proportion from source group (i) in the 

sediment sink sample. 

Pi 

 

Two linear constraints must be satisfied, and they are the contribution/relative 

proportion from each source must lie between 0 and 1 ( 0 1iP≤ ≤ ) and the sum of 

the contribution/relative proportions from all sources is 1 (or unity). That is: 
 

1
1

=∑
=

m

i
iP                 (Eqn 3.3) 

 

(Owens et al. 1999b) 

 

Another way of explaining the mixing models is to use a geometric example 

(Figure 3.12). There are three variables in the example (Landuse 1, 2, and 3) 

forming a three dimensional open pyramid vector. There are two end members (E1 

and E2) that can be thought of as the means of two element concentrations (or 

tracers) from sampling of the three landuse types. The two end members define a 

plane (shaded) which the mixture X (i.e., the sink sample) must lie within. All 

mixing models have two natural constraints; 1) that all end members have only 

positive variables; and 2) that all contributions to a given mixture are positive. In 

the example below, natural constraint 1 means that the end members must lie 



                                                                                                      Literature Review 
 

 75

within the positive vector of the three landuses (or the orthant of Landuse 1, 2, and 

3), and natural constraint 2 means that the mixture must lie within the shaded 

plane spanned by the two end members (Akerjord & Christophersen 1996).  

 

 

 

 

 

 

 

 Landuse 2

E1 

Landuse 1

Landuse 3

E2 

X 

 

 

 

 

 

 

 

Figure 3.12. Visualisation of a mixing model example where a positive vector is defined 

by three landuse types (1, 2, 3) and the mean value of two elements (E1 and E2) define a 

plane in which the mixture X (sink sample) must lie. (After Akerjord & Christophersen 

1996). 

 

3.10.3.4 Sediment fingerprinting sampling strategy 

There are a range of potential source area sample collection strategies reported in 

the literature. Collection strategies ranged from randomised to targeted. For 

example, a source area grid sampling pattern was used by (Miller et al. 2005), 

sampling of areas ‘likely to be eroded’ (but not necessarily actively eroding) was 

used by (Collins et al. 1998), and a targeted sampling strategy of actively eroding 

sites as identified by preliminary catchment modelling was used by (Wallbrink 

2004). This thesis will use the middle course and sample the Whangapoua 

catchment for areas likely to be eroded. 
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3.10.4 Limitations of the sediment fingerprinting technique 

The limitations of sediment fingerprinting can be categorised into four main areas. 

The limitations are particle size composition; organic matter composition; mixing 

model uncertainties; and assumptions on conservativeness of properties during 

transport (Franks & Rowan 2000; Motha et al. 2002; Walling 2005).  

 

It is known that the detachment and transport of sediment is size selective 

(Slattery & Burt 1997). It is also known that tracer properties such as 137Cs are 

particle size dependant (He & Walling 1996; Dyer & Olley 1999). Differences in 

characteristic particle sizes between the source area and sink will alter the tracer 

signature and lead to erroneous results (Davis & Fox 2009). This problem is 

largely overcome by either using the simple approach of limiting the analysis to 

size fractions of < 63 μm (e.g., Wallbrink et al. 1998), or using correction factors 

(e.g., Russell et al. 2001). Corrections for organic matter content have been used 

in sediment fingerprinting studies (e.g., Collins et al. 1997), but the relationship 

between organic matter content of source area and sink samples is complex and 

difficult to generalise (Walling 2005). A study of the difference between organic 

matter in source and sink samples found that the highest coefficient of variation 

was 6.6% (Motha et al. 2002).  

 

Optimisation procedures in the mixing model may introduce problems of 

equifinality, where different property combinations could produce the same 

goodness of fit (Small et al. 2002; Walling 2005). The goodness of fit is how 

uncertainty is characterised in the application of this mixing model (Collins et al. 

1997; Walling et al. 2006). The problem of equifinality, along with natural 

variability of source properties, has prompted some workers to apply a Bayesian 

and Monte Carlo approach to the mixing model (Small et al. 2002; Douglas et al. 

2003; Krause et al. 2003).  

 

Sediment fingerprinting is based on the assumption that source area 

characterisation can determine the relative importance to sediment sources based 

on selecting fingerprints that link source to sink. Some fingerprints (such as some 

geochemical properties) do not remain conservative during transport and this area 

has received little attention (Motha et al. 2002). It should also be noted that while 
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sediment fingerprinting can distinguish the source area of sediment, it cannot 

determine its residence time in fluvial systems (Phillips & Marion 2001).  

 

3.10.5 Sediment fingerprinting applications in New Zealand 

Sediment fingerprinting has not been used in New Zealand, and this review of the 

literature has found only one study of a novel sediment tracer (a plant compound 

specific isotope of 13C) that is similar to this technique. Therefore a study trialling 

sediment fingerprinting in New Zealand to examine catchment suspended 

sediment sources will require both input data, as well as validation data (Collins & 

Walling 2004). The validation data will be derived from radionuclides, stream 

gauging, and modelling techniques. Caution must be exercised when comparing 

these different results. This is because when different erosion monitoring 

techniques are employed side by side, they will have different spatial and 

temporal scales (Brazier 2004). It can also be alternatively argued that by using a 

range of techniques that focus on different scales, the possibility of 

misunderstanding the cause and effect (by missing the relevance of processes that 

operate at different scales) will be reduced (Wilbanks & Kates 1999; Peeters et al. 

2008). The review continues on the validation techniques. 

 
3.11 Fallout radionuclides 
3.11.1 Introduction 

Fallout radionuclides (or environmental radionuclides) are found in relatively low 

levels in the environment but at measurable levels. They are delivered to the 

earths surface as fallout from the atmosphere, are spatially uniform, and bind 

strongly to soil particles, and have energies that can be measured which makes 

them useful in soil erosion studies (Zapata et al. 2002; Walling 2006). The 

principal radionuclides used in geomorphic studies are Ceasium-137 (137Cs), 

Lead-210 (210Pb), and Berillium-7 (7Be), and have the advantage over methods 

such as the Universal Soil Loss Equation in that soil deposition is accounted for 

(Montgomery et al. 1997). Radionuclides have been extensively employed in soil 

erosion studies. (Ritchie & Ritchie 2001) cite over 2,000 publications in a 

bibliography of soil erosion studies using 137Cs alone. Radionuclides have been 

found to be conservative during sediment transport (Motha et al. 2002; Yeager & 

Santschi 2003) 
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3.11.2 Cesium-137 

Caesium is an alkali metal with a similar chemistry to sodium, potassium and 

other elements of Group I in the Periodic Table (Wallbrink et al. 2002a). The 

isotope 137Cs (half life 30 years) is found in the environment as a consequence of 

above ground nuclear testing that occurred between 1945 and 1974. 137Cs was 

injected into the stratosphere by the dust cloud that results from nuclear bomb 

blasts. 137Cs circulated globally in the stratosphere before entering the troposphere 

where it is scavenged by clouds to return to the earths surface principally as wet 

precipitation. 137Cs fallout is strongly related to local patterns and rates of 

precipitation. Once deposited onto the earths surface, it binds onto soil particles in 

an almost non-exchangeable form (Davis 1963; Lomenick & Tamura 1965; Wise 

1980; Ritchie & McHenry 1990; Simkiss et al. 1993).  

 

3.11.3 Lead-210 
210Pb is a naturally occurring radionuclide (half life 22 years) that forms as part of 

the 238U decay series (Figure 3.13). 238U decays in the earths lithosphere until it 

forms 226Ra, which then decays to an inert gas 222Rn which escapes into the 

atmosphere. Through a number of short lived daughters, 210Pb is formed where it 

attaches itself to aerosol particles before it is scavenged by rain to return to the 

earths surface (Koide et al. 1972; Turekian et al. 1977; Smith 1982) where it also 

labels soil particles. Lead is located in Group IVA of the Periodic Table, and of 

the four radioactive isotopes of Lead, 210Pb is the only one to have a half life over 

12 hours at 22 years (Doe 1969; Nriagu 1978). 

 

Because not all 222Rn escapes into the atmosphere, 210Pb also forms in situ in the 

soil. This can confuse studies of soil erosion when using 210Pb as a soil tracer. The 

in situ 210Pb will be in equilibrium with its parent 226Ra, and is termed ‘supported’ 
210Pb. The atmospherically derived 210Pb is determined by subtracting the 

supported amount from the total inventory, and is termed the ‘unsupported’ or 

‘excess’ (210Pbex) (Koide et al. 1972; Wise 1980).   
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Figure 3.13. Lead-210 (half life 22 years) in the Uranium-238 decay scheme (Trefil & 

Hazen 2004). 

  

 

3.11.4 Radionuclides in soil erosion studies 

Radionuclides have been used to test erosion models (Di Stefano et al. 1999; 

Porto et al. 2003) and to date sediments (Longmore 1982; Wasson et al. 1987). 

The main use of radionuclides has been focused on soil erosion. Studies involving 
137Cs and other radionuclides examining soil loss from plots began in the 1960s 

(Ritchie & McHenry 1990).  

 

The main assumption of radionuclide studies is that the fallout distribution is 

relatively uniform, at least over a small area (Walling 2003), however spatial 

variability may be as large as 40% (Fredericks et al. 1988; Sutherland 1994; 

Wallbrink et al. 1994b; Sutherland 1996). In New Zealand it has been observed 

that there is a strong correlation between 137Cs in undisturbed soils and rainfall 

(Basher & Matthews 1993) and therefore the spatial variation in rainfall is likely 

to result in a spatial variation in radionuclide distribution.  
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Typical applications of radionuclides in soil erosion studies involve the 

establishment of a reference value for the radionuclide at an adjacent undisturbed 

site. Comparison with this reference level of the radionuclide to the disturbed area 

will show the patterns of soil loss (below reference value) or deposition (above 

reference value) (e.g., Wise 1980; Elliott et al. 1990; Ritchie & McHenry 1990; 

Basher et al. 1995; Govers et al. 1996; Wallbrink & Murray 1996; Walling & He 

1997; Di Stefano et al. 1999; Walling et al. 2002b). The conversion of the 

proportional differences between reference and disturbed areas is achieved by a 

number of methods. Some of these relationships are derived from; erosion plot 

data (e.g., Elliott et al. 1990; Sutherland 1991; Loughran et al. 1992); theoretical 

models including proportional models (e.g., Kochanoski & De Jong 1984), 

gravimetric method (e.g., Brown et al. 1981), profile distribution models        

(e.g., Zhang et al. 1990), and depth distribution curves (e.g., Gillison et al. 1996; 

Wallbrink et al. 2002a). These models are reviewed in Walling et al. (2002a).  

 

Radionuclides have also been used to construct sediment budgets for drainage 

basins. Using a similar approach to comparing soil deposition/loss within the 

catchment, an inventory for the radionuclides within the catchment is established 

and this inventory is then related to the total sediment flux from the basin as 

measured by other traditional methods such as stream gauging (e.g., Owens et al. 

1997; Walling et al. 2001; Blake et al. 2002; Wallbrink et al. 2002a; Walling et 

al. 2002b).  

 

Another significant use of radionuclides is the identification of suspended 

sediment sources. This is based on the different depth distribution profiles of 
137Cs, 210Pb, and 7Be (Figure 3.14). 

 

Because of the different half life of the radionuclides and cessation of 137Cs input 

from the mid 1980s, this means that concentrations down a soil profile differ. 
210Pb is concentrated at the surface and declines exponentially down the profile. 

This is similar to 137Cs, but peak concentrations for 137Cs are usually found several 

centimetres below the surface because of declining input and downward migration 

attached to soil particles (Doering et al. 2006). The short half life of 7Be means 
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that it is concentrated at the surface, but is not found in any significant levels 

below the surface layers (Wilson et al. 2003).  

 

 
Figure 3.14. Example of depth penetration characteristics down a soil profile (as 

measured by cumulative dry mass) of 137Cs, 210Pb, and 7Be in undisturbed (top row) and 

cultivated (bottom row) soils (Walling 2002). 

     

 
The depth penetration characteristics and differing half lives have been exploited 

to elucidate the sources of catchment suspended sediment (Walling & Woodward 

1992; Olley et al. 1993; Wallbrink & Murray 1993; Wallbrink et al. 1998; 

Wallbrink et al. 1999; Matisoff et al. 2002; Wallbrink 2004; Zhang et al. 2004; 

Matisoff et al. 2005; Wilson et al. 2005; Yeager et al. 2005; Nagle et al. 2007; 

Smith & Dragovich 2008). The different depth penetration characteristics are 

exploited by using the ratios of the radionuclides and linking them back to the 

way the sediment sources are tagged. Using 137Cs to 7Be ratios for example, as 

sheet erosion removes the surface soil the derived sediment will be tagged with 

high concentrations of 137Cs and 7Be. Rill erosion sediment will be similarly 

tagged with 137Cs but the sediment will be derived from below the zone of 

significant 7Be concentration and will have a low concentration of 7Be. Sediment 

from gully incision will be derived from a zone below 137Cs depth penetration and 
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will be low in both tracers. Gully floor material will be tagged with 7Be because 

of the constant input of that radionuclide but low in 137Cs (Figure 3.15).    

 

 
Figure 3.15. The depth penetration characteristics (increasing concentration toward the 

surface) of 137Cs and 7Be and how the ratios of the two tracers can be used to determine 

the source of sediment (Olley et al. 1993). 

 

The reason for using ratios of radionuclides as opposed to a single tracer is two 

fold. Firstly, using different ratios can yield information on different sediment 

sources in a catchment. As shown in Figure 3.15, the ratio of 137Cs and 7Be can 

discriminate between sheet, rill, gully, and gully floor sediment sources. The 

second reason is to reduce the spatial variability and extrinsic2 variability of the 

radionuclides. Using ratios of radionuclides has been found to increase the 

precision of radionuclide estimation (Wallbrink & Murray 1996; He et al. 2002; 

Yeager & Santschi 2003).  

 

The use of radionuclide tracers, and in particular various combinations of 

radionuclide tracers, have been used in geomorphic studies to determine the 

source of eroded sediment. Examples of combinations of radionuclides include 
137Cs and 210Pbex (Wallbrink & Murray 1996; Fukuyama et al. 2008; Mizagaki    

et al. 2008; Smith & Dragovich 2008; Zehetner et al. 2008), 137Cs and 7Be (Olley 

et al. 1993),  210Pbex and 7Be (Matisoff et al. 2005), 137Cs and 226Ra (Wallbrink 

2004), 137Cs, 210Pbex, and 7Be (Whiting et al. 2005; Doering et al. 2006), 137Cs, 

                                                 
2 Examples of extrinsic variables are particle size and radionuclide associations with particulate 
organic carbon (POC).   
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210Pbex, 232Th, 226Ra, 40K (Belyaev et al. 2004), and radionuclides from the 238U 

and 232Th series (Yeager & Santschi 2003).  

 

The approach taken by Wallbrink (2004) and Wallbrink et al. (2003b) where a 

limited number of radionuclide samples were analysed to identify different 

sediment sources areas appeared suitable for use in this research. In one study, 

uncultivated, cultivated, and subsurfaces were the potential sediment source areas 

being quantified (Wallbrink 2004), and in the other it was cultivated, uncultivated 

(forests, pastures, and stock tracks), and gullied areas (Wallbrink et al. 2003b). An 

example of the Wallbrink (2004) approach is shown in Figure 3.16. 

 

Ratios of 137Cs and 226Ra are used to distinguish surface (cultivated and 

uncultivated) and subsurface sources. The mean concentrations were used to 

determine the relative proportion of the surface and subsurface sources 

contributing to the Brisbane and Logan River sediments. The results were that the 

Brisbane and Logan River sediments were predominantly from subsurface origins. 

 
Figure 3.16. Mean values for 137Cs and 226Ra sources samples for uncultivated, 

cultivated, and subsoil source samples (Wallbrink 2004). 

 

The combination of 137Cs and 226Ra was successful in identifying sediment 

sources for two reasons; the first is because the ratio of radionuclides 
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distinguished cultivated, uncultivated, and subsurface derived sediment due to the 

different depth penetrating characteristics of 137Cs and 226Ra; and secondly the 

radionuclides appear to have been conservative during transport as mean values of 

the sediment source areas provided an end member envelope (dashed line in 

Figure 3.16) in which the river (or sink) sediment fitted. 

 

Following the analysis for radionuclide concentrations, the mean values for the 

ratio of each sediment source landuse/erosion form is then used in a mixing model 

based on Collins et al. (1997) and similar to that used in the sediment 

fingerprinting technique. The mixing model was used to quantify the relative 

contributions of each sediment source areas contributing to the harbour. The 

graphical representation of the mean values for the sediment source 

landuse/erosion form and the sinks (Figure 3.16) shows that the uncultivated 

sediment source area did not contribute to the catchment sinks. The sink was 

dominated by subsoil and cultivated sources. The results of the mixing model in 

this example was that approximately 66% (±10) of suspended sediment was 

derived from subsoil sources, 33% (±10) was from cultivated areas, and 1% (±10) 

was from uncultivated sources.     

 

3.12 Suspended sediment monitoring 
The optical properties of streams (i.e., turbidity) have been widely used to monitor 

sediment flux in streams (Gippel 1989; Gippel 1994; Gippel 1995; Grayson et al. 

1996; Sun et al. 2001; Armstrong & MacKenzie 2002; Lewis 2002b; 

Schoellhamer & Wright 2002; Mitchell et al. 2003; Lawler et al. 2006;       

McKee et al. 2006; Stubblefield et al. 2006; Harris et al. 2007). More recently the 

use of Optical Backscatter Sensors (OBS) coupled to data recording instruments 

has provided a convenient and time/labour/cost effective method of monitoring 

catchment sediment yields (Sun et al. 2001). The OBS work by transmitting light 

into the water column and the greater the number of particles in suspension, the 

greater the scatter or absorption of the light which is detected by the probe 

(Gregory 2006).  

 

The first part of the method is to firstly convert the millivolt (mV) output of the 

OBS into nephelometric turbidity units (NTU). NTU is not an absolute 
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measurement, but expressed relative to an artificial standard, usually formazine 

(Gippel 1994; Anderson 1998). Formazine is a white polymer suspension of 

particles with a mean weight percent diameter of 2.5 μm. If suspended particle 

properties do not alter, a linear relationship should be expected between the mV 

output and NTU. Any deviation of slope or non-linearity at high concentrations is 

caused by differences in field versus Formazine properties (Gippel 1989).  

 

The next step is to develop a relationship between NTU and suspended sediment 

concentration (SSC) which is established after field deployment by manual or 

automated sampling of the stream under various conditions. The relationship may 

be either a linear regression, a non-linear equation, or a polynomial function   

(Sun et al. 2001). Workers have reported a strong correlation between turbidity 

and material in suspension, such as total suspended solids and total phosphorus 

(e.g., Grayson et al. 1996; Stubblefield et al. 2006)). Once the NTU and SSC 

relationship is established, then NTUs can act as a proxy for SSC. NTU values are 

recorded in the field by the data logger along with flow data to arrive at a 

sediment yield.  

 

The conventional approach to establishing a sediment yield estimate from 

suspended sediment data is to establish a sediment rating curve which defines the 

relationship between stream discharge (or flow) and suspended sediment 

concentration (Phillips et al. 2005; Gao 2008; Khanchoul & Jansson 2008). The 

sediment rating curve method is a well established practice and authors have 

reported well formed linear relationships (e.g., Gippel 1993; Lewis 2002a). The 

sediment rating curve relationship and flow records are then used to derive an 

averaged sediment yield (Figure 3.17-A). The sediment rating curve is unsuitable 

for data that displays a wide scatter (e.g., Figure 3.17-B).  

  

The storm sediment yield (SSY) method overcomes problems of scattered data by 

using the data in a different way. The SSY method forms a relationship between 

individual storm events and the total amount of sediment that was derived during 

the whole storm event. The SSY method also overcomes the problem of loss of 

information by inter-annual variation in rainfall. The sediment yield/peak flow
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A

Figure 3.17. A) Example of a sediment rating curve relationship between discharge (Q) 

and SSC (g/l) (Khanchoul & Jansson 2008); B) example of the data scatter that can occur 

between discharge (X axis) and SSC (Y axis) (Jansson 2002).  

 

relationships used in the SSY method have been shown to provide the best 

correlation over other parameters such as runoff factors and rainfall erosivity 

factors (Hicks 1990 as cited in Hicks 1994a). The SSY method is based on the 

assumption that most catchment sediment is eroded in larger storm events, and 

New Zealand studies show the importance of larger events in moving the majority 

of catchment sediment (e.g., Basher et al. 1997; Hicks & Basher 2008).  

 

The SSY method (Hicks 1994b) establishes a relationship between individual 

storm events (identified by peak flow) and the total sediment amount derived for 

the event. The SSY method separates the peak (or quick) flow from the base flow 

in a storm hydrograph and determines the total sediment derived for that storm 

event (Figure 3.18). This is repeated for a range of storm events so that a number 

of peak flow/sediment yield observations are recorded so a storm sediment 

yield/peak flow relationship is formed. The continuous flow record for a 

catchment is used to firstly identify peak flows, and then from the storm sediment 

yield/peak flow relationship the total sediment yield for the catchment is 

calculated to arrive at a catchment erosion rate in t km-2 yr-1.    

 

In a review of suspended sediment monitoring techniques using field turbidity, 

Wren et al. (2000) note that while OBS have a wider linear response than other 

probes and allow good temporal and spatial resolution, they are disadvantaged by 

particle size dependence. OBS are more sensitive to changes in the smaller size 

fractions (20-50 μm) than to changes in larger sizes (200-500 μm). The size
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Figure 3.18. Flow diagram of the storm sediment yield method. 

 

sensitivity characteristics of OBS probes has also been noted by other authors 

(Davies-Colley & Smith 2001; Schoellhamer & Wright 2002). Gippel (1995) 

observed that particle size variations can cause variations in readings by a factor 

of four for the same sediment concentration. Gippel (1989) found that 

relationships between turbidity and suspended solids for stream water samples 

was site specific and drainage basin subcatchments had slope variations ranging 

from 0.52 to 1.46.     

 

Armstrong & MacKenzie (2002) examined the impact of gullying on six small 

grazing catchments in NSW, Australia by turbidity monitoring. The catchments 

ranged in size from 7.3 ha to 510 ha. Each catchment was instrumented to record 

rainfall and flow over artificial weirs. Turbidity characterisation was 

accomplished by automated water sampling and laboratory measurement of NTU. 

HYDSYS software was used to calculate annual sediment loads. Sediment loads 
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from gullied catchments were an order of magnitude higher than from un-gullied 

catchments.  

 
3.13 Modelling 
3.13.1 Introduction 

There has been a rapid increase in the use of catchment erosion models to identify 

and quantify suspended sediment sources (Merritt et al. 2003). Models can be 

used to target soil conservation strategies, assist in understanding broad-scale 

erosion dynamics, allow land managers to design land regulation strategies, and 

predict long-term sediment and nutrient loadings of streams (Nearing 2006; 

Bhattarai & Dutta 2007). Models can also suffer from a range of problems 

including over-parameterisation, unrealistic input requirements, unsuitability of 

model assumptions/parameters to local conditions, and inadequate testing and 

documentation of performance (Merritt et al. 2003). Most models fall into one of 

three categories; empirical; conceptual; or physically based (Merritt et al. 2003; 

Aksoy & Kavvas 2005; de Vente & Poesen 2005).  

 

3.13.2 Model selection 

Each model will have advantages and disadvantages, but the problem with all 

models is that they seek to replicate sediment detachment, transport, and delivery 

processes that are still poorly understood at larger scales (Prosser et al. 2001b). 

The complexity of natural systems in differences in transport media, dimensions, 

temporal and spatial scales, the thresholds of movement of sediment/water/solutes 

through the media, and their interactions at catchment scales, makes modelling 

difficult (Merritt et al. 2003; De Vente et al. 2006). The equations on which 

models are based are typically derived from plot scale studies and there is little 

information to support their validity at larger scales (Pickup & Marks 2001). Scale 

issues with models have been reported by other authors (de Vente & Poesen 2005; 

Boix-Fayos et al. 2006; Boix-Fayos et al. 2007; Govers et al. 2007; Peeters et al. 

2008). There is a paradox between data collection (to improve and validate 

models) and erosion modelling (to replace data collection) (Brazier 2004).  

 

Consequently there is no ‘right’ model to use. Rather, model selection should be 

determined by questions that the model user is attempting to address and the 
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erosion processes that require explicit representation. The spatial and temporal 

resolution of the model should also match the users requirements (Merritt et al. 

2003). The argument has been made by Prosser et al. (2001b) that the lack of 

verifying data on large scale natural system complexity has led to models being 

based on small scale empirical relationships. Empirical model relationships should 

be replaced by simple physically based predictions of the spatial patterns of 

sediment transport through fluvial systems. Point sources of sediment such as 

landslides remain difficult to describe in most models (De Vente et al. 2006).  

 

There has been a range of models used in New Zealand for examining soil 

erosion. They include digital elevation models (DEMs) (De Rose et al. 1998; 

Betts et al. 2003; Kasai et al. 2005; Marden et al. 2005; Kasai 2006; Fuller & 

Hutchinson 2007), simple conceptual models (Parkyn et al. 2005),  HydroTrend 

(Kettner et al. 2007), mass balance models (Basher & Ross 2002;                    

Page et al. 2004; Phillips & Gomez 2007), MIKE 11 (Gomez et al. 2007), 

BQART (Syvitski & Millman 2007), SHETRAN (Adams et al. 2005; Adams & 

Elliott 2006), TOPMODEL (Claessens et al. 2005), HEM (Cogle et al. 2003), 

BNZ (Cooper & Bottcher 1993), CREAMS (Cooper & Bottcher 1993), and sub-

components of CREAMS and EUROSEM (Elliott et al. 2002). NIWA developed 

a Catchment Decision Support System (CDSS) which uses a GIS interface and 

incorporates other models including BNZ, OUTLOOK, TOPMODEL, and 

GLEANS (Rodda et al. 2001). Models have also been used on orogenic studies, 

such as CHILD (Miller et al. 2007). The SEDiment River NETwork Model 

(SedNet) was developed for addressing land and water management issues at 

catchment scale (or greater) as part of the Australian National Land and Water 

Resources Audit (Prosser et al. 2001a). Simplified versions and components of 

SedNet have been used in New Zealand (Schierlitz et al. 2006; Landcare Research 

2007).  

 

Modelling the Whangapoua catchment provides a third method of comparing the 

sediment fingerprinting results. From the discussion above there is no right model 

but selection should be based on accounting for sediment generation from the 

three landuses and/or the erosion forms identified in the conceptual models. The 

ease of use of the models was an important factor in model choice. Consequently 
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two models were selected to estimate sediment generation within the Whangapoua 

catchment; the Sediment Yield Estimator and the New Zealand empirical erosion 

model.     

 

3.13.3 Sediment Yield Estimator (SYE) 

The SYE was developed as an easy to use tool for planners and researchers and 

the model was originally run for the North and South Islands of New Zealand 

(Figure 3.19). A total of 209 M ty-1 of eroded material is delivered to the coast 

from the New Zealand landmass, of which 118 M ty-1 is from the North Island and 

91 M ty-1 is from the South Island (Hicks et al. 2003).  The results of SYE for 

New Zealand show that most of the sediment yield from the South Island is 

derived from the southern alps as a result of a combination of steep slopes, high 

rainfall, uplifting, and easily erodible schist geology. In the North Island, more 

than half the sediment is derived from 6% of the land area (East Cape region) 

where mudstone geology dominates and almost all the native forest cover has 

been removed.  

 

 
 

Figure 3.19. Sediment Yield Estimator results for the north and south islands of New 

Zealand. Areas of high specific sediment yield are shown in red (Hicks et al. 2003). 
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3.13.4 New Zealand empirical erosion model (NZeem) 

The NZeem was designed to advance understanding of sediment delivery on a 

local, regional, and national scale by making better use of higher quality slope and 

vegetation information. It also uses land cover and land management information 

as these play an important part in influencing mass movement processes (e.g., 

landsliding, shallow debris flows etc) which dominate erosion in New Zealand 

(Eyles 1983). On a national basis, the NZeem model identified 120 M ty-1 of 

mainly human induced sediment eroded off the North Island, and 90 M ty-1 of 

naturally eroded sediment from the South Island (Landcare Research 2007). 

 

3.14 Conclusions 
In Chapter 2, three alternative hypotheses of the catchment were proposed as to 

the potential sources of most of the sediment entering Whangapoua estuary and 

the models were based on landuse (native forest, exotic forest, and agriculture) 

and erosion form (surface, landslides, and streambank). A review of the literature 

in Part A indicated that landslides, streambanks, and gullies can be the dominant 

source of sediment in catchments. Surface erosion from harvested exotic forests 

and pugging from stock can also generate significant amounts of sediment. To 

achieve the research aim of identifying catchment sediment sources contributing 

to estuary siltation, the erosion measurement technique must account for the 

potential dominant landuses and erosion forms.      

 

In Part B, indirect measurement techniques of soil erosion such as plots or erosion 

pins are problematic as they record sediment flux past one point in the landscape 

and do not account for deposition and remobilisation. In other words, they 

measure sediment mobilisation but not delivery. The routing of sediment through 

a catchment is also a problem as the delivery of sediment to the basin outlet may 

range from hours to millennia which introduces temporal issues. Indirect 

measurement techniques also have problems of measurement variations. As a 

consequence, any up-scaling of results from indirect techniques to catchments as a 

whole can potentially overestimate erosion. Sediment fingerprinting holds 

promise of overcoming some of the problems inherent in indirect techniques as it 

routes various suspended sediment source areas to the sinks, and thus accounts for 

some of the catchment complexity in sediment deposition and remobilisation. 
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CHAPTER FOUR 
METHODS 

 

4.1 Introduction 
Sediment fingerprinting was the primary technique used to determine the sources 

of sediment entering the Whangapoua Harbour. The results of sediment 

fingerprinting were compared with radionuclide analysis, stream monitoring, and 

computer modelling. The analytical methods for sediment fingerprinting (both in 

the pilot study and full programme) and radionuclide analysis are detailed in this 

chapter. Field methods and experimental designs are described in later chapters.     

 

The sediment fingerprinting approach (Collins et al. 1997) was used to determine 

the relative proportions of sediment contributions by landscape unit (native forest, 

exotic forest, and agriculture) and by erosion position (surface soils, subsurface 

soils, and streambanks). The < 10 μm fraction of soil samples characterising 

catchment source areas and sediment sinks was used for both the sediment 

fingerprinting and radionuclide analyses.  

 

4.2 Recovery of the < 10μm size fraction from soil samples 

A settling method (Atterberg 1916) was used to recover the < 10 μm fraction from 

the bulk soil material. The method is based on Stokes Law and involved 

suspending the soil material in water and recovering the < 10 μm fraction after the 

larger fraction of the soil had settled out.   

• Soil samples collected in the field were placed in plastic bags for transport 

back to the laboratory. Wet soil samples were dried at 50°C upon return to 

the laboratory to prevent alteration of the samples (Brown 2001). The 

samples were weighed again when drying was complete.  

• The dried material (~3 kg per sample) was broken up into a powder 

consistency with a wooden mallet and then placed into a 20 L bucket 

(bucket 1, Figure 4.1). The buckets were filled with laboratory grade 

deionised (DI) water to 25 cm above the bucket tap. The soil sample was 
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soaked for 1-2 hours. Any large floating organic material was removed 

using a strainer.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Schematic diagram of the settling method used to recover the less than 10 μm 

particle size fraction.   

 

• The temperature was measured and the time for the < 50 μm particle size 

to fall 25 cm was determined via a table (Appendix C), which was 

approximately 2 minutes. The soil/water slurry was stirred again by a high 

speed electric drill to achieve a homogonous soil/water mix and care was 

taken to reverse the direction of mixing at the end to minimise turbulence. 

At the end of mixing a timer was set and after the set time elapsed, the 

supernatant was drawn off into another 20 L bucket (bucket 2 in Figure 

4.1) which was placed on the floor (Figure 4.2).  

• After the first < 50 μm recovery step, the residue in bucket 1 was 

discarded and bucket 2 was filled with DI water to the 25 cm fall line.  

• The < 50 μm recovery step was repeated twice more so that material was 

washed into bucket 3 (bucket 2 material discarded) and then into bucket 4 

(bucket 3 material discarded) as in Figure 4.1.  

• The last step involved washing material from bucket 4 into bucket 5 to 

recover the < 10 μm particle size fraction. The bucket was refilled, the 

water temperature was measured, and the supernatant drawn off as per the 
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previous steps, but the settling time for the 10 μm particle size fraction 

was longer (~ 50 minutes).  

 

 
Figure 4.2. Picture of the settling method where the sediment is stirred in 20 L buckets 

and the desired fraction is recovered by drawing off the fraction still in suspension in the 

25 cm fall zone.  

 

• The recovered < 10 μm fraction was in suspension in around 17 L of DI 

water. The < 10 μm fraction size was recovered using a coagulant (Ciba 

Magnafloc LT-510) to flocculate the material in suspension1. The 

coagulant chosen was an organic compound to avoid addition of elements 

that might influence the fingerprinting profile. 

• The coagulant was applied drop-wise to the < 10 μm sediment mixture and 

stirred with a high speed electric drill and left for 30 minutes until the 

supernatant became clear and a sediment layer formed on the bottom of 

the buckets (Figure 4.3).  
                                                 
1 Coagulation and flocculation have different meanings in different contexts. For this study the 
term coagulant will be the agent to cause a change among sediment particles so that they are 
attracted to one another, and flocculation will be used to describe the action of particles attracting 
one another to form flocs. Gregory, J. 2006, Particles in water: properties and processes, IWA 
Publishing and CRC Press, .  
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• The supernatant was decanted by gently tilting the buckets to allow the 

surplus liquid to drain off via the bucket tap. The remaining sediment 

slurry was washed into 750 ml plastic containers using DI water.  

• The samples were dried at 50°C. The solid dry sediment was then ground 

in a tungsten mill prior to analysis by ICP-MS, magnetic susceptibility, 

XRF, and gamma spectroscopy.     

 

 

A B 

Figure 4.3. The recovered < 10 μm sediment after the addition of the coagulant. A) The 

suspended sediment approximately two minutes after the addition of the coagulant and 

mixing, where the sediment begins to floc and takes on a ‘miso soup’ like appearance. B) 

The same bucket where the sediment is beginning to fall to the bottom of the bucket so 

the excess water can be drained off and only a small amount of slurry needs to be dried 

down.   

 
4.3 Analytical processing 
4.3.1 ICP-MS 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was used for trace 

(ppb-ppm) and ultra-trace (ppq-ppb) elemental analysis. A plasma (or gas) 

consisting of ions, electrons, and neutral particles is formed from Argon gas. The 

plasma is used to atomise and ionise the elements in a sample. The resulting ions 

are then passed through a series of apertures into the high vacuum mass analyzer. 

The isotopes of the elements are identified by their mass-to-charge ratio (m/e) and 

the intensity of a specific peak in the mass spectrum is proportional to the amount 

of that isotope (element) in the original sample (University of Missouri Research 

Reactor Center 2007). 
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The < 10 μm sediment samples were prepared using the following methods: 

• Approximately 0.2 g of the sediment sample was placed in a 50 ml falcon 

tube into which reverse aqua regia (1 ml of HNO3 and 0.33 ml of HCl) 

was placed and left to predigest overnight.  

• The next day the falcon tubes were placed into an aluminium digestion 

block set at 50°C and left for 60 minutes. 50 ml of DI water was added to 

the tubes, mixed, and then centrifuged at 4000 rpm for 10 minutes.  

• A 10 ml aliquot was taken and placed into a 15 ml falcon tube and the 

tubes were placed into racks for counting by technicians on a Perkin Elmer 

Elan DRC II ICP-MS. Two Merck IV standards were prepared to 50 PPB 

and one is run as a check and the other standard is run with the sediment 

samples. A flush function was carried out every 8 samples and 

recalibration was undertaken every 24 samples to monitor any instrument 

drift.    

 

4.3.2 XRF 

When an x-ray excitation source (e.g., an x-ray tube or a radioactive source) 

strikes a sample, the x-ray can either be absorbed by the atom or scattered through 

the material. The process in which an x-ray is absorbed by the atom (by 

transferring all of its energy to an innermost electron) is called the photoelectric 

effect. If the primary x-ray has sufficient energy during the photoelectric 

processes, electrons are ejected from the inner shells and this creates vacancies. 

The resulting vacancies are an unstable condition for the atom. As the atom 

returns to its stable condition, electrons from the outer shells are transferred to the 

inner shells. Electron transference gives off a characteristic x-ray whose energy is 

the difference between the two binding energies of the corresponding shells 

(Figure 4.5). Because each element has a unique set of energy levels, each 

element produces x-rays at a unique set of energies, allowing for the non-

destructive measurement of the elemental composition of a sample (Osan et al. 

2002; Amp-Tek 2007). 

 

Samples were analysed for major and trace elements by a Spectro X-Lab 2000 

fully automated X-ray fluorescence (XRF) spectrometer. Samples were prepared 

following (Norrish & Hutton 1977) and (Chappell 1992). Glass fusion disks were 
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prepared with 0.33-0.35g of sample powder and 2.5-2.55 g of 1.2:2.2 flux, and 

trace element briquettes were prepared with 5g of dried powder with 10-20 drops 

of liquid PVA binder. 

 
4.4 Sediment fingerprinting statistical process 
4.4.1 Kruskall_Wallis H-test 

The sediment fingerprinting technique involved two stages to select the 

geochemical elements that will comprise the composite fingerprint to be used in 

the mixing model. The first was the Kruskall-Wallis H-test (Appendix A), which 

is the non-parametric equivalent of the one-way ANOVA, but uses the sums of 

the rankings rather than the raw data. Elements were eliminated on the basis that 

there was no significant difference in the mean concentrations between the 

discrete groups of interest (i.e., landscape unit).  

 

4.4.2 Discriminant Function Analysis (DFA) 

The second step was to optimise the number of first stage elements to be used in 

the composite fingerprint and this was achieved using Discriminant Function 

Analysis (DFA) (Appendix B).  

 

Forward stepwise DFA was run in the STATISTICA 8.0 software package. The 

process of DFA in STATISTICA is an iterative procedure whereby at each step, 

the elements not already in the model are considered separately and are guided by 

the F-to-enter and F-to-remove values. STATISTICA reports the results of the 

DFA in a table form.  

 

The DFA process in STATISTICA can be illustrated by way of an example (using 

the same data contained in Table B-2, Appendix B) where four elements (A, B, C, 

and D) have been selected as potential fingerprint candidates by the Kruskall-

Wallis H-test. The aim of the example was to form a composite fingerprint to 

distinguish three landuses (native forest, exotic forest, and agriculture). The first 

process was at step zero where there are no elements in the DFA model. An F-

ratio is computed for each element, as if it were in the model (Table 4-1). The 

most important result is the F-to-enter column which is the primary guide to enter 

elements into the model; the F-to-enter value is the computed F-ratio. The largest 
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F-to-enter value from Table 4-1 is for element C and this was the first element 

selected for the model. 

 

Table 4-1. Step zero table of results for the DFA calculation in STATISTICA.  

Variables currently not in the model (Spreadsheet in DFA_example.stw)
Df for all F-tests: 2,6

N=9
Wilks'

Lambda
Partial

Lambda
F to
enter

p-level Toler. 1-Toler.
(R-Sqr.)

A
B
C
D

0.803304 0.803304 0.734577 0.518369 1.000000 0.00
0.579545 0.579545 2.176471 0.194654 1.000000 0.00
0.471698 0.471698 3.360000 0.104952 1.000000 0.00
0.881912 0.881912 0.401699 0.685924 1.000000 0.00  

 

The next process is for the step one calculation where element C has been entered 

into the model and the F-ratio for the remaining three elements were obtained 

(Table 4-2). Note that these F-ratios are calculated for each two element model. 

That is, for a model with element C and for the particular element under 

consideration. These two element calculations are not the same as reported in 

Table 4-1. The step one results show that element B now has the largest F-ratio 

value and it will be the second element entered into the model.  

 

Table 4-2. Step 1 table of results for the DFA calculation in STATISTICA. The first 

element entered into the model is element C (top table) and the remaining three elements 

not yet in the model results (bottom table). Values reported in red are for elements that 

have a p value of < 0.05.  

Discriminant Function Analysis Summary (Spreadsheet in DFA_example.stw)
Step 1, N of vars in model: 1; Grouping: Landuse (3 grps)
Wilks' Lambda: .47170 approx. F (2,6)=3.3600 p< .1050

N=9
Wilks'

Lambda
Partial

Lambda
F-remove

(2,6)
p-level Toler. 1-Toler.

(R-Sqr.)
C 1.000000 0.471698 3.360000 0.104952 1.000000 0.000000  

Variables currently not in the model (Spreadsheet in DFA_example.stw)
Df for all F-tests: 2,5

N=9
Wilks'

Lambda
Partial

Lambda
F to
enter

p-level Toler. 1-Toler.
(R-Sqr.)

A
B
D

0.148860 0.315583 5.42185 0.055948 0.370990 0.629010
0.075430 0.159912 13.13361 0.010226 0.201944 0.798056
0.368251 0.780691 0.70229 0.538516 0.885027 0.114973  

 

The DFA process keeps entering elements into the model until all the F-ratios of 

the remaining elements are smaller than the F-to-enter values, which has a default 
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setting of one. The final result for elements C, B, and A shows the discrimination 

is highly significant (Wilks’ lambda = 0.1233; F = 10.672; p = 0.0019)          

(Table 4-3). 

 

Table 4-3. Last step table of results for the DFA calculation in STATISTICA. Element C 

was the first element entered into the model down to the last, element A (top table).  

Element D was not selected for the model (bottom table).   

Discriminant Function Analysis Summary (Spreadsheet in DFA_example.stw)
Step 3, N of vars in model: 3; Grouping: Landuse (3 grps)
Wilks' Lambda: .01233 approx. F (6,8)=10.672 p< .0019

N=9
Wilks'

Lambda
Partial

Lambda
F-remove

(2,4)
p-level Toler. 1-Toler.

(R-Sqr.)
C
B
A

0.095927 0.128575 13.55511 0.016532 0.199379 0.800621
0.148860 0.082855 22.13842 0.006865 0.091251 0.908749
0.075430 0.163514 10.23139 0.026737 0.167635 0.832365  
Variables currently not in the model (Spreadsheet in DFA_example.stw)
Df for all F-tests: 2,3

Wilks'
Lambda

Partial
Lambda

F to
enter

p-level Toler. 1-Toler.
(R-Sqr.)N=9

D 0.010477 0.849418 0.265916 0.782856 0.532780 0.467220  
 

The results of the DFA can be visualised by way of graphing the canonical scores 

(Figure 4.4). The canonical scores are obtained from the discriminant functions, 

also known as canonical functions or roots. The discriminant functions are 

optimal linear combinations of the original elements, which provide decreasing 

power to discriminate between the groups (Hardle & Simar 2007). That is, the 

first function provides the best overall discrimination, the second provides the 

second best, and so on. These functions are also independent so that their 

contribution to the discrimination will not overlap. The easiest way of thinking of 

the canonical graph in Figure 4.4 is as a dimension reduction of four groups in 

Table 4-1 down to two groups which show the two best discriminators.  

 

The maximum number of canonical functions computed is equal to the number of 

groups minus one or the number elements in the analysis, whichever is smaller. 

The standardised coefficients of these functions are known as canonical weights 

and the relative magnitude of these is an indication of how much each element is 

able to discriminate between the groups (StatSoft Inc 2007). A full explanation is 

contained in Appendix D. 
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Root 1 vs. Root 2
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Figure 4.4. Canonical scores for elements C, B, and A as selected by DFA to distinguish 

three landuse types.  

 

The individual canonical scores are found by evaluating these canonical functions 

(using the raw coefficients) for each observation and the discrimination of each 

canonical function can be assessed by looking at the means of the scores across 

the groups. The canonical scores can also be examined visually by plotting the 

individual scores for the first two canonical roots. The farther apart points of one 

group are away from the points of another, the better the elements have been able 

to differentiate the groups being examined. The greater the overlap of points from 

different groups, the greater the chance of erroneous classification (Garson 2007).  

 

In the above example, there are m=3 groups, and p=3 elements, so that there will 

only be two canonical roots. The first root explains 68.55% of the discrimination 

and the remaining 31.4% is explained by the second (Table 4-4). From the 

standardised coefficients, it can be seen that the first canonical function is 

weighted heavily by element B, while the second function is characterised mainly 

by the remaining two elements. Thus the result of the canonical analysis of this 

simple example shows that the use of elements A, B, and C affords good 

discrimination between the three landuse types. 
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Table 4-4. Raw coefficients for the canonical variables for root 1 and root 2 that have 

been used in the graph of canonical scores (Figure 4.4). 

Raw Coefficients for Canonical Variables

Variable Root 1 Root 2
C
B
A
Constant
Eigenval
Cum.Prop

0.3012 -0.329000
-1.2013 0.025620
0.1287 0.097474

-11.3385 1.706986
11.7179 5.375082

0.6855 1.000000

  

4.4.3 Mixing model 

After selecting and optimising the geochemical elements of the composite 

fingerprint, a mixing model was used to quantify the relative contributions of the 

potential sediment source areas (e.g., landuse). A linear equation is constructed 

that relates each element’s mean concentration in the three landuses, to that 

element’s concentration in the sink sample. So the composite fingerprint is 

represented by a set of linear equations, one for each of the selected geochemical 

elements. The linear equations are not solved directly, but rather by minimising 

the sums of squares of the residuals (Walling et al. 1999), and the details of the 

mixing model are presented in Section 3.10.3.3.  

 

The mixing model produces a single estimate of the mixing proportions (or 

relative contribution) of each landuse to the sink sample. The estimate in this 

study was obtained using the Solver function in Microsoft Excel. To give a 

measure of the uncertainty associated with each of the estimates in the main 

sediment fingerprinting project, a Monte Carlo procedure was used to produce 

empirical sampling distributions for the estimates. Details of the procedure are 

given in Appendix E. 

 

 



CHAPTER FIVE 
PILOT STUDY 

 

5.1 Introduction 
A pilot study was undertaken in the Waitekuri subcatchment within the 

Whangapoua Harbour to test the potential use of sediment fingerprinting in the 

New Zealand environment. The pilot study was designed to determine if sediment 

fingerprinting could be used to differentiate between sediment derived from the 

three principal landscape units, as well as sediment derived from three different 

‘erosion positions’ (surface soils, subsurface soils, and streambanks). The null 

hypothesises posed were:  

 

Ho (1) : geochemical properties  will not be able to distinguish between sediment 

derived from the three major landscape units (native forest, exotic forest, and 

agriculture)  in a subcatchment of Whangapoua Harbour. 

 

Ho (2) : geochemical properties  will not be able to distinguish between sediment 

derived from the three erosion ‘positions’ (i.e., surface < 2 cm, subsurface           

> 20 cm, and streambank) in a subcatchment of Whangapoua Harbour. 

 

The methods principally follow Collins et al. (1997) (Chapter 3). This chapter 

describes the sampling design and sediment fraction recovery used in the pilot 

study and the subsequent results. 

 

5.2 Site selection  
Site selection for the pilot study began by partitioning the Whangapoua catchment 

into smaller subcatchment areas using CatchmentSIM (Cooperative Centre for 

Catchment Hydrology 2004). Whangapoua catchment was partitioned based on 

the five major streams draining into the harbour; Waitekuri River, Waingaro and 

Opitonui, Owera, Otanguru, and Mapauriki streams (Figure 5.1). Small areas of 

swamp around the harbour, scrub areas to the east of the harbour and the urban 
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areas of Whangapoua and Matarangi (around 10% of the catchment) were 

excluded from consideration.  

 

 

 
Figure 5.1. The five subcatchment areas of the Whangapoua Harbour catchment. 

 

 

The Waitekuri subcatchment (Figure 5.2) was chosen for the pilot study as it was 

representative of the landuse and slope patterns in the greater catchment with 

steep upper slopes under native forest, mainly intermediate slopes under exotic 

forest, and lower slopes and flat areas on alluvial soils under agriculture. While 

the slope/landuse patterns were typical of the Whangapoua catchment, the 

Waitekuri had the highest average channel slope and channel slope range of any 

of the subcatchments (Table 5-1).   

 



                                                                                                          Pilot Study 
 

 105

 
Figure 5.2. The Whangapoua Harbour catchment and the boundary of the Waitekuri 

subcatchment. 

 

 

Table 5-1. The five sub-catchments of the Whangapoua Harbour area, average channel 

slope, and channel slope range. 

Subcatchment Area 
(ha) 

Average slope Slope range 

Waitekuri 1922 6.1 0.9 – 18.6 

Waingaro and Opitonui 4214 3.7 0.1 – 12.2 

Owera 1605 4 1.8 – 5.3 

Otanguru 1046 4.1 0.6 – 5.7 

Mapauriki 745 3.1 2.5 – 3.2 

 

 

5.3 Sampling design rationale and assumptions 
The rationale guiding the sampling comes from the three alternative hypotheses of 

catchment erosion identified in Chapter 2. Thus surface, subsurface, and 

streambank samples were taken from each one of the native forest, exotic forest, 

and agricultural landscape unit.  
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To characterise sediment originating from surface erosion forms, the top 2 cm of 

the surface soils were sampled. To characterise sediment originating from 

landslides, soil samples from greater than 20 cm depth were collected. Material 

was collected from along drainage channels to characterise streambank erosion 

forms.  

 

Soil samples were collected from source areas that are ‘likely to be eroded’ 

(Section 3.10.3.4) or as I interpreted it, likely to deliver sediment to streamlines. 

The soils were sampled in-situ as opposed to actively transported material so as to 

characterise source areas and not material in transit. Sampling areas were selected 

close to drainage lines which are likely to deliver sediment to streams               

(i.e., proximal sources); surface and subsurface samples were taken from within 

10 m of drainage lines on flat land and up to 20 m on steep land. For streambank 

samples, material was taken from bare or exposed banks that were not fortified by 

vegetation.   

 
5.4 Sample collection  
5.4.1 Catchment soil samples 

Within each of the three landscape units, nine areas of equal size adjacent to the 

stream network were identified of which three were randomly selected. A push 

tube soil sampler was used to take 10 cores in an area of approximately 100 m2 

and these were bulked in the field to make up the sample. The top 2 cm of the core 

was retrieved for the surface sample, the 2-20 cm section discarded, and the 

greater than 20 cm section retrieved for the subsurface sample. Streambank 

material was retrieved using a stainless steel trowel and 10 samples were taken 

from approximately 20 lineal meters of the channel and were bulked in the field. 

Consequently, each landscape unit had three sites containing three different 

positions, totalling 27 source area samples for the pilot study (Figure 5.3). 

 

 5.4.2 Catchment sink samples 

A time integrated sediment sampling device (TISSD) (Figure 5.4) was used to 

represent sediment entering the Whangapoua estuary (Phillips et al. 2000). The 

TISSD was deployed in the lower reach of the Waitekuri River above the tidal 

influence (Figure 5.3). Stream sampling using the TISSD was to ensure that the 
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collected sediment was of a contemporary nature and to assess the performance of 

the TISSD for later use in the full sampling programme. 

 

The TISSD was deployed from 8-11-2007 until 28-4-2008. The TISSD was 

placed in around 60% of the low flow water depth after it was filled with native 

water. Once it was secured with metal stakes, the TISSD received a constant water 

inflow and by virtue of its inlet to chamber ratio, decreased the receiving water 

velocity by a factor of 600. This induced sedimentation within the chamber before 

the water circulated out the exhaust tube (Phillips et al. 2000).    

 

 

 

 
Figure 5.3. Sampling sites locations for native forest (A B C), exotic forest (D E F) and 

agriculture (G H I). At each site indicated, soil was sampled from three positions (surface, 

subsurface, and streambank). The approximate boundary of the Waitekuri subcatchment 

is shown by the dashed line and the approximate location of the time integrated sediment 

sampler is indicated by the arrow.  
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A 

B 

Figure 5.4. A) Schematic drawing of the time integrated sediment sampler; B) field 

deployment of the time integrated sediment sampler in the Waitekuri River. 

 

 

5.5 Sample preparation and analysis 
The 27 source area and one sink sediment samples were returned to the laboratory 

and air dried at 45°C for 48 hours. Each sample was then manually disaggregated 

using a mortar and pestle, mixed to ensure sample homogenisation, and dry sieved 

to recover the < 63 μm fraction for analysis by X-ray Florescence (XRF).  
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5.6 Results 

5.6.1 XRF analysis 

The XRF reported the results for 39 trace and 12 major geochemical elements. 

Due to the analytical unreliability of the XRF instrument with respect to certain 

trace elements (Co, Ni, Ga, Ge, Se, Br, Nb, Mo, Ag, Cd, In, Sn, Sb, Te, I, Cs, Pr, 

Nd, Hf, Ta, W, Hg, Ti, and Bi) (Roger Briggs pers. comm.), these 24 elements 

were eliminated before the first stage of statistical treatment. Consequently 27 

elements were potential fingerprint candidates. The full geochemical element 

results are presented in Appendix F. 

 

5.6.2 Sediment fingerprinting statistical process 

The sediment fingerprinting technique is a three stage process. Firstly, the 

geochemical elements that vary significantly between groups (i.e., landscape unit 

or erosion position) were identified as candidate elements by the Kruskall-Wallis 

H-test (Section 3.10.3.1). The number of candidate elements were then optimised 

by Discriminant Function Analysis (DFA) (Section 3.10.3.2). The optimised 

elements are then used in a composite fingerprint to determine the relative 

contribution of the landscape units or erosion positions by using a mixing model 

(Section 3.10.3.3). The sediment fingerprinting statistical process was run firstly 

for the landscape units and then erosion position.   

 

5.6.3 Statistical analysis to determine fingerprint candidates for landscape 

units 

Candidate elements to distinguish between the landscape units (native forest, 

exotic forest, and agriculture) were selected using the Kruskall-Wallis H-test. 

Elements were eliminated on the basis that their p-values were above the 5% level 

of significance (i.e., p ≥ 0.05). Seven elements were below the 5% level of 

significance and were identified as candidate fingerprint elements. They were 

chromium, magnesium, calcium, iron, zinc, phosphorus, and manganese (Figures 

5.5 and 5.6). The full Kruskall-Wallis H-test results are contained in Appendix G.  

 

The concentrations of Mg, Zn, P, and Mn were higher in the agricultural areas. Fe 

showed an increase from native to exotic to agricultural landscape units. Cr was 
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found in similar concentrations in the exotic forest and agricultural landscape 

units, but in much lower concentrations in the native forest. The lowest 

concentration for Ca was found in the exotic forest landscape unit.  

 

The second step was to optimise the selected seven candidate elements by forward 

stepwise discriminant function analysis (DFA). As detailed in Chapters 3 and 4, 

DFA is an iterative process that is guided by the F-to-enter / F-to-remove value, 

which was set at three. The rationale for the F-to-enter value will be discussed 

later in this chapter. The DFA result (Table 5-2) was that Mn, Zn, and Cr were 

selected for the model with a highly significant result (Wilks’ lambda = 0.22726; 

F = 8.0375; p < 0.0000) (Table 5-2).  

 

 

 

Table 5-2. Results for the forward step-wise DFA process for landscape units using an F-

to-enter value of three. Zn was the first element entered into the model and Mn the last 

(top) while Mg, P, Ca, and Fe were not selected for the model (bottom).   

Discriminant Function Analysis Summary (DFA_LANDUSE.sta in Pilot_Study_ALL.stw)
Step 3, N of vars in model: 3; Grouping: Landuse (3 grps)
Wilks' Lambda: .22762 approx. F (6,44)=8.0375 p< .0000

N=27
Wilks'

Lambda
Partial

Lambda
F-remove

(2,22)
p-level Toler. 1-Toler.

(R-Sqr.)
Zn
Cr
Mn

0.255024 0.892540 1.324381 0.286354 0.590425 0.409575
0.395143 0.576042 8.095819 0.002317 0.645102 0.354898
0.311833 0.729940 4.069727 0.031344 0.452829 0.547171

 

Variables currently not in the model (DFA_LANDUSE.sta in Pilot_Study_ALL.stw)
Df for all F-tests: 2,21

N=27
Wilks'

Lambda
Partial

Lambda
F to
enter

p-level Toler. 1-Toler.
(R-Sqr.)

Mg
P
Ca
Fe

0.202271 0.888636 1.315859 0.289469 0.707322 0.292678
0.217163 0.954061 0.505587 0.610308 0.691159 0.308841
0.197626 0.868231 1.593563 0.226813 0.714291 0.285709
0.199455 0.876266 1.482655 0.249851 0.551347 0.448653  
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Figure 5.5. Mean concentrations of Fe, P, Mg, and Ca for the three landscape units. Error bars represent one standard error of the mean values.
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Figure 5.6. Mean concentrations of Zn, Cr, and Mn for the three landscape units. Error bars represent one standard error of the mean values. 
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Canonical analysis was used to visualise the DFA results (Figure 5.7). There was 

good separation of the agricultural landscape unit and the native and exotic 

landscape units using Zn, Cr, and Mn. There was also separation between exotic 

and native forests landscape units although there was some overlap evident 

between them. This reflects that of the three elements, only Cr clearly 

distinguishes the native forest from the exotic and agricultural landscape units 

(Figure 5.6). Consequently, the null hypothesis Ho (1) posed is rejected as the pilot 

study had shown that there are geochemical elements that can distinguish between 

the three landscape units.   
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Figure 5.7. Canonical analysis of the DFA results for landscape units using Zn, Cr, and 

Mn. Ellipses are 0.95 of data range for each landscape unit.  

 

I have drawn 95% range ellipses on all of the canonical graphs in this thesis. A 

95% range ellipse is one where the length of its horizontal and vertical proportions 

onto the x-axis and y-axis respectively, is equal to mean ± range ∗ 0.95. These 

ellipses have no statistical meaning but are drawn to highlight the clustering of the 

groups. (StatSoft Inc 2007). 
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5.6.4 Statistical analysis to determine fingerprint candidates for erosion 

position 

The statistical process was repeated using the Kruskall-Wallis H-test, except this 

time the grouping variable was erosion positions (surface soils 0-2 cm, subsurface 

soils  > 20 cm, and streambank material). Seven elements (aluminium, 

phosphorus, sulphur, chlorine, calcium, vanadium, and uranium) were identified 

as potential candidate elements (Figure 5.8 and 5.9) and the full results are 

contained in Appendix G. 

 

The pattern of the geochemical results in Figures 5.8 and 5.9 is a contrast between 

the surface sample concentrations and both the subsurface and streambank sample 

concentrations. S, Ca, Cl, and P all show increased concentrations in the surface 

samples compared to low concentrations in the subsurface/streambank samples. 

Al, U, and V show low surface concentrations compared to higher 

subsurface/streambank concentrations.  

 

 The seven elements selected to distinguish erosion position were run through the 

DFA process with the F-to-enter value of three. Only Cl and P were entered into 

the model for a still highly significant result (Wilks’ lambda = 0.31335;                

F = 9.0438; p < 0.001) (Table 5-3).  
 

Table 5-3. Results for the forward step-wise DFA process for position using an F-to-
enter value of three. Cl was the first element entered into the model and P the last (top) 
while Al, S, Ca, V, and U were not selected for the model (bottom).   

Discriminant Function Analysis Summary (DFA_POS_elements.sta in Pilot_Study_ALL.stw)
Step 2, N of vars in model: 2; Grouping: Position (3 grps)
Wilks' Lambda: .31335 approx. F (4,46)=9.0438 p< .0000

N=27
Wilks'

Lambda
Partial

Lambda
F-remove

(2,23)
p-level Toler. 1-Toler.

(R-Sqr.)
Cl
P

0.567620 0.552048 9.331522 0.001078 0.996570 0.003430
0.434508 0.721169 4.446335 0.023304 0.996570 0.003430
Variables currently not in the model (DFA_POS_elements.sta in Pilot_Study_ALL.stw)
Df for all F-tests: 2,22

N=27
Wilks'

Lambda
Partial

Lambda
F to
enter

p-level Toler. 1-Toler.
(R-Sqr.)

Al
S
Ca
V
U

0.284360 0.907473 1.121570 0.343694 0.829939 0.170062
0.304166 0.970680 0.332265 0.720834 0.552032 0.447968
0.309601 0.988025 0.133317 0.875889 0.807494 0.192506
0.295388 0.942666 0.669032 0.522320 0.978219 0.021781
0.289424 0.923633 0.909489 0.417345 0.934505 0.065495  
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Figure 5.8. Mean concentrations of Al, U, S, and Ca for the three erosion positions. Error bars represent one standard error of the mean values.
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The canonical analysis of elemental concentrations (Figure 5.10) is characterised 

by good separation between surface sources and the two subsurface positions 

(streambank and > 20 cm). There was not good separation between streambank 

and subsurface positions. This reflects the higher concentrations of Cl and P in 

surface soils and the lower concentrations in both subsurface soils and 

streambanks. The overall result is still significant and there is enough evidence to 

reject the null hypothesis Ho (2) as the pilot study had shown that there are 

geochemical properties that can be used to distinguish erosion source positions.   
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Figure 5.10. Canonical analysis of the DFA results for position using Cl and P. Ellipses 

are 0.95 of data range for each landuse type.  

 

5.6.5 Mixing model results 

The mixing model produces a single estimate of the mixing proportions (or 

relative contribution) from each landscape unit/erosion position to the sink 

sample. The sink sample result is contained in Appendix H. The mixing model 

(Section 3.10.3.3) was run in an Excel spreadsheet using the Solver function 

(Appendix E). The elements Mn, Zn, and Cr were used to estimate the relative 

contributions from the native, exotic, and agricultural landscape units in the 
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Waitekuri subcatchment. Cl and P were used to estimate the relative contributions 

from surface, subsurface, and streambank positions in the Waitekuri 

subcatchment. The Solver function was run once to provide a single estimate of 

the relative contributions and the results are contained in Table 5-4. The main 

contributor of sediment by landscape unit was the native forest and the main 

process of sediment delivery appears to be landslides due to the dominance of 

subsurface sources. 

 

Table 5-4. Results of the mixing model for the relative contribution from landuse and 

position from the Waitekuri subcatchment. 
Landuse Relative proportion (%) Position Relative proportion (%) 

Native 40 Surface 10 

Exotic 33 Subsurface 62 

Agricultural 27 Streambank 28 

 

5.6.6 Review of objectives 

The objective of the pilot study was to test the hypotheses (Section 5.1) that no 

geochemical elements could be found to distinguish either landscape units or 

erosion position in the Waitekuri subcatchment. Both hypotheses Ho (1) and Ho (2) 

were rejected as the DFA identified Zn, Cr, and Mn to distinguish landscape units 

and Cl and P to distinguish erosion position. Both results were highly significant. 

Using the elements for the composite fingerprint determined the relative 

contribution results in Table 5-4.  

 
5.7 Discussion 

5.7.1 Sediment fingerprinting results 

Following the sediment fingerprinting process, geochemical elements were found 

that could distinguish landscape units and erosion position, and that using the 

elements in a composite fingerprint it was possible to calculate the relative 

sediment contribution. It is evident from Section 5.6 is that both sets of DFA 

results were highly significant with acceptable Wilks’ lambda scores. But the 

canonical analysis (Figures 5.7 and 5.10) indicates that there may be greater 

difficulty distinguishing exotic forests from native forests landscape units and 
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subsurface from streambank erosion positions due to the overlap observed of these 

groups in the graphs.  

 

The overlap of groups in the canonical graphs (Figures 5.7 and 5.10) reflects the 

reality of the geochemical elements selected to distinguish the groups. For 

landscape units, Zn and Mn clearly has different concentrations in the agricultural 

landscape units but not native or exotic forests, while Cr has a different 

concentration in the native forest but not agricultural or exotic landscape unit 

(Figure 5.6). None of the elements clearly distinguishes exotic forests. For erosion 

position, both Cl and P (Figure 5.9) have higher concentrations in the surface 

positions and are similar in the subsurface and streambank positions.  

 

Classification matrices were generated for the DFA analysis for landscape units 

(Table 5-5) and position (Table 5-6) to attempt to examine the level of 

discrimination of groups within the landscape units and erosion position.  

 

Table 5-5. Classification matrix for the DFA analysis of native forest, exotic forest, and 

agricultural landscape units.   

Classification Matrix (DFA_LANDUSE.sta in Pilot_Study_ALL.stw)
Rows: Observed classifications
Columns: Predicted classifications

Group
Percent
Correct

Native
p=.33333

Exotic
p=.33333

Ag
p=.33333

Native
Exotic
Ag
Total

77.77778 7 0 2
55.55556 3 5 1
88.88889 0 1 8
74.07407 10 6 11  

 

Table 5-6. Classification matrix for the DFA analysis of surface, subsurface, and 

streambank erosion positions.  

Classification Matrix (DFA_POS_elements.sta in Pilot_Study_ALL.stw
Rows: Observed classifications
Columns: Predicted classifications

Group
Percent
Correct

Surface
p=.33333

Subsurf
p=.33333

St.bk
p=.33333

Surf
Subsurf
St.bk
Total

66.66666 6 0 3
77.77778 2 7 0
66.66666 3 0 6
70.37037 11 7 9  
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The classification matrices results are based on the distance of a single 

observation from the centroid of the data group which is analogous to a mean. 

Thus the position results which show the lowest classification rate for surface 

when it should be expected to be the highest based on Figure 5.10, reflects the 

surface data having large variability about the centroid. The classification results 

also suffer from the low sample number which means that one misclassification 

changes the results by 11%. The classification matrices therefore do not quantify 

the discrimination between landscape unit or erosion position groups.     

 

The DFA result is highly significant for landscape units and erosion position, but 

quantifying how well native/exotic/agricultural landscape units and 

surface/subsurface/streambank positions are distinguished from one another 

remains difficult. The best indication seems to be the canonical graphs which 

would suggest it is sensible to interpret the final sediment fingerprinting results 

with greater caution for native and exotic forests and subsurface and streambank 

erosion positions.    

 

5.7.2 Optimisation of geochemical elements 

An advantage of sediment fingerprinting is that it is based on the premise that 

using multiple properties to form the fingerprint reduces the potential error of 

spurious source-sink links by being more representative (Collins & Walling 

2002). There is also the competing aim to ensure the number of fingerprint 

properties is kept to a minimum. This is to ensure parsimony (or simplicity) in the 

mixing model, as models should have as few parameters as possible to ensure 

their simplest functional form (Crawley 2005; Miller 2005). Fewer parameters 

avoid errors such as multiple comparisons.   

 

When using confidence intervals, the null hypothesis is rejected when it is proved 

false by a very significant level (p < 0.05). The problem arises when testing not a 

single hypothesis, but many and this is the problem of multiple comparisons. For 

example, if four independent tests are carried out using the acceptance criteria of 

5%, the probability that one of the hypothesis is accepted by chance alone is 19% 

(Dallal 2007) 
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When the sediment fingerprinting statistical process was first run on the data for 

landscape units, the DFA process did not optimise the number of candidate 

elements identified by the Kruskall-Wallis H-test (Figures 5.5 and 5.6). In other 

words, the DFA did not reduce the seven candidate elements (Table 5-7). The 

result showed the discrimination is highly significant (Wilks’ lambda = 0.1205;   

F = 4.8361; p < 0.001).  

 

Table 5-7. Step seven table of results for the forward step-wise DFA process. Zn was the 

first element entered into the model down to the last Fe.   

Discriminant Function Analysis Summary (StepwiseDFA_analysis)
Step 7, N of vars in model: 7; Grouping: Landuse (3 grps)
Wilks' Lambda: .12050 approx. F (14,36)=4.8361 p< .0001

N=27
Wilks'

Lambda
Partial

Lambda
F-remove

(2,18)
p-level Toler. 1-Toler.

(R-Sqr.)
Zn
Cr
Mn
Ca
Mg
P
Fe

0.142836 0.843660 1.667810 0.216524 0.420234 0.579766
0.171251 0.703672 3.790060 0.042299 0.410286 0.589714
0.139602 0.863200 1.426327 0.266073 0.265141 0.734859
0.140015 0.860657 1.457125 0.259103 0.504995 0.495005
0.143333 0.840734 1.704934 0.209858 0.437563 0.562437
0.148994 0.808789 2.127752 0.148087 0.390937 0.609063
0.137387 0.877118 1.260882 0.307270 0.352999 0.647001  

 

 

Canonical analysis of the DFA results with all seven elements showed that there 

was clear separation of the agricultural landscape unit and overlap of the native 

forest and exotic forest landscape unit (Figure 5.11). 

 

Likewise for erosion position, the initial processing of the candidate elements by 

DFA selected three elements (Cl, P, and Al) and rejected S, Ca, V, and U as they 

all had an F-ratio below the default F-to-enter value of one (Table 5-8). Therefore 

the DFA forward-stepwise process only ran to three steps. The final result shows 

the discrimination is highly significant (Wilks’ lambda = 0.28436; F = 6.4187;     

p < 0.001).  

 

Canonical analysis of the position DFA results with Cl, P, and Al showed that 

there was clear separation of the surface position and overlap of the subsurface 

and streambank positions (Figure 5.12). 
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Figure 5.11. Canonical analysis of the DFA results for landscape units using Cr, Mg, Mn, 

Ca, Fe, Zn, and P. Ellipses are 0.95 of data range for each landuse type.  

 

 

Table 5-8. Step three table of results for the forward step-wise DFA process for position. 

Cl was the first element entered into the model down to the last Al (top). Rejected 

elements are displayed in the bottom table.   

Discriminant Function Analysis Summary (DFA_POS_elements.sta in Pilot_Study_ALL.s
Step 3, N of vars in model: 3; Grouping: Position (3 grps)
Wilks' Lambda: .28436 approx. F (6,44)=6.4187 p< .0001

N=27
Wilks'

Lambda
Partial

Lambda
F-remove

(2,22)
p-level Toler. 1-Toler.

(R-Sqr.)
Cl
P
Al

0.406290 0.699894 4.716667 0.019740 0.934453 0.065547
0.330733 0.859785 1.793889 0.189798 0.867032 0.132967
0.313353 0.907473 1.121570 0.343694 0.829939 0.170062
Variables currently not in the model (DFA_POS_elements.sta in Pilot_Study_ALL.stw)
Df for all F-tests: 2,21

N=27
Wilks'

Lambda
Partial

Lambda
F to
enter

p-level Toler. 1-Toler.
(R-Sqr.)

S
Ca
V
U

0.277191 0.974790 0.271547 0.764836 0.550912 0.449089
0.282624 0.993896 0.064486 0.937734 0.780215 0.219785
0.275736 0.969672 0.328399 0.723707 0.811643 0.188358
0.273304 0.961122 0.424733 0.659438 0.825809 0.174191
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Root 1 vs. Root 2
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Figure 5.12. Canonical analysis of the DFA results for position using Cl, P, and Al. 

Ellipses are 0.95 of data range for each landuse type.  

 

As detailed in Section 3.10.3.2, DFA is an iterative process that is guided by the 

F-to-enter / F-to-remove value and the default value used by STATISTICA and 

previous studies is an F-to-enter value of one. When the F-to-enter value of one 

was used for the first statistical processing of the pilot study data, there was no 

optimisation of candidate landscape unit elements, and an extra element was 

accepted into the erosion position DFA model (Al). It was decided to investigate 

the potential of further optimisation of candidate elements at the DFA stage.   

 

5.7.3 Optimisation by DFA 

To examine the issue of optimisation of elements further, it is important to know 

that the degrees of freedom for the pilot study data for landscape units was 

determined by degrees of freedom of the numerator (df1) which is k-1 (the number 

of groups or landuse types minus one), and the degrees of freedom of the 

denominator (df2) which is n-k (the number of predictor values or elements minus 

three). Thus the pilot study has degrees of freedom of 2 and 24.  
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Consider the first results of pilot study data for landscape units (Table 5-7) where 

no DFA optimisation occurred. Using the corresponding table for the                  

F-distribution (Table 5-9), and elements were accepted (because the null 

hypothesis was rejected) into the DFA model when their F-ratio was greater than 

one at the 38% level of significance (i.e., F-to-enter value of one). The level of 

significance (38%) is at odds with the hypothesis testing which is typically 

conducted at the p ≤ 0.05 level of significance, which would correspond to the F-

to-enter value in Table 5-9 of approximately three. So was there a case to change 

the default value used in STATISTICA for the DFA process from one to three?      

 

Table 5-9. Level of significance (α) for the F-to-enter values for the degrees of freedom 

of 2 and 24 (Hale 2000). 

F-to-enter Level of significance (α) 
1.0 0.382697 
2.0 0.157267 
3.0 0.068719 
4.0 0.031676 
5.0 0.015303 

 

The forward stepwise DFA was run again on the seven selected elements for the 

landscape unit grouping, but this time with the default F-to-enter value changed 

from one to three. The results were that only three elements (Zn, Cr, and Mn) 

were accepted into the model while four elements (Mg, P, Ca and Fe) were 

rejected (Table 5-2). The change in the default F-to-enter value from one to three 

reduced the number of elements in the model from seven to three and reduced the 

problems of multiple comparisons with the overall result remaining highly 

significant (p < 0.001). The use of fewer element in the models led to a larger 

Wilks’ lambda score (0.22762), whereas for the model including all seven 

elements the Wilks’ lambda score was 0.1205 (Table 5-7). The F-ratio determines 

how much variation exists within and between the landscape unit group of 

elements and the significance level of the variance. The Wilks’ lambda calculates 

how useful a given element is in the forward-stepwise discriminant function 

(Purkait 2005).  

 

The problem with the larger Wilks’ lambda in Table 5-2 is that it is at odds with 

published literature which uses the minimisation of the Wilks’ lambda as the key 
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factor in determining the number of elements in the model. However, the 

reduction in Wilks’ lambda with more elements included is not significant. This is 

because the F-ratios, each computed to assess the improvement in discriminatory 

power of a model with each additional element (and given in the “F to enter” 

column in Table 5-2 and 5-7), are not statistically significant. As shown in 

Appendix B, these F-ratios are a function of Wilks’ lambda and essentially give a 

measure of the reduction in the Wilks’ lambda score, which would occur with the 

inclusion of an additional element in the model. If the F-ratio is not significant, 

then neither is the reduction in the Wilks' lambda score. 

 

To summarise at this point, the DFA process did not reduce (or optimise) the 

number of elements selected by the Kruskall-Wallis H-test when the published 

method was followed of using an F-to-enter value of one (Wilks’ lambda score    

= 0.1205). This is at odds with the aim of ensuring the least number of elements 

are used in the model to ensure simplicity and reduce the problem of multiple 

comparisons.  

 

The pilot study had a degrees of freedom of 2 and 24, and when the F-distribution 

for this situation is examined, an F-to-enter value of one corresponds to a level of 

significance of 38% when it is normal to test at the 95% level. The 95% level of 

significance for the pilot study data corresponds to an F-to-enter value of three. 

The DFA process was rerun using an F-to-enter value of three which optimised 

the number of elements in the fingerprint to three instead of all seven, but the 

Wilks’ lambda score was larger (0.28436). The larger Wilks’ lambda score is at 

odds with the published method of minimising the Wilks’ lambda score as a way 

of determining the optimum number of elements in the composite fingerprint. 

 

5.7.4 Testing optimisation by ‘Jackbooting’ 

To investigate the opposing results of element optimisation (to ensure simplicity 

and avoid multiple comparisons) while increasing the Wilks’ lambda, a 

resampling of the pilot study data was undertaken based on the landscape unit 

groupings. Typically any resampling of the data would involve techniques such as 

Bootstrapping or Jackknifing. The Bootstrapping and Jackknifing techniques are 

used to estimate the precision of statistics (e.g., medians) and the dispersion   
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(e.g., standard deviation). Bootstrapping is the technique whereby the data set is 

resampled by sequential removal and replacement of each point and running over 

many iterations, typically in the thousands. Jackknifing is the resampling of a 

dataset by the creation of many other subsets, usually by a one off removal. For 

example, in a data set with 20 elements, 20 pseudo-replicate datasets (each of       

n = 19) will be created. For this reason Jackknifing is considered to be a means of 

approximating Bootstrapping (Efron 1982; Lanyon 1987;  Kohavi 1995;  Shao & 

Tu 1995).  

 

For the pilot study data, neither Bootstrapping nor Jackknifing would be 

applicable. For Bootstrapping the removal of one point and its replacement by one 

chosen randomly from the entire data set would bias the results as the data is 

organised into the three landscape unit groups and would unbalance the groups. 

Similarly, the creation of subsets by Jackknifing would also unbalance the data 

that had been grouped into landscape units.   

 

A variation of the Bootstrapping and Jackknifing methods was developed in this 

thesis and termed Jackbooting. This involved the removal and replacement of not 

one but three observations, one each from the three landscape units. Jackbooting 

involved sequentially removing an observation at each ‘step’ from the native 

forest, exotic forest, and agriculture landscape unit data sets and then running 

forward-stepwise DFA analysis (Roddy et al. 2008). After each step, the 

observations were returned and three more removed (Figure 5.13). At each step, 

the first element entered into the model (or ‘ranked’) by DFA through to the fifth 

was recorded to ascertain if there is a hierarchy of importance of the candidate 

elements. To execute the Jackbooting resampling, a macro was written for 

STATISTICA which automated the procedure as well as recording the ranking of 

elements, the classification matrix percent, the Wilks’ lambda statistic and the 

significance level (Appendix I). The resampling of the pilot study data by 

Jackbooting resulted in 729 iterations of the data.  

 

The results from Jackbooting showed that there was a hierarchy of elements to 

distinguish landuse types (Table 5-10). Out of a possible 729 iterations, Mn was 

the first ranked element 369 times, closely followed by Zn at 351. Mg was the 
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only other element to appear in the first ranked position nine times. Neither Mn 

nor Zn were ranked second, but this position was dominated by Cr 707 times out 

of a possible 729. In the third ranked position, Mn again appears the most (321 

times) with Fe the next best with 198. It should be noted that the columns in  

Table 5-7 don’t all sum to 729 as for some iterations less than five elements were 

entered into the model by the DFA process. 
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Figure 5.13. Flow chart showing the Jackbooting process for the first and second step in 

the macro written for STATISTICA.  
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Table 5-10. Results of forward stepwise DFA analysis Jackboot resampling showing the 

ranking of elements from first to fifth.  

 Rank 

Element 1st 2nd 3rd 4th 5th 
Mn 369 0 321 0 1 

Zn 351 0 52 27 27 

Cr 0 707 2 4 16 

Ca 0 0 72 244 41 

P 0 1 58 210 180 

Fe 0 21 198 66 32 

Mg 9 0 23 175 412 

 

 

A clear break can be seen in the results (Figure 5.14). Mn, Zn, and Cr account for 

over 96% in the first and second rankings, and over 50% in the third ranked 

position. Of the other elements, Fe accounts for 27% in the third ranked position 

and Ca 34% in the fourth ranked position. There is a definite hierarchy (or 

‘importance’) of Mn, Zn, and Cr which dominate the first to third ranked positions 

on the right hand side of the graph. The elements Mg, Fe, P, and Ca dominate the 

rankings third through to fifth on the left hand side of the graph (Figure 5.14).  

 

The result of the Jackbooting resampling leads to the conclusion that the default 

F-to-enter value of one used in STATISTICA and reported in the literature is in 

fact too low. A more appropriate F-to-enter value is three, as it better matches a p 

≤ 0.05 level of significance for the pilot study number of observations and number 

of groups data (Table 5-10) and is a more rigorous qualifier of candidate elements 

while reducing the potential of multiple comparisons. Even though the use of an 

F-to-enter value of three results in a larger Wilks’ lambda score, the Jackboot 

resampling shows that only Mn, Zn, and Cr are required to distinguish the three 

landscape units because of their hierarchy of importance and using only Mn, Zn, 

and Cr still produces a highly significant result (Wilks’ lambda = 0.22726;           

F = 8.0375; p < 0.0001) (Table 5-2).  
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Figure 5.14. Results of the Jackbooting resampling method showing the rankings of 

elements from first to fifth.  

 

5.7.5 Discussion of mixing model results 

The landscape unit mixing model used three elements to determine the relative 

contribution of three different landscape units (native, exotic, and agricultural), 

and the position mixing model used two elements to determine the contribution 

from three positions (surface, subsurface, and streambanks). When the number of 

elements in the mixing model is less than the number of sources, then the problem 

of dimensionality is encountered. That is to say, the problems of dimensionality 

occur where the discriminating powers of the tracers is compromised when the 

number of tracers used is less than the number of sources trying to be identified 

(Small et al. 2002).  

 

The erosion position mixing model was posed using only two elements (Cl and P) 

to distinguish three groups (surface, subsurface and streambanks), thus 

encountering the problems of dimensionality. It has already been observed from 

canonical analysis of position that the two elements do not distinguish well 

between the subsurface and streambank positions. For this reason the mixing 
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model was run again using the two elements to distinguish only two groups, 

surface positions and all subsurface position (subsurface and streambanks 

combined) so as the rule of dimensionality was not broken. The result was that the 

mixing model would not leave the 0.5/0.5 starting assumption for the surface and 

all subsurface positions, so no result was obtained.  

 

The Waitekuri subcatchment landscape unit/erosion position sediment 

fingerprinting results indicate that the majority of entering the lower reaches is 

sourced from the native forest landuse and is most likely generated by landslide 

erosion. The pilot study results indicate that native forest/landslide alternative 

hypothesis (Section 2.5.2) of catchment erosion is primarily how sediment is 

delivered to the Whangapoua estuary.  

 

Interpretation of the pilot study results requires some caution. Firstly, there are 

only nine observations representing each landscape unit/erosion position in a 1900 

ha subcatchment. Secondly, the rule of dimensionality was broken to obtain the 

mixing model result using two elements to distinguish three groups for the erosion 

position scenario, and a result was not obtained when using two elements to 

distinguish two groups for erosion position. Thirdly, the low number of 

observations also limits the confidence in which we can say that landscape units 

and erosion position interact. That is, that sediment is being predominantly 

generated from subsurface sources in native forest areas. These three problems are 

largely due to the low sample numbers in the pilot study and will be addressed by 

a larger sample number in the full sediment fingerprinting programme       

(Chapter 6).  

 

5.8 Summary  
The Waitekuri subcatchment was selected to conduct a pilot study into the 

feasibility of applying the sediment fingerprinting technique to sediment source 

ascription in New Zealand. Two null hypothesis were posed that there are no 

geochemical properties that would distinguish the native, exotic, and agricultural 

landscape units nor the surface, subsurface, and streambank erosion positions. 

After sampling the subcatchment and analysis of the < 63 μm fraction by XRF, 

geochemical candidate elements were identified by the Kruskall-Wallis H-test and 
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then optimised by discriminant function analysis. This process identified the 

elements Mn, Zn, and Cr for landuse discrimination and Cl and P for position 

discrimination and the two null hypotheses were rejected. It was also shown by 

Jackboot resampling that the default F-to-enter value used in STATISTICA is too 

low and that a more rigorous value of three should be used in this case. 

 

The sediment fingerprint elements were then used in the mixing model to 

determine the relative sediment contribution from the landscape units and erosion 

position sources. The results indicate that native forest is the main contributor and 

it is delivering sediment via subsurface (i.e., landslide) sources. The mixing model 

results must be used with caution because of low sample numbers and problems 

of dimensionality.   
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CHAPTER SIX 
SEDIMENT FINGERPRINTING 

 

6.1 Introduction 
In Chapter 5 it was shown that the sediment fingerprinting technique could 

distinguished sediment from the different landscape units (native forest, exotic 

forest, and agriculture) and erosion ‘positions’ (surface, subsurface, and 

streambank). This chapter outlines the application of sediment fingerprinting to 

the whole Whangapoua catchment. The full sampling programme was modified 

from the method used in the pilot study. The aim of the full sediment 

fingerprinting sampling programme was to quantify the relative contributions 

from the landscape unit/erosion position sediment source areas. 

 
6.2 Source area sample collection 
6.2.1 Introduction 

Typically the native forest landscape unit occurs on steep slopes, exotic forests on 

rolling hills, and agriculture on flat land, although there are exceptions             

(e.g., where agricultural pastures occur on hill country). To include all the 

landscape unit variations in the sampling programme, it was necessary to map the 

landscape unit variability within the Whangapoua catchment.    

 

6.2.2 Mapping catchment area categories 

The Whangapoua Harbour catchment was mapped to ascertain the variations that 

occur within each landscape unit. The variables mapped were landuse, slope, and 

soil type. Fifty sampling sites were allocated to ensure the sediment source areas 

were representative. For example, in the Waitekuri subcatchment (Figure 6.1), the 

native forest and exotic forest occur on uniform slope and soil classes so the 

sampling points can be allocated to ensure spatial representativeness. However, 

the agricultural landuse occurs on three different soil and slope classes, so 

sampling points were allocated to ensure spatial representativeness of landscape 

unit variability.   

133 
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Coverages and their categories from the New Zealand Land Resource Information 

System (NZLRI) (Newsome et al. 2000) were used to construct the maps used to 

define the sampling programme. The NZLRI themes include soil, geology, 

vegetation, and erosion risk. The method for producing the field sampling maps 

was as follows: 

• The landuse and soil shapefiles were imported into ArcGIS where the 

Whangapoua Harbour catchment area was extracted to give a landuse and 

soil coverage for the catchment. 

• The landuse coverage was reclassified so that the NZLRI high producing 

grassland and low producing grassland (Table 6-1) were merged to 

represent agricultural landuse. The NZLRI native forest and exotic forest 

was found to accurately represent these landuses in the catchment. 

• The NZLRI soil coverage units were merged into two groups. The first 

was the Brown Soil Order, and the other was the Gley, Allophanic, and 

Organic Soil Orders that were merged to give ‘Lowland Soil Associations’ 

located mainly around the harbour margins.  

• A digital elevation model (DEM) was built for the Whangapoua catchment 

and the raster surface was reclassified to group the eight NZLRI slope 

classes into two slope groups: flat to rolling (0°-15°) and strongly rolling 

to precipitous (16°- > 42°) (Table 6-1). The two slope categories were 

created for the purpose of identifying atypical areas of agriculture on steep 

slopes, and atypical areas of exotic forest on gentle slopes.   

• Once the shapefiles for landuse, soil, slope, and subcatchment area inputs 

were prepared, the Query Builder tool in ArcGIS was used to merge these 

coverages for each of the five major subcatchments (Table 6-1). The final 

output was a map for each subcatchment delineated by landuse and 

showing the categories of soil and slope within each landuse. In other 

words, the maps show the variability of slope and soil within each 

landscape unit.  

• Sampling sites were allocated on the spatial extent of each category and 

are indicated on the maps by the numbered boxes (Figures 6.1 to 6.5). 
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Table 6-1. Classification groupings for landuse, slope and soil type. 

Category NZLRI Code New code 
Landuse   
- Native N – native forest n 
- Exotic N6 – exotic forest e 
- Agriculture P1 – High producing grassland 

P2 – Low producing grassland 
a 

Slope   
- Flat to rolling (0° - 15°) A to C f 
- Strongly rolling to precipitous 
(16° - > 42°) 

D to H h 
Soils   
Steep land soils BOM – Brown Orthic Acid 

BOT – Brown Orthic Typic 
B 

Lowland soils GRT – Gley Recent Typic 
GUFQ – Fluvial Saline Sulphuric Gley 
LOT – Typic Orthic Allophanic 
OMM – Mellow Mesic Organic 

L 

 

The catchment maps were colour coded to show the landuse/slope/soil variability 

within each landuse within each subcatchment. The legend for each colour code is 

labelled to show the subcatchment, the landuse, slope class, and soil class using 

the codes from the ‘new codes’ column (Table 6-1). For example, Wait_n_h_B is 

an area with the Waitekuri subcatchment (Wait), native forest (n), on strongly 

rolling to precipitous topography (h), on Brown soils (B).  

 

The maps showed the areas that needed to be represented in the sampling 

programme and the number of samples were apportioned based on the spatial 

extent of each category within each landuse. For example, the majority of exotic 

forests in the subcatchments were located on the steeper slopes with Brown soils, 

so 20 sampling sites were allocated. Only two sampling sites were allocated to the 

small areas of exotic forest on low slopes with lowland soils, and two sampling 

sites allocated to the small area of exotic forest on low slopes with Brown soils. 

The maps show the originally planned 51 sampling sites, but due to lack of access 

permission only 50 sites were sampled. 
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The Waitekuri catchment (Figure 6.1)1 was dominated by native vegetation on 

high slope classes under Brown soils (Waite_n_h_B) and exotic forests on high 

slope classes under Brown soils (Waite_e_h_B). Agriculture was practiced on a 

mix of low slopes under Brown and Lowland soils (Waite_a_f_B and 

Waite_a_f_L). There was also a small area where agriculture was practiced on a 

high slope class under Brown soils (Waite_a_h_B).  

 

 
Figure 6.1. Waitekuri subcatchment sampling sites, where the first letter is landuse 

(a=agriculture, e=exotic, n=native), second letter is slope group (f=flat 0°-15° and h=high 

16°- > 42°), and the third letter is soil group (B=Brown, L=Lowland associations).  

 

The Waingaro and Opitonui subcatchment (Figure 6.2) was the largest of the 

subcatchments and was dominated by exotic forest on high slopes under Brown 

soils (Wain_e_h_B). A smaller area of exotics exists on low slopes under Brown 

soils (Wain_e_f_B) and this was the only area in the catchment where this occurs. 

A large section of agricultural land was on low slopes under Lowland soils 

(Wain_a_f_L).  

                                                 
1 Some of the maps show areas of no data, and this is due to areas of vegetation not considered in 

the sampling categories, such as scrub or estuarine vegetation.  
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Figure 6.2. Waingaro and Opitonui subcatchment sampling sites, where the first letter is 
landuse (a=agriculture, e=exotic, n=native), second letter is slope group (f=flat 0°-15° 
and h=high 16°- > 42°), and the third letter is soil group (B=Brown, L=Lowland 
associations). 
 

Only a small section of native forest was present in the Owera subcatchment 

(Figure 6.3) and was typical of the Whangapoua catchment in that it was on high 

slopes under Brown soils (Owera_n_h_B). The Owera subcatchment was 

dominated by exotic forest on high slope classes under Brown soils 

(Owera_e_h_B). A rare area of exotic forest on low slope classes under Lowland 

soils was also present in this subcatchment (Owera_e_f_L). The low slope areas 

were more typically found under agricultural landuse. Characteristic of the 

Whangapoua catchment was a large area of agricultural land on low slopes under 

Lowland soils (Wain_a_f_L).  

 

A small section of native forest occurred in the top part of the Otanguru 

subcatchment (Figure 6.4) along with areas that are restricted to drainage lines 

within the exotic forest (Otang_n_h_B). The subcatchment was also dominated by 

exotic forests on high slope under Brown soils (Otang_e_h_B). Similar to the 

Waitekuri subcatchment, there was also a small area with agriculture on a high 

slope class under Brown soils (Otang_a_h_B), but more typically agriculture was 

on low slope classes under Lowland soils (Otang_a_f_L).  
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Figure 6.3. Owera subcatchment sampling sites, where the first letter is landuse 
(a=agriculture, e=exotic, n=native), second letter is slope group (f=flat 0°-15° and h=high 
16°- > 42°), and the third letter is soil group (B=Brown, L=Lowland associations). 
 
 
 

 
Figure 6.4. Otanguru subcatchment sampling sites, where the first letter is landuse 
(a=agriculture, e=exotic, n=native), second letter is slope group (f=flat 0°-15° and h=high 
16°- > 42°), and the third letter is soil group (B=Brown, L=Lowland associations). 
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The Mapauriki subcatchment (Figure 6.5) is dominated by exotic forest on high 

slopes under Brown soils (Mapa_e_h_B). Native forest was limited to drainage 

lines and some small pockets at the top of the subcatchment (Mapa_n_h_B). 

Agriculture occurs on flat land with Lowland soils (Mapa_a_f_L) and a large area 

left void in the north of the subcatchment was an area of coastal scrub.  

 

 

 
Figure 6.5. Mapauriki subcatchment sampling sites, where the first letter is landuse 
(a=agriculture, e=exotic, n=native), second letter is slope group (f=flat 0°-15° and h=high 
16°- > 42°), and the third letter is soil group (B=Brown, L=Lowland associations). 
 

6.2.3 Soil sampling 

The allocation of sampling sites was 11 for native forest, 23 for exotic forest, and 

16 for agriculture (Table 6-2). The percentage of the sample site allocation was 

native 22%, exotic 46%, and agriculture 32% which reflects the actual landuse of 

the total catchment area (native 19%, exotic 55%, agriculture 16%). The higher 

representation of agriculture in the sample allocation reflects the need to capture 

the greater variation of slope and soils within the agriculture landscape unit. The 

sample allocation number for landuse and erosion position is shown in Table 6-2, 

along with total sample allocation for the subcatchment, slope and soil categories. 
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Table 6-2. Number of sampling sites allocated (bold type) for landscape unit, 

subcatchment, slope and soil classes.  

Category Number of 
classes 

Class description 

Landuse 3 Native forest (11), exotic forest (23), 
agriculture (16) 

Subcatchment 5 Waitekuri (13), Waingaro & Opitonui (13), 
Owera (10), Otanguru (9), Mapauriki (5) 

Slope class 2 Flat to rolling (16), strongly rolling to 
precipitous (34) 

Soil type 2 Hill slope associations (Brown) (38), flat 
associations (Allophanic, Gley, Organic) 
(23) 

 

The coordinates of each sampling site were recorded from the subcatchment maps 

and loaded into a hand held GPS. The GPS was used in the field to navigate to the 

sampling site location, or as near as practically possible. Once the sampling site 

has been determined, the actual coordinates were recorded using a hand held GPS 

and the actual sampling sites are shown in Figure 6.6. Some planned sampling 

point’s locations had to be modified because of restrictions to access. Originally 

there were 51 sampling sites planned (Figures 6.1 to 6.5), but because of the 

inability to gain permission for access from the landowner sample site #46 was 

not sampled.    

 

At each of the 50 sampling sites, three soil samples were taken to characterise the 

surface (0-2 cm), subsurface (> 20 cm), and streambank erosion positions. The 

subsurface sample acts as a proxy for landslide erosion processes. Ten individual 

soil samples were taken in an approximate 10 m square and bulked in the field to 

represent surface and subsurface erosion positions. The same assumptions about 

sampling areas ‘likely to erode’ (defined here as likely to deliver sediment to 

streamlines) by identifying proximal sources of soil erosion (Section 5.3) meant 

that sampling points were within 10 m of drainage lines on flat land and up to    

20 m on steeper land for surface and subsurface samples. Ten individual samples 

were taken along around 20 m of streamline to represent streambank erosion 

processes. Thus surface, subsurface and streambank samples from 50 sites meant 

that 150 soil samples were analyzed.  
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Figure 6.6. Sampling sites for the sediment fingerprinting study of the Whangapoua 

catchment. Sampling sites N, S, E, and W (green boxes with crosses) are the sink 

sampling locations).  

 

The 150 soil samples were collected, handled, and transported as per the methods 

outlined in Section 5.4.1. The method of extracting the < 10 μm size fraction from 

the soil samples for analysis by ICP-MS is detailed in Sections 4.2 and 4.3. The 

rationale for using the < 10 μm size fraction is contained in Appendix J. 

 

6.3 Sink area sample collection 

A minimum of 10 g of sediment of the < 10 μm size fraction was needed for 

radionuclide analysis. Only small quantities of sediment were collected using the 

time integrated sediment sampler in the pilot study (Section 5.4.2), so this method 

was not practical for the full sampling programme. Thus sink sediment samples 

were obtained from the Whangapoua Harbour. 

 

The Whangapoua Harbour was sampled in four locations (Figure 6.7). Three of 

the sampling points were in the upper intertidal flats draining the 

Waitekuri/Waingaro/Opitonui (‘W’ for harbour west), the Owera (‘S’ for harbour 

south), and Waingaro/Mapauriki (‘E’ for harbour east) subcatchments 

respectively. The fourth sampling point was taken from the northern sector near 
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the harbour mouth (‘N’).The samples were collected by grab sampling either at 

low tide or by diving from a boat. Ten individual sediment samples of the top       

2 cm were collected from within a 30 m grid using a stainless steel spade. The 

amount of sediment collected averaged around 4 kg and was bulked in the field 

then stored in plastic bags and refrigerated during transport and storage. To ensure 

a contemporary and representative sample, material was taken from the shoulder 

area of the channels. This was to avoid the coarse sediments in the channel bottom 

and reworked sediments from the flat tidal areas (Malcolm Green NIWA, pers 

comm). 

 

 
 Figure 6.7. Whangapoua Harbour sink area sampling points.  

 

The harbour sediment samples were returned to the laboratory where they were 

sieved to 1mm to remove debris, shells, and unbound organic matter. The samples 

were oven dried and the < 10 μm fraction recovered by the same method used for 

the catchment soil samples (Section 4.2). The < 10 μm fraction was analysed 

using ICP-MS, mineral magnetic, and radionuclide techniques (Section 4.3). ICP-

MS was used for the geochemical analysis instead of XRF (Chapter 5) due to ICP-

MS analysing for a larger range of elements and with a lower detection level.  
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6.4 Results 
6.4.1 Geochemical results 

The ICP-MS analysis on the < 10 μm sediment fraction reported the results for 

Lithium (Li), Sodium (Na), Magnesium (Mg), Aluminium (Al), Silicon (Si), 

Phosphorus (P), Sulphur (S), Potassium (K), Calcium (Ca), Vanadium (V), 

Chromium (Cr), Iron (Fe), Manganese (Mn), Cobalt (Co), Nickel (Ni), Copper 

(Cu), Zinc (Zn), Arsenic (As), Selenium (Se), Strontium (Sr), Silver (Ag), 

Cadmium (Cd), Indium (In), Barium (Ba), Thallium (Tl), Bismuth (Bi), Lead 

(Pb), Boron (B), and Uranium (U). The full ICP-MS results for the source area 

geochemical elements are presented in Appendix K, and the geochemical estuary 

sink results are presented in Appendix L. Where readings were below detection 

limits, the results adjusted to the lowest detection level of the ICP instrument. 

Boron was not considered as almost all of readings were below the detection 

limits of the ICP-MS instrument. Sodium was not considered as a potential 

fingerprint candidate (although presented), as terrestrial sources could not be 

distinguished from salt water additions in the catchment sink sample.   

 

6.4.1.1 Geochemical results for landscape units 

The mean concentration for the elements are presented in Figures 6.8 to 6.12. The 

first stage Kruskall-Wallis H-test to select elements uses the sums of ranks of the 

elements to find the best potential discriminator between groups, rather than the 

general mean concentrations which are presented in the graphs below. The graphs 

are used here to summarise the geochemical results and to display the differences 

that occur between landscape units. 

 

The elements Cd, Na, Zn, U, Al, P, S, K, Ca that have a high concentration in the 

agricultural landscape unit, most likely due to human inputs (Figures 6.8 and 6.9). 

V, Cr, Cu, and particularly Si have an increasing pattern from native forest to 

exotic forest to agricultural landscape units (Figures 6.9 and 6.10). Co, Ni, Mn, Tl, 

Ba, Li, Sr, and Pb have the lowest concentrations in the exotic forest (Figures 6.10 

and 6.11), while Ag, In, Bi, and Se show a declining pattern from native to exotic 

to agricultural landscape units (Figures 6.11 and 6.12). Ag, Mg, and Fe do not 

show any discernable pattern between the landscape units (Figure 6.12). 
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Figure 6.8. Mean concentration of Cd, Na, Zn, U, Al, and P for the native forest, exotic forest, and agricultural landscape units. Error bars represent one standard 

error.   
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Figure 6.9. Mean concentration of S, K, Ca, V, Cr, and Cu for the native forest, exotic forest, and agricultural landscape units. Error bars represent one standard 

error.   

145 

 



 

Si

Landuse

P
P

M

0

100

200

300

400

500

NATIVE                    EXOTIC              AGRICULTURE

 

Co

Landuse

PP
M

2

4

6

8

10

NATIVE                    EXOTIC              AGRICULTURE

 

Ni

Landuse

P
PM

0

1

2

3

4

NATIVE                    EXOTIC              AGRICULTURE

 

Mn

Landuse

P
P

M

0

100

200

300

400

500

NATIVE                    EXOTIC              AGRICULTURE

 

Tl

Landuse

P
P

B

40

60

80

100

120

NATIVE                    EXOTIC              AGRICULTURE

 

Ba

Landuse

PP
M

30

40

50

60

70

NATIVE                    EXOTIC              AGRICULTURE

 

Figure 6.10. Mean concentration of Si, Co, Ni, Mn, Tl, and Ba for the native forest, exotic forest, and agricultural landscape units. Error bars represent one 

standard error.   
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Figure 6.11. Mean concentration of Li, Sr, Pb, Ag, In, and Bi for the native forest, exotic forest, and agricultural landscape units. Error bars represent one 

standard error.   
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Figure 6.12. Mean concentration of Se, As, Mg, and Fe for the native forest, exotic forest, and agricultural landscape units. Error bars represent one standard 

error.   
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6.4.1.2 Geochemical results for surface, subsurface, and streambanks 

The mean concentration for the elements for erosion position (surface soils, 

subsurface soils, and streambanks) are presented in Figures 6.13 to 6.17.  

 

The elements K, Na, Ca, S, Cd, P, and to a lesser extent Se and Tl show a pattern 

of surface soil concentration (Figures 13 and 6.14). Pb, V, Cr, Fe, Ag, Si, and In 

show the opposite pattern of low surface concentrations and increase from 

subsurface to streambanks (Figures 6.14 and 6.15). Ni, Cu, Sr, Mg, Ba, Mn, Co, 

Zn, and to a lesser extent Li have their lowest concentrations in the subsurface 

position (Figures 6.15 and 6.16). U has similar concentrations in the surface and 

subsurface, Al in the subsurface, and Bi and Ag are similar throughout all 

positions (Figure 6.17).  

 

6.4.1.3 Potential explanations of geochemical variation between landscape units 

and between erosion positions 

One of the most obvious causes of geochemical variability between the landscape 

units (native forest, exotic forest, and agriculture) is human influence of 

silvicultural and agricultural systems. The main soil fertility constraints in New 

Zealand are N, P, and S (Loganathan et al. 2003). In the Whangapoua catchment, 

geochemical variability has been influenced in the agricultural landscape unit by 

the addition of fertilisers and chemicals (Figure 6.18), and in the exotic forests 

primarily by the aerial application of rock phosphate (Matene Blandford, pers 

comm.).  

 

In a review of Waikato agricultural soils, Kim et al. (2008) identified five main 

sources that increase the concentrations of geochemical elements. They are;  

• fertilisers and lime,  

• animal remedies,  

• pesticides,  

• accelerated weathering of aluminosilicates, and  

• associations with hydrated oxides of Fe and Mn. 
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Figure 6.13. Mean concentration of K, Na, Ca, S, Cd, and P for position (surface, subsurface, and streambank). Error bars represent one standard error.   
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Figure 6.14. Mean concentration of Se, Tl, Pb, V, Cr, and Fe for position (surface, subsurface, and streambank). Error bars represent one standard error.   
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Figure 6.15. Mean concentration of As, Si, In, Ni, Cu, and Sr for position (surface, subsurface, and streambank). Error bars represent one standard error.   
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Figure 6.16. Mean concentration of Mg, Ba, Mn, Co, Zn, and Li for position (surface, subsurface, and streambank). Error bars represent one standard error.   
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Figure 6.17. Mean concentration of U, Al, Bi, and Ag for position (surface, subsurface, and streambank). Error bars represent one standard error.  
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Figure 6.18. Fertiliser application in the agricultural lowland area of the Whangapoua 

catchment. 

 

Fertilisers add the macro-nutrients N, P, K, S, and Ca (also from liming) to the 

soil. Contaminants in fertilisers may also increase trace element concentrations in 

the soil. Potential fertiliser additives consist of U, Cd, Cr, Ni, As, Pb, Hg, V, and 

Flourine (F) (McLaughlin et al. 1996; Cronin et al. 2000; Glendinning 2000; 

Loganathan et al. 2003). The main soil additives from the animal remedies source 

are Zn and Cu from facial eczema and supplements. The third source group of 

potential soil contaminants is from pesticide use, and they are most likely to be 

Cu, Zn, As, and Pb. The accelerated weathering of aluminosilicates means that 

elements normally held within the aluminosilicate lattice are released into the soil. 

The weathered elements are mainly Al, but also include La, Li, Ba, and Ag. The 

fifth category, Fe and Mn hydrated oxides, are Fe and Mn, as well as Co, Tl, Ni, 

Sn, and Mo (Kim et al. 2008). In a study of Waikato agricultural soils, Taylor & 

Kim (2009) found enrichment of many major and trace elements when compared 

to native or background soils (Figure 6.19). 
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Figure 6.19. Enrichment ratios of major and trace elements in Waikato agricultural soils 

in comparison with native soils (Taylor & Kim 2009). 

 

In my study, the mean concentrations of P, Ca, K, and S were higher within the 

agricultural areas compared with the other landscape units, which is consistent 

with the application of fertilisers and lime (Figures 6.8 to 6.12). The concentration 

of P was lower in the exotic forest than in native forests. While the nutrient 

demands on the soil of exotic forests are lower than for agriculture, it has been 

identified that the P and N demand of exotic pines peaks in years 6-8 and that 

successive tree crops will lead to nutrient depletion that could retard exotic pine 

growth (Will 1968; Turner & Lambert 1986). Exotic forests have been fertilised 

by aerial applications of rock phosphate, but these have been reduced in recent 

years due to lower timber prices (Matene Blandford, pers comm.). U and Cd in 

agricultural areas also show higher concentrations than the other landscape units 

and is probably due to the contamination of fertilisers. It has been reported that 

fertilisers sourced from Morocco and used in New Zealand had U concentrations 

around 140 mg kg-1 (Kim et al. 2008).  

 

Another element showing higher concentrations in agricultural areas is Al, 

possibly due to accelerated weathering of aluminosilicates. This is thought to be 

caused by the fertiliser contaminant F which accelerates the removal of interlayer 

Al and increases its concentration in the soil solution (Egli et al. 2001; Manoharan 

et al. 2007; Kim et al. 2008).  
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Of the other elements, Zn shows an increased concentration in agricultural areas 

possibly due to animal remedies (e.g., to prevent facial eczema) or from 

contaminants in lime (Montagne et al. 2007). Cu and V have increasing 

concentrations from native forest to exotic forest to agriculture, and these two 

elements have also been shown to be contaminants associated with fertilisers 

(Molina et al. 2009).  

 

The increasing pattern of the elements Na and Si from native forest to agriculture 

could be explained by Na inputs to near harbour areas by seawater aerosol and 

groundwater sources, while Si might reflect higher clay content down the 

catchment gradient. The other patterns of elements identified in Section 6.4.1.1 

are not readily explainable. Elements that might be expected to behave similarly 

such as Cu/Pb/Zn or Cr/Ni or three plus valency elements Cr/V/Fe or two plus 

valency elements Mn/Mg, display different patterns (Nick Kim and Roger Briggs 

pers. comm.).     

 

The reasons for the other observed trends in the landscape unit geochemical 

results is speculation. It might be due to the precipitation/dissolution, 

adsorption/desorption, and complexation factors differing between landuse types 

(Zhenli et al. 2005), or age factors of the productive exotic and agricultural 

landuses (Herpin et al. 2002). A study of elements down a forested Spanish 

toposequence found associations with carbonates (Ca and Sr), silicates and clay 

minerals (Al, K, Na) and Fe and Mn oxides (Cr, Cu, Ni, Co, and Zn) (Navas et al. 

2005), but the pattern of elemental concentrations in this thesis didn’t correspond 

to these findings. 

 

Geochemical concentration variability could be caused by the different forest 

types and tree species, as they can also impact element levels in the soil. An 

example from Denmark showed that different tree species affect heavy metal 

solubility in the soil. Grand fir enhances the solubility of Cd and Zn, while 

Norway spruce enhances the solubility of Cu, Ni, and Pb (Andersen et al. 2003). 

A Norwegian study showed that Mg, Th, Ni, Sc, Cr, Co, Ti, Al, Fe, and La were 

not preferentially taken up by trees and plants while Ag, Au, Bi, Cd, Hg, Pb, S, 

Sb, Se, and Sr show a strong enrichment in the upper layers of the soil. This 
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enrichment was due to trees ridding toxic elements via litter fall (Reimann et al. 

2007).  

 

The use of P. radiata also changes the soil chemistry (Rivaie et al. 2008). A long 

term study in New Zealand showed a drop in soil pH under pine. Also, there was a 

drop in total cations reflecting a fall in the CEC while organic P increased (Yeates 

et al. 2000). Another study of the long term changes under P. taeda also showed 

an increase in acidity and decline in exchangeable Ca and Mg, but only a modest 

decline in K (Richter et al. 1994). Ethiopian data shows that forest soils subject to 

disturbances tend to have a lower CEC and nutrient retention capacity (Eshetu     

et al. 2004). Counter to these elemental differences is that one study found heavy 

metal concentrations did not differentiate urban landuse or cover types (Pouyat     

et al. 2007), and landuse was the least important factor in influencing geochemical 

variables in Irish soils (Zhang et al. 2008).   

 

The variation of elements by position (Figures 6.12 to 6.15) shows the highest 

concentration of elements associated with fertiliser input (P, S, K, and Ca) to be in 

the surface soils. The fertiliser contaminant Cd was also found in high levels in 

surface soils. Explanations for the other patterns of concentrations are not readily 

apparent.    

 

The expected pattern of elemental concentrations should be highest in surface 

positions and lowest in the sub-soils (Burt et al. 2003). For example, Figure 6.20 

shows the concentration of phosphorus down two reference profiles in a native 

eucalypt forest in south east NSW. What is more difficult to account for is 

variation in geochemical concentrations between subsurface and streambank 

positions, so why might this variation occur?  

 

The sediment fingerprinting statistical verification process selected P, Ca, Fe, Mn, 

Sr, and Ba (Section 6.4.4) to distinguish sediment derived from the surface, 

subsurface, and streambank erosion positions. All six of the fingerprint elements 

had higher concentrations in the streambank position than in the subsurface 

position (Figures 6.13 to 6.17). While it can be speculated that perhaps the 

streambank material is more recent deposited alluvial material that may contain 



                                                                                     Sediment Fingerprinting 
 

159 
 

higher concentrations or ‘legacy sediments’ (Weitzman 2008), the pattern is not 

consistent with other major and trace elements and no definitive explanation can 

be proposed.     
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Figure 6.20. Phosphorus XRF concentrations down two reference profiles in a native 

eucalypt forest in south eastern NSW (Roddy 1997).  

 

 

6.4.2 Statistical analysis to determine fingerprint candidates for landscape 

units 

The sediment fingerprinting statistical process firstly involves selecting candidate 

elements to distinguish between the landscape units (native forest, exotic forest, 

and agriculture) and was achieved using the Kruskall-Wallis H-test. Elements 

were eliminated on the basis that their p-values were above the 5% level of 

significance (i.e., p ≥ 0.05). The Kruskall-Wallis H-test identified 17 elements  

(Li, Al, Si, P, Ca, V, Cr, Mn, Co, Zn, As, Se, Ag, Cd, In, Bi, and U) that were 

significantly different (p ≤ 0.05) between the three landscape units  (Table 6-3). 

Full Kruskall-Wallis H-test results are contained in Appendix M.  
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Table 6-3. Kruskall-Wallis H-test results for elements that vary significantly between 

landscape units based on p ≤ 0.05 between the sums of ranks. The sum of ranks result 

column adds up to 11,325 which is the sum of the 1, 2, 3, …150 ranks.      

Element p value Sum of ranks: 
Native 

Sum of ranks: 
Exotic 

Sum of ranks: 
Agriculture 

Li 0.0057 2899 4361 4065 
Al 0.0042 1844 5239 4242 
Si 0.0000 978 5041 5306 
P 0.0056 2763 4361 4201 
Ca 0.0094 2147 4806 4372 
V 0.0269 2125 4937 4263 
Cr 0.0059 1852 5271 4202 
Mn 0.0394 2969 4620 3736 
Co 0.0358 2888 4548 3889 
Zn 0.0155 2697 4457 4171 
As 0.0105 2666 4433 4226 
Se 0.0000 3543 4757 3025 
Ag 0.0061 3188 4833 3304 
Cd 0.0035 2319 4555 4450 
In 0.0000 3364 5408 2552 
Bi 0.0064 3064 4448 3813 
U 0.0000 1984 4586 4755 
 

 

The selected elements (Table 6-3) were further optimised by forward stepwise 

Discriminant Function Analysis (DFA). The elements were examined to see what 

combination afforded the greatest discrimination between the native, exotic, and 

agricultural landscape units based on the minimisation of the Wilks’ lambda 

statistic. The F-to-enter value for the forward stepwise DFA process was set at 

three (see Chapter 5 for details). Eight elements were selected for the model and 

nine rejected on the basis of the DFA model. The eight elements selected to 

discriminate between landscape units were Si, P, Se, V, U, In, Bi, and Ca     

(Table 6-4). The combination of the eight elements to distinguish landscape 

elements was highly significant (Wilks’ lambda = 0.28982; F = 15.007;                

p < 0.001) and the eight elements selected by the DFA process were themselves 

significant as indicated by the red colour in Table 6-4. Note that with the adjusted 

F-to-enter value of three, all of the selected elements are significant as indicated 

by the red colour of the output in Table 6-4. 
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Table 6-4. Results of the forward stepwise DFA for landscape units. Eight elements were 

selected for the model (top) and nine were rejected (bottom). 

Discriminant Function Analysis Summary (ICP_data in Project_KWall&DFA.stw)
Step 8, N of vars in model: 8; Grouping: Landuse (3 grps)
Wilks' Lambda: .28982 approx. F (16,280)=15.007 p<0.0000

N=150
Wilks'

Lambda
Partial

Lambda
F-remove
(2,140)

p-level Toler. 1-Toler.
(R-Sqr.)

Si-corr
P-corr
Se-corr
V-corr
U-corr
In-corr
Bi-corr
Ca-corr

0.382901 0.756918 22.48030 0.000000 0.787335 0.212665
0.308752 0.938696 4.57153 0.011933 0.224823 0.775177
0.304593 0.951513 3.56705 0.030834 0.572533 0.427468
0.359749 0.805630 16.88850 0.000000 0.652016 0.347984
0.357902 0.809788 16.44241 0.000000 0.468617 0.531383
0.351087 0.825506 14.79644 0.000001 0.326342 0.673658
0.317024 0.914205 6.56927 0.001875 0.616549 0.383451
0.303929 0.953593 3.40658 0.035926 0.239823 0.760177
Variables currently not in the model (ICP_data in Project_KWall&DFA.stw)
Df for all F-tests: 2,139

N=150
Wilks'

Lambda
Partial

Lambda
F to
enter

p-level Toler. 1-Toler.
(R-Sqr.)

Li-corr
Al-corr
Cr-corr
Mn-corr
Co-corr
Zn-corr
As-corr
Ag-corr
Cd-corr

0.282037 0.973131 1.918952 0.150629 0.755477 0.244523
0.287322 0.991366 0.605317 0.547334 0.318976 0.681025
0.285983 0.986747 0.933478 0.395634 0.759692 0.240308
0.285588 0.985383 1.030974 0.359370 0.672130 0.327870
0.280859 0.969067 2.218465 0.112614 0.745482 0.254518
0.288905 0.996827 0.221238 0.801808 0.421346 0.578654
0.288229 0.994496 0.384675 0.681394 0.948854 0.051146
0.288313 0.994785 0.364350 0.695309 0.776490 0.223510
0.287363 0.991505 0.595438 0.552721 0.316134 0.683866  

 

Canonical analysis showed good separation between the native forest and 

agricultural landscape units, with the exotic forest landscape unit partially 

overlapping both the native forest and agricultural landscape units (Figure 6.21). 

As shown in the pilot study (Chapter 5), it is difficult to quantify the 

discrimination between the landscape unit groups. The canonical graphs are the 

best way to interpret the discrimination between groups. So while the result is 

significant and there is separation between landscape units, some overlap does 

occur.   

 

6.4.3 Mixing model results for landscape units 

The eight fingerprint elements optimised by DFA were then used in the mixing 

model to determine the relative proportions of sediment contribution from the 

three landscape units. In the pilot study (Chapter 5) the mixing model problem 

was posed once to generate a single relative contribution solution with no estimate 

of uncertainty. Greater confidence was expected for the full sampling programme 
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Figure 6.21. Canonical analysis of DFA results using Si, P, Se, V, U, In, Bi, and Ca for 

landscape units. Ellipses are 0.95 of the data range.  

 

data (n = 150 for each element) in comparison with the pilot study (n = 27 for 

each element). The larger sample number allowed for the generation of synthetic 

data (by way of resampling) to test how well the mixing model problem is posed 

(Akerjord & Christophersen 1996). The uncertainty estimation was achieved by 

using a Monte Carlo simulation to generate an empirical distribution       

(Appendix E). A one-third contribution (or mixing proportion) from each of the 

native forest, exotic forest, and agricultural landscape units was used as the 

starting assumption. The mixing model was run for 100 iterations with the Monte 

Carlo simulation and the relative proportion result for each landscape unit was 

then used as the starting model proportions for a 5000 iteration run. The mean of 

the 5000 iteration run served as the final estimate of the relative sediment 

contribution from each landscape unit. The uncertainty was estimated by 

calculating the standard deviation of the 5000 iteration run for each landscape 

unit.  
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The results show that the dominant contributor of sediment to Whangapoua 

Harbour was native forest (62% ± 17%), followed by exotic forest (23% ± 12%), 

and then agriculture (15% ± 10%).  

 

The Monte Carlo 5000 iteration run to estimate native forest contributions showed 

a right skew of the empirical distribution (Figure 6.22). The highest count (1360) 

was for the contribution of 0.52, but the right skew of the distribution led to a 

higher final mean contribution. The contribution estimates for the exotic forest 

result are relatively uniformly distributed from 0.0 to 0.6, with the exception of 

the highest count (1427) for the contribution of 0.26 corresponding reasonably 

well with the overall mean contribution of 0.23 (Figure 6.23). The second largest 

count (452) for the contribution of 0.004 lowers the overall mean. The 

contribution estimates for agriculture is grouped around 0.23, where the highest 

count was recorded (1356) (Figure 6.24). Two other large counts of 885 for the 

contribution of 0.002 and 189 counts for 0.03 lower the overall mean to 0.15 from 

the mode value of 0.23.     
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Figure 6.22. Mixing model 5000 iteration distribution for the native forest landscape unit. 
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Figure 6.23. Mixing model 5000 iteration distribution for the exotic forest landscape unit. 
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Figure 6.24. Mixing model 5000 iteration distribution for the agricultural landscape unit. 
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6.4.4 Statistical analysis to determine fingerprint candidates for ‘position’ 

All the geochemical data was reassembled and the sediment fingerprinting 

analysis was conducted for erosion position. The first step in selecting candidate 

elements to distinguish between erosion positions (surface, subsurface, and 

streambank) was the Kruskall-Wallis H-test. Elements were eliminated on the 

basis that their p-values were above the 5% level of significance (i.e., p ≥ 0.05). 

The Kruskall-Wallis H-test identified 20 elements (Mg, P, S, K, Ca, V, Cr, Fe, 

Mn, Co, Ni, Cu, Zn, Se, Sr, Ag, Cd, In, Ba, and Pb) that were significantly 

different (p ≤ 0.05) between the three erosion positions (Table 6-5). The full 

Kruskall-Wallis H-test results are in Appendix M.   

 

Table 6-5 Kruskall-Wallis H-test results for elements that vary significantly between 

position based on  p ≤ 0.05 between the sums of ranks. The sum of ranks result column 

adds up to 11,325 which is the sum of the 1, 2, 3, …150 ranks.      

Element p value Sum of ranks: 
Surface 

Sum of ranks: 
Subsurface 

Sum of ranks: 
Streambanks 

Mg 0.0000 4439 2359 4527 
P 0.0000 5711 2336 3278 
S 0.0000 5385 3009 2931 
K 0.0000 5367 2480 3478 
Ca 0.0000 5281 2040 4004 
V 0.0000 2893 3558 4874 
Cr 0.0055 3139 3660 4526 
Fe 0.0001 2862 3697 4766 
Mn 0.0000 4942 2250 4133 
Co 0.0000 4422 2439 4464 
Ni 0.0037 4031 2954 4340 
Cu 0.0002 4143 2750 4432 
Zn 0.0000 4502 2520 4303 
Se 0.0026 4620 3185 3520 
Sr 0.0000 5329 2105 3891 
Ag 0.0297 4398 3279 3648 
Cd 0.0000 5142 2781 3401 
In 0.0425 3152 4171 4001 
Ba 0.0000 3876 2751 4698 
Pb 0.0071 3072 3816 4437 
 

 

The twenty candidate elements were then optimised by the forward stepwise DFA 

with the F-to-enter value adjusted to three. Of the twenty candidate elements, six 

were selected to form the composite fingerprint (Table 6-6). The result was highly 
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significant (Wilks’ lambda = 0.36142; F = 15.700; p < 0.001) and the DFA 

process selected six significant elements for the model (indicated by the red 

colour in Table 6-6) and rejected the other 13 elements. The six elements selected 

to discriminate between erosion position were Sr, Fe, Ba, Mn, P, and Ca.      

 

Table 6-6. Results of the forward stepwise DFA for position. Six elements were selected 

for the model (top) and 13 were rejected (bottom).  

Discriminant Function Analysis Summary (ICP_data in Project_KWall&DFA_v2.stw)
Step 6, N of vars in model: 6; Grouping: Position (3 grps)
Wilks' Lambda: .36142 approx. F (12,284)=15.700 p<0.0000

N=150
Wilks'

Lambda
Partial

Lambda
F-remove
(2,142)

p-level Toler. 1-Toler.
(R-Sqr.)

Sr-corr
Fe-corr
Ba-corr
Mn-corr
P-corr
Ca-corr

0.496518 0.727916 26.53872 0.000000 0.214998 0.785002
0.380510 0.949839 3.74955 0.025890 0.734617 0.265383
0.425330 0.849748 12.55418 0.000010 0.415797 0.584203
0.382779 0.944210 4.19517 0.016977 0.599848 0.400152
0.441850 0.817977 15.79946 0.000001 0.184674 0.815326
0.412046 0.877144 9.94456 0.000091 0.099354 0.900646
Variables currently not in the model (ICP_data in Project_KWall&DFA_v2.stw)
Df for all F-tests: 2,141

N=150
Wilks'

Lambda
Partial

Lambda
F to
enter

p-level Toler. 1-Toler.
(R-Sqr.)

Mg-corr
S-corr
K-corr
V-corr
Cr-corr
Co-corr
Ni-corr
Cu-corr
Zn-corr
Se-corr
Ag-corr
Cd-corr
In-corr

0.361034 0.998923 0.076010 0.926845 0.426965 0.573035
0.357245 0.988440 0.824513 0.440551 0.430570 0.569430
0.358225 0.991151 0.629452 0.534374 0.456316 0.543684
0.356931 0.987571 0.887264 0.414067 0.532838 0.467162
0.360127 0.996414 0.253693 0.776284 0.839386 0.160614
0.351621 0.972879 1.965333 0.143929 0.408974 0.591026
0.358569 0.992104 0.561125 0.571836 0.505109 0.494891
0.361122 0.999165 0.058925 0.942801 0.664537 0.335463
0.360432 0.997258 0.193863 0.823990 0.308484 0.691516
0.355440 0.983444 1.186854 0.308210 0.747672 0.252328
0.360888 0.998519 0.104536 0.900812 0.938461 0.061539
0.361305 0.999673 0.023039 0.977228 0.347758 0.652242
0.360727 0.998072 0.136210 0.872774 0.789847 0.210153    

   

 

Canonical analysis showed reasonable separation between the surface and 

subsurface/streambank positions, but there was greater overlap between the 

subsurface and streambank positions similar to the pilot study results. This 

probably reflects the combination of fingerprint elements in Table 6-6. Ca and P 

are good identifiers of surface sediment. Sr, Ba, and Mn are good identifiers of 

subsurface sediment, and only Fe distinguishes between all three erosion 

positions. The canonical results indicate that these three groups have not been 

distinguished as clearly as were the landscape unit groups (Figure 6.25).  
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Figure 6.25. Canonical analysis of DFA results using Sr, Fe, Ba, Mn, P, and Ca for 

erosion positions. Ellipses are 0.95 of the data range.  

 

6.4.5 Mixing model results for position 

The six fingerprint elements optimised by DFA were then used in the mixing 

model to determine the relative proportions of sediment contribution from the 

three positions. The procedure was to run the mixing model initially for 100 

iterations (with the Monte Carlo simulation) assuming a one-third starting 

contribution from each position for the model assumptions. The mean relative 

proportion results of the 100 iteration run were then to be used as the model 

assumptions for a run of 5000 iterations.     

 

A problem occurred at this point with the position data in the mixing model. After 

100 iterations using a one-third proportion assumption, the results were close to 

0.3333 for each of the surface, subsurface, and streambank positions. To 

overcome this problem, the Solver function was used to calculate the mixing 

proportions from the data with a one-third starting contribution assumption, but 

for only one iteration and without the Monte Carlo uncertainty step.  
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The result from the one iteration step was that 6% of the sediment was derived 

from the surface, 78% from the subsurface, and 16% from streambank positions. 

The proportions were then used for a 100 iteration run of the mixing model with 

the Monte Carlo uncertainty step included and the results were 7% for surface, 

79% for subsurface, and 14% for streambanks. The 100 iteration results were then 

used as the proportion assumptions for the 5000 iteration run and the results were 

8% ± 6% for surface, 79% ± 6% for subsurface, and 13% ± 5% for streambank 

positions.  

 

Estimates for the surface position contribution (Figure 6.26) show a result 

dominated by a count of 3224 that corresponds to the 0.065 proportion with little 

spread of the data. The highest count for subsurface (1129) is for the 0.78 

proportion, although other large counts of 503 for the 0.73 proportion and 369 for 

the 0.76 proportion are also recorded. There is a right skew to this distribution 

which is distributed up to 1.0 (Figure 6.27). The streambank contribution result 

has the highest count of 1039 for the 0.16 proportion, but is also distributed from 

a proportion of 0.0 to 0.3 (Figure 6.28). Overall there was less uncertainty around 

the position results than for landscape units.   

Surface

Proportion

0.0 0.2 0.4 0.6 0.8 1.0

C
ou

nt

0

500

1000

1500

2000

2500

3000

3500

 
Figure 6.26. Mixing model 5000 iteration distribution for the surface position. 
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Figure 6.27. Mixing model 5000 iteration distribution for the subsurface position. 

 

Stream bank

Proportion

0.0 0.2 0.4 0.6 0.8 1.0

C
ou

nt

0

200

400

600

800

1000

1200

 
Figure 6.28. Mixing model 5000 iteration distribution for the streambank position. 
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6.5 Discussion 
6.5.1 The results of sediment fingerprinting 

The sediment fingerprinting results determined that the largest contributor of 

sediment to the Whangapoua Harbour was from the native forest landscape unit 

(62%  ± 17%) followed by exotic forest (23% ± 12%) and then agriculture (15% ± 

10%). The dominant erosion position was subsurface (79% ± 5%), then 

streambanks (13% ± 5%), and then surface soils (8% ± 6%). The results are 

consistent with the first alternative hypothesis proposed of Whangapoua Harbour 

sedimentation (Section 2.5.2) where most of the sediment was derived from the 

native forest landscape unit due to landslides (i.e., from subsurface positions). 

While the native forest landscape unit is furthest away from the estuary, the 

results indicate that the steep headwater channels are well coupled (laterally) to 

the slopes and that sediment is efficiently delivered by well coupled 

(longitudinally) high energy streams. If the results are normalised for the area 

each landscape unit occupies, then the erosion ratio is 1:2:8 for exotic forests, 

agriculture, and native forests.  

 

The sediment fingerprinting results are also consistent with those obtained in the 

pilot study (Table 6-7). The identification of the native forest/subsurface as the 

main contributions of sediment in the pilot study was not of the same magnitude 

as that for the full programme, but in both cases the ordering was consistent and 

the subsurface position was clearly the most important source. The variation in the 

two sets of results could be attributed to different size fraction analyses, slightly 

different analytical methods, different sink sample collection methods, and greater 

confidence in the full programme results due to a larger sample size.   
 

Table 6-7. Sediment fingerprinting results for the relative proportions (%) of sediment 

derived from landscape unit and position for the pilot study and the full programme. 

Landuse  Native Exotic Agriculture 
Pilot study 40 33 27 

Full programme 62 23 15 

Position Surface Subsurface Streambank 
Pilot study 10 62 28 

Full programme 7 79 14 
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It is worth comparing the geochemical elements identified as varying significantly 

by the Kruskall-Wallis H-test for the full programme with the pilot study. Of the 

seven elements identified as candidates for landscape unit in the pilot study (Zn, 

Cr, Mn, Mg, P, Ca, and Fe), five were also identified in the full programme. The 

exceptions were Mg and Fe. For position, the seven elements identified as 

candidates in the pilot study (Al, P, S, Cl, Ca, V, and U), four were also identified 

in the full programme with the exceptions being Al, Cl, and U.  

 

One reason for the difference is that Cl was not reported by the ICP-MS 

instrument. Other reasons that account for the discrepancy is that ICP-MS has a 

greater detection limit and therefore sensitivity (Winter et al. 2002). There were 

also differences between the two studies where the full programme collected more 

samples and thus more accurately captured the variation between elements than 

the pilot study. Another difference was that the analysis in the pilot study was on 

the < 63 μm sediment size fraction, while the full programme used the < 10 μm 

size fraction.    

 

The estimation of the uncertainty (one standard deviation) around the results from 

the Monte Carlo simulation indicated that there was a greater degree of 

uncertainty associated with the landscape unit results than for the position results. 

When uncertainly was taken into consideration, native forests had the largest 

relative contribution but exotic forests and agriculture were within uncertainty of 

each other (Figure 6.29). The uncertainty around the position results was not so 

large (Figure 6.30).  

 

6.5.2 Comparison with previous work 

The sediment fingerprinting results can be compared with two previous multi-

landuse studies conducted in the Whangapoua catchment by Marden & Rowan 

(1995) and Gibbs (2006) (Table 6-8).  

 

The Marden & Rowan (1995) report results for landuse correspond with the 

sediment fingerprinting results as they identify the native forest area as the 

dominant sediment source area, followed by exotic forest and then agriculture. 

The Marden & Rowan (1995) process results follow the pattern of the sediment 
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Figure 6.29. Mixing model mean relative proportions for landscape unit. Error bars are 

one standard deviation.  
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Figure 6.30. Mixing model mean relative proportions for position. Error bars are one 

standard deviation.  
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Table 6-8. Relative contributions (%) for landscape unit from the pilot study and full 

programme sediment fingerprinting, as well as from Marden and Rowan (1995) and 

Gibbs (2006) reports.  
Landuse Pilot 

study 
Full 
programme 

Marden and 
Rowan (1995) 

Gibbs (2006) 

Native 40 62 51 22-26 
Exotic 33 23 38 54-75 
Agriculture 27 15 12 <10 
 

 

fingerprinting position results which showed the dominance of landslide sources 

at 98% (debris avalanches and soil slips).  

 

The Marden & Rowan (1995) results differ from sediment fingerprinting as the 

sediment fingerprinting results indicated that streambanks contributed 13% and 

surface sources at 8% of estuary sediment, while Marden & Rowan (1995) report 

streambank contributions at 0.6% and virtually no surface erosion . The surface 

and streambank discrepancies could possibly be accounted for by the aerial photo 

technique not being sensitive to surface and streambank forms of erosion, while 

sediment fingerprinting is better at tracing surface and streambank sources. Using 

aerial photographic techniques to quantify streambank erosion is better suited to 

detecting large scale channel events (Lawler 1993). 

 

Gibbs (2006) undertook a pilot study to assess the ability of a compound specific 

isotope (CSI) of 13C to trace landuse derived sediment into the Whangapoua 

estuary from native forest, exotic forest and pasture. The top 2 cm of soil were 

collected at 14 sites in the Whangapoua catchment. The Gibbs (2006) results were 

that native forest contributed around 22-26% of harbour sediment, pasture was 

less than 10% at most harbour sites, and that recently logged exotic pines 

contributed 54-75%. While Gibbs (2006) study agrees with the sediment 

fingerprinting results in terms of the lowest contribution from agricultural areas, it 

is in contrast in identifying the exotic forests as the main contributor followed by 

native forests. No validating evidence was presented with the CSI results, nor was 

a potential subsurface signature sampled during the study. Limiting sampling to 

the < 2 cm soil depth could potentially bias the CSI signal to the surface 
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disturbance that takes place during forest harvesting. The analysis of only eight 

samples to characterise the catchment is also a potential limit of the findings. 

 

6.5.3 Testing the sediment fingerprinting results 

One of the underlying assumptions of sediment fingerprinting is that sediment 

source areas can be distinguished by a range of properties; in this case using 

geochemical properties to distinguish sediment from different landuse and erosion 

position sources. The soils parent material has a large influence on its chemical 

composition (Corbett 1969). Sediment fingerprinting studies have used the 

different underlying geologies of different subcatchments to distinguish them as 

sediment source areas (e.g., Collins et al. 1998; Miller et al. 2005). So tracing 

sediment from different geological areas seems logical. 

 

The results of this chapter and Chapter 5 show that there are geochemical 

elements that could distinguish sediment derived from different landscape units 

and erosion positions in Whangapoua Harbour. The sediment fingerprinting 

technique has been applied to distinguish different sediment sources in 

geologically uniform areas, including paddocks of < 2 km2 in size (Krause et al. 

2003). So how does the sediment fingerprinting technique distinguish landscape 

units and erosion position geochemically in a catchment with relatively uniform 

underlying geology (Figure 2.2.3)? The geochemical fingerprinting of landscape 

units and erosion position were tested by comparing the sediment fingerprinting 

results with other erosion measures (Chapters 7-10).  

 

6.6 Summary 
After establishing that geochemical elements could be used to distinguish 

landscape units and position in the Waitekuri subcatchment (Chapter 5), a full 

sampling programme of the Whangapoua Harbour was undertaken to establish the 

relative sediment contribution of landscape units and position to the estuary. The 

sampling was guided by catchment mapping to account for soil and slope 

variability and ICP-MS analysis was undertaken on the < 10 μm fraction of 150 

catchment samples and four sink samples.    
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Eight elements were selected to determine the relative contribution of sediment 

derived from different landscape units to the estuary. The highest sediment 

contribution came from the native forest (62% ± 17), followed by exotic forest 

(23% ± 12), and then agricultural landscape units (15% ± 10). Most sediment was 

derived from subsurface (79% ± 6), then streambanks (13% ± 5) and then surface 

(8% ± 6) sediment sources.  

 

The results for landscape units and position in terms of relative contribution was 

consistent with the first alternative hypothesis of catchment erosion (Section 

2.5.2) of the native forest landscape unit delivering most of the sediment by 

landsliding processes (i.e., subsurface positions). The native forest/subsurface 

highest contribution result was consistent with the results for the pilot study, 

although there was some variation. The variation can be accounted for by 

differences in sample number, sample fraction, and analytical methods.  
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CHAPTER SEVEN 
RADIONUCLIDES 

 

7.1 Introduction 
Radionuclides were used in this study is to determine the relative sediment 

contribution from surface, subsurface, and streambank erosion positions to 

provide a comparison with the sediment fingerprinting results. Previous studies 

have shown that radionuclides can be used as soil tracers as they possess the 

property of being conservative during transport (Section 3.11). This chapter 

investigates the use of radionuclides to identify sediment sources and compares 

the effectiveness of the use of radionuclides with sediment fingerprinting.   

 
7.2 Methods 
7.2.1 Field sample collection and laboratory processing 

Soil samples for radionuclide analysis were subsets of the material collected for 

the sediment fingerprinting study (Chapter 6). The analytical budget constraints 

limited the number of samples that could be processed to a maximum of 50 

compared with 150 for sediment fingerprinting.  

 

From the 150 sediment fingerprinting samples, the subset of 50 samples were 

selected to ensure a spread across each native forest, exotic forest, and agricultural 

landscape unit (Figure 7.1). At each sampling site, surface (0-2 cm), subsurface  

(> 20 cm), and streambank material was collected according to the procedure 

outlined in Section 6.2. Subsets were taken from the four Whangapoua estuary 

sediment fingerprinting samples (Figure 7.1) to characterise the catchment sink. 

The method of sink sample collection is outlined in Section 6.3.  

 

The catchment and sink samples were handled and processed to recover the          

< 10 μm sediment fraction (Section 4.2). Subsets of the homogenised sediment 

fingerprinting material were then sent to the National Radiation Laboratory (NRL) 

in Christchurch, New Zealand for radionuclide analysis.   

 

177 
 



Chapter 7                                                                                                 
 

178 
 

 

 
Figure 7.1. Location of radionuclide sampling sites for the Whangapoua catchment. Sink 

samples are denoted by crosses inside green boxes. 

 

 

7.2.2 Analysis for radionuclide activity 

The < 10 μm sediment fraction was analysed for 137Cs, 210Pb, 228Ra, and 226Ra by 

high-resolution gamma spectroscopy using HpGe detectors of 20% or 43% 

relative efficiency. The geometry used was a 500ml Marinelli beaker and counting 

times of 24 hours was used because of the low level of radionuclide activity in the 

samples. Calibration factors for the 662 keV 137mBa gamma emissions were 

determined by analysis of aqueous and sand (density 1.54 g cm-3) calibration 

samples of the same geometry, containing known amounts of a 137Cs standard. 

Small corrections to counting efficiency were made for variations in the soil 

packing density in the Marinelli beakers (1.0 – 1.5 g cm-3) by interpolation 

between calibration factors derived from the aqueous and sand samples. Gamma 

spectra were analysed by a computer programme used in the NRL routine 

environmental radioactivity monitoring operations (Basher & Ross 2002). The full 

radionuclide results are contained in Appendix N.    
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7.3 Results 
7.3.1. 137Cs results 

The concentrations of 137Cs in the soil samples showed a distinct labelling of all 

native, exotic and agricultural surface soils in comparison to the subsurface and 

streambank soils (Figure 7.2). Surface soils from the agricultural areas had lower 

mean concentrations of 137Cs compared with the surface soils of the native and 

exotic forests, but there was no significant difference. There is also no significant 

difference between the concentrations of 137Cs in the subsurface and streambank 

soils. The mean concentration of 137Cs in the estuary sediment was very low.  
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Figure 7.2. Mean concentrations of 137Cs for soils sampled from the surface (S), 

subsurface (SS), and streambank (B) positions within landscape units and the estuary 

sediment (sink). Error bars are one standard error of the mean.  
 

7.3.2. 210Pbex results 
210Pb forms both in situ in the soil as well as in the atmosphere. It is the 

atmospherically derived 210Pb that is of interest in this study as it labels surface 

soil particles at higher concentrations than subsurface particles, and so has the 
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potential to distinguish between sediment derived from surface and subsurface 

positions. To determine the atmospherically derived 210Pb, the 226Ra concentration 

was subtracted from the total inventory of 210Pb. This is because the in situ 210Pb 

will be in equilibrium with its parent 226Ra, and so 226Ra acts as a proxy for the in 

situ 210Pb which is also termed ‘supported.’ The atmospherically derived 210Pb 

was termed the ‘unsupported’ or ‘excess’ and is denoted as 210Pbex (Koide et al. 

1972; Wise 1980; Zapata et al. 2002).  

 

Similar to 137Cs, the highest concentrations of 210Pbex are in the surface soils of the 

three landscape units and there was no significant difference between the 

concentrations of the subsurface and streambank positions (Figure 7.3). The 

concentration of 210Pbex in the estuary sediment was higher than the potential 

catchment source area concentrations.  
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gure 7.3. Mean concentrations of 210Pbex radionuclide for soils sampled from the 

b

Fi

surface (S), subsurface (SS), and stream ank (B) positions within landscape units and the 

estuary sediment (sink). Error bars are one standard error of the mean. 
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.3.3. 226Ra results7  

icant difference between the 226Ra concentrations between There was no signif

landscape units and erosion position, although there was an elevated concentration 

in surface agricultural soils (Figure 7.4). The sink 226Ra concentration was lower 

than all the potential catchment source concentrations.  
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Figure 7.4. Mean concentrations of 226Ra radionuclide for soils sampled from the surface

.3.4. 228Ra results

 

(S), subsurface (SS), and streambank (B) positions within landscape units and the estuary 

sediment (sink). Error bars are one standard error of the mean. 

 

 

7  

s vary between the surface and subsurface/streambank 

catchment source area concentrations. 

The 228Ra concentration

positions across the three landuses (Figure 7.5). The subsurface and streambank 
228Ra concentrations were higher than the surface position in the native forest 

landuse. The subsurface and streambank 228Ra concentrations were only slightly 

higher than the surface position in the exotic forest and agricultural landuses. The 
228Ra concentration in the estuary sediment was lower than any of the potential 
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Figure 7.5. Mean concentrations of 228Ra radionuclide for surface (S), subsurface (SS), 

and streambank (B) positions within landscape units and the estuary sediment (sink)
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Error bars are one standard error of the mean. 

 

7.3.5. Discussion of radionuclide results 

Overall, there is little influence of landuse on the radionuclide results. There was a 

the agricultural surface soil, but not 

 was a small non-significant elevation of concentration in the 

gricultural surface soil. Tree cover is known to cause perturbations in 

iched surface concentrations of 137Cs and 210Pbex, it was expected 

at the concentrations of 226Ra should be relatively uniform throughout the soil 

profile or show some increase with depth (Baeza et al. 1994; Akyil et al. 2002; 

slightly lower concentration of 137Cs in 

significantly so.  

 

For 210Pbex, there

a

radionuclide concentrations as tracers are delivered to the ground surface 

principally by wet precipitation. The lack of tree cover interception in agricultural 

areas may account for the higher agricultural surface value (Wise 1980; Wallbrink 

et al. 1994a). 

 

Unlike the enr

th
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treambank samples. The elevated 

oncentrations in agricultural surface soils could be attributed to the addition of 

eans that sink samples can quickly 

ecome depleted of this radionuclide limiting its potential as a source tracer in this 

neation 

etween the 137Cs and 210Pbex results of subsurface and streambanks. The low 

s of 210Pbex and 226Ra do not relate to the potential 

atchment surface, subsurface, and streambank sediment sources. That is, the 

 

Dowdall et al. 2003; Navas et al. 2005; El-Reefy et al. 2006; Akyil et al. 2008). 

Such concentrations of 226Ra at depth could be due to sorption onto Fe-oxides and 

clay surfaces (VandenBygaart & Protz 1995). 

 

In the agricultural landuse, there is a higher concentration of 226Ra in the surface 

samples compared to the subsurface and s

c

fertilisers. Fertiliser additions such as U, Cd, and Hg are found in elevated 

concentrations in agricultural soils (McLaughlin et al. 1996). Uranium has been 

found in elevated concentrations in agricultural areas as shown by the 

geochemical ICP-MS results in Chapter 6. As 226Ra is a product of the 238U decay 

series, then it is reasonable to expect higher concentrations of the radionuclide in 

agricultural surface soils (Akyil et al. 2002).  

 
228Ra is part of the 232Th decay scheme and only has a half life of 5.75 years 

(Leroy 1995). The short half life of 228Ra m

b

study. More typically, 228Ra is used in combination with 226Ra for geochronology 

or a tracer of recent soil erosion (e.g., (Bai et al. 2000; Tims et al. 2004). Due to 

its short half life, 228Ra will not be used as a sediment tracer in this thesis.  

 

The 137Cs and 210Pbex results show a difference between surface soil 

concentrations and subsurface/streambank concentrations. There is no deli

b

depth penetration characteristics of the two tracers has meant that subsurface and 

streambank material is virtually unlabelled and therefore cannot be discriminated 

by radionuclide techniques.  

 

An immediate problem with the radionuclide results is that with the exception of 
137Cs, the sink concentration

c
210Pbex sink concentration is too high and the 226Ra is too low.  
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7.

7.4 Soil tracing using radionuclides 
4.1 Radionuclide selection for soil tracing 

or radionuclides to be useful in this study, they must satisfy the criteria of being 

ble to distinguish sediment derived from different source areas, and remain 

 of conservativeness during transport 

or enriched during transport or 

bsurface and 

reambank concentrations have been combined (‘all subsurface’) as the 

ncentration for 226Ra was also significantly different from the 

rface (p = 0.01) and all subsurface (p < 0.01) potential source erosion positions. 

F

a

conservative during transport. An indication

is that the tracer is not altered, depleted, 

deposition. The results (Section 7.3) indicate that 210Pbex and 226Ra have been 

altered, depleted, or enriched during transport because of the sink concentrations 

being outside the range of the possible catchment sediment sources. 

 

Hypothesis testing (Students t-test) was used to examine if 210Pbex and 226Ra sink 

concentrations were significantly different from surface mean concentrations and 

from the subsurface/streambank mean concentrations. The mean su

st

subsurface and streambank material could not be distinguished by the 

radionuclides.     

 

The mean sink concentration for 210Pbex was significantly different from the 

surface (p < 0.01) and all subsurface (p < 0.01) potential source erosion positions. 

The mean sink co

su

The tables are contained in Appendix O. Thus neither 210Pbex nor 226Ra was 

considered suitable for sediment tracing in this study. The potential explanations 

for their unsuitability will be discussed later in this chapter.  Thus 137Cs was the 

only radionuclide suitable to quantify catchment sediment sources.  

 

7.4.2 Sediment source determination using 137Cs 

The 137Cs soil tracing method is well understood with over 3,400 publications to 

date (Ritchie & Ritchie 2001; Hancock et al. 2008). It was the aim of this study to 

nd another suitable radionuclide to use in ratio with 137Cs such as 210Pb (Smith & 

was found, it was necessary to 

fi

Dragovich 2008). As no other suitable radionuclide 

determine the Whangapoua estuary sediment sources by position using only 137Cs. 

There were two possibilities when using only 137Cs to determine catchment 
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en the mean activity levels of  137Cs between the 

een all 

e 137

ubsurface’ 

soils (subsurface and streambank positions) were lower than the surface soils with 

ost samples having concentrations around 2.6 Bq kg-1. The 137Cs concentrations 

               

0.86). Table contained in Appendix O. So the null hypothesis Ho (1) is 

r limit calculation was previously 

sed to determine the relative contribution from surface sources (sheet and rill) 

erosion positions; hypothesis testing and using an upper limit calculation. Both the 

hypothesis testing and the upper limit calculation were used to form multiple lines 

of evidence (e.g., Lind et al. 2007) to determine estuarine sediment sources. 

  

7.4.2.1 Hypothesis testing 

To formally test if there is a difference between the sink samples and the surface 

samples and the ‘all subsurface’ samples, the hypotheses posed were that:  

Ho (1) : there is no difference betwe

surface (0-2 cm) position and the sink  

Ho (2) there is no difference between the mean activity levels of 137Cs betw

subsurface (subsurface >20 cm and streambank) position and the sink 

 

Th Cs concentrations in the < 10 μm fraction of the surface soils ranged from 

2.4 to 18.6 Bq kg-1 (Figure 7.6). The 137Cs concentrations in the ‘all s

m

in the estuary sediment sink samples were 2.99, 2.34, 1.8, and 1.17 Bq kg-1. The 

mean 137Cs concentration in the estuary sink samples was close to the mean 

concentration of the ‘all subsurface’ but differed from the surface concentration.   

 

There was a significant difference in the mean 137Cs concentrations between the 

estuary sediment sink and the surface samples (p = 0.01), but there was no 

significant difference between the sink and the ‘all subsurface’ samples

(p = 

rejected for the sink/surface comparison as there is a significant difference, but the 

hypothesis Ho (2) was not rejected for the sink/subsurface as there was no 

significant difference between the two groups.  

 

7.4.2.2 Upper limit calculation 

The second method used to determine catchment erosion positions using only 
137Cs was the upper limit calculation. The uppe

u



Chapter 7                                                                                                 
 

186 
 

Position

0

2

4

6

8

10

12

14

16

18

20
B

q 
K

g-1

Surface         All Subsurface              Sink

 
Figure 7.6. 137Cs concentrations for the surface, ‘all subsurface’ (combined streambank 

and subsurface), and sink samples. The mean values are indicated by red crosses and the 

error bars represent one standard deviation.   

 

ne to the total river sink sediments. The 

odified calculation relevant to this thesis is: 

and subsurface sources (gully erosion) to Murrumbidgee River (sink) sediments 

(Wallbrink et al. 1996). The calculation was used to determine the upper limit of 

the ratio of the surface erosion source alo

m

 

100×⎥⎦
⎤

⎢⎣
⎡

−
−

=
SSS
SSS

C k
s                 (Eqn 7.1) 

 

 

Where Cs is the upper limit ratio of catchment surface positions,  

S is the mean concentration of Cs in the surface position (0-2 cm),  

Sk is the mean concentration of 137Cs in the sink (estuary), and  

S is the mean concentration of 137Cs in all subsurface positions (subsurface         

137

S

> 20 cm and streambanks).  
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 of harbour 

ed subsurface and 

The upper limit of surface positions (Cs) is 1.2% meaning the majority

sink sediment (98.8%) was derived from all subsurface (combin

streambank) erosion positions.    

 
7.5 Discussion 
7.5.1 137Cs results 

The multiple lines of inquiry approach indicates that the subsurface erosion 

ositions (subsurface and streambanks) was the dominant contributor of sediment 

 hypothesis test found that there was no significant difference 

n the sink sample and ‘all subsurface’ positions for 137Cs 

p

to the estuary. The

(p = 0.01) betwee

concentrations, and that there was a significant difference between the sink 

sample and the surface sample. The upper limit calculation resulted in a 98% 

estimation for the contribution of all subsurface positions.  

 

7.5.2 Radionuclide variability 

For radionuclides to be used in this study, they had to satisfy the criteria of being 

able to distinguish sediment derived from different source areas, and remain 

onservative during transport. It is also advantageous to use radionuclides in ratios 

 (Section 3.11.4). For example, Figure 3.16 shows 

 have been widely used (e.g., Wallbrink et al. 2002a) to 

iscriminate between sediment derived from surface and sub-surface sources. 

c

to reduce their spatial variability

that 137Cs and 226Ra distinguish cultivated, uncultivated, and subsurface sediment 

sources. The sink sediments (Brisbane and Logan River sediments) were within 

the end member source envelope (dashed line). Because the sink concentration 

was within the end member envelope, this indicates that the sink relates to the 

potential source areas and that the radionuclides were conservative during 

transport and deposition.  

 

Confidence testing (Section 7.4) showed that only 137Cs sink concentrations 

related to the potential source area concentrations, while 210Pbex and 226Ra did not. 

Ratios of 137Cs and 210Pbex

d

Using the concentrations of 137Cs and 210Pbex from this thesis as a ratio shows that 

surface and all subsurface catchment sources are distinguished, but that the 

estuary sink ratio lies outside the source end member envelope (dashed line) 

(Figure 7.7) due to higher sink concentrations for 210Pbex.  
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nvelope (dashed line)      

igure 7.8). The non-relation of the sink sample to the source area end member 

 

When the 137Cs concentrations were used in ratios with 226Ra in this thesis, surface 

and all subsurface catchment sources could be distinguished, but again the 

combined sink ratio was outside the end member e

(F

envelope was due to depleted 226Ra sink concentrations.  

 

 

0 5 10 15 20

0

20

40

60

80

100

120

Surface (NAT) 
Subsurface (NAT)
Streambank (NAT)
Surface (EX)
Subsurface (EX)
Streambank (EX)
Surface (AG)
Subsurface (AG)
Streambank (AG)
Sink 

137Cs Bq Kg-1

137Cs and 210Pbex concentra

21
0 Pb

 B
qq

 K
g-1

 
Figure 7.7. Results of tions in soils derived from surface, 

subsurface, and streambank positions and the estuary (sink) sample. Error bars are one 

standard error. 

 

 

7.5.3 210Pbex  enrichment 

The enrichment of 210Pbex in sediment has been observed before (e.g., Wallbrink 

t al. 2003b) and Figure 7.9 shows the ratio of 137Cs to 210Pbex for source 

cultivated, uncultivated, and subsurface soils) and sink (Cardinia, Bunyip, and 

ctivity values in a study to determine the sediment 

e

(

Yallock subcatchments) a

sources entering Western Port in Victoria, Australia. While the sediment source 

areas were distinguished by the ratio of the two tracers, the Cardinia, Bunyip, and 

Yallock sink concentrations show elevated results for the 210Pbex. 
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Figure 7.8. Results of for the ratio of 137Cs and 226Ra concentrations in soils derived from 

surface, subsurface, and streambank positions and the estuary (sink) sample. Error bars 

are one standard error. 

 

 

  
Figure 7.9. 137Cs and 210Pbex radionuclide concentrations for cultivated, uncultivated, and 

subsoil sources and three subcatchment sink results. Elevated 210Pbex concentrations for 

the Cardinia, Bunyip, and Yallock sediment sink samples are due to gully floor 

ment while the sediment is in transport (Wallbrink et al. 2003b). enrich
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he first possible explanation of 210Pbex enrichment is the delivery of 210Pbex 

ent then a 

oncomitantly high level of 137Cs labelled material would be expected in the sink 

ot

g

l which would have resulted in a 

igher concentration of 210Pbex (Wallbrink et al. 2003b). Another study concluded 

n

uc

co

M) or particulate organic carbon (POC) which have 

igh trapping efficiencies for 210Pbex (Kato et al. 2003). The process of 

There are three possibilities that could account for the high 210Pbex estuary 

concentration; surface soil erosion dominance of sediment delivery, 210Pbex 

enrichment during transport, or 210Pbex enrichment during deposition.  

 

T

labelled surface soils to the estuary from the catchment. This possibility is 

unlikely as the sink concentration is far above those found in the catchment 

surface soils. Also, if surface erosion was dominant in the catchm

c

sediment samples as well which is n  the case.  

 

The second possible explanation of 210Pbex enrichment is some form of post 

erosion addition of 210Pbex to the sediment before it reaches the sink. The authors 

of the Western Port study (Fi ure 7.9) concluded the addition occurred as a result 

of the fallout of 210Pbex onto gully floor materia

h

that 210Pbex addition occurred to sedime t temporarily stored in stream banks, and 

the enrichment concentrations were used to calculate residence times of fine 

grained sediment in river channels (Wallbrink et al. 2002b). The catchment area 

in the Wallbrink et al. (2003b) study is 3250 km2 and 14785 km2 in the Wallbrink 

et al. (2002b) study and located in Australia. This means the river channels would 

be m h longer than found in Whangapoua and subject to long seasonal periods of 

low or no flow. The Whangapoua catchment has short (< 15 km) length streams in 

a steep catchment subject to high rainfall which appears to ensure that very little 

(< 4%) of the annual fine sediment budget is stored within the stream network 

(Chapter 10). This makes the enrichment of sediment undergoing transport by 
210Pbex unlikely in this environment as sediment residence times within the 

streamlines would be short.  

 

A third explanation is that there is a post depositional enrichment of estuary 

sediment with 210Pbex. Atmospherically derived 210Pbex is stripped from the water 

lumn and deposited onto estuary sediments. This is achieved by agents such as 

particulate organic matter (PO

h
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‘scavenging’ or ‘stripping’ of 210Pbex and consequent enrichment of coastal 

sediments has been observed by other authors (Moore et al. 1996; Carvalho 1997; 

Peng 2003; Wan et al. 2005). As the sink concentrations of 210Pbex did not relate 

to terrigenous inputs, Yeager & Santschi (2003) concluded that 210Pbex could not 

be used to trace watershed erosion sources. As the agents of stripping can include 

algae and diatoms, Wan et al. (2005) concludes that elevated levels of 210Pb are 

more indicative of biological primary productivity and has implications for geo-

chronological use. The unlikelihood of surface erosion dominance/ transport 

enrichment and the observation of biological scavenging of 210Pbex in estuarine 

environments in the literature make scavenging the most likely process of sink 

sediment enrichment.     

 

7.5.4 226Ra depletion 

The estuary sink samples show low concentrations of 226Ra, placing it outside of 

the end member sources. A possible explanation for this low sink concentration is 

the post depositional mobility of 226Ra. Unlike 137Cs which binds to soil particles 

 an almost non-exchangeable form, radium is essentially completely reversibly 

monette 2006). Radium in rivers is strongly adsorbed to 

our. But as the sink samples for this thesis were taken in the 

entral sections of the estuary away from mangrove areas, the most likely reason 

in

adsorbed (Smith & A

particles. Waters high in iron oxide and manganese surfaces are found to readily 

scavenge radium ((Turekian 1997; EPA 2004). But once radium isotopes 

encounters salt water it is desorbed from the particle surface and is found mainly 

in dissolved forms in salt water (Moore & Shaw 2008). Thus the sink inventory 

naturally occurring radionuclides such as 226Ra can be different from the activity 

originally deposited (El-Reefy et al. 2006). A study of the Tagus River estuary in 

Portugal found that sediment bound 226Ra was desorbed and that atmospherically 

derived 210Pb was scavenged by estuary processes. This led to estuarine water 

flowing out to sea containing enhanced levels of 226Ra and depleted levels of 210Pb 

(Carvalho 1997).  

 
226Ra can also be quite mobile in sediments under anoxic conditions, and in a 

coastal environment oxygen depletion can be caused by benthic macrophytes 

(Martin et al. 2003). Anoxic sediments may occur in mangrove areas of the 

Whangapoua Harb

c
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haracterise the catchment with the aim of distinguishing between 

rface, subsurface, and streambank erosion positions as per the sediment 

gramme. The results showed that subsurface and streambanks 

l subsurface positions. Both estimates using only 137Cs 

pported the findings of sediment fingerprinting which indicated that 92% of 

for radium depletion would be post depositional desorption in the salt water 

environment.  

 

7.6 Summary 
Radionuclide sediment tracing was used to compare the sediment fingerprinting 

results for erosion positions in the Whangapoua catchment. Forty eight samples 

were used to c

su

fingerprinting pro

were not distinguishable from one another and were, therefore, treated as one 

erosion position (all subsurface). 210Pbex was found to be enriched in the sink 

samples and 226Ra was found to be depleted of the sink samples in comparison 

with source area concentrations. 210Pbex sink sample enrichment was most likely 

due to a scavenging process of atmospherically derived 210Pbex principally by 

organic matter, and 226Ra sink depletion was most likely due to being desorbed in 

a saline environment.  

 
137Cs hypothesis testing and an upper limit calculation were used to identify the 

main erosion position. The sink and subsurface samples were not significantly 

different, and the upper limit calculation indicated that around 98% of estuary 

sediment was from al

su

estuary sediment was derived from subsurface and streambank erosion positions.  

 

 

 

 

 

 

 

 

 

 

 



CHAPTER EIGHT 
SUSPENDED SEDIMENT MONITORING 

 

8.1 Introduction 
Suspended sediment monitoring was undertaken to generate empirical data on 

erosion rates from the different landuses within the Whangapoua catchment as a 

way of comparing the sediment fingerprinting results. Streams draining four small 

subcatchments under different landuses (Figure 8.1) were monitored to compare 

their responses to rainfall events and to derive an erosion rate in tonnes per square 

kilometre per year. Unlike the typical landscape units identified in the 

Whangapoua catchment where native forest is on steep slopes, exotic forest on 

moderate slopes, and agriculture on flat lowlands, the monitoring sites were 

located on similar slopes to better compare the effects of landuse. 

 

 

 

 

EX-10 

EX-H6 

AG-P 

EX-H 

Figure 8.1. Location of the four suspended sediment monitoring sites in relation to one 

another in the Whangapoua Harbour catchment.  
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8.2 Experimental design and site description  
Four sites were monitored to record turbidity and flow to ascertain an erosion rate 

in tonnes per square kilometres per year. It was predicated (based on reviews of 

the literature and site inspections) that the main contributors of sediment to 

Whangapoua Harbour would be the exotic forest and the agricultural areas 

because of human induced accelerated erosion. As the erosion rate from mature 

pines versus recently harvested pines is different, the various stages of exotic pine 

harvesting were represented within the experimental design to gather information 

on how quickly erosion rates dropped after pine harvesting.  

 

Thus, the landuses selected for suspended sediment  monitoring were agricultural 

pastures (AG-P), exotic pine forest where harvesting had just taken place (EX-H), 

exotic pine forest six month post harvest (EX-H6), and exotic pine forest with ten 

year re-growth (EX-10) (Table 8-1). Continuous stream monitoring was 

undertaken on each site for about two years. 

 

Table 8-1. Summary statistics of the four stream monitoring subcatchments. 

 EX-H# EX-H6# EX-10 AG-P 

Landuse Exotic pine  
harvested 

Exotic pine 
6 month 
post harvest 

Exotic pine 
10 year re-
growth 

Agriculture 
pasture 

Lat/long 36.47.556E 
175.38.937E 

36.45.376S 
175.33.455E

36.47.471S 
175.38.769E

36.44.748S 
175.35.422E 

Size (ha) 5.02 1.56 9.95 2.48 
Elevation 28 m 87 m 26 m 35 m 
Aspect W NE E SW 
Soil* Brown Brown Brown Brown 
Topography Rolling Rolling Rolling Rolling 
Record 
(begin/end) 

11-12-2005 
14-3-2008 

24-2-2006 
20-12-2007 

13-4-2006 
11-1-2008 

23-2-2006 
14-3-2008 

Missing 
record 

7% 20% 14% 29% 

* New Zealand Soil Classification (Hewitt 1998).  
# Denotes the harvesting cycle at the commencement of monitoring 
 

The subcatchment size that could be monitored was limited to around 10ha as 

only temporary plywood weirs could be constructed without Resource Consent 

permission. The plywood weirs proved inadequate to handle rainfall events 

draining larger areas. Ideally subcatchments would be similar in size, aspect, soil 

type, topography, and altitude, but this aim was not wholly achieved (Table 8-1). 
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8.2.1 Exotic pines harvested – EX-H 

The subcatchment draining a 5 ha subcatchment of harvested exotic pines was 

located in compartment 87 off Owera Rd (Figure 8.2). Clearfelling operations in 

EX-H began in April 2006 using the cable logging method. No major erosion 

features were observed before felling took place. No roads or other constructed 

features drained directly into the EX-H subcatchment. The EX-H subcatchment 

had a 20m riparian buffer strip along a section of the main Owera Stream which 

the subcatchment drained into. The riparian strip comprised mostly native 

vegetation and the monitoring equipment was located in the buffer strip to avoid 

damage when logging took place. Figure 8.3 shows EX-H pre and post harvest. 

The riparian strip along the Owera Stream was evident after harvesting.  

 

 

 

 
Figure 8.2. The EX-H subcatchment area and the weir/instrument site is marked with a 

red triangle. The subcatchments main drainage lines are shown (blue line) as is a short 

section of the Owera Stream into which the subcatchment drains. 



 

 Figure 8.3. The EX-H site pre-harvest 

(top) and post harvest (below). All the 

pines were removed by cable logging and 

the forwarder mast is visible in the bottom 

image sitting atop the log landing. The 

approximate location of the weir and 

monitoring equipment in the riparian strip 

is indicated by an arrow in the bottom 

image. 
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8.2.2 Exotic pines six months post harvest – EX-H6 

Harvesting at the EX-H6 subcatchment was undertaken six months prior to the 

installation of the monitoring equipment. The EX-H6 subcatchment was the 

highest of all the monitored sites and was located off State Highway 26 in 

compartment 51 and was harvested using cable logging methods (Figure 8.4). The 

suspended sediment monitoring site was located where it drained the harvested 

area, the log landing, part of a constructed batter, and an artificial drain       

(Figure 8.5). 

 

 

 

 
Figure 8.4. Location of the EX-H6 subcatchment off State Highway 26. The approximate 

catchment area is marked and the monitoring site is indicated by a red triangle. The image 

is taken before harvesting. Log landings constructed in preparation for logging operations 

can be seen (arrows).  
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A B  

Figure 8.5. A) The EX-H6 subcatchment before the installation of monitoring equipment. 

A drain has been cut and to the left is the edge of the log landing and to the right of the 

drain is a formed batter. B) The eventual location of the temporary plywood weir and 

monitoring equipment.   

 

The vegetation colonisation of the EX-H6 subcatchment over 18 months post 

harvest was marked (Figure 8.6). In February 2006 (Figure 8.6-A) the surface was 

devoid of any ground cover apart from logging trash (smaller trees and cut limbs) 

discarded during the harvesting operations. The log landing and batter surface 

were bare and there was evidence of surface erosion and shallow disturbance in 

the EX-H6 subcatchment.  

 

Six months later in August 2006 (Figure 8.6-B) the area had been aerially sowed 

with grasses to increase surface cover which was evident in the photo, although 

the grass coverage was only about 50%. The compartment has been replanted with 

pine seedlings during this time (indicated by the arrow) and new sproutings of 

Gorse were visible in the bottom left hand corner of the photo.   

 

The condition of the subcatchment 12 months after harvesting in February 2007 is 

shown in Figure 8.6-C. The photo was not taken within the EX-H6 subcatchment, 

but within the same compartment. On the right of the photo the increasing ground 

cover is evident (nearly 100%). The dry summer of 2006/07 kept the ground cover 

low.   

 



 

A B C D 
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Figure 8.6. The EX-H6 subcatchment A) six months after harvesting just after weir installation; B) 12 months post harvest. Planted pine seedlings example is 

indicated by the arrow; C) A small debris avalanche from the edge of a log landing within compartment 51 approximately 12 months post harvest; D) 18 months 

post harvest. The photo is taken from across the log landing. A new erosion feature (shallow landslide) is indicated by the arrow and the monitoring instruments 

are indicated by a circle.    
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The subcatchment condition 18 months post harvest in August 2007 is shown in 

Figure 8.6-D. The perspective of this photograph is from the log landing at the 

bottom of the EX-H6 subcatchment and the monitoring site can is visible in the 

image. Ground cover consisted of a mix of grasses and weeds including Pampas 

Grass and Gorse. Typically after clearing the invasion phase was dominated by 

adventive weeds (Ogden et al. 1997). The ground cover is also higher and would 

average around 0.5m on average. The log landing has been colonised mainly by 

exotics and a replanting with pine seedlings can be seen in the foreground of the 

photo. Sections of the batter have been colonised, but large steep sections remain 

exposed. The rapidly growing older pines in the compartment can be made out 

emerging from the ground cover. While increasing ground cover was inhibiting 

erosion, a shallow landslide on the edge of a small steep ridge is indicated by the 

arrow (Figure 8.6-D).    

 

8.2.3 Exotic pines 10 year re-growth – EX-10 

The 10 year exotic pine re-growth area was the largest of the subcatchments at 

nearly 10ha (Figure 8.7). It was located in compartment 32 off the Owera Rd, 

close to the EX-H subcatchment. At the time of instrument installation, the pines 

had formed a closed canopy with no obvious sign of erosion evident. Some old 

logging infrastructure was found in the EX-10 subcatchment such as log landings 

and roads, but had been colonised by ferns and grasses.  

 

8.2.4 Agricultural pastures – AG-P 

An approximately 2.5ha pastoral area on the Denize property on the western side 

of the harbour was monitored (Figure 8.8). Beef cattle grazing was the 

predominant agricultural landuse in the Whangapoua catchment. Beef cattle were 

the only pastoral activity on the AG-P site. The rolling hills make this site 

somewhat atypical as most of the agricultural land in the Whangapoua was on 

mainly flat land. The topography of the agricultural site was selected to make for 

better comparisons with the forestry sites.  

 

The agricultural subcatchment was dominated by improved pastures and there 

were no trees in the subcatchment (Figure 8.9). The stream line was choked by 

exotic grasses and there were some small areas of bank erosion along its length.  



                                                       Suspended Sediment Monitoring 
 

201 
 

 

 
Figure 8.7. The EX-10 subcatchment with the boundary marked and the monitoring 

station location indicated by a red triangle.  

 

At the top of the subcatchment there were some larger areas of bank erosion, most 

likely initiated and kept active by cattle trampling. The landowner had attempted 

to minimise the erosion by dumping rocks into the drainage line (Figure 8.10). 

The condition of the pasture changed depending on season and stocking phase 

(Figures 8.9 and 8.10). 

 

8.3 Suspended sediment monitoring methods 
8.3.1 Instrumentation setup 

The monitoring equipment was installed at the drain-point of each subcatchment. 

The equipment consisted of an optical backscattering probe (OBS - Greenspan) 

and a capacitance sensor (Hydrological Services) linked to a Campbell CR10 data 

logger to measure the height of water passing over a temporary plywood 90°       

v-notch weir. The OBS probe measured nephelometric turbidity units (NTU) and 

the capacitance sensor measured the water height in millimetres.  
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Figure 8.8. The AG-P subcatchment with the boundary marked and the monitoring 

station location marked by a red triangle.  

 

 
Figure 8.9. The AG-P subcatchment looking east toward the top of the catchment. The 

pasture is tall and the drainage line choked with exotic grass and reeds. Gorse bush is also 

evident.  
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Figure 8.10. The bank erosion feature at the top of the AG-P subcatchment. Rocks have 

been dumped into the drainage line to minimise erosion. The pasture cover is good but 

not long because of stocking with cattle in the winter season.   

 
Three of the sites (EX-H6, EX-10, and AG-P) were also fitted with tipping bucket 

rain gauges recording at 0.2 mm intervals. All instruments were mounted in a 

weather proof box and powered by a solar panel to provide continuous monitoring 

(Figure 8.11). The OBS probes were calibrated as per Appendix P. 

 

The OBS turbidity probe can be mounted in a variety of ways (Eads & Lewis 

2002) and was originally mounted perpendicular to the stream flow in a housing 

of 80 mm PVC pipe which also contained the capacitance sensor. The OBS probe 

was moved to an overhead suspension to avoid fouling by in-stream debris, burial, 

and to limit algae growth (Figure 8.12).  

 

8.3.2 Flow measurement 

Temporary 90° v-notch weirs were constructed to provide a known cross section 

for the calculation of water flow (Ackers et al. 1978; Fenwick 1994; Campbell 

2006) (Figures 8.11 and 8.12). Flow was estimated from the depth readings of the 

capacitance sensor and by the development of a calibration curve from onsite 

stream gauging measurements. 
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Figure 8.11. EX-H6 site showing the housing for the logger, rain gauge (mounted on top) 

and the power supply via the solar panel. The OBS turbidity probe was mounted using the 

suspension method and a low flow condition over the V-notch weir.   

 

 

 

The theoretical formula for a V-notch weir follows that of (White 1978): 

 

2
5

2
tan2

15
8 hCgQ d ⎟

⎠
⎞

⎜
⎝
⎛=
θ                                                                             (Eq. 8.1) 

 

Where:  

Q = the discharge (m3s-1) 

= acceleration due to gravity = 9.81m/s2g 

Cd = an empirical ‘coefficient of discharge’ = 0.578* 

h = the measured head of water above the base of the weir notch (m) 

= the angle of the V-notch θ 

This constant is for 90° V-notch weirs with negligible velocities of approach  * 
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 B
 

 

 

 

 

 
A  

 

 

 

Figure 8.12. Monitoring equipment installed at the AG-P site emptied of water after weir 

failure (note water height stain on the weir face). A) The original mounting for the 

turbidity probe at right angles to the stream flow. The original mounting was around 30 

cm above the stream bed but course material has deposited behind the weir. B) The 

suspension deployment of the turbidity probe upstream of the V-notch weir.  

 

The theoretical discharge calculation for a range of stage heights compared 

reasonably well with field measurements carried out to check the reliability of the 

calculation at low flow conditions (Figure 8.13). Calibration was undertaken by 

placing a large bucket under the weir to collect the flow and by timing how long it 

took to fill. The amount of water collected was then measured using a measuring 

cylinder and the result recorded in litres per second. The measurements from the 

capacitance sensor were converted to flow using Equation 8.1.  

 

8.3.3 Sediment measurement 

The millivolt (mV) readings from the OBS probes were converted to NTU values 

by pre-deployment calibration with known standards (Appendix P). Suspended 

sediment concentration (SSC) values were obtained from the OBS probe NTU 

values using the relationships developed in a previous study conducted in the 
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Whangapoua catchment. The SSC and NTU values for 54 samples gave a 

relationship between NTU and SSC (r2 = 0.85) where SSC is equal to 1.602 

(NTU)0.9787; slope equal to 1.03; standard error equal to 0.058; and p < 0.0001 

(Phillips et al. 2005) (Figure 8.14).     
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EX-10 vs Stage ht (m) 

     
Figure 8.13. Comparison of calculated flow from Equation 8.1 (line) and field calibration 

points from the four monitoring stations. Only low flow calibration points were obtained. 

 

8.3.4 Establishing a sediment yield 

With field turbidity and flow data being measured, the next step was to establish a 

sediment yield for each subcatchment. The most popular method is the sediment 

rating curve (Section 3.12), but there was a wide scatter of suspended sediment 

concentration (SSC) data versus flow data for the four suspended sediment 

monitoring subcatchments (Figure 8.15). There was an unexpected high flow/low 

SSC and low flow/high SSC trend, particularly at sites AG-P and EX-10. The r2 

values for the monitoring sites were 0.007 (AG-P), 0.0009 (EX-H), 0.02 (EX-H6), 

and 0.3 (EX-10) (i.e., no significant relationship). The scatter of the data meant 

that sediment yield could not be determined using a sediment rating curve.  
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y = x0.9787 × 1.602 

Figure 8.14. Relationship between OBS NTU values and SSC from 54 samples taken in 
the Whangapoua catchment (Phillips et al. 2005). 
 
 
 

 
Figure 8.15. Flow vs. suspended sediment concentrations for the four monitoring 
subcatchments.    
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The wide scatter of data from the four suspended sediment monitoring 

subcatchments may be attributed to the small drainage size. In small streams with 

catchment areas measuring less than a few square kilometres, the sediment 

concentration for a given discharge can vary greatly as the sediment concentration 

responds primarily from random injections of sediment from various erosion sites 

(Hicks & Griffiths 1992). The unsuitability of the sediment rating curve method to 

the suspended sediment monitoring data in this thesis required another method to 

establish sediment yield. 

 

8.3.5 The storm sediment yield (SSY) method 

The storm sediment yield (SSY) method determines sediment yield by 

establishing a relationship between the magnitude of storm events and the 

magnitude of sediment yield. The SSY method is based on the assumption that 

most sediment is transported by larger storm events and the SSY method has been 

successfully applied to New Zealand studies (Section 3.12) (Hicks 1994b).  

 

The process of determining total sediment yield by the SSY method is shown in 

the flow diagram (Figure 8.16). For each monitoring site, a range of storm events 

was identified and the peak flow and sediment yield were calculated. A peak 

flow/sediment yield relationship was formed by log-log regression. The complete 

flow record was used to identify each peak flow for which a sediment yield was 

calculated, giving a total storm sediment yield for 2007.  

 

It is common practice to separate the base flow component from the peak flow of 

each storm hydrograph, and there are a range of methods for accomplishing this 

task (Appendix Q). In this study, a modified constant discharge method was used 

(Figure Q.2, method 2a, Appendix Q). The start point of the storm was marked by 

an increase in flow, and the end point when the receding limb of the storm 

hydrograph flow ‘settles down’ to become reasonably constant, either at the pre-

storm level or a new post storm level. The base flow (in terms of litres and 

sediment quantity) was not separated in this thesis due to the low sediment levels 

during base flow conditions.  
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1. Transfer flow and turbidity data from 
loggers to spreadsheet  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.16. Flow diagram of calculating the average sediment yield from a catchment 

using the Storm Sediment Yield (SSY) method. 

 

 

3. Identify storm events in remaining 
data and determine the peak flow and 
sediment yield (Appendix T)

4. Use the identified storm events to 
form a peak flow/sediment yield 
relationship through regression (Figure 
8.18)

8. Calculate the 2007 sediment yield 
per unit area from the total sediment 
yield (step 7) and the subcatchment 
area (t km-2 yr-1) (Appendix V) 

7. Use the peak flow/sediment yield 
relationship (Step 4) and the 
continuous flow record (Step 6) to 
calculate the total sediment yield (t yr-1) 
(Appendix V) for each site 

6. Identify all peak flows from the 
continuous flow records (Table 8-2) 

2. Remove erroneous data (e.g., algae, 
weir failure, and probe burial) 

5. ‘Patch’ flow records statistically to 
give a continuous flow record for each 
site (Figure 8.19 and 8.20) 
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8.3.5.1 Identifying storm events (Step 1-3, Figure 8.16) 

Firstly, the flow records and turbidity records of all four subcatchments were 

incomplete (Table 8-1, ‘Missing record’). Data was lost due to power or 

instrumentation failure, or erroneous data (algae on OBS probe, probe burial, 

probe blown out of water). The corrupted data was removed (or ‘cleaned’) from 

the data set prior to analysis (details Appendix R). 

 

For each of the four monitoring sites, the data was examined to find storm events 

of varying sizes to form the peak flow/sediment yield relationship. The rainfall 

record was used to identify the dates of rainfall activity. Then the flow and 

suspended sediment concentration (SSC) records for each site were examined to 

see if a ‘clear’ response in both flow and SSC had occurred. A clear response was 

defined as an increase in flow and SSC, and also a decrease in flow where an end 

point of the storm event could be identified. Thus, 16 clear storm events were 

identified for the EX-H site, 16 for EX-H6, 15 for EX-10, and 13 for AG-P.  

 

8.3.5.2 Forming the peak flow and sediment yield relationship (Step 4) 

For each storm event:  

• the start and end dates/times were recorded, along with the peak flow rate 

(L sec-1),  

• the suspended sediment concentration (SSC in mg L-1) for each 15 minute 

period of the storm event was calculated from the NTU readings and the 

(Phillips et al. 2005) relationship, 

• the SSC mg L-1 values for each 15 minute period of the storm event were 

multiplied by the corresponding flow values (in L sec-1) and summed to 

obtain a total sediment yield in kilograms for the whole storm event, 

• the peak flow/sediment yield pairs for each storm event were plotted, and 

the regression equation derived for each monitoring site. 

 

8.3.5.3 Identifying all peak flows (Step 5-7) 

Because a continuous flow record was required to calculate total sediment yield 

by the SSY method, it was necessary to patch the flow records of the four 

monitoring sites because of gaps in the data. The method of patching the flow 

record is contained in Appendix R.  
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The continuous flow records (both actual data and patch data) for each site was 

examined to identify all storm flow events (defined as a 20% increase of peak 

flow above base flow due to the ‘noise’ of the data) from which the peak flow was 

identified and recorded. Each peak flow value was converted into a sediment yield 

(kg) by the appropriate peak flow/sediment yield relationship.  

 

8.3.5.4 Calculation of the average sediment yield (Step 8) 

The sediment yields for each site were summed for 2007 and divided by the area 

of the monitoring site to arrive at a total erosion value in t km-2 yr-1. 

 
8.4 Results 
8.4.1 Rainfall 

The rainfall records for this study were from rain gauge instruments on EX-H6, 

EX-10, and AG-P, as well as two records from Environment Waikato (EW) sites. 

One of the EW sites (Castle Rock) was a permanent station at the top of the 

catchment at around 300 m ASL, while the other (Opitonui) was located in the 

lower agricultural area (Figure 8.17). Of the five rainfall records, the Castle Rock 

site was the only one not to suffer any data loss.   

 

Summary graphs of 2006 and 2007 rainfall are contained in Appendix S. The 

Castle Rock site receives the most rainfall and generally has larger magnitude 

storm events than comparison to the other sites. For example, in 2006 Castle Rock 

received 1665 mm and Opitonui 1358 mm, while in 2007 Castle Rock received 

2401 mm and Opitonui 1574 mm, a difference of more than 800 mm between the 

recording sites.  

 

8.4.2 Peak flow and sediment yield (Steps 1-4) 

Storm events identified as suitable for developing the peak flow/sediment yield 

relationships are tabulated in Appendix T and graphed in Appendix U. Graphs of 

the sediment yield/peak flow are presented in Figure 8.18.  

 

Two events (2-3-2006 and 7-3-2006) were removed from the data in order to 

define the relationship for the EX-H6 site. The removal the two storm events 

changing the r2 value from 0.02 to 0.62. The two storm events were the first 
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AG-P 

EX-H6 

  OP 

EX-10 

  CR 

Figure 8.17. Location of the rainfall monitoring stations at the AG-P, EX-H6, and EX-10 

sites. Also shown are the locations of the Opitonui (OP) and Castle Rock (CR) sites.   

 

recorded after the establishment of the monitoring site 6 days prior to the first 

event (in italics Table T-2, Appendix T). The anomalously low and high 

respectively sediment yields for the corresponding peak flow are believed to be 

due to disturbance of the site during construction of the weir.  

 

8.4.3 Flow results (Step 5-6) 

The details of patching the flow record are in Appendix R and the raw flow record 

is in Appendix S. The patched flow results which provided a 15 minute record for 

the four stream monitoring subcatchments are shown in Figures 8.19 and 8.20. As 

monitoring of all four sites didn’t begin until 51 days into the 2006 period and the 

unreliable nature of the data for 2006, the catchment sediment yield for all four 

sites was calculated only for 2007.  

 

The continuous (patched) flow record was used to identify all peak flow events in 

each of the monitoring sites for 2007 (Table 8-2). 
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Figure 8.18. Peak flow and sediment yield relationships for A) AG-P; B) EX-H; C) EX-

H6; and D) EX-10. 

 

 

8.4.4 Catchment sediment yield (Step 7-8) 

The peak flow values in Table 8-2 were then used to calculate a sediment yield for 

each storm event for each monitoring site for 2007 (Appendix V) from which an 

erosion rate for each monitoring site was derived (Table 8-3). 

 

The most recently harvested exotic pine site (EX-H) had the highest erosion rate, 

followed by the recently harvested exotic pines (EX-H6), followed by the 

agricultural pastures (AG-P), and the lowest erosion rate was found in the 10 year 

exotic pine (EX-10).  
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Interpolated 2006 data for EX-H 

Interpolated 2006 data for AG-P 

Interpolated 2006 data for EX-H6 

Interpolated 2006 data for EX-10 

 

Figure 8.19. Patched stream flow data (orange) for the exotic harvested (EX-H), 

agricultural pasture (AG-P), exotic 6 month post harvest (EX-H6), and exotic 10 year 

post harvest (EX-10) monitoring sites, 2006. 

 

 

8.5 Discussion 
8.5.1 Subcatchment erosion rate results 

Harvesting of pine trees causes accelerated erosion due to direct ground surface 

disturbance during harvesting and tree removal leaves the soil exposed to rainfall 

events and increases the water yield. Erosion rates in pine forests decrease over 

the harvesting cycle. By year 10 of a rotation the harvested area has ‘settled down’ 

due to the rapid growth and canopy closure of the pines to result in a lower 

erosion rate than agricultural pastures or harvested pines.   
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Interpolated 2007 data for EX-H 

Interpolated 2007 data for AG-P 

Interpolated 2007 data for EX-H6 

Interpolated 2007 data for EX-10 

Figure 8.20. Patched stream flow data (orange) for the exotic harvested (EX-H), 

agricultural pasture (AG-P), exotic 6 month post harvest (EX-H6), and exotic 10 year 

post harvest (EX-10) monitoring sites, 2007. 

 

The 10 year post harvest pine (EX-10) returned the lowest erosion rate suggesting 

that when the tree canopy has closed it protects the ground surface from erosive 

rainfall events. The closed canopy also increases interception of rainfall and there 

is ground cover vegetation and litter increase. In a study in the Mangatu exotic 

pine forest, it was found that P.radiata increased root mass at a rate of 1-2 t ha 

year-1 from planting up to age 8-10 years, and this rate doubles up to age 25 years. 

At age 8, the P.radiata tree has developed strong lateral roots and an interlocking 

root structure that reinforces the upper soil horizons (Watson et al. 1999). Similar 

trends of slope instability from harvesting up until 10 years under other types of 

forest have also been observed with sediment yield ten times higher during the 

period of instability than under mature forest (Imaizumu et al. 2007).  
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Table 8-2. Peak flow results for all four sites for 2007. 

Date  Peak flow  (l sec-1)

 EX-H EX-H6 EX-10 AG-P 
09/01/2007 1.68 0.89 0.70 0.83 
12/01/2007 1.44 1.42 1.42 0.86 
30/01/2007 1.18 * * * 
28/03/2007 4.94 1.66 2.10 2.60 
28/04/2007 1.85 * * * 
30/04/2007 1.81 * 0.80 * 
21/05/2007 3.02 * 0.87 1.16 
14/06/2007 4.13 * 0.98 0.96 
21/06/2007 1.44 1.08 0.97 2.27 
20/06/2007 2.04 0.90 0.83 1.38 
23/06/2007 2.04 * * * 
29/06/2007 2.64 1.16 0.88 1.00 
06/07/2007 2.75 1.07 1.15 1.32 
09/07/2007 3.35 1.17 0.83 0.95 
15/07/2007 5.67 1.12 2.85 0.74 
28/07/2007 4.21 1.14 1.91 1.94 
04/08/2007 * * 0.94 * 
15/08/2007 2.34 1.18 1.53 1.31 
26/08/2007 3.62 0.93 1.88 1.06 
07/09/2007 1.98 0.69 0.89 0.79 
13/09/2007 3.09 0.85 0.90 0.96 
30/09/2007 2.34 1.60 3.31 1.78 
10/10/2007 1.98 1.36 0.91 1.19 
11/10/2007 1.94 0.88 1.21 3.13 
15/10/2007 2.22 1.03 1.02 0.98 
24/10/2007 2.08 0.84 0.84 * 
05/12/2007 2.77 * 1.31 1.16 
18/12/2007 2.47 * 0.89 * 
21/12/2007 3.72 0.86 0.88 * 
* No rise in flow levels above threshold value. 

 

 

Table 8-3. Results for storm flow and sediment yield for all four sites. 

Site Description Erosion rate (t km-2 yr-1) 

EX-H Exotic pine – recent harvest 48 
EX-H6 Exotic pine – 6 month post harvest 28 
EX-10 Exotic pine – 10 year regrowth 2 
AG-P Agriculture – pasture 7 
 
 

The pasture catchment (AG-P) erosion rate was around 7 t km-2 yr-1. Neither mass 

movement nor cattle pugging was observed in the subcatchment monitored by the 

turbidity probes. A small area of head cut gully was in the monitored site at the 

top of the agricultural subcatchment. Sediment generated from the gully could be 
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intercepted by the grassed stream line before reaching the monitoring site (Figure 

8.9). The majority of the subcatchment was under healthy pasture cover which 

protects the soil surface from erosion and there were no landslides evident within 

the agricultural monitoring area.  

 

8.5.2 Subcatchment erosion rate results in the New Zealand context 

The results for the two harvested exotic pine sites (48 t km-2 yr-1 for EX-H and 28 

t km-2 yr-1 for EX-H6) were within the range of reported values from other New 

Zealand studies, but at the lower end. One study of post harvesting erosion rates in 

pine plantations, (Phillips et al. 2005) reports erosion rates as low as 21 t km-2 yr-1 

on weathered granites and as high as 450 t km-2 yr-1 on gravels. A study conducted 

in the Whangapoua catchment on harvested pines derived values of                     

59-116 t km-2 yr-1. One estimate of the specific sediment yield of the Opitonui 

River was 160 t km-2 yr-1 (Blair 2004). At Pakuratahi New Zealand, monitored 

storm events from mature pines gave low sediment yields (0.09-2.7 t/km-2) (Fahey 

& Marden 2006) which compared to the low erosion rates of the 10 year pine      

(2 t km-2 yr-1 EX-10) found in this thesis. 

 

For agricultural pasture erosion rates, (Quinn & Stroud 2002) reported New 

Zealand ranges of 60-200 t km-2 yr-1 and as low as 2.2 t km2 yr-1 for the mid-North 

Island. Erosion on a Waikato dairy farm was 14.2 t km2 yr-1 (Wilcock et al. 1999) 

and 0.25-8.83 t/km-2 for sheep and beef pastures (Fahey & Marden 2006). Fahey 

& Marden (2000) report values of around 100 t km-2 yr-1 for pastures on hill 

country tertiary sediments in the Hawke’s Bay, some of the most erodible country 

in New Zealand. The AG-P result of 7 t km-2 yr-1 was similar to the exotic pine 

results in that it is within the reported ranges for New Zealand, but at the lower 

end of the erosion estimates.  

 

8.5.3 Comparison of exotic pine and agricultural erosion rates 

The recently harvested pine (EX-H), six month post harvested pine (EX-H6), and 

the 10 year post harvested pine (EX-10) results show a declining erosion rate of 

exotic pine areas with increasing time after harvesting. The decrease in exotic pine 

erosion rates after harvesting was also observed in a study in the Whangapoua 

forest (Figure 8.21) (Marden et al. 2006). The harvesting process directly disturbs 
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the ground surface and removes the ground cover that protects the soil surface 

from rainfall events. Slope instability increases if no replanting takes place due to 

the decomposition of roots that lowers the effective soil strength. In New Zealand, 

trees are replanted and grasses sowed to protect the soil surface. The lower 

erosion rate of EX-H6 compared to EX-H probably reflects the more advanced 

stage of recovery from harvesting (i.e., ground cover increase) EX-H6 was at 

during the monitoring period compared with the EX-H.  

 

 
Figure 8.21. Sediment accumulation normalised for rainfall over a 16 month period after 

pine tree harvesting. Desiccant application refers to the aerial application of a chemical to 

kill weed competition for the newly planted pine seedlings (Marden et al. 2006). 

 

While the agricultural landuse erosion rate would vary because of seasonal 

change, pasture condition, and stocking rates, overall it would be more constant 

compared to exotic forests that undergo major soil disturbance at harvest time. If 

exotic forests erosion rates are compared with agricultural erosion rates over a 30 

year harvest cycle, a simple conceptual model would have the agricultural landuse 

yielding more sediment over that time than the exotic forests (Figure 8.22). The 

suspended sediment monitoring results (Table 8-3) has the recently harvested 

exotic forests eroding at over four times the rate of the agricultural landuse and six 

month post harvested exotic pines eroding at around three times the rate. But 10 

years after harvesting the exotic pine erosion rate is only one fifth that of the 
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agricultural landuse. Both Marden et al. (2006) (Figure 8.21) and Eyles & Fahey 

(2006) report a similar rapid decline in sediment yield following pine harvesting.  
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Figure 8.22. Conceptual model of a 30 year erosion cycle of exotic pines (green) 

compared to agricultural pastures (orange) as indicated by the suspended sediment 

monitoring results.  

 

8.5.4 Comparison of exotic pine and agricultural erosion rates by peak 

flow/sediment yield relationships 

The slopes of the peak flow/sediment yield relationships regressions (Figure 8.18) 

for the four monitoring sites were compared using analysis of covariance to test 

the null hypothesis that there was no difference between the slopes of the 

equations. The null hypothesis was accepted for EX-10, AG-P, and EX-H. The 

null hypothesis was rejected for EX-H6. The slopes of EX-10, AG-P, and EX-H 

were similar while EX-H6 had a steeper slope which means it yields more 

sediment at higher peak flow rates than the other three monitoring subcatchments 

(Figure 8.23).    

 

The most likely explanation for the steeper slope for EX-H6 is that it indicates the 

presence of logging infrastructure (roads, batters, drains, log landing) at EX-H6 

that were absent from EX-H. The EX-H6 monitoring site was located adjacent to 

a log landing and a batter and the subcatchment drained to the weir via a drainage 

ditch cut by the logging contactors. Studies have shown the importance of logging 
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infrastructure in relation to sediment yield. For example, unsealed roads have been 

shown to be important sediment sources and can account from 4.4% to 39% of the 

sediment budget (Croke et al. 1999; Croke & Mockler 2001; Fransen et al. 2001; 

Madej 2001; Swank et al. 2001; Lane & Sheridan 2002; Wallbrink & Croke2002; 

Motha et al. 2003; Sheridan et al. 2006; Sheridan & Noske 2007). Low infiltration 

runoff is generated from roads and other compacted and disturbed features during 

storms and accelerates the delivery of sediment to streams (Sidle et al. 2006). 

New infrastructure such as young forest roads have a greater landslide 

susceptibility than old forest roads (Fransen et al. 2001). EX-H did not have any 

logging infrastructure features draining to the monitoring site such as at EX-H6, 

but instead had a strip of riparian vegetation (Figure 8.3) which is widely 

recognised as reducing the impact of sediment into streams (Wallbrink et al. 

2002a; Boothroyd et al. 2004; Quinn et al. 2004; Parkyn et al. 2005). The riparian 

strip may have buffered the EX-H site from the more extreme storm flows and 

sediment yields. The riparian strip should only have had a small influence at this 

site as most of the sediment carried in the flow monitored at EX-H should have 

been entrained and channelised by the time it reached the weir and recording 

instruments.       
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Figure 8.23. Peak flow and sediment yield relationships for the AG-P, EX-H, EX-H6, 

and EX-10 monitoring sites. 
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8.5.5 Comparison of exotic pine and agricultural erosion rates by storm 

hysteresis 

An examination of the storm hysteresis of the four subcatchments was undertaken 

to compare the sediment yield characteristics between the exotic pine and 

agricultural landuses. The storm hysteresis relationships were generally not well 

formed. Of the good storm hysteresis relationships found, all landuses had a 

clockwise relationship indicating sediment supply exhaustion during a storm 

event. The exception to this was the EX-H site soon after harvesting which had an 

anti-clockwise relationship indicating high levels of soil erosion as could be 

expected. The details are contained in Appendix W.  

 

8.5.6 Sources of error 

8.5.6.1 SSC and NTU relationships 

The best method of converting NTU readings into suspended sediment 

concentrations (SSC) is by direct field calibration by employing automatic 

samplers to sample turbid water over a range of flow conditions (Gippel 1989; 

Gippel 1994; Sun et al. 2001; Eads & Lewis 2002; Lewis 2002b). Automatic 

sampling equipment was not available for this study and instead NTU was 

converted to SSC by an existing published relationship (Section 8.3.3).  

 

The problem with not having direct field calibration is that the main assumption 

underlying the use of OBS probes is that the more suspended sediment in the 

water column, the more light will be attenuated (scattered/refracted) by the 

sediment particles and the backscattered signal will be registered with the probe. 

The size/attenuation relationship is also assumed to be approximately linear 

(Gippel 1989; Lewis 2002a), and the linear relationship was borne out in the 

laboratory calibration with Formazin solution. The problem in a field setting is 

that the material present in the water column will vary in size depending on the 

magnitude of the rainfall event and from changing sediment sources within an 

event. For example, clay particles will dominate at base flow conditions. During a 

storm event, larger particles such as quartz spheres become entrained in the flow 

(Davies-Colley & Smith 2001). The light attenuation characteristics with 

increasing particle size are non-linear (Figure 8.24). Particle size differences are 

the main problem with OBS probes (Wren et al. 2000). While the NTU/SSC 
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relationship used was derived in the same catchment over a range of flows in 

another study, the lack of extensive sampling of all four sites over a wide range of 

conditions is a potential source of error.   

 

 
Figure 8.24. Non-linear attenuation characteristics of OBS probes for quartz and organic 

particles of varying sizes (Davies-Colley & Smith 2001). 

 

 

8.5.6.2 Biological changes 

The placement of a weir across the streams in the Whangapoua catchment created 

a body of standing water which, apart from the EX-H site, was also open to direct 

sunlight. The still body of water behind the weir exposed to sunlight created the 

conditions for algae build up and this was a constant problem during the study 

(Figure 8.25). While the algae was mitigated to some extent by the addition of 

pumps to the probe heads, data was rendered useless during summer peaks when 

algae build up would over-come the cleaning action of the pumps. Algae and 

other plant life also grew immediately behind the weir. The aquatic plants were 

periodically removed during site maintenance visits and when disturbed threw up 

plumes of fine sediment that had collected in the aquatic plants. While not directly 

observed, it was a concern that the sediment could be flushed out during higher 

energy events and interfere with the measuring of the true character of sediment 

generation within the subcatchments.  
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A B 

 
C 

 
D 

Figure 8.25. The biological changes that are potential sources of error in the stream 

monitoring study. A) a new turbidity probe before installation in the field with a copper 

surround to stop algal growth; B) same probe showing algal growth over the lens and 

body of the probe several months after installation; C) turbidity probe with washer pump 

installed showing effects of algal growth; D) turbidity probe site showing aquatic plant 

growth behind the weir which potentially acts as a sediment trap.  

 

8.5.6.3 Flow data patching and flow calculation  

The flow record data was patched using the records of other sites. The assumption 

that a storm event caused significant peak flow events in all four monitoring sites 

was not found to be true in all cases in the Whangapoua catchment (Table 8-2). 

Thus estimating flows from other sites may have added or eliminated storm flow 

events to the sites where the data was patched.    

 

The flow across the v-notch weir was calculated by employing the stage height in 

an equation, so the flow conditions are assumed to be constant over the period of 

monitoring. Sediment deposition behind the weir (especially at EX-H) can change 
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the approach water velocities (Bonta 1998), meaning that the flow calculation 

assumptions used in this study could have changed during the monitoring period.    

 

8.5.6.4 Lack of replication and period of monitoring 

Resources only allowed for four sites to be monitored during the course of two 

years. Factors such as difference in altitude, aspect, localisation of storm events, 

and the difference in logging infrastructure between the EX-H and EX-H6 

introduce a greater level of uncertainty when interpreting the results.  

 

The stream monitoring was conducted for two years. Cleared forests may remain 

unstable for up to 10 years. Most studies focus on large landslides from large 

storms using methods such as aerial photos, but small landslides from common 

storms also increase sediment yield and are often overlooked (Montgomery et al. 

2000). Thus a two year period may not have been long enough to capture a range 

of storm events and the episodic nature of sediment delivery from a regenerating 

exotic forest.   

 

8.5.6.5 Reliability of the stream monitoring results 

Sun et al. (2001) found that the establishment of sound relationships between 

suspended sediment concentration and NTU requires extensive data collection 

across all sizes of events at short sampling time intervals, and then the data should 

only be used for interpolation and not extrapolation. Sun et al. (2001) conclude 

that if a sound suspended sediment concentration/NTU relationship is not 

achieved, then the data may contain errors and therefore should only be used as a 

general guide rather than a serious estimate of catchment erosion. Thus, I consider 

that the suspended sediment monitoring results show the broad differences 

between erosion rates in the different landuses within the catchment, but that they 

are an underestimation of the true rates of erosion. 

 

8.6 Conclusion 
Constructing sediment rating curves was not possible with the collected data, most 

likely due to the behaviour of very small (< 10 ha) catchments. Consequently the 

suspended sediment yield (SSY) method was applied to determine erosion rates 

for each monitoring area. The EX-H (exotic pines recently harvested) had the 
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highest erosion rate at 48 t km-2 yr -1 followed by the EX-H6 (exotic pines six 

month post harvest) at 28 t km-2 yr -1, most likely due to increased soil surface 

protection and lower runoff in the older EX-H6 site, although location differences 

cannot be eliminated. The EX-H6 site peak flow/sediment regression had the 

steepest slope (Figure 8.23), most likely due the presence of logging 

infrastructure. The AG-P (agricultural pastures) site erosion rate of around            

7 t km-2 yr -1 was the second lowest, while the EX-10 (exotic pines 10 year re-

growth) had the lowest recorded erosion rate of the four sites (2 t km-2 yr -1). The 

erosion rates for all four monitoring sites were within the reported ranges for 

erosion rates for New Zealand, but at the lower end.  

 

There were many sources of potential error, including a lack of replication, data 

corruption and patching, biological changes, and relationship assumptions. 

Therefore the most appropriate use of the results from this chapter is for 

explanation rather than extrapolation.    
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CHAPTER NINE 
MODELLING CATCHMENT SEDIMENT GENERATION 

 

9.1 Introduction 
Modelling was undertaken to compare with the results of the sediment 

fingerprinting technique. Two modelling packages were used; the Sediment Yield 

Estimator (SYE) (Hicks et al. 2003) from the National Institute of Water and 

Atmosphere (NIWA),  and the New Zealand empirical erosion model (NZEEM) 

(Dymond et al. 2006) from Landcare Research. Both models have been developed 

in New Zealand and have been calibrated using New Zealand data, but had not 

been calibrated to the Whangapoua catchment. 

 

9.2 Sediment Yield Estimator (SYE)  
9.2.1 Background 

The SYE is a landscape scale model developed to estimate how much sediment is 

carried by rivers and streams to the coast annually. The SYE is a raster-based GIS 

layer for New Zealand that specifies suspended sediment yield (SSY) in t km-2 y-1 

for drainage basins. It was developed based on gauged sediment yields from over 

200 gauging stations that were used to calibrate the model. The model input data 

is annual rainfall and erosion terrain (slope, lithology, and soils). The model 

output was adjusted so that predicted yields matched the actual yields for the 200 

river gauging sites and was corrected for lake trapping of sediment                

(Hicks et al. ND). 

 

The empirical model bases sediment delivery on: 

 

SSY = b P1.7                                                    (Eqn 9.1) 

 

Where P is the local mean annual rainfall (mm) and b is the coefficient that is 

determined by erosion terrain. P can be thought of as the driving factor and b as 

the availability of sediment. The rainfall coverage P was interpolated from a 30 

year record of national rain gauges. The erosion terrain b was defined on a 
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hierarchical basis with the primary components identified as slope and lithology 

and the secondary components being soil type, the dominant erosion processes, 

and expert knowledge.   

 

9.2.2 Method 

To estimate the erosion rates for the Whangapoua catchment, the following 

procedure was followed. The data set for New Zealand was used to create 

shapefiles of the various Whangapoua Harbour subcatchments and landuses. A 

new raster was created for each subcatchment and the mean for all of the cell 

values in the new raster’s table of properties was equivalent to the mean erosion 

value for that subcatchment in t km-2 y-1. To enhance the visualisation of the 

results, the rasters for the Whangapoua catchment were reclassified into categories 

of 0-10, 10-20, etc to 100 t km-2 y-1 for final presentation.      

 

9.3 New Zealand empirical erosion model (NZeem)  
9.3.1 Background 

The NZeem was designed to improve understanding of sediment delivery from 

local to national scales by using rainfall, slope, vegetation, and landuse 

information. The NZeem estimates the erosion rate as: 

),(),(),(),( yxRyxCyxayxe =                                     (Eqn 9.2) 

Where the erosion rate at each pixel (x,y) e is a function of three main factors; 

land cover factor C, mean annual rainfall R, and an erosion coefficient a that 

depends upon the erosion terrain (Dymond et al. 2008; Dymond & Betts In prep.). 

If C and R are known, then they can be estimated for each erosion terrain by: 

∫∫
=

i
terrain
erosion

i
i dxdyyxRyxCyxD

s
a

),(),(),(
                                      (Eqn 9.3) 

To estimate the erosion coefficient for each erosion terrain ai, the cover factor 

C(x,y), the rainfall factor R(x,y), the sediment delivery ratio D(x,y), and the 

sediment yield is  must be known.  
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The land cover C is the long term mean erosion rate at x,y relative to forest. The 

estimation of C has been influenced by New Zealand studies (e.g., Page & 

Trustrum 1997; Luckman et al. 1998) that deforestation increases landsliding 

events, usually by an order of magnitude. Therefore: 

 

C(x,y) = 1 (woody vegetation)     

 = 10 (grassland) 

 = 10 (bare ground) 

 

The mean annual precipitation (P) used is based on a 100m grid provided by Land 

Environment New Zealand (LENZ). The rainfall factor R multiplier was 

investigated by the NZeem authors who cite previous New Zealand studies that 

define R as ranging from: 

 

R(x,y) = P1.7  P2.3 

 

Both ranges were tested by the NZeem authors and it was found that there was 

very little difference in accuracy, so a value of R(x,y) = P2.0 was used. 

 

On a national scale, the sediment delivery ratio D is defined as 1. On a regional 

scale, D for each pixel is defined by an algorithm that determines if each erosion 

terrain pixel is linked to the stream network, and the values are assigned: 

 

D(x,y) = 1 if (x,y) is connected to the stream network     

 = 0 if (x,y) is disconnected from the stream network 

 

The sediment yield is  in kg s-1 m-2 for each erosion terrain was derived from the 

national estimate produced by the SYE model as described in Section 9.2 above.  

 

Figure 9.1 is a conceptual diagram of the model showing the three input functions 

into the susceptibility model (slope, landcover, and rock type) which identifies 

land susceptible to landsliding. This is land that has no woody vegetation 

protecting the surface; if woody vegetation is present the land is classified ‘not at 

risk.’ Land susceptible to landsliding is also identified as land that is above a 
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certain slope threshold. The threshold values vary depending on the land type; for 

example ‘weak to very weak Tertiary-aged mudstone’ has a threshold value of 26° 

(Dymond et al. 2008). All ‘high risk’ pixels were then examined to see if they can 

deliver sediment to streams (‘sediment delivery model’ Figure 9.1), using an 

algorithm to see if two consecutive pixels of low slope (< 5°) were encountered 

before the drainage line. The algorithm then produced five classes of highly 

erodible land from which the erosion rate was calculated: 

• High landslide risk – deliver to streams 

• High landslide risk – non-delivery to streams 

• Moderate earthflow risk 

• Severe earthflow risk 

• Gully risk 

 

 
 

Figure 9.1. A conceptual model of NZeem showing the three determinants of the 

susceptibility component, the classification of landslide susceptible land, and the 

sediment delivery component that determines if sediment will be delivered to streams 

(Dymond et al. 2006). 

 

The output file is a digital map with 15 m pixel resolution giving erosion rates as a 

continuous variable. The version supplied to Environment Waikato does not have 

the same spatial resolution and calculates erosion values on subcatchment units. 
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Recent versions of NZeem used a Sednet component (Prosser et al. 2001a) for in-

stream sediment modelling, but this was not available on the NZeem version used 

in this study.   

 

9.3.2 Method 

The NZeem used for this study was run by Environment Waikato’s (EW) Spatial 

Analyst Officer Dan Borman. Catchment boundaries were supplied as shapefiles 

by the author and the model was run on the 2002 landuse classification for the 

Whangapoua catchment. New aerial photographs (2007) were available and areas 

of landuse change were digitised and included in a second run of the model 

(Figure 9.2). The landuse change that had occurred between 2002 and 2007 was 

that areas of exotic forest had been harvested (woody to non-woody) and areas of 

harvested exotic forest where the trees had been replanted and were around five 

years old (non-woody to woody). The NZeem uses a landcover factor C that is 1 

for woody cover and 10 for non-woody. In other words, the model inherently 

defines erosion from non-forested land as an order of magnitude higher than 

forested land for the landcover component.   

 
9.4 Results  
9.4.1 Sediment yield estimator (SYE) 

The results for the SYE are provided for both the whole of the Whangapoua 

catchment and for the native forest, exotic forest, and agricultural landscape units 

(Table 9-1).  

 

 

Table 9-1. Sediment yield results for the SYE model for the Whangapoua Harbour 

catchment in total and for the native, exotic, and agricultural landscape units as total 

yields and average yields. 
Landscape units Average yield (t km-2 y-1) Total yield (t y-1) 

Native forest 67.79 1319.88 
Exotic forest 59.03 3274.39 
Agriculture 58.34 773.59 
Whangapoua 60.86 5367.86 
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"Imagery sourced from Terralink International Limited (TIL) 2007 and is the property of TIL and the 

Waikato Regional Aerial Photography Service (WRAPS) 2007. Copyright Reserved." 

Figure 9.2. The Whangapoua Harbour catchment showing the changes in landuse 

scenario between 2002 and 2007 with the harvesting of exotic forest (woody to non-

woody) and the classification of five year old pines as ‘woody’ vegetation.  

 

 

The results for the SYE model show the average yield for the Whangapoua 

catchment is 61 t km-2 y-1 and approximately 5,400 tonnes of sediment to the 

estuary per year. The greatest sediment yield is from the native forest                 

(68 t km-2 y-1), followed by exotic forest at 59 t km-2 y-1 and agriculture at           

58 t km-2 y-1. The exotic forest and agricultural yields were similar and there is not 

much difference between all three landscape units. 

 

The patterns of average yield (t km-2 y-1) for the catchment (Figure 9.3) show that 

the native forest areas (shown in the inset as dark green) have areas yielding the 

lowest rates (most areas between the 10-30 t km-2 y-1), and one of the highest rates 

of 90-100 t km-2 y-1. The high yielding area identified by the model was on the 

western margin of the catchment, which results in a large portion of the sediment 

yield being derived from the native forest landscape unit. The band of exotic 
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forest (light green in the inset) has mid-range sediment yield values of                

40-50 t km-2 y-1 (as indicated by the yellow areas in the north and east), but then 

increases up to the 60-70 t km-2 y-1 (dark brown areas) in the south of the 

catchment. The higher sediment yield in the south reflects the increase in slope 

values that were detected by the model. A large proportion of the agricultural 

areas (dark brown on the inset) have upper ranges of sediment yield values           

> 60 t km-2 y-1, except for some areas along the western-most finger of land 

butting into the exotic forest in which the model predicted yields of                    

20-40 t km-2 y-1 t. The areas identified as relatively high yielding are on low 

slopes with no forest cover on alluvial soils.    

 

Figure 9.3. Results of the SYE model for Whangapoua Harbour catchment showing 

average yields in t km-2 y-1. Inset shows the landuse pattern in the catchment for native 

forest (dark green), exotic forest (light green), and agriculture (brown).  

 

9.4.2 NZeem 

The NZeem model focuses on land cover as either woody or non-woody. Thus the 

model did not differentiate between woody native or exotic forest landcover, nor 

between non-woody agricultural pasture and recently harvested exotic pines. The 

model was run for the Whangapoua catchment as a whole. Two model scenarios 
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were run to look at the landcover change between 2002 and 2007 as a result of 

exotic pine harvesting and the classification of five year old pines as ‘woody’ 

(Table 9-2). 

 

Table 9-2. Sediment yield results for the NZeem for the Whangapoua Harbour catchment 

in total for the 2002 and 2007 landuse scenarios.  
Whangapoua Harbour Average yield (t km-2 y-1) Total yield (t y-1) 

2002 75.23 7188 
2007 80.34 7676 
 

The 2002 pattern of sediment yield in the Whangapoua catchment (Figure 9.4 top) 

shows the lower values based around the native forest on the upper slopes and 

mature exotic forest. The darker green areas indicating higher yielding areas 

correspond to harvested exotic pines and agricultural pastoral areas. The 

landcover changes in the 2007 scenario (Figure 9.4 bottom) show a larger area of 

lower sediment yield because of the maturing pines in the south west corner of the 

catchment. The conversion of woody to non-woody vegetation led to higher 

sediment yielding (dark green/yellow) areas in the east and north of the 

catchment, and the appearance of a high yielding area (105-1100 t km-2 y-1) in the 

northern area where slopes are steeper. The increase in higher yielding areas from 

2002 to 2007, as a result of changes from mature to harvested pine forest, 

contributes to the increase in the estimated total yield from 7188 t km-2 y-1 to   

7676 t km-2 y-1. 

 

9.5 Discussion  
The two models provide information on the predicted pattern of sediment yield 

within the Whangapoua catchment based on the assumptions of each model. Both 

models identify the native forest landuse as low sediment yielding areas, except 

for a small area in the western section of the catchment in the SYE output. Both 

models identify agricultural areas as relatively high areas of erosion located in a 

band around the estuary. Both models also identify the exotic pine as areas of high 

sediment yield with the NZeem model more sensitive to picking up the harvesting 

schedule in the areas of exotic forestry.  
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Figure 9.4. NZEEM model results for the Whangapoua catchment based on 2002 landuse 

scenario (top) and the 2007 landuse scenario (bottom). Inset shows the landuse pattern in 

the catchment for native forest (dark green), exotic forest (light green), and agriculture 

(brown). 
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The NZeem estimates of average and total yield are about 25% higher than that of 

the SYE model (Table 9-3). The NZeem’s 2002 result was used in the comparison 

with the SYE model in Table 9-3 as the 2002 landuse data was closer to that used 

by the SYE model. A possible cause of the difference between the two models 

may be some of the assumptions used in the NZeem, which has been found to 

overestimate erosion in the Manawatu-Wanganui region (Dymond et al. 2006). 

The overestimation was considered to be caused by the model using a 30° slope 

threshold to identify highly erodible areas where susceptibility to landslides was 

rated ‘high’ if above 30° and ‘low’ if below 30°. The slope/landsliding 

relationship was linear and more complex than the NZeem model assumption of a 

high and low threshold.  

 

 

Table 9-3. Mean and total sediment yield results for the SYE and NZeem for the 

Whangapoua catchment.  
Whangapoua Harbour Average yield (t km-2 y-1) Total yield (t y-1) 

SYE 60.86 5368 
NZeem (2002) 75.23 7188 
 

 

The average yield results of the two models were compared with the Environment 

Waikato SedRate software that incorporates five year monitoring of flow and 

turbidity of the Opitonui River which is one of the five subcatchments draining 

into the Whangapoua estuary (Jones 2008). The monitoring station was located on 

the Opitonui River where it was predominately recording the sediment delivered 

from exotic pine areas with some areas of pasture on low slopes and native forest 

on steep slopes. The SedRate gave a mean yield of 140 t km-2 y-1 with 4000 

tonnes of sediment per year delivered to the estuary from the Opitonui 

subcatchment alone. It may be that both the SYE and NZeem models are 

underestimating Whangapoua catchment erosion. The underestimation could be 

because of the assumptions of both models that significant amounts of sediment 

cannot be generated from areas under wooded forests such as the native forest 

areas on steep slopes in the Whangapoua catchment.  
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9.6 Summary 

Whangapoua catchment erosion was estimated using two models; the Sediment 

Yield Estimator (SYE) and the New Zealand empirical erosion model (NZeem). 

The SYE is a GIS raster based coverage of New Zealand based on rainfall and 

erosion terrain and was calibrated from over 200 gauging stations around New 

Zealand. The NZeem is based on landcover, rainfall, and an erosion coefficient for 

each x,y pixel, as the three main drivers of erosion. 

 

The SYE model suggested that the most erodible landuse was the native forest at 

68 t km-2 y-1, followed by exotic forest at 59 t km-2 y-1, and agriculture at            

58 t km-2 y-1. The total sediment delivery to the Whangapoua estuary was        

5,368 t y-1. The NZeem outputs were not available for each landuse, but the 

sediment delivery to the estuary was estimated at 7188 t y-1 for 2002 and         

7676 t y-1 for the 2007 period. The areas of high sediment yield identified by both 

models were centred on agricultural areas on sloping land, recently harvested 

exotic forests and a patch of native forest on steep land in the north west of the 

catchment. 

 

The total catchment yield estimated by the two models (5368 to 7676 t y-1) was 

under the SedRate estimate of around 4000 t y-1 from one subcatchment alone. 

This would indicate that the two models might be underestimating catchment 

sediment yield based on assumptions that areas under wooded forests are not 

major sediment source areas. 
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CHAPTER TEN 
STREAM SEDIMENT STORAGE 

 

10.1 Introduction  
Fine sediment may be transported through a river system either as one event or as 

a series of deposition and resuspension events where the channel bed acts as a 

temporary storage. Ignoring in-channel process will result in the inaccurate 

estimation of suspended sediment (Gao 2008). Of more importance to this thesis 

is estimating how much sediment is stored with the Whangapoua catchments 

streams as the sediment fingerprinting results indicate that the native forests in the 

headwater areas are the main sediment source area. The sediment fingerprinting 

result would indicate that fine sediment is efficiently conveyed from the 

headwater areas through the stream network to the Whangapoua estuary. If large 

amounts of fine sediment are stored within the streams, this would indicate 

inefficient sediment delivery and be inconsistent with the sediment fingerprinting 

result. Thus the aim of this chapter was to estimate the amount of fine sediment 

stored in the Whangapoua catchment streams. 

  

10.2 Method  
The method used to estimate stream fine sediment storage follows that of Lambert 

& Walling (1988) and Walling et al. (2006). A 200 litre cylindrical drum was cut 

so a double open ended straight section of a known area (0.221 m2) was formed. 

The cylinder was carefully pushed into the stream bed to make a seal and then the 

upper 5cm of the bed was agitated using a plastic raking device (Figure 10.1). A 

1L sampling bottle was dipped into the agitated water to collect the suspended 

sediment, and then returned to the laboratory where the sediment concentration   

(g m-3) was determined gravimetrically by vacuum filtration suspended solid 

analysis.  
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Figure 10.1. Sampling drum used for stream sediment storage estimation.  

 

Suspended solids analysis was carried out by filtering the water samples using a 

Buchner Funnel and vacuum filtration unit following the methods of the 

(American Public Health Association and American Water Works Association 

and Water Environment Federation 1992).  
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• Advantec Glass Fibre GC-50 70 mm filter papers were prewashed using 

150 ml of deionised water and dried overnight at 105ºC. The filter papers 

were cooled to room temperature in a desiccator and weighed.   

 

• A filter paper was placed on the Buchner funnel. Sample bottles were pre-

shaken to ensure thorough mixing of the contents. The stream sediment 

samples were placed into volumetric measuring cylinders and poured onto 

the filter paper. The exact amount of sample used depended on how ‘thick’ 

(or concentrated) the sample was, so only enough sample was used to 

cover approximately 50% of the paper and this was judged by eye when 

pouring the sample. The amount of sample (L) used was determined from 

the before/after readings on the volumetric cylinder.   

 

• The filter papers were oven dried at 105ºC overnight and then allowed to 

cool to room temperature in a desiccator and then weighed. The suspended 

solid concentration (g L-1) was determined by the formula: 

 

s

pwss

l
WW

SS
−

=                                                       (Eqn 10.1) 

 

Where: 

SS = suspended solids 

Wss = weight of the dried filter paper plus suspended solids (in grams) 

Wpw = weight of the pre-washed filter paper (in grams) 

ls = litres of sample 

 

The amount of sediment yielded per unit area of stream (g m-2) was estimated by 

multiplying the sediment concentration (g L-1) and the volume of water contained 

in the drum (m3, the product of the mean depth and cross sectional area), divided 

by the area of stream bed enclosed by the drum (m2). Samples were collected from 

two points in the stream; the thalweg (deepest part of the stream) where it was 

assumed that sediment storage will be the lowest; and close to the river bank 

where it was assumed to be the highest (Walling et al. 2006). The mean of the 
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thalweg and stream edge samples was considered representative of the 

surrounding reach.  

 

The sampling sites were located at the lower confluence of each landuse in the 

Waitekuri, Waingaro, and Opitonui catchments (Figure 10.2). These catchments 

were selected as they have the largest areas of native, exotic and agricultural 

landuses. Within the native forest landuse, two sites were used to estimate the 

sediment storage at a ‘high’ elevation and one site at a ‘low’ elevation. The high 

and low elevation sites were used to differentiate the difference between streams 

in the steep headwater areas of the native forests and the lower gradient streams 

toward the bottom of the native forest areas.   

  

 
Figure 10.2. Stream sampling sites for the native forest (dark green), exotic forest (light 

green), and agricultural (orange) landscape units.  

 

10.3 Results  
The results (Figure 10.3 and Appendix X) show that sediment storage increases 

from the upper to lower catchment. Very low levels of sediment are found in the 

steep headwater (upper) native forest catchment (mean 26.6 g m-2). The lower 

native forest streams (mean 75.2 g m-2) had individual sediment storage 

observations within the range of exotic forest values. The highest values are for 
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the lower energy streams in the agricultural landuse (mean 446.1 g m-2) which 

includes one particularly large observation of 1144 g m-2. 
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Figure 10.3. Stream sediment storage results (g m-2) for the native forest (upper and 

lower), exotic forest, and agricultural landscape units. 

 

The mean sediment storage values (g m-2) for streams within each landuse were 

then used to calculate the in-stream sediment storage within each landuse. The 

stream length within each landuse was determined from GIS data and stream 

widths were estimated based on field observations (Table 10-1). 

 

Table 10-1. Stream fine sediment storage for the native forest, exotic forest, and 

agricultural landscape units.  
Landuse Sediment storage 

( X g m-2) 

Stream 
length (m) 

Stream 
width (m) 

Total 
sediment (t) 

Native (upper) 26.66.1* 20950 2 1.120.25 
Native (lower) 75.218.9 26440 4 7.952 
Exotic 122.470.4 104950 4 51.429.56
Agriculture 446.1350.6 32910 5 73.457.7 
TOTAL 133.8664.85
* Subscripts are one standard deviation 
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10.4 Discussion  
The stream sediment storage results can be viewed in two ways; as a percentage 

of the total sediment budget and as concentrations per unit area of stream bed. If 

the Sediment Yield Estimator (SYE) figure of 5368 t yr-1 of sediment (Chapter 9) 

being delivered to the estuary is assumed to be correct, than the stream sediment 

storage value of 133.86 t ± 64.85 t is a very small percentage (< 4%) of the annual 

sediment load. Studies of the Tern and Pang/Lambourn lowland catchments in the 

UK found stream sediment storage values to range from as low as 21% to as high 

as 149% (Collins & Walling 2007b). Another study of Dorset lowland catchments 

found the stream storage ranges between 18% and 57% of the total annual budget 

(Collins & Walling 2007a). The UK river systems studied were lower energy, 

wider channels draining larger catchments than the Whangapoua. The 

Whangapoua stream storage results indicate that the catchment is a high energy, 

efficient deliverer of sediment from the landuse areas to the estuary. 
 

The other method of comparison is to examine the sediment concentrations per 

unit area of stream bed. The Whangapoua mean values ranged from 26.6 g m-2 in 

the upper native forest to 446.1 g m-2 in the agricultural landscape unit. Values 

from the lowland Pang and Lambourn catchments in the UK ranged from 770 to 

2290 g m-2 (Walling et al. 2006). The Dorset (UK) rivers ranged from 260 to  

4340 g m-2 (Collins & Walling 2007a), the River Severn (UK) ranged between 

630 to 8000 g m-2 (Walling & Quine 1993), and river sediment storage from 

Ontario Canada had ranged from 660 to 2200 g m-2 (Droppo & Stone 1994). 

Again, the UK and Canadian comparisons probably reflect the lower energy of the 

river systems that allows in-stream sediment storage, but the comparison supports 

the view that the Whangapoua catchment is an effective transporter of sediment 

through the river system and out into the estuary. The efficient delivery of 

sediment has also been observed by other authors who state that the implication 

for small basins with stream lengths of < 10 km is that the lack of stream storage 

will mean the effective delivery of sediment to the stream mouth (Bonniwell et al. 

1999). 

 

The Whangapoua stream sediment storage results should be viewed in the context 

of the sample size and the lack of replication. The results were based on a study 
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where n = 18 and more extensive sampling would no doubt increase the reliability 

of the estimate. While the stream lengths in the catchment were reliably estimated 

using ArcGIS, the stream widths were estimated from field observations which 

are another potential source of error.  

 

The sampling was conducted over two days in autumn and was not replicated at 

other times of the year. Sediment transmission from reach to reach is susceptible 

to both natural and human induced environmental change and can change quickly 

(Harvey 2002). For example, Walling & Amos (1999) found that in a Dorset river 

(UK), sediment accumulated on upper and middle reaches during winter, and was 

then slowly moved as a slug during the summer months. Consequently seasonal 

sampling may be necessary to characterise the Whangapoua catchment more 

accurately.   

 

10.5 Summary  
A stream bed sampling method (Lambert & Walling 1988) was used to estimate 

the amount of sediment that is stored in the channels of the Whangapoua 

catchment. A total of 18 samples were taken to characterise the stream sediment 

storage within the native forest, exotic forest, and agricultural landscape units.  

 

The results showed an increase in sediment stored within the channel down-

catchment. The streams of the upper native forest stored 26.6 g m-2 and those of 

the lower native forest stored 75.2 g m-2. The streams of the exotic forest and 

agricultural areas were estimated to be storing 122.4 g m-2 and 446.1 g m-2 

respectively. The mass of sediment stored within the streams of the entire 

catchment was estimated as 133.86 ± 64.85 t, or less than 4% of the annual 

sediment yield as estimated by the Sediment Yield Estimator (5368 t yr-1). Such 

figures are low when compared with other studies. However, the only studies 

available for comparison were conducted in lower energy environments in larger 

catchments. The in channel estimate of sediment indicates that the streams of the 

Whangapoua catchment are high energy environments which efficiently convey 

sediment through the drainage system to the estuary. 
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CHAPTER ELEVEN 
DISCUSSION AND CONCLUSIONS 

 

11.1 Introduction 
This chapter reviews the results of the sediment fingerprinting technique and the 

three comparative techniques (radionuclides, stream monitoring, and modelling). 

The sediment fingerprinting results are then used to explain catchment function 

and implications for land managers are discussed. 

  

11.2 Overview of key findings 
The aims of this thesis were to quantify the amounts of sediment generated from 

the native forest, exotic forest, and agricultural landscape units in the 

Whangapoua catchment; identify the main processes generating the sediment; and 

assess the usefulness of sediment fingerprinting for application in the New 

Zealand environment.  

 

A pilot study was conducted as the sediment fingerprinting technique had not 

been applied before in New Zealand. The pilot study tested the null hypotheses 

that the sediment fingerprinting technique could not distinguish between the three 

landscape units (native forest, exotic forest, and agriculture) in the Whangapoua 

Harbour catchment, nor that it could distinguish between the three erosion 

positions (surface, subsurface, and streambank erosion) that had been identified as 

potential sediment sources in the catchment (Chapter 2). The pilot study showed 

that sediment fingerprinting could distinguish between the landuses and the 

sediment positions, thus the null hypotheses were rejected. The relative 

contribution of sediment to the estuary by landscape unit determined in the pilot 

study was 40% from native forest, 33% from exotic forests, and 27% from 

agriculture. The relative contribution by erosion position was 10% from surface 

sources, 62% from subsurface sources, and 28% from streambank sources     

(Table 5-4). It was observed that the sediment fingerprinting statistical verification 

method did not optimise the number of geochemical elements identified by the 

Kruskall-Wallis H-test by discriminant function analysis (DFA). A resampling 
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method (Jackbooting) identified that there was a hierarchy of importance of 

geochemical elements and that the default F-to-enter score of one in the DFA 

process was too low. An F-to-enter score of three provided a better optimisation 

of elements in the DFA process and meant that only geochemical elements that 

were statistically were used in the mixing model.    

 

A full sediment fingerprinting programme was conducted in the Whangapoua 

catchment (Chapter 6) and showed that the native forest landscape unit was the 

main sediment contributor to the estuary (62% ± 17%) followed by exotic forests 

(23% ± 12%) and then agriculture (15% ± 1%) (Table 6-7). The results for 

‘process’ was that the majority of sediment was derived from subsurface sources 

(79% ± 6%) followed by streambanks (13% ± 5%) and then surface sources (8% 

± 6%) (Table 6-7).   

 

Radionuclide sediment tracing (Chapter 7) using 137Cs tracer indicated that the 

majority of sediment delivered to the estuary (>90%) was derived from ‘all 

subsurface’ (> 20cm depth plus streambanks) sources (Section 7.4.2). 137Cs was 

the only radionuclide tracer that could be used in this thesis as the results 

indicated that 210Pbex was enriched after deposition in the estuary and 226Ra was 

mobile after deposition in the estuary.   

 

Suspended sediment monitoring in streams (Chapter 8) undertaken using the 

storm sediment yield technique, showed that the highest erosion rate was in the 

recently harvested exotic pines (48 t km-2 yr-1), followed by the six month post 

harvest pine (28 t km-2 yr-1), then agricultural pastures (7 t km-2 yr-1) and the 

lowest erosion rate was the 10 year re-growth exotic pine (2 t km-2 yr-1)        

(Table 8-3). The erosion rates for the exotic pine and agricultural landuses were 

within the ranges reported in the New Zealand literature, but at the lower end. 

There were significant sources of error encountered in estimating erosion rates 

(Section 8.5.6) and the results are best used for explanation rather than 

extrapolation.   

 

The Sediment Yield Estimator (SYE) and the New Zealand Empirical Erosion 

Model (NZeem) were used to identify erosion pattern within the Whangapoua 
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catchment (Chapter 9). For the SYE there was little difference in the mean 

sediment yield values for the native, exotic, and agricultural landscape units      

(58-68 t km-2 yr-1) and the NZeem estimated the mean sediment yield for the 

Whangapoua catchment at 75 t km-2 yr-1. The SYE total catchment sediment yield 

was 5368 t yr-1 (Table 9-1) and 7188 t yr-1 as determined by the NZeem        

(Table 9-2). 

 

An estimation was made on how much sediment was stored in the Whangapoua 

catchment’s stream beds (Chapter 10). Samples were taken from the native forest, 

exotic forest, and agricultural streams and the results showed that there was an 

increasing trend of storage down catchment. Less than 4% of the Whangapoua 

catchment sediment budget (as estimated by the Sediment Yield Estimator) was 

stored in the stream beds (Table 10-1). The 4% value and the ranges of stream bed 

sediment concentration were low when compared to overseas literature.    

 
11.3 Sediment fingerprinting comparisons 
11.3.1 Comparison between sediment fingerprinting results and pilot study 

results 

The sediment fingerprinting pilot study (Waitekuri River subcatchment) gave 

similar results to the full programme (Whangapoua catchment) in that the native 

forest landscape unit was identified as the dominant sediment source, as was 

subsurface erosion positions (Figure 11.1).  

 

There are several possible explanations for the differences between the pilot study 

and full programme results. At the time of the pilot study, almost all of the exotic 

forest had been recently harvested in the Waitekuri subcatchment. The harvested 

exotic forest area may have increased its relative sediment contribution. The sink 

sample was collected in the pilot study using a sediment trap placed in the lower 

reach of the Waitekuri River above the tidal influence that ensured the material 

was contemporary, whereas in the full programme samples were obtained from 

the estuary bottom. The pilot study results may reflect the relative contributions of 

the subcatchment at that particular time, whereas the full programme may be 

representing a more time averaged effect from the three landscape units. The 

differences may also be a result of the different size fractions and analytical
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C) Full program – landscape unit 
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D) Full programme - position 
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Figure 11.1. Sediment fingerprinting results from the Waitekuri River subcatchment pilot 

study (top row) and the full Whangapoua catchment (bottom row). A) Pilot study relative 

contribution of sediment by landscape unit; B) pilot study relative contribution of 

sediment by position; C) full programme relative contribution of sediment by landuse; D) 

full programme relative contribution of sediment by position. Error bars are one standard 

deviation of the mean.  

 

 

techniques used between the pilot and full programmes, although recent work 

would suggest that the < 10 μm fraction is comparable with the < 63 μm in terms 

of relative contribution results (Fu et al. 2008). The last possibility for the 

difference could be the statistical treatment of the data and the data itself. The 

pilot study only had nine samples per landuse and the mixing model was run for 

one iteration to arrive at the final result. The full programme had 50 samples per 

landuse and the mixing model was run for 100 iterations to arrive at proportions 

that were then used as the inputs for a 5000 iteration run. It may be that the full 

programme results are more accurate than the pilot study results.       
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If the sediment fingerprinting technique is measuring a random variation of 

geochemical properties in different parts of the landscape, then the results of two 

studies should also show random variability and not be comparable at all. The fact 

that both studies have identified consistent trends of major relative contributions 

from native forests and from subsurface sources lends weight that the sediment 

fingerprinting technique is statistically verifying tracer properties that are then 

tracing a ‘real’ effect.   

 

11.3.2 Comparison between sediment fingerprinting results and radionuclide 

results 

The radionuclide results support the findings from sediment fingerprinting. 

Sediment fingerprinting determined the relative contribution to estuary sediment 

was 79% for subsurface (> 20 cm) and that 13% from streambanks for a total of 

92% from ‘all subsurface’ positions (Figure 11.2-A). Using only 137Cs, a Students 

t-test found that catchment surface sources were significantly different from the 

estuary sink values, whereas ‘all subsurface’ sources were not significantly 

different from the sink (Figure 11.2-B). The upper limit calculation showed that 

only 2% of sediment was derived from surface sources, so 98% of estuary 

material was derived from ‘all subsurface’ position. 
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Figure 11.2. A) Sediment fingerprinting results for process compared against B) 137Cs 

radionuclide ANOVA least squares results for process. Error bars are 95% confidence 

intervals.  
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Radionuclides were able to provide validating evidence for the sediment 

fingerprinting results in terms of erosion position, but could not validate the 

sediment fingerprinting results in terms of the landscape unit results. 

Radionuclides are radioactive isotopes that bind to soil particles in an almost non-

exchangeable form and move about the landscape with sediment (Chapter 3). It 

would not be expected that 137Cs would show the same influence of landuse as 

fertiliser derived elements (e.g., P, Ca) that was used by the sediment 

fingerprinting technique. It was not possible to distinguish between subsurface 

and streambank erosion positions with only 137Cs due to its depth penetration 

characteristics, so the subsurface and streambank erosion positions were 

combined (‘all subsurface’). The sediment fingerprinting surface and ‘all 

subsurface’ relative contribution estimates compare favourably with the 

radionuclide results. The use of 137Cs as a soil tracer has been widely applied      

(> 4000 published uses) and is well understood. The radionuclide result provides 

strong evidence that the sediment fingerprinting technique is tracing a ‘real’ 

dynamic within the catchment.  

 

Reports of subsurface dominance of erosion sources is not unusual. In a recent 

example Smith & Dragovich (2008) found that over 80% of catchment sediment 

contribution was from subsurface sources in a south-eastern Australian catchment 

as determined by 210Pbex and 137Cs. 

 

11.3.3 Comparison between sediment fingerprinting results and suspended 

sediment monitoring results 

Comparison of sediment fingerprinting results with suspended sediment 

monitoring results is difficult due to a lack of a native forest monitoring site and 

the precision of the result due to the errors involved. The main conclusion is that 

while exotic forest erosion rates were high during harvesting, they rapidly decline 

and 10 years post harvest are far below the levels for agricultural areas. Other 

studies in New Zealand also show a rapid decline of erosion rates after pine 

harvesting that can return to near pre-harvest rates within two to three years 

(Fahey & Marden 2000; Eyles & Fahey 2006; Marden et al. 2006). 
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The rapid decline of exotic forest erosion rates after tree harvesting is an 

important finding if the sediment fingerprinting results are to stand up. Exotic 

forests account for 61% of the land area within the catchment, but sediment 

fingerprinting estimates that it contributes 23% of the estuarine sediment. This 

would only be possible if exotic forests are viewed from a 30 year harvesting 

cycle that while post harvest erosion rates can be high, for most of the time, in 

most of the catchment, exotic forests contribute little sediment (Figure 8.22).   

 

11.3.4 Comparison between sediment fingerprinting results and catchment 

modelling 

The SYE model generally contradicts the sediment fingerprinting results. While 

the SYE identified the native forests landscape unit as having the highest mean 

erosion rate (68 t km-2 yr-1), the total yield estimates showed that the exotic forest 

was the dominant sediment contributor at nearly 2.5 times that of native forest and 

over four times that of agriculture (Table 9-1) .  

 

The NZeem results are also contradictory to the sediment fingerprinting results. 

The NZeem total catchment sediment yield was 7188 t yr-1 for the whole 

catchment. It was not possible to split the NZeem results by landuse as the SYE 

did, because the NZeem results are based on subcatchments. However, some 

inference of the relative erosion rates can be made by examining the mapped 

results for 2002 landuse (Figure 11.3). The higher erosion values (dark green and 

yellows) are clustered around the non-forested agricultural areas around the 

harbour and the recently logged exotic forests. The lower erosion values (light 

green) occur on the upper southern slopes under mature exotic forests and native 

forests. If the NZeem results corroborated the sediment fingerprinting results then 

the model output should have indicated high erosion rates in the steep upper 

slopes under native forest. Lower erosion rates should have been found in the 

exotic forests (reflecting the harvesting cycle) and agricultural areas (reflecting 

lower slope).    

  

The discrepancy between the model results and the sediment fingerprinting results 

most likely lies within the assumptions made by each model, as the modellers 

attempt to simplify complex realities. The models have been developed for use on
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Figure 11.3. NZEEM results for the Whangapoua Harbour catchment for 2002 landuse 

scenario. Insert is Whangapoua landuse for native forest (dark green), exotic forest (light 

green), and agriculture (dark brown).   

 

 

a national scale and have been calibrated with national scale river gauging data. 

The SYE model uses lithology and rainfall (raised to the power of 1.7) as the main 

drivers for erosion. The NZeem used lithology, landform (which includes slope 

angle) and rainfall (raised to the power of 2.0) as the main drivers. It also accounts 

for landuse which gives it a greater sensitivity at a regional/local scale. The 

NZeem uses a multiplier of 10 for everything not under woody vegetation and 

assumes that the land is not vulnerable to landsliding if under woody vegetation.  
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The assumptions used by the Sediment Yield Estimator and New Zealand 

Empirical Erosion Model are challenged by the sediment fingerprinting results. 

The Sediment Yield Estimator did show that the native forests had the highest 

erosion rate, but only by a small margin, compared to the exotic and agricultural 

landscape units. The SYE is a nationally based model that has used calibration 

from North and South Island river gauges, but the assumptions of the main drivers 

of erosion (rainfall and geology) means that it may not be applicable to estimate 

erosion at the Whangapoua catchment scale. The NZeem assumes that lands under 

woody vegetation (i.e., forests) are not as susceptible to landslides as grasslands 

by an order of magnitude and thus results in identifying harvested exotic forests 

and agriculture as the most important sediment source areas. The underlying 

model assumptions are challenged by the sediment fingerprinting findings at a 

catchment scale. The NZeem has been identified as the most promising method of 

estimating nationwide reductions in erosion based on landuse change               

(i.e., reforestation) for climate change mitigation (Blaschke et al. 2008). 

Improving the assumptions of the NZeem to better reflect forested erosion rates 

will improve the function of the model.  

 

11.3.5 Comparison between sediment fingerprinting results and stream 

sediment storage results 

Sampling of the Whangapoua streams was undertaken to estimate the amount of 

sediment stored within the catchment’s drainage lines following the method of 

(Lambert & Walling 1988). The results showed the upper native forest had mean 

storage values of 26.6 g m-2 and lower native forest was 75.2 g m-2 and           

122.4 g m-2 for exotic forests and 446.1 g m-2 for agriculture. The total stream 

sediment storage value of 133.86 ± 64.85 g m-2 was less than 4% of the total 

annual sediment budget of 5368 t yr-1) as estimated by the Sediment Yield 

Estimator.  

 

The results indicate that while sediment storage increases down catchment, very 

little sediment is stored within the stream lines. The small storage of sediment in 

the stream channels supports the Chapter 2 alternative hypothesis of the catchment 

and the sediment fingerprints results that native forests supply the bulk of the 

catchment’s sediment from landsliding (or from subsurface positions) as the 
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sediment is efficiently delivered from well coupled (lateral) hillslopes to channel, 

and then through well coupled (longitudinal) stream channels to the estuary.  

 

11.3.6 Comparison between sediment fingerprinting results and previous 

Whangapoua studies 

There are two multiple landuse studies in the Whangapoua catchment, one by 

Marden & Rowan (1995) and the other by Gibbs (2006). The findings of (Marden 

& Rowan 1995) support the sediment fingerprinting results both in terms of 

landscape unit and erosion position sediment sources as described in Section 6.5.2 

and Table 6-8. The findings of Gibbs (2006) contradict the sediment 

fingerprinting results (Table 6-8) as Gibbs (2006) identifies exotic forests as the 

main sediment contributor. 

 

The compound specific isotope (CSI) technique used by Gibbs (2006) was a new 

technique that was tested in the Whangapoua catchment. Only the top 2 cm of soil 

was collected at 14 sites in the Whangapoua catchment source area to characterise 

native forest, native scrub, pasture, and exotic pine landscape units, while eight 

estuary sink samples were collected. It is possible that the CSI technique is a good 

indicator of surface erosion processes only as the CSIs concentrate in the surface 

soils and only the top 2 cm was sampled. If CSIs are mainly tracing surface 

erosion processes, then the CSI technique would be consistent with the sediment 

fingerprinting results. I conclude that most of the surface erosion in the catchment 

occurs in exotic forests due to harvest disturbance and would lead to the 54-75% 

exotic forest relative contribution estimation by Gibbs (2006).   

 

11.3.7 Comparison between sediment fingerprinting results and mass balance 

approach 

Another comparison is to use a mass balance approach. Assume the Sediment 

Yield Estimator (SYE) estimate of annual sediment delivery to Whangapoua 

Harbour of approximately 5000 t yr-1 is correct. Using the sediment fingerprinting 

relative contribution results for landscape units, a total sediment budget was 

calculated (t yr-1) for each landscape unit (Table 11-1). Using the land area that 

each landscape unit occupies, an erosion rate (in t km-2 yr-1) was calculated which 

resulted in an erosion rate for native forests of 147 t km-2 yr-1, exotic forests at    
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19 t km-2 yr-1, and agriculture at 42 t km-2 yr-1. The stream monitoring results are 

shown in the last column in Table 11-1 as a comparison. 

 

Table 11-1. Mass balance of fingerprinting results and suspended sediment monitoring 

results.  
Landuse and relative 
contribution 

Sediment  
(t yr-1) 

Land area  
(km2) 

Erosion rate  
(t km-2 yr-1) 

Monitoring results   
(t km-2 yr-1) 

Agriculture (15%) 750 18 42 7 
Exotic (23%) 1150 61 19 2 - 48 
Native (62%) 3100 21 147 N/A 
 

 

Firstly, the mass balance calculation normalises the sediment fingerprinting 

results for area occupied by each landscape unit showing the higher relative 

erosion rate of native forest compared to agriculture and exotic forest. The mass 

balance comparison does not normalise for the slope on which each landscape unit 

is found in the Whangapoua catchment.   

 

Secondly, the mass balance comparison shows that if the sediment fingerprinting 

results and SYE estimate are correct, then the suspended sediment monitoring 

results (Chapter 8) is underestimating the actual erosion rates. The suspended 

sediment agricultural erosion estimate of 7 t km-2 yr-1 (Table 11-1) is lower than 

the mass balance estimate of 42 t km-2 yr-1. If the mass balance estimate of exotic 

forest average erosion of 19 t km-2 yr-1 is correct, then this means that a 30 year 

harvest cycle sediment yield is 570 t km-2 yr-1. Assuming a 100 t km-2 yr-1 erosion 

rate in the first and second year after harvest, this still results in an average 

erosion rate of 13 t km-2 yr-1 for the next 28 years which is higher than the 10 year 

post harvest erosion rate of 2 t km-2 yr-1. 

 

The mass balance calculation was also made for erosion position. Taking the 

sediment fingerprinting results (Table 11-2) for erosion position and SYE budget 

5000 t estimate, annual tonnages can be assigned for the surface (400 t), 

subsurface (3950 t), and streambank (650 t).     
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Table 11-2. Mass balance of sediment fingerprinting results for erosion position.  
Position and relative 
contribution 

Sediment  
(t) 

Surface (8%) 400 
Subsurface (79%) 3950 
Streambank (13%) 650 

 

The alternative hypotheses of catchment erosion (Chapter 2) propose that most of 

the native forest erosion would be caused by landslides, most agricultural erosion 

because of stream banks, and exotic forest erosion would be a mix of surface 

erosion and landslides. Apportioning the position tonnages in Table 11-2 to the 

landscape unit tonnages in Table 11-1 using the alternative hypotheses 

assumptions means that all 3100 t of native forest erosion comes from landslides 

and all 650 t of agricultural erosion comes from streambanks. This leaves exotic 

forest erosion at 850 t from landslides, 400 t from surface, and 100 t from 

streambank erosion. The mass balance estimation of the mix of exotic forest 

erosion is similar to the results of Marden et al. (2006) in the Whangapoua exotic 

forest where they found approximately 70% of the delivered sediment was caused 

from landslides and around 30% was from surface sources.     

 

The mass balance assumptions are open to criticism, but the exercise shows that 

the sediment fingerprinting results for landscape unit and erosion position are 

consistent with one another and fit in with field observations and the literature.  

 

11.4 Catchment function 
Three alternative hypotheses of catchment erosion were proposed in Chapter 2 

based on the literature and field inspections. It was speculated that the majority of 

estuary sediment could be sourced from either landslides in native forest 

headwater areas; surface, streambank, and landslide erosion from mid-catchment 

exotic forest areas; or streambank erosion from lowland agricultural areas. The 

sediment fingerprinting results indicate that the steep headwater areas under 

native forest was the dominant sediment source generating sediment by landslide 

processes (Figure 11.4). It is evident that rainfall and slope were important factors 

in sediment generation in the Whangapoua catchment. It does not follow that 
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therefore landuse is not important, but that in the Whangapoua catchment rainfall 

and slope overcome the armouring effects of the native forest.  

 

 
Figure 11.4. A cluster of landslides in the native forests in the steep upper slopes of the 

Whangapoua catchment from a 2002 aerial photo. A ridge top logging road and exotic 

forest areas are visible in the top left hand corner.   

 

For a landslide to occur, the land surface must be mobilised. “Mobilisation 

requires failure of the mass, sufficient water to saturate the mass, and sufficient 

conversion of gravitational potential energy to internal kinetic energy” (Iverson 

1997). In the native forest areas, the slopes are the steepest in the catchment and 

provide the potential gravitational energy. The steep headwater slopes ensure that 

the slopes are well coupled with the streams (lateral coupling), and Chapter 10 

results indicate that sediment is effectively conveyed down to the estuary 
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(longitudinal coupling). The other important factor is rainfall to saturate the soil to 

cause an increase in pore pressure that will result in a failure. If rainfall is the 

important variable in causing landslides, then what type of rainfall?  

 

Reviews of the literature (Chapter 3) cite New Zealand landslide studies that 

report landslide initiating thresholds of 120-150 mm of rainfall in East Coast soft 

rock rolling hill country. The damaging 1995 storm was between 150-200 mm 

(Marden & Rowan 1995). The two year rainfall record from Castle Rock (top of 

catchment) and Opitonui (lower catchment) show daily rainfall above 150 mm 

(low frequency/high magnitude) occurred at the top of the catchment twice yearly 

during 2006 and 2007 (Figure 11.5). To generate landslides in native forest areas 

(as the sediment fingerprinting indicates), high magnitude/low frequency events 

are required and the Environment Waikato analysis (Section 2.2.4) shows that the 

upper catchment may receive 1000 mm more rainfall than the lower catchment.  

 

The low magnitude/high frequency events would be more important for the mid-

slope exotic forest and lowland agricultural areas as the absence of steep slopes 

means that large amounts of sediment are not delivered to streams via landslides. 

Low magnitude/high frequency storm events would keep streambank erosion 

active in the exotic forest and agricultural landscape units as streambank erosion 

is an efficient deliverer of sediment to streams in the moderate and lowly coupled 

mid and low slope areas. Low magnitude/high frequency events would also 

remobilise sediment from surface erosion and smaller landslides in the exotic 

forest landscape unit.  

 

This study has referred to the indigenous vegetation as ‘native forest’, but in fact 

these areas have been extensively logged in the late 1800s for kauri. A more 

correct term would be ‘regenerating native forests.’ As reviewed in Section 

3.7.2.1, kauri grows on steeper slopes where landslide risk is moderate to high 

where this type of disturbance favours kauri succession. Kauri have the added 

competitive advantage in that they can delay disturbance events due to root 

reinforcement and tree weight to outcompete other species by their long life. 
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Figure 11.5. Daily maximum rainfall for the Castle Rock and Opitonui stations for the 

2006 and 2007 period. The 150mm daily maximum is marked with a dashed line.  

 

The removal of kauri from the steep Whangapoua slopes has no doubt had an 

influence on slope stability. Vegetation cover is one of the most influential and 

sensitive elements for landslide vulnerability, and hill country and mountain soils 

have proved very sensitive to vegetation changes (Crozier 1986). After native 

kauri forest disturbance, the initial building phase may take at least 200 years with 

a kauri dominated forest requiring a period of 600-1000 years (Ogden 1985; 
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Burns & Smale 1990). The sediment fingerprinting results may also indicate that 

the upper part of the catchment under native forest is undergoing a period of post 

disturbance disequilibrium and will not return to stability for several centuries. 

Disequilibrium stream conditions brought about by landuse change have been a 

recognised phenomena (Happ et al. 1940).  

 

Native forest landscape unit disequilibrium has been reported by Gabet & Dunne 

(2002). Native sage-scrub had been converted to grasslands for pasture and 

increased the incidence of landslides as a result of weaker and shallower grass 

roots. Gabet & Dunne (2002) state that there is now a disequilibrium between root 

reinforcement and soil depth (Figure 11.6). The soil depth will decrease (via 

landslides) for a given slope angle to adjust to a new equilibrium from sage root 

reinforcement (high) to grassland root reinforcement (low). The most important 

point of Figure 11.6 is the diminishing protective effects of native vegetation to 

landslides at increasing slope angles.  

 

 
Figure 11.6. Landslide stability analysis for varying soil depth and slope angles under 

native sage (solid line) and grassland (dashed line) landuse. The shaded area is the depth 

of soil that is unstable and susceptible to landslides due to conversion from native to 

grassland landuse (Gabet & Dunne 2002). 

 

11.5 Management implications 
The first and most important management implication is that the pattern of 

landuse within the Whangapoua catchment is about the best in terms of 



                                                                      Discussion & Conclusions 
 

263 
 

minimising sediment entering the harbour while maintaining some economic use 

of the catchment. The sediment fingerprinting results indicate that around 60% of 

the estuary sediment is derived from the native forest landscape unit, most likely 

generated by landslides due to the high rainfall and steep slopes. The steep 

headwater areas are under permanent forest and apart from the reintroduction of 

kauri trees (Section 11.4), native forest is the best landuse to minimise the impacts 

of landslides. 

 

The mid-slope areas are under exotic pine forests. The suspended sediment 

monitoring (Chapter 8) and New Zealand studies indicate that the post harvest 

erosion rates fall quickly to below agricultural landuse rates after two to three 

years after vegetation recolonisation and pine replanting. In a 30 year harvest 

cycle, the Whangapoua exotic forest slopes are protected for 90% of the time. If it 

is assumed that all of the native forest sediment is landslide generated, the most 

likely source of the other 20% of landslide sediment is from the exotic forest areas 

that are on steep slopes (Figure 11.7). The potential exists to reduce estuary 

sedimentation by allowing areas of exotic forests on steep slopes to revert back to 

native forest. Surface and streambank erosion could be lowered in exotic forest 

areas by the buffering of stream and drainage lines by riparian planting.    

 

Agriculture is largely confined to the lowland areas of low relief. While hill 

country under agriculture can be a major sediment source area (Chapter 3), the 

low gradient of the agricultural landscape unit in the Whangapoua catchment 

means that landslides are virtually absent in the pasture areas and thus agriculture 

is practiced in the best location.  

 

Sediment fingerprinting relative contribution results indicate that streambank 

erosion (13%) is an important erosion process in the agricultural landscape unit 

(15%) (Figure 11.8). Almost all of the agricultural activity in the Whangapoua 

catchment involves livestock which are not excluded from streamlines. The 

potential exists to reduce the amount of streambank erosion by the introduction of 

riparian zones on agricultural areas. Riparian zones would also reduce biological 

contamination of streams and estuary from animal and agricultural derived 

nutrients and faecal material.  
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 Figure 11.7. Area of exotic forest landuse on steep slopes toward the top of the 

catchment with the native forest in the background.  

 

 
Figure 11.8. Area of streambank erosion in the agricultural landscape unit.  
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11.6 Review of objectives 
11.6.1 Objective 1 

There were three primary objectives outlined at the beginning of this thesis. The 

first was to:  

quantify the amounts of sediment generated from the native forest, exotic 

forest, and agricultural landscape units in the catchment. 

 

This objective has been met with the unexpected result that the native forest 

landscape unit was the greatest contributor of estuary sediment, followed by 

exotic forest and agricultural landscape units, although exotic forest and 

agriculture are within uncertainty of each other.   

 

11.6.2 Objective 2 

The second objective was to: 

identify the dominant processes generating the sediment within the native 

forest, exotic forest, and pastoral landscape units.  

 

This objective has been met with the identification that the main sediment source 

was from subsurface (i.e., landslide), followed by streambank erosion, and then 

surface erosion. The dominance of subsurface sources was confirmed by 

radionuclide tracing techniques. To be consistent with the first objective results, it 

appears that low frequency/high magnitude rainfall events in the native 

forest/headwater areas trigger landslides that efficiently deliver sediment to 

streams. High frequency/low magnitude events are more important in the 

harvested exotic forest/mid-catchment area and agricultural/lowland plains area 

where streambank and surface erosion are more important, but decoupling buffers 

some of the impacts. 

 

11.6.3 Objective 3 

The third objective was to: 

assess the utility of the sediment fingerprinting technique in the New Zealand 

landscape for examining catchment sediment delivery. 
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The sediment fingerprinting results were compared with radionuclide analysis, 

stream monitoring, and modelling. Previous studies were also taken into account. 

Sediment fingerprinting results should be compared with other methods because 

“…results from sediment mixing models should not be used in isolation…but 

should be combined with other forms of data that can provide insights into the 

validity of the models output” (Miller et al. 2005). Sediment fingerprinting results 

were compared and supported by the radionuclide tracing study, and the sediment 

fingerprinting results were consistent with the pilot study results and the stream 

sediment storage results indicate that sediment is not stored within the catchments 

rivers, but efficiently conveyed to the estuary. On the balance of evidence, it is 

therefore my opinion that the sediment fingerprinting technique was tracing real 

processes in the Whangapoua catchment. Sediment fingerprinting appears to be 

overcoming the problems of linking sediment sources to the sink in a drainage 

basin where sediment sources, sinks, and fluxes are highly variable in space and 

time and difficult to measure with indirect methods (Trimble 1999).  

 

Contrary comparisons come from another previous study using compound 

specific isotopes (CSI) (Gibbs 2006) and modelling. The CSI study used only 14 

surface soil samples to characterise the catchment, and as a new technique 

presented no validating evidence for the results. Models will always encounter 

problems of simplification of real world complexity by the assumptions used. The 

model used in this study was based on national scale drivers such as rainfall and 

geology (SYE and NZeem) and from more regional/local assumptions about 

landuse and landsliding (NZeem). All models suffer from the paradox that they 

characterise erosion without the need for data collection, but their assumptions are 

underpinned by the quality of collected data (Brazier 2004).  

 

There have been many studies on the individual components of catchment 

dynamics such as hillslope erosion, flood plain accumulation, and landslide 

frequency and magnitude. But studies of dynamics of the coupled systems with all 

their interlinked components “are rare, but urgently needed” (Wasson 2002). 

Sediment fingerprinting has provided information on the function of a 

multilanduse catchment in New Zealand, and provides a comparison for those 

developing models to better understand sediment dynamics and landuse impacts.  
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11.7 Conclusions of this thesis  
The following conclusions were reached: 

• Based on the pilot study results, the sediment fingerprinting technique can 

distinguish between landscape units and erosion positions using 

geochemical elements in the Whangapoua catchment.  

• Based on the full sediment fingerprinting programme, the main 

contributing landuse in terms of sediment delivery is the native forest 

(62% ±  17%) followed by exotic pine forests (23% ± 12%) and then 

agriculture (15% ± 10%). In terms of the relative proportion for erosion 

process, the main source was from subsoil (79% ± 6%), then streambanks 

(13% ± 5%), then surface soils (8% ± 6%).  

• Radionuclide analysis (using 137Cs) identified ‘all subsurface’ (> 20 cm 

depth and streambanks) as the dominant erosion source of estuary 

sediment.  

• Stream suspended sediment monitoring identified harvested pines had a 

greater erosion rate than six month post harvest pines, then agricultural 

pastures, then 10 year post harvest pines. The results supported previous 

studies that suggest that post harvesting erosion rates fall quickly. 

Assumptions and potential errors meant that the suspended sediment 

monitoring results should only be used for explanation rather than 

extrapolation. The lack of a native forest monitoring site hindered 

comparison to the sediment fingerprinting results. 

• Two catchment models (Sediment Yield Estimator and the New Zealand 

Empirical Erosion Model) identified the total sediment yield to the harbour 

to be in the range of 5400-7200 t year-1, although neither identified native 

forest as the dominant contributor of sediment.    

• The sediment fingerprinting results were supported by the radionuclide 

results and the report from Marden & Rowan (1995). The sediment 

fingerprinting results were also indirectly supported by the stream 

sediment storage results which indicated an efficient longitudinal coupling 

within the stream network that conveys sediment from the top of the 

catchment to the estuary. To a lesser extent, the sediment fingerprinting 

results were supported by the suspended sediment monitoring which 
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showed the pattern of rapidly declining erosion rates after pine harvesting 

to rates below that of the agricultural landuse. 

• The sediment fingerprinting results were contradicted by the Sediment 

Yield Estimator and the New Zealand Empirical Erosion Model and the 

report by Gibbs (2006). The two models were not calibrated for the 

Whangapoua catchment and use national scale assumptions (rainfall and 

geology) for erosion estimation. The Gibbs (2006) novel use of compound 

specific isotopes (CSI) in Whangapoua only sampled the top 2 cm of the 

soil which would indicate that the CSI technique traces surface erosion. 

Only 14 samples were used to characterise the Whangapoua catchment in 

the Gibbs (2006) report. 

• Sediment fingerprinting was concluded to be a useful method for 

determining sediment sources in the Whangapoua estuary environment.    

• The main erosion drivers in the catchment are slope and rainfall which in 

the steep headwater areas of the catchment overcome the protective 

landcover of native forests. The well coupled native forest/headwater areas 

efficiently deliver sediment most likely during low frequency/high 

magnitude storm events that trigger landslides. 

• The pattern of landuse in the Whangapoua catchment is well suited to the 

physical conditions in terms of minimising sediment delivery to the 

estuary. The steep headwater areas are under permanent native 

regenerating forests, the mid-slopes are under exotic pines that are 

harvested once in 30 years, and the lowland areas are under agricultural 

pastures. Scope remains to lower the levels of sediment entering the 

estuary by better management of all three landscape units. 
 

11.8 Recommendations for further work 
There are a number of areas that warrant further investigation: 

• A more extensive use of radionuclides could provide information on soil 

loss and deposition on the native, exotic, and agricultural slopes. The 

confounding behaviour of 210Pbex and 226Ra in the estuary environment 

also merits further investigation.   
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• Further stream monitoring of native forest catchments needs to be 

undertaken to assess if the magnitude of sediment contribution from native 

forests has been correctly estimated against the contributions of exotic 

forests and agriculture.  

• The sediment contribution from the process of streambank erosion could 

be directly measured using techniques such as erosion pins. A monitoring 

programme could shed light on the importance of the streambank erosion 

process within the three landuse types. 

• Continued work is required on the underlying assumptions of the sediment 

fingerprinting technique. These include testing why the fingerprint 

properties behave differently between the sediment source areas under 

investigation, their conservativeness during transport, and comparison of 

sediment fingerprinting results with other established erosion techniques 

such as radionuclide analysis. 

• Sediment fingerprinting data could be run with other types of mixing 

models such as those developed for use in the biological sciences         

(e.g., stable isotope analysis in R – SIAR) to understand the sensitivity of 

sediment fingerprinting results to the type of mixing model. Different 

mixing models may also allow greater precision or level of detail about 

potential sediment source areas. 

• This study has made assumptions about the nature of coupling and the 

efficiency of sediment delivery in North Island estuary environments. 

Work to test the coupling assumptions by sediment fingerprinting or other 

tracing methods (e.g., rare earths) or indirect methods would yield 

information on the efficiency of sediment delivery from different coupling 

zones.  

• While much attention has been focused on the removal of commercial 

crops of trees from the landscape and their impact, little is known about 

the historic logging of such species as Kauri and what the long term 

impacts are on slope stability. It was postulated here that the native forest 

areas are large sources of sediment because they are still undergoing 

change to a new equilibrium after logging disturbance last century. 

Investigation into the interaction of Kauri and slope stability, particularly 

in very steep areas, would assist in explaining the results of the sediment 
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fingerprinting technique and contribute to understanding of landscape 

modification in New Zealand. Small undisturbed Kauri stands in the 

Coromandel have potential to be monitored for sediment generation on a 

paired catchment basis. 



APPENDIX A 
KRUSKALL-WALLIS H-TEST 

 

The Kruskal-Wallis H-test is the non-parametric equivalent of the one-way analysis 

of variance (ANOVA). It uses ranks to determine whether three or more independent 

groups are the same or different. The test procedure is a direct generalisation of the 

Mann-Whitney rank sum test. The test begins by ordering and assigning ranks from 

the smallest to the largest to all the sample values regardless of group membership. 

The test statistic H is then: 
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Eqn A.1 can be rewritten: 
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Now H can be written in an alternative form, for ease of calculation: 
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1

1

12 3( 1)
( 1)

m

m
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K n +   (Eqn A.3) 

 

where 
i

i
i n

W
R =  and . Wi is the sum of the ranks and ni is the number of 

observations in group i.  

∑
=

=
m

i
inn

1

 

In a simple example, the test results for Al2O3 for soil samples from three different 

soil groups A, B, and C are presented in Table A-1. The null hypothesis (H0) to be 
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tested is that there is no significant difference between the soil group test results at the 

5% significance level.  

 

Table A-1. Test results for Al2O3 for three different soil groups and their ranking from lowest 

to highest as per the Kruskal-Wallis H-test. 

Soil group A Rank B Rank C Rank 

 23.0 15 17.3 6.5 11.5 1 

 21.4 13 17.8 8 14.9 3 

 16.6 5 18.4 9 11.6 2 

 22.1 14 17.3 6.5 15.8 4 

 18.8 10 19.1 11 19.5 12 
       

Wi (sum of ranks)  57  41  22 

ni  5  5  5 

R i  11.4  8.2  4.4 

 
272 Note that in the event of ties (as in Soil Group B), the average of the ranks of the tie 

are assigned, which in this case is (6+7)/2=6.5. So using equation A.3 yields: 
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⎡
++

+
=H    (Eqn A.4) 

 

Under the null hypothesis, H has an approximate chi-squared distribution with m-1=2 

degrees of freedom. The critical chi-square value, at the 5% level of significance, is 

5.99 and we reject H0 if H is larger than the critical value. Thus, in this instance there 

is sufficient evidence to reject the null hypothesis. It can be concluded that there is a 

significant difference between the soil groups at the 5% level of significance. It is 

worthy to note that if this example was tested at the 4% level of significance, the null 

hypothesis is not rejected, as the critical chi-square value is 6.44. 

 

 



APPENDIX B 
DISCRIMINANT FUNCTION ANALYSIS (DFA) 

 

Discriminant function analysis (DFA) is used to determine whether a set of variables 

is effective in predicting membership to a group. DFA can be considered as the 

statistical inverse of multivariate analysis of variance (MANOVA). In MANOVA, 

the group membership is the independent variable and is used to predict or explain 

the observed values in the response variables. In DFA, the independent variables are 

the observed values and is used to explain the group membership. In other words it 

answers the question, can a set of variables (i.e., geochemical elements) be used to 

predict membership to a group (i.e., a landuse type)?  

 

DFA essentially gives a linear transformation of the p predictor variables, (X1, …, 

Xp), to create another set  p variables (Z1, …, Zp). These new set of variables describe 

surfaces (in p-dimensional space), which provide the best possible separation of the 

group means in decreasing order of importance. In most instances the higher orders of 

elements in these new variables are zero. For example, if we have two predictor 

variables, the first element in the new vector defines a line which best separates the 

groups centres. The second vector also gives a line, but it does not separate the groups 

as well as the first. (Environmental Protection Agency 2007).  

 

Discrimination can be based on Mahalanobis distances, Canonical Discriminant 

functions, or Eigen values. The computational approach taken by STATISTICA 8.0 

parallels that taken by MANOVA. A matrix is developed containing the within-group 

sums of squares (SSWG) and sums of cross-products of each dependent variable. A 

second matrix, containing the between-group sums of squares (SSBG) and cross-

products is also obtained. The test of significance is then based on the Wilks’ Lambda 

and F-test. The test of significance involves finding a function of the determinants of 

these two matrices and their sums. 
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The sum of squares for a variable is a measure of the deviation between the 

observations and their mean value. In practical terms, the sums of squares is the sum 

of the squared differences between the scores and their mean. For a single variable, 

Xj, the sum of squares for a sample of size n, is defined as: 

  

∑
=

•−
n

k
jjk xx

1

2)(        (Eqn B.1) 

 

where •jx  is the usual sample mean for variable j. Dividing this by n-1, gives the 

usual definition of the sample variance. For two variables, Xj and , the sum of the 

cross-product is defined as: 

∗jX

  

 ∑
=

•∗∗• −−
n

k
jkjjjk xxxx

1

))((      (Eqn B.2) 

 

where •jx  and •∗jx  are the usual sample means for the two variables. Dividing by n-

1, gives the usual definition of the sample co-variance.  

 

Generally, there will be random samples of size n1, …, np from each of m different 

groups. For each member of each sample, we record the values for X1, …, Xp the p 

predictor variables. That is, we have  observations xijk and is the score for 

variable j for the kth member of the sample from group i. Consequently the data takes 

the form of a data matrix in DFA, as shown in Table B-1. 

∑
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=
m

i
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Table B-1. DFA data matrix table for predictor variables X1, …, Xp and observations 

n1, …, np for m groups. 

1 1

1

111 1 1 1 1

1 11 1

11 1 1

1

1

11 1 1

1

Observation
Group 1 1

Group 1

Group 1

i i

m m

j p

j p

n jn

i ij

i k ijk ipk

i i n ijn ipn

m mj

m m n mjn

11

i

m

pn

ip

mp

mpn

X X X
x x x

n x x x

i x x

k x x

n x x x

m x x

n x x x

L L

L L

M M O M O

L L

M M M O M O

L L

M M O M O

L L

M M O M O

L L

M M M O M O

L L

M M O M O

L L

x

x

x

M

M

M

M

M

M

 

 

 

For the data in the table, calculations are made for •ijx  (the sample means for each 

individual group within variable j), and also •• jx  (the sample mean of all 

observations for variable j, regardless of group membership). 

 

Consider the following hypothetical example of the results for four geochemical 

elementals (A, B, C, and D) from the analysis of soil samples taken from three 

different landuse types (native forest, exotic forest, and agriculture) (Table B-2). 
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Table B-2. DFA hypothetical example of soil analysis results for four elements (A, 

…, D) from three different landuse types (native forest, exotic forest, and 

agriculture). 

Group Element A 

(j=1) 

Element B 

(j=2) 

Element C 

(j=3) 

Element D 

(j=4) 

Group 1 

Native forest 

(i=1) 

87 5 31 6.4 

97 7 36 8.3 

112 9 42 7.2 

Means )( 1 •jx  98.67 7 36.33 7.3 

Group 2 

Exotic forest 

(i=2) 

102 16 45 7.0 

85 10 38 7.6 

76 9 32 6.2 

Means )( 2 •jx  87.67 11.67 38.33 6.93 

Group 3 

Agriculture 

(i=3) 

120 12 30 8.4 

85 8 28 6.3 

99 9 27 8.2 

Means )( 3 •jx  101.33 9.67 28.33 7.63 

Grand mean )( •• jx  95.89 9.44 34.33 7.29 

Note: in this example i = 3, p = 4, and ni =3 for i m1, , 3= =K . 

 

 

The next step is to calculate the matrix of within-group sums of squares (SSWG) and 

sums of cross-products of each dependent variable. This is a p by p symmetric matrix 

and the (j, j*) element is defined as:  

 

∑∑
=

•∗∗•
=

−−
in

k
ijkijijijk

m

i

xxxx
11

))((    (Eqn B.3) 

 

 

 



Appendix B                             
 

277 
 

for j, j*=1, …, p. Note that for m = i and j = j*, 

 

∑
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Becomes: 
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which is (ni-1)Var(Xij) while for j ≠ j*,  
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k
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is (ni-1)CoVar(Xij, Xij*). 

 

In a similar fashion the matrix of the between-group sums of squares (SSBG) and 

cross-products can be defined. This is also a p by p symmetric matrix and the ( ),j j ∗  

element is defined as: 

  

∑
=
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So for the hypothetical example in Table B-2, for j = 1, and i = 1, the sums of squares 

calculation (SSWG) is: 

∑
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Thus, ∑∑
=

= =

• =++=−
3

1 1

2
11 00.128667.62067.34867.316)(

m

i

n

k
iki

i

XX  

 

which gives the (1,1) entry in the within-group matrix (SSWG), and the matrix is 

populated firstly with these results along the diagonal (or trace).  

 

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

=

49.5***
*00.150**
**33.45*
***00.1286

WGSS  

 

 

Next the calculation is made for the off diagonal (or cross products). For j = 1 and j* 

= 2, with i = 1, gives: 

 

∑
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so that: 
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and will give the (1,2) and (2,1) entries in SSWG matrix. The other cross products are 

calculated and the matrix can be populated to give: 

 

⎥
⎥
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⎥

⎦
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⎢
⎢
⎢
⎢

⎣

⎡

=

49.573.937.600.50
73.900.15067.7333.348
37.667.7333.4500.220
00.5033.34800.22000.1286

WGSS  
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For the symmetric between-group sums of squares matrix (SSBG) again for j = 1, and 

j* = 2, the calculation is: 
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=
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11 )(

m

i
ii XXn  
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These sums of squares are entered into the matrix for SSBG diagonally:  
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in the (1,1) position in SSBG, while 

 

∑
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gives the (1,2) and (2,1) entries for the off diagonal cross products. The other entries 

are populated in the same way to give: 
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74.040.1022.249.14
40.1000.16800.800.180
22.200.889.3256.71
49.1400.18056.7189.314

BGSS  

 

From the above two matrices of sums of squares and cross products, a third matrix is 

defined; SSTOTAL which is the SSWG + SSBG. The usual matrix addition rules apply 
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where the corresponding cells in SSWG and SSBG are added to give the corresponding 

entry in SSTOTAL. The next step is to calculate the determinants of SSWG and SSTOTAL.  

 

The determinant of a matrix is usually denoted |A| and is a scalar value which is 

calculated from a matrix. This number can determine whether a set of linear 

equations are solvable, or in other words whether the matrix can be inverted. In the 

simple example below, the determinant of a 2×2 matrix: 
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As the matrix increases in order, so does the complexity. For a 4×4 matrix: 
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the determinant is equal to: 
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Since the sums of squares matrices here are symmetric, the expression is somewhat 

simplified.  

The determinant for the matrix SSWG is: 

 

76.884,864

49.573.937.600.50
73.900.15067.7333.348
37.667.7333.4500.220
00.5033.34800.22000.1286

det =
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The determinant for the matrix SSTOTAL is: 

24.969,717,82

23.667.015.449.64
67.000.31867.8133.168

15.467.8122.7844.148
49.6433.16844.14889.1600

det =

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
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⎢

⎣

⎡

−
−

=TOTALSS  

 

The next step is to calculate the Wilks' lambda (Λ). The Wilk’s lambda is a test 

statistic used in multivariate analysis of variance (MANOVA) to test whether there 

are differences between the means of identified groups of subjects on a combination 

of dependent variables. The statistic is defined as the ratio of the determinants of the 

matrix of the within-group sums of squares of the matrix of the total sums of squares, 

which for this example is: 

 

010456.0
24.969,717,82

76.884,864
===Λ

TOTAL

WG

SS
SS

 

 

Next the F-ratio is determined. A random variable that has an F distribution is the 

value of two estimates of variance. The F distribution is defined by two parameters; 

the degrees of freedom of the numerator (df1) and the degrees of freedom of the 

denominator (df2). The shape of the F distribution will depend on the value of the two 

degrees of freedom and the smaller they are, the larger the F-ratio will need to be to 

be significant. By definition, the F-ratio is: 
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dfnps and dfn = m-1 

In this case p is the number of elements and m is the number of groups (as has been 

defined earlier). 
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So p = 4, m = 3, giving dfn = 2. So: 

2
5)2()4(

4)2()4(
22
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=
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=s  and 102255.0)010456.0( 2
1

==y  

 

Now the F-ratio has an approximate F distribution with degrees of freedom df1 and 

df2 value. So: 
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where , and k is the number of observations (or cases) in each group. 

Thus: 

)1( −= kmdfd

 

8241 =×=df  and 
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And so the observed F-ratio is: 
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8
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The critical F value with 8 and 6 degrees of freedom at α = 0.05, is 4.15. Because the 

observed F-ratio exceeds the critical F, there is sufficient evidence to reject the null 

hypothesis. It is concluded in this example that the three landuse types can be 

distinguished on the combination of the four geochemical elements or predictors.  

 

 

 

 

 



APPENDIX C 
THE 25cm FALL TIMES FOR DIFFERENT PARTICLE SIZES 

AT DIFFERENT TEMPERATURES 
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)

Settling times in the above table are based on the calculation of Stokes Law: 
 

( )( 2

18
Xlsg

ht
ρρ
η
−

=      (Eqn C.1) 
 
Where:  
 
t = time (seconds) 
η = coefficient of viscosity 
h = distance of settling (cm) 
g = gravity (corrected for elevation and latitude) cm2/sec 
ρs = density of soil (assumed to be 2.6 g/cm3) 
ρl = density of liquid 
X = particle diameter (cm) 
 

 



APPENDIX D 
CANONICAL ANALYSIS 

 

D.1 Introduction 
Canonical analysis can best be understood by comparison with multiple regression:  

 

In regression, there are several variables on one side of the equation 

and a single variable on the other side. The several variables are 

combined into a predicted value to produce, across all subjects, the 

highest correlation between the predicted value and the single 

variable.  (Tabachnick & Fidell 1996) 

 

 

Canonical analysis seeks to understand the relationship between two sets of variables. 

The difference between the multiple liner regression quote above and canonical 

analysis is that there are several variables on either side of the canonical equation. On 

each side these sets of variables are combined to produce a predicted value that has 

the highest correlation with the predicted value on the other side (Tabachnick & 

Fidell 1996). The basic canonical technique is based on projections with the aim of 

maximising the association between the low dimensional projections of the two data 

sets (Hardle & Simar 2007). 

 
In other words, canonical analysis is interested in investigating relationships between 

two sets of variables Y = (Y1 , Y2 ,..., Yp) and X = (X1 , X2 ,..., Xp) . In addition one 

may also have sets of covariates  Z = [Z1 , Z2 ,..., Zp] and W = [W1 , W2 ,..., Wp]. The 

aim of canonical analysis is to construct two new sets of canonical variates U = αY 

and V= βX that are linear combinations of the original variables such that the simple 

correlation between U and V is maximal (Timm 2002).  

 

 

285 
 



Appendix D                                                                                                 
 

286 
 

D.2 Calculation 
The first step in canonical analysis is the creation of a correlation matrix, and it is 

divided into four parts. The first is the correlation between the dependant variables 

(DV) Ryy, the correlation between the independent variables (IV) Rxx, the two 

matrices of correlations between the DVs and the IVs, Rxy and Ryx. The canonical 

correlation matrix is a product of four correlation matrices, between DVs (inverted), 

IVs (inverted), and between DVs and IVs.  

 

xyxxxyyy RRRRR 11 −−=  

  

The equation can be thought of as a product of regression coefficients for predicting 

Xs from Ys (Ryy
-1 Ryx) and the regression coefficients for predicting Ys from Xs (Rxx

-

1 Rxy) (Tabachnick & Fidell 1996). 

 

Canonical analysis then proceeds to solve the matrix R by calculating the 

eigenvalues. The eigenvalues are the proportion of variance accounted for by the 

correlation between the respective canonical variates (a canonical variate is a linear 

combination of variables, one combination on the IV side and the second on the DV 

side). Solving the eigenvalues of a matrix is a process that redistributes the variance 

of a matrix and consolidates it into a few composite variates rather than many 

individual variables (Tabachnick & Fidell 1996;  StatSoft Inc 2007).  

 

In practical terms for this research, if we had five elements (x1, x2, …x5) that have 

been selected for the composite fingerprint, they will be transformed in canonical 

analysis thus:  

 

x1, x2, x3, x4, x5 

 

 

y1, y2, 0, 0, 0 
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The y1 and y2 represent the canonical roots which are displayed on the X and Y axis 

of the canonical graphs. The better visual discrimination (i.e., separation of points) 

between groups of variables in the graphs, the better the selected variables (i.e., 

elements) should be able to discriminate between the grouping variable (e.g., landuse) 

(Figure D.1) (Garson 2007).   
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Figure D.1. Graph of canonical analysis between hypothetical native forest, exotic forest, 

and agricultural landuse.  
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APPENDIX E 
MIXING MODEL PROCUDURE IN AN EXCEL 

SPREADSHEET 

 

The mixing model that was used to quantify the relative contributions of the 

potential source areas (e.g., landscape units) was described in Section 3.10.3.3. 

Essentially, a set of linear equations, 
1

m

i ij
i

Px
=
∑  is obtained for each element (j) to 

‘predict’ each landuse’s contribution to the sink sample. For each element, the 

residual (or difference) between this predicted value and the observed value xsj, is 

obtained. This residual is scaled by xsj to take into account the differences in the 

units associated with each element, and the scaled residual is then squared and 

summed over the elements, to yield the least squares equation to be minimised. 

This is 

 
2
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1 ⎟
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⎞
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⎝
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=
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ij

m

i
isjp

j
es x

xPx
R

           (Eqn E.1)

 

where: 

p is the number of elements in the composite fingerprint 

m is the number of source groups (e.g., landuse) 

Res is the sum of squares of the residuals 

xsj is the concentration of the element property (j) in the sediment sink sample  

xij. is the mean concentration of the element (j) in source group (i)     

Pi  is the relative contribution/relative proportion from the source group (i) in the 

sediment sink sample. 

 

This least squares procedure is a common technique in statistics to estimate the 

parameters of a model. In the above model, it is the s (or mixing proportions) that iP
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are being estimated, and they must also satisfy two linear constraints: 1) they must lie 

between 0 and 1 (0 ≤ Pi ≤ 1), and 2) their sum is one (
1

1
m

i
i

P
=

=∑ ) (Collins et al. 1997;  

Owens et al. 1999b). Using the observed mean values ( ijx ), the least squares 

procedure gives the actual estimated mixing proportions, for the observed data. 

 

It is a well known statistical result that under certain conditions the sampling 

distribution for a sample mean can be represented by a Normal distribution with a 

standard error estimated by the sample standard deviation divided by the square root 

of the sample size. The Monte Carlo procedure essentially takes a single observation 

from this sampling distribution and calculates the mixing proportions as if this were 

the actual observed sample mean for that element. The Monte Carlo result is then 

used in the mixing model to produce another estimate for the mixing proportions. If 

this is repeated a large number of times, an empirical distribution of mixing 

proportions are produced from which an estimate of the uncertainty can be obtained. 

Since the population mean for the sampling distribution is unknown, this is estimated 

by the observed sample mean. 

The process was run using the Solver function in Microsoft Excel. An example 

spreadsheet is shown in Figure E.1 and the process was as follows: 

• Each of the selected fingerprint element results were arranged in columns and 

grouped using codes (e.g., landuse). 

• The mean and standard error was calculated for each element within each 

landuse. 

• Using the mean and standard error (as obtained above) as estimates of the 

mean and standard deviation for the sampling distribution of the sample mean, 

and assuming that the Normal approximation is appropriate, a single 

observation is taken from the sampling distribution. The appropriate Excel 

command is: 

  

=NORMINV(RAND(),Grouped_element_mean,Grouped_element_std_dev  
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The NORMINV(probability,mean,standard_dev) function returns the inverse 

of a normal distribution for the specified mean and standard deviation. That is, 

it returns the value of an observation which has associated the cumulative 

probability as given. The use of RAND() for probability, ensures a random 

observation is obtained, since this function returns a uniformly distributed 

random number between zero and one. At each recalculation of the Excel 

spreadsheet (F9), new mean values for the element concentrations in each 

landuse are estimated for use in the least square procedure. 
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Selected elements 

Figure E.1. Screen grab of an example of the mixing model set up in an Excel 

spreadsheet with annotations of the row calculations used. 

 

Elemental concentrations 
for the sink samples. 

Grouping categories 
1 = native 
2 = exotic 
3 = agriculture 

Mean and standard 
error of the elements 
concentration for each 
landuse 

The Monte Carlo 
recalculation of the 
mean and standard 
error of the 
concentrations above, 
and the values are 
repeated under the 
SOURCE DATA 
below.  

‘Model’ = ‘Source data’ × 
‘Model proportions’ 

‘Diff’ = ‘Sink data’ - 
‘Model’ 
 ‘Scaled diff’ = ‘Diff’ 
)’Sink data’ 
 ‘Squares’ = ‘Scaled 
diff”2 
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• The solver function requires starting values for the parameters to be estimated. 

It is assumed that the contributions from each landuse are the same, so starting 

values of 1/3 are used. The “estimated mean element values for each landuse 

were then multiplied by the starting model proportions and then added 

together to give the ‘model’. 

• The difference or residual between the actual elements concentration in the 

sink (or estuary) sample (‘sink data’) and the ‘model’ value, was then 

calculated The result (‘diff’) is scaled so that the differing elemental 

concentrations and units could be compared together in the mixing model 

(‘scaled diff’). 

• The ‘scaled diff’ was squared and all the ‘squared diff’ values for each 

element were added together to form the ‘objective function’ that is to be 

minimised in the Solver equation  

• The target cells, constraints, and cells to change were specified in the Solver 

programme. The ‘target cell’ was set to the result of the ‘objective function’ 

and is the value that was minimised (Figure E.2). The ‘constraints’ are set so 

that the ‘model proportions’ are greater than zero but sum to one. The ‘by 

changing cells’ that are changed are set to those labelled ‘model proportions’ 

and are set to the initial values of  for each landuse, to start. The Solver 

programme posts the results under the ‘model proportions’ and these cells are 

overwritten with each iteration.  

 



Appendix E                                                                                                
 

294 
 

 
Figure E.2. Screen grab of an example of the mixing model operation using the 

Solver function in Excel and the relating parameters.  

 

• The Excel worksheet was then recalculated by pushing the F9 key, the Monte 

Carlo simulation calculates new means for each of the landuse elements, and 

the process begins again. A Visual Basic macro was written to rerun the 

Monte Carlo simulation and record the results. The model run was begun with 

a  assumption for each group and then cycled for 100 iterations. The mean of 

the 100 iteration results (i.e., the model proportions) were then used as the 

starting values for the proportions for a 5000 iteration cycle.  

• At the end of the 5000 iteration run, there are 5000 “estimates” of mixing 

proportions The mean of the 5000 results was calculated for the mixing 

proportions of each group, and the standard deviation of the 5000 “estimates” 

of mixing proportions of each group was calculated to give a measure of the 

uncertainty of the overall results. 
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APPENDIX G 
PILOT STUDY KRUSKALL-WALLIS H-TEST RESULTS 

 
G-1 Landscape units 
 

 Kruskal-Wallis ANOVA by Ranks; Cr (Satistica)
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 27) =15.08397 p =.0005

Depend.:
Cr

Code Valid
N

Sum of
Ranks

1
2
3

1 9 51.0000
2 9 156.0000
3 9 171.0000  

 
 
 
 
 
 

Kruskal-Wallis ANOVA by Ranks; Mg (Pilot study majors)
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 27) =8.394097 p =.0150

Depend.:
Mg

Code Valid
N

Sum of
Ranks

1
2
3

1 9 109.0000
2 9 88.0000
3 9 181.0000  

 
 
 
 
 
 

Kruskal-Wallis ANOVA by Ranks; Ca (Pilot study majors)
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 27) =6.077601 p =.0479

Depend.:
Ca

Code Valid
N

Sum of
Ranks

1
2
3

1 9 127.0000
2 9 84.0000
3 9 167.0000  

 
 
 
 
 
 Kruskal-Wallis ANOVA by Ranks; Zn (Satistica)

Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 27) =13.37919 p =.0012

Depend.:
Zn

Code Valid
N

Sum of
Ranks

1
2
3

1 9 87.0000
2 9 94.0000
3 9 197.0000  

 
 
 
 
 
 

Kruskal-Wallis ANOVA by Ranks; P (Pilot study majors)
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 27) =8.736353 p =.0127

Depend.:
P

Code Valid
N

Sum of
Ranks

1
2
3

1 9 136.0000
2 9 72.0000
3 9 170.0000  

 
 
 
 
 
 

Kruskal-Wallis ANOVA by Ranks; Mn (Pilot study majors)
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 27) =10.69136 p =.0048

Depend.:
Mn

Code Valid
N

Sum of
Ranks

1
2
3

1 9 111.0000
2 9 80.0000
3 9 187.0000  
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Kruskal-Wallis ANOVA by Ranks; Fe (Pilot study majors)
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 27) =6.617284 p =.0366

Depend.:
Fe

Code Valid
N

Sum of
Ranks

1 1 9 86.0000
2 9 120.0000
3 9 172.0000  

2
3
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G-2 Erosion position 
 

Kruskal-Wallis ANOVA by Ranks; Al (Pilot study majorsv1.sta
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 27) =12.87959 p =.0016

Depend.:
Al

Code Valid
N

Sum of
Ranks

1
2
3

1 9 146.5000
2 9 58.0000
3 9 173.5000

Kruskal-Wallis ANOVA by Ranks; S (Pilot study majors
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 27) =12.28924 p =.0021

Depend.:
S

Code Valid
N

Sum of
Ranks

1
2
3

1 9 88.0000
2 9 194.0000
3 9 96.0000

Kruskal-Wallis ANOVA by Ranks; Ca (Pilot study major
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 27) =6.786596 p =.0336

Depend.:
Ca

Code Valid
N

Sum of
Ranks

1
2
3

1 9 116.0000
2 9 174.0000
3 9 88.0000

Kruskal-Wallis ANOVA by Ranks; V (Pilot study trace.s
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 27) =6.268078 p =.0435

Depend.:
V

Code Valid
N

Sum of
Ranks

1
2
3

1 9 157.0000
2 9 78.0000
3 9 143.0000

Kruskal-Wallis ANOVA by Ranks; P (Pilot study majorsv1.sta in
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 27) =10.96631 p =.0042

Depend.:
P

Code Valid
N

Sum of
Ranks

1
2
3

1 9 100.0000
2 9 190.0000
3 9 88.0000

Kruskal-Wallis ANOVA by Ranks; Cl (Pilot study majors
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 27) =15.88360 p =.0004

Depend.:
Cl

Code Valid
N

Sum of
Ranks

1
2
3

1 9 95.0000
2 9 203.0000
3 9 80.0000

Kruskal-Wallis ANOVA by Ranks; U (Pilot study trace.s
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 27) =10.20711 p =.0061

Depend.:
U

Code Valid
N

Sum of
Ranks

1
2
3

1 9 156.0000
2 9 64.0000
3 9 158.0000
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APPENDIX I 
RESAMPLING MACRO 

 
 
The resampling macro was authored by Dr. W.P. de Lange, Earth and Ocean Science 

Department, University of Waikato, to automate the resampling of the pilot study 

geochemical landuse data. 

____________________________________________________________________

_  

' This program is intended to undertake repeated discriminant function 
analyses 
' while removing triples of the existing cases 
' Created for Brendan Roddy 
 
Option Base 1 
 
' Define variables 
Dim newanalysis As Analysis 
Dim raw As Spreadsheet 
Dim Atemp As Spreadsheet 
Dim Btemp As Spreadsheet 
Dim outcome As Spreadsheet 
Dim Pos1 As Integer 
Dim Pos2 As Integer 
Dim ii0 As Integer 
Dim ii1 As Integer 
Dim ii2 As Integer 
Dim ii3 As Integer 
Dim jj1 As Integer 
Dim CaseCount As Integer 
Dim label As String 
Dim label2 As String 
_____________________________________________________________
______ 
Sub Main 
' Open spreadsheet to contain results 
Set outcome = Spreadsheets.New ("E:\Stats files\BS_outcome.sta") 
outcome.SetSize 730,10 
outcome.Visible = False 
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' Add header information to outcome 
outcome.Header = "Summary of repeated discriminant analyses with omitted 
cases" 
outcome.InfoBox="Three cases" + vbCrLf + "omitted" + vbCrLf + "1 per 
landuse" 
outcome.VariableName(1) = "Case L1" 
outcome.VariableName(2) = "Case L2" 
outcome.VariableName(3) = "Case L3" 
outcome.VariableName(4) = "Rank 1" 
outcome.VariableName(5) = "Rank 2" 
outcome.VariableName(6) = "Rank 3" 
outcome.VariableName(7) = "Rank 4" 
outcome.VariableName(8) = "Rank 5" 
outcome.VariableName(9) = "Total %" 
outcome.VariableName(10) = "Wilks' Lambda" 
outcome.AutoFitCase 
outcome.AutoFitVariables 
 
 
ii0 = 0 
For ii1 = 1 To 9 
For ii2 = 11 To 19 
For ii3 = 21 To 29 
 
 ii0 = ii0 + 1 
 label = Str(ii1) + " " + Str(ii2) + " " + Str(ii3) 
 
' Open Brendan's data file 
 Set raw = Spreadsheets.Open ("E:\Stats files\BS_spreadsheet.sta") 
 raw.Visible = False 
 
' Define discriminant function analysis 
 Set newanalysis = Analysis (scDiscriminantAnalysis, raw) 
 With newanalysis.Dialog 
     .Variables = "2 | 6-12" 
     .Codes = "1-3" 
     .CasewiseDeletionOfMD = True 
     .AdvancedOptions = True 
 End With 
 
 newanalysis.SelectionConditionSource = scSourceLocal 
 With newanalysis.SelectionCondition 
     .Enabled = True 
     .ExcludeList = label 
 End With 
 
 newanalysis.Run 
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' If ii0 = 1 Then 
 With newanalysis.Dialog 
     .Variables = "6-12" 
     .Method = scDisForwardStepwise 
     .Tolerance = 0.01 
     .FToEnter = 1 
     .FToRemove = 0 
     .NumberOfSteps = 7 
     .DisplayResults = scDisSummaryOnly 
 End With 
 
 newanalysis.Run 
' End If 
 
 With newanalysis.Dialog 
     .APrioriProbabilitiesProportionalToGroupSizes = True 
     .SaveClassifications = True 
     .MaxNumberOfCasesInSpreadsheetsAndGraphs = 100000 
 End With 
 
 Set Atemp = newanalysis.Dialog.Summary(1) 
 Atemp.Visible = False 
 Set Btemp = newanalysis.Dialog.ClassificationMatrix(1) 
 Btemp.Visible = False 
 outcome.Cells(ii0,1) = ii1 
 outcome.Cells(ii0,2) = ii2 
 outcome.Cells(ii0,3) = ii3 
 CaseCount = Atemp.Cases.Count 
 If CaseCount > 5 Then 
  CaseCount = 5 
 End If 
 For jj1=1 To CaseCount 
  label = Atemp.CaseHeaderCell(jj1) 
  outcome.Cells(ii0,3+jj1) = label 
 Next jj1 
 outcome.Cells(ii0,9) = Btemp.Cells(4,1) 
 label = Atemp.Header 
 Pos1 = InStr(label,"Wilks") 
 Pos2 = InStr(label,"Exclude") 
 If Pos1 = 0 Then 
  outcome.Cells(ii0,10) = label 
 Else 
  Pos1 = Pos1 + 14 
  If Pos2=0 Then 
   Pos2 = Len(label) 
  Else 
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   Pos2 = Pos2 - 2 
  End If 
  Pos2 = Pos2 - Pos1 + 1 
  label2 = Mid(label,Pos1,Pos2) 
  outcome.Cells(ii0,10) = label2 
 End If 
 Atemp.Close(False) 
 Btemp.Close(False) 
 raw.Close(False) 
 
Next ii3 
Next ii2 
Next ii1 
outcome.Variable(10).AutoFit 
outcome.Visible = True 
 
End Sub 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



APPENDIX J 
RATIONALE FOR THE ANALYSIS AND RECOVERY OF 

THE <10 MICRON PARTICLE SIZE FRACTION  

 
Sediment fingerprinting studies have used the < 63 μm fraction to analyse for 

geochemical or other properties (e.g., Owens et al. 1999b; Collins et al. 2001; 

Walling et al. 2006).  The < 63 μm fraction is used because it constitutes over 95% of 

the suspended sediment load transported in rivers (Walling et al. 2000). The problem 

of using the <63μm for sediment fingerprinting is that there is a wide range of 

particle sizes present within the sediment, and particle size exerts a large influence on 

a range of sediment properties, especially mineralogy (Walling & Moorehead 1989). 

Nutrients such as phosphorus and nitrogen are also preferentially associated with the 

very fine fraction (< 2 μm). Some studies have tried to account for the particle size 

difference within the < 63 μm by using particle size correction calculations (e.g., 

Krause et al. 2003), but this assumes a linear relationship and should only be used if 

such a relationship is established for all tracers used (Fu et al. 2008; Davis & Fox 

2009). 

 

A simple and cost effective way of eliminating issues associated with tracer variation 

with particle size is to limit the size fraction for analysis to the < 10 μm. While there 

are precedents for the < 10 μm fraction in the literature (e.g., Wallbrink 2004; 

Douglas et al. 2007; Smith & Dragovich 2008; Hughes et al. 2009), this approach is 

open to accusation that it is not representative of the suspended sediment transported 

from source to sink. The Walling et al. (2000) study that concluded that most of the 

suspended sediment load of rivers was < 63 μm, also found that the median (d50) 

values ranged between 4.1 and 13.5 μm, so on one hand it could be argued that the < 

10 μm is still measuring around half of the fluvial suspended sediment load. In 

another study of four UK rivers, the mean particle size distribution for the 0-10 μm 

ranged from 76% to 95% (Table L-1) (Walling & Kane 1982). 
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Table L-1. Mean particle size distribution by percent for four rivers in the Devon catchment, 

UK (Walling & Kane 1982).  

 0-0.5μm 0.5-2μm 2-10μm 10-62μm 0-10μm % 

Exe 19 22 38 21 79 

Creedy 29 24 33 14 86 

Dart 26 19 31 24 76 

Jackmoor 54 26 15 5 95 

 

A recent study has found that the selection of < 10 μm or < 63 μm fractions makes 

little difference to the mixing model results from a sediment fingerprinting 

investigation (Fu et al. 2008). Another investigation of metals and trace element 

affinity with either the < 2 μm or the < 20 μm fraction of fluvial suspended sediment 

found that there is a general positive correlation with both size fractions and the < 20 

μm  should be used for ease of separation by sieving (Muller et al. 2001).  

 

Another argument for using the smallest possible fraction is the selective 

erosion/delivery process. Only a small fraction of eroded soils are delivered to the 

river mouth, and the delivered sediment will be enriched with the fine fraction 

(Walling & Moorehead 1989). The fine fraction (particularly clays) has the lowest 

enrichment between source and sink as they are readily transportable compared to 

loams and sands and therefore potentially provide the ‘best’ signal of erosion at a 

catchment scale (Walling & Moorehead 1989).  

 

Most soil and sediment studies fully disperse the sediment into its primary particles 

or its ‘ultimate’ particle size, but it is the ‘effective’ particle size that governs the 

actual behaviour of the transported sediment (Slattery & Burt 1997). There is an order 

of magnitude difference between the effective and ultimate particle sediment size and 

there is no clear understanding of whether the aggregates are survivors of the primary 

erosion process or caused by secondary in-stream processes (Walling & Moorehead 

1989; Walling & Amos 1999). As the Whangapoua catchments streams are relatively 
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short and non-saline, the assumption will be that the aggregation is mainly due to 

primary erosion processes.  The aim of sediment fingerprinting is to link source areas 

with the sink, and that this link is best established by analysing the effective particle 

size. Consequently the effective < 10 μm was used as the size fraction for analysis in 

this research.     

 

The settling process by which the <10μm particle size is recovered is based on the 

principles described by (Oden 1915 as cited in Lovell & Rose 1988), that after a 

given time particles settling down a certain height can be separated in this way 

(McCave & Syvitski 1991; Bungartz & Wanner 2004). The settling method is based 

on Stokes Law that spherical sediment grains of a uniform density will settle at given 

rates in non-turbulent fluid at a known temperature (Vanoni 1975). While the settling 

method based on Stokes Law and is a widely used and cost effective method for 

particle size determination or particle size separation, some problems have been 

reported such as a modal distribution around the target size fraction, density and 

turbulence variations in the settling tube (Clifton et al. 1999). Also, the settling 

velocity is a function of a particles shape, surface texture, and degree of roundness 

(Lovell & Rose 1988) and these properties are not uniform in a sediment sample and 

the implicit assumptions within Stokes Law is that the sediment is comprised of 

spherical grains that settle freely in non-turbulent flow which is rarely found in 

laboratory conditions (Clifton et al. 1999).  
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APPENDIX K 
ICP-MS RESULTS – SOURCE AREA 

 

 

311 
 



Appendix K                                                                                               
 

312 
 

 

 
 
 
 



Appendix K                             
 

313 
 

 
 
 
 
 
 
 
 



Appendix K                                                                                               
 

314 
 

 
 



Appendix K                             
 

315 
 

 
 
 
 
 
 
 
 
 



Appendix K                                                                                               
 

316 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendix K                             
 

317 
 

 
 
 



Appendix K                                                                                               
 

318 
 

 
 
 
 

 

 

 

 

 

 



APPENDIX L 
ICP-MS RESULTS – SINK 
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APPENDIX M 
FULL PROGRAMME KRUSKALL-WALLIS H-TEST 

RESULTS 

 
M-1 Landscape units 
 

Kruskal-Wallis ANOVA by Ranks; Li-corr (ICP_data in Project_KWall&DF
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 150) =10.34055 p =.0057

Depend.:
Li-corr

Code Valid
N

Sum of
Ranks

1
2
3

1 33 2899.000
2 69 4361.000
3 48 4065.000

Kruskal-Wallis ANOVA by Ranks; Al-corr (ICP_data in Project_K
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 150) =10.95316 p =.0042

Depend.:
Al-corr

Code Valid
N

Sum of
Ranks

1
2
3

1 33 1844.000
2 69 5239.000
3 48 4242.000

Kruskal-Wallis ANOVA by Ranks; Si-corr (ICP_data in Project_K
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 150) =68.22049 p =.0000

Depend.:
Si-corr

Code Valid
N

Sum of
Ranks

1
2
3

1 33 978.000
2 69 5041.000
3 48 5306.000

Kruskal-Wallis ANOVA by Ranks; P-corr (ICP_data in Project_KW
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 150) =10.38613 p =.0056

Depend.:
P-corr

Code Valid
N

Sum of
Ranks

1
2
3

1 33 2763.000
2 69 4361.000
3 48 4201.000

Kruskal-Wallis ANOVA by Ranks; Ca-corr (ICP_data in Project_K
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 150) =9.331021 p =.0094

Depend.:
Ca-corr

Code Valid
N

Sum of
Ranks

1
2
3

1 33 2147.000
2 69 4806.000
3 48 4372.000

Kruskal-Wallis ANOVA by Ranks; V-corr (ICP_data in Project_KW
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 150) =7.233503 p =.0269

Depend.:
V-corr

Code Valid
N

Sum of
Ranks

1
2
3

1 33 2125.000
2 69 4937.000
3 48 4263.000
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Kruskal-Wallis ANOVA by Ranks; Cr-corr (ICP_data in Project_KWall&D
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 150) =10.28219 p =.0059

Depend.:
Cr-corr

Code Valid
N

Sum of
Ranks

1
2
3

1 33 1852.000
2 69 5271.000
3 48 4202.000

Kruskal-Wallis ANOVA by Ranks; Mn-corr (ICP_data in Project_KW
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 150) =6.467282 p =.0394

Depend.:
Mn-corr

Code Valid
N

Sum of
Ranks

1
2
3

1 33 2969.000
2 69 4620.000
3 48 3736.000

Kruskal-Wallis ANOVA by Ranks; Co-corr (ICP_data in Project_KWa
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 150) =6.658967 p =.0358

Depend.:
Co-corr

Code Valid
N

Sum of
Ranks

1
2
3

1 33 2888.000
2 69 4548.000
3 48 3889.000

Kruskal-Wallis ANOVA by Ranks; Zn-corr (ICP_data in Project_KW
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 150) =8.328391 p =.0155

Depend.:
Zn-corr

Code Valid
N

Sum of
Ranks

1
2
3

1 33 2697.000
2 69 4457.000
3 48 4171.000

Kruskal-Wallis ANOVA by Ranks; As-corr (ICP_data in Project_KWall&
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 150) =9.118547 p =.0105

Depend.:
As-corr

Code Valid
N

Sum of
Ranks

1
2
3

1 33 2666.000
2 69 4433.000
3 48 4226.000

Kruskal-Wallis ANOVA by Ranks; Se-corr (ICP_data in Project_KWa
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 150) =23.28324 p =.0000

Depend.:
Se-corr

Code Valid
N

Sum of
Ranks

1
2
3

1 33 3543.000
2 69 4757.000
3 48 3025.000

Kruskal-Wallis ANOVA by Ranks; Ag-corr (ICP_data in Project_KWa
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 150) =10.21543 p =.0061

Depend.:
Ag-corr

Code Valid
N

Sum of
Ranks

1
2
3

1 33 3188.000
2 69 4833.000
3 48 3304.000

Kruskal-Wallis ANOVA by Ranks; Cd-corr (ICP_data in Project_KWa
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 150) =11.30231 p =.0035

Depend.:
Cd-corr

Code Valid
N

Sum of
Ranks

1
2
3

1 33 2319.000
2 69 4555.500
3 48 4450.500
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Kruskal-Wallis ANOVA by Ranks; In-corr (ICP_data in Project_KWal
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 150) =25.24109 p =.0000

Depend.:
In-corr

Code Valid
N

Sum of
Ranks

1
2
3

1 33 3364.500
2 69 5408.000
3 48 2552.500

Kruskal-Wallis ANOVA by Ranks; Bi-corr (ICP_data in Project_KWall
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 150) =10.10894 p =.0064

Depend.:
Bi-corr

Code Valid
N

Sum of
Ranks

1
2
3

1 33 3064.000
2 69 4448.000
3 48 3813.000

Kruskal-Wallis ANOVA by Ranks; U-corr (ICP_data in Project_KWall&
Independent (grouping) variable: Landuse
Kruskal-Wallis test: H ( 2, N= 150) =21.23868 p =.0000

Depend.:
U-corr

Code Valid
N

Sum of
Ranks

1
2
3

1 33 1984.000
2 69 4586.000
3 48 4755.000

 
M-2 Erosion position 
 

Kruskal-Wallis ANOVA by Ranks; Mg-corr (ICP_data in Project_KWall&DFA.stw
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =31.90947 p =.0000

Depend.:
Mg-corr

Code Valid
N

Sum of
Ranks

4
5
6

4 50 4439.000
5 50 2359.000
6 50 4527.000

Kruskal-Wallis ANOVA by Ranks; P-corr (ICP_data in Project_KWall&DFA.stw)
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =64.27365 p =.0000

Depend.:
P-corr

Code Valid
N

Sum of
Ranks

4
5
6

4 50 5711.000
5 50 2336.000
6 50 3278.000

Kruskal-Wallis ANOVA by Ranks; S-corr (ICP_data in Project_KWall&DFA.stw)
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =41.24327 p =.0000

Depend.:
S-corr

Code Valid
N

Sum of
Ranks

4
5
6

4 50 5385.000
5 50 3009.000
6 50 2931.000

Kruskal-Wallis ANOVA by Ranks; K-corr (ICP_data in Project_KWall&DFA.stw)
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =45.55971 p =.0000

Depend.:
K-corr

Code Valid
N

Sum of
Ranks

4
5
6

4 50 5367.000
5 50 2480.000
6 50 3478.000

Kruskal-Wallis ANOVA by Ranks; Ca-corr (ICP_data in Project_KWall&DFA.stw
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =56.48426 p =.0000

Depend.:
Ca-corr

Code Valid
N

Sum of
Ranks

4
5
6

4 50 5281.000
5 50 2040.000
6 50 4004.000
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Kruskal-Wallis ANOVA by Ranks; V-corr (ICP_data in Project_KWall&DFA.stw
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =21.53975 p =.0000

Depend.:
V-corr

Code Valid
N

Sum of
Ranks

4
5
6

4 50 2893.000
5 50 3558.000
6 50 4874.000

Kruskal-Wallis ANOVA by Ranks; Cr-corr (ICP_data in Project_KWall&DFA.stw)
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =10.40235 p =.0055

Depend.:
Cr-corr

Code Valid
N

Sum of
Ranks

4
5
6

4 50 3139.000
5 50 3660.000
6 50 4526.000

Kruskal-Wallis ANOVA by Ranks; Fe-corr (ICP_data in Project_KWall&DFA.stw)
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =19.30314 p =.0001

Depend.:
Fe-corr

Code Valid
N

Sum of
Ranks

4
5
6

4 50 2862.000
5 50 3697.000
6 50 4766.000

Kruskal-Wallis ANOVA by Ranks; Mn-corr (ICP_data in Project_KWall&DFA.stw
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =40.43103 p =.0000

Depend.:
Mn-corr

Code Valid
N

Sum of
Ranks

4
5
6

4 50 4942.000
5 50 2250.000
6 50 4133.000

Kruskal-Wallis ANOVA by Ranks; Co-corr (ICP_data in Project_KWall&DFA.s
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =28.37855 p =.0000

Depend.:
Co-corr

Code Valid
N

Sum of
Ranks

4
5
6

4 50 4422.000
5 50 2439.000
6 50 4464.000

Kruskal-Wallis ANOVA by Ranks; Ni-corr (ICP_data in Project_KWall&DFA
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =11.21909 p =.0037

Depend.:
Ni-corr

Code Valid
N

Sum of
Ranks

4
5
6

4 50 4031.000
5 50 2954.000
6 50 4340.000

Kruskal-Wallis ANOVA by Ranks; Cu-corr (ICP_data in Project_KWall&D
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =17.14117 p =.0002

Depend.:
Cu-corr

Code Valid
N

Sum of
Ranks

4
5
6

4 50 4143.000
5 50 2750.000
6 50 4432.000

Kruskal-Wallis ANOVA by Ranks; Zn-corr (ICP_data in Project_KWa
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =25.24332 p =.0000

Depend.:
Zn-corr

Code Valid
N

Sum of
Ranks

4
5
6

4 50 4502.000
5 50 2520.000
6 50 4303.000
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Kruskal-Wallis ANOVA by Ranks; Se-corr (ICP_data in Project_KWall&
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =11.94331 p =.0026

Depend.:
Se-corr

Code Valid
N

Sum of
Ranks

4
5
6

4 50 4620.000
5 50 3185.000
6 50 3520.000  

Kruskal-Wallis ANOVA by Ranks; Sr-corr (ICP_data in Project_KWall&DFA.st
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =55.28235 p =.0000

Depend.:
Sr-corr

Code Valid
N

Sum of
Ranks

4
5
6

4 50 5329.000
5 50 2105.000
6 50 3891.000  

Kruskal-Wallis ANOVA by Ranks; Ag-corr (ICP_data in Project_KWall&DFA
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =7.033881 p =.0297

Depend.: Code Valid
N

Sum of
RanksAg-corr

4
5
6

4 50 4398.000
5 50 3279.000
6 50 3648.000  

Kruskal-Wallis ANOVA by Ranks; Cd-corr (ICP_data in Project_KWall&
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =31.73955 p =.0000

Depend.:
Cd-corr

Code Valid
N

Sum of
Ranks

4
5
6

4 50 5142.000
5 50 2781.500
6 50 3401.500  

Kruskal-Wallis ANOVA by Ranks; In-corr (ICP_data in Project_KWall&DF
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =6.318903 p =.0425

Depend.:
In-corr

Code Valid
N

Sum of
Ranks

4
5
6

4 50 3152.500
5 50 4171.000
6 50 4001.500  

Kruskal-Wallis ANOVA by Ranks; Ba-corr (ICP_data in Project_KWall&D
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =20.24589 p =.0000

Depend.:
Ba-corr

Code Valid
N

Sum of
Ranks

4
5
6

4 50 3876.000
5 50 2751.000
6 50 4698.000  

Kruskal-Wallis ANOVA by Ranks; Pb-corr (ICP_data in Project_KWall&DF
Independent (grouping) variable: Position
Kruskal-Wallis test: H ( 2, N= 150) =9.898109 p =.0071

Depend.:
Pb-corr

Code Valid
N

Sum of
Ranks

4
5

4 50 3072.000
5 50 3816.000
6 50 4437.0006  
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APPENDIX N 
RADIONUCLIDE RESULTS 

N-1 Source area 

 
 

N-2 Sink 
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APPENDIX O 
STUDENT T-TEST RESULTS 

 

Table O-1. Student t-test results showing a significant difference between the mean 

of 226Ra and concentrations of the sink and the surface samples (top) and all 

subsurface samples (bottom). 

X of sink* X  of 
surface* 

n of 
sink 

n of 
surface 

Degrees of 
freedom 

t-test 
result 

p 
value 

15.73(3.5) 27.04(7.86) 4 16 18 2.77 0.01 

X of sink* X  of all 
subsurface* 

n of 
sink 

n of 
subsurface 

Degrees of 
freedom 

t-test 
result 

p 
value 

15.73(3.5) 25.44(5.32) 4 32 18 3.53 <0.01 
* Subscripts are one standard deviation 
 

Table O-2. Student t-test results showing a significant difference between the mean 
210Pbex concentrations of the sink and the surface samples (top) and all subsurface 

samples (bottom). 

X of sink* X  of 
surface* 

n of 
sink 

n of 
surface 

Degrees of 
freedom 

t-test 
result 

p 
value 

79.65(42.7) 21.78(13.07) 4 16 18 -4.05 <0.01 

X of sink* X  of all 
subsurface* 

n of 
sink 

n of 
surface 

Degrees of 
freedom 

t-test 
result 

p 
value 

79.65(42.7) 1.25(2.91) 4 32 18 -10.25 <0.01 
* Subscripts are one standard deviation 

 

Table O-3. Student t-test results showing a significant difference between the mean 
137Cs concentrations of the sink and the surface samples (top) and all subsurface 

samples (bottom).. 

X of sink* X  of 
surface* 

n of sink n of surface Degrees of 
freedom 

t-test 
result 

p value 

2.08(0.78) 9.36(4.96) 4 16 18 2.87 0.01 

X of sink* X  of 
subsurface* 

n of sink n of 
subsurface 

Degrees of 
freedom 

t-test 
result 

p value 

2.08(0.78) 1.99(0.94) 4 32 34 -0.18 0.86 
* Subscripts are one standard deviation
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APPENDIX P 
PROBE CALIBRATION METHOD 

 

P.1 Standard solution (Formazin) 

The following calibration procedure is from (Anderson 1998;  Clesceri et al. 1998;  

EPA 1999). A stock Formazin solution was prepared in the laboratory. Care was 

taken to ensure the quality of the Formazin solution by the use of turbidity-free 

(deionised) water and preparing the stock turbidity suspension at the time of 

calibration due to the instability of the solution. 

Method for preparing the 4,000 NTU turbidity-unit formazin stock  

1.Wearing laboratory powderless disposable gloves, quantitatively transfer 5.0 g of 

reagent-grade hydrazine sulphate [(NH2)2•H2SO4] into approximately 400 ml of 

turbidity-free water in a 1-L volumetric flask. 

2.Quantitatively transfer 50.0 g of reagent-grade hexamethylenetetramine [(CH2)6N4] 

into approximately 400 ml of turbidity-free water in a separate, clean flask; stopper 

and swirl until the (CH2)6N4 is completely dissolved. Filter through a 0.2 μm filter 

into a clean flask. 

3.Quantitatively transfer the filtered hexamethylenetetramine into the flask containing 

hydrazine sulphate (from step 1). Dilute solution to the 1 L mark with turbidity-free 

water. Stopper and mix for at least 5 minutes, but no more than 10 minutes.  

4.Let stand for 24 hours at 25º ± 1ºC to develop the 4,000 turbidity-unit suspension. 

5.Transfer the solution to an opaque, light-blocking, polyethylene bottle and store 

refrigerated. The 4,000 turbidity-unit stock suspension is stable for about a year, if 

stored at 20 to 25ºC in amber polyethylene bottles.  

Method to prepare 500 ml of a 400 NTU turbidity-unit calibrant solution  

Dilute the 4,000 turbidity-unit stock solution by a 1:10 ratio as follows:  
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1. Mix 50 ml of the 4,000 turbidity-unit stock solution in a 500 ml flask. 

2. Dilute to the mark with turbidity-free water and mix.  

3. Transfer the solution to an opaque, light blocking, polyethylene bottle and 

store refrigerated. The 400 turbidity-unit stock solution is stable only for about one 

day. 

 
The above is given as an example to prepare 500 ml of the calibration solution. As the 

probes were required to be immersed for calibration, a slightly different method was 

required. Information by the manufacturers required that the probes should be 

immersed in non-reflective vessels with at least 300 mm of clearance between the 

probe lens and the tube bottom. This was accomplished by the manufacture of 

calibration tubes using 100 mm PVC pipe painted internally with automotive 

bumper-bar matt black paint. A rig was set up to hold the probe in the calibration tube 

which was mounted on a magnetic stirring stand so as to ensure the Formazin 

solution remained constant and no settling occurred (Figure P.1).  

 

The calibration tube required approximately 5 L of solution to fill it to ensure the 

required 300mm separation between the probe lens and the base. To calculate the 

calibration solution the following formula was used:  

 

 volumeFinal
NTU Reference

required NTU
×    

 

For example, if 5 L of 500 NTU solution is required from the 4,000 NTU stock, then 

to find the amount to dilute in 5 L will be: 

 

mlml
NTU

NTU 6255000
000,4

500
=×  
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Figure P.1. Probe calibration rig with turbidity probe connected to a CR10 data logger. The 

probe is mounted into the Formazin container which is on a magnetic stirring base 

 

P.2 Probe to logger signal conversion 

As the probes produce information in milliamps (mA) and the Campbells loggers 

record information in millivolts (mV), a conversion is necessary. This is achieved by 

the formula: 

 

V = I × R 

 

Where V is mV, I is mA, and R is resistance measured in ohms. A loop resistor of 

125 ohms converts the mA signal to mV at the logger interface. The Greenspan 

probes have a reported range of 4mA (~0 NTU) and 20 mA (~2000 NTU). So the 

calculation becomes: 
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4mA × 125 ohms = 500 mV 

20mA × 125 ohms = 2500 mV 

    

Thus the raw logger readings will be 500mV for 0 NTU and 2500 for 2000 NTU. For 

convenience, the protocol in the logger can be programmed with a multiplier and an 

offset, which in this case is set at 1 and 500 respectively. So 0 NTU readings becomes 

a 500 mV signal recorded and 2000 NTU becomes 2000 mV.  

 

P.3 Calibration of the probes against Formazin standards 

The manufactures of other brands of probes recommend a four point measurement to 

calibrate the probes against a polymer standard (e.g., Arnerich 2003). This study will 

use eight points of comparison to measure the performance of the probes against the 

standards, particularly to test the assumption of linearity and scatter. A zero point of 

comparison of DI water against the probes will also be included.  

 

For each of the eight Formazin standards and the one DI standard, the probe was 

mounted into the calibration rig as per the photos in Figure P.1. The magnetic stirrer 

was turned on to ensure an even mix of the standard and this was left for 30 minutes 

while the probe equalised with the standards temperature and to ensure there was no 

bubbles around the lens. After this time the magnetic stirrer was turned off and the 

reading from the probe was recorded. This process was repeated for each probe at 

each standard level and the results are shown in Table P-1 and graphically in Figure 

P.2.  
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Table P-1. Results of probe readings in NTU against Formazin standards. 

Standards (NTU) BR 1 BR 2 BR 3 BR 4
0 -0.09 -3.9 -3.9 -1.43
10 10.6 7 4 20 
50 44 49 47 78
100 102 115 120 174
150 136 155 151 212 
250 220 251 253 365
500 415 399 383 588
1000 850 703 720 989 
1500 1707 1278 1298 1774

 

Figure P.2. Results of probe readings in NTU against Formazin standards. 
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 The results show a good fit of the probe readings against the standards with an r2 of 

0.9462 for all 36 results. As seen if Figure P.2, there is some scatter at the higher 

ranges and a slight underestimation for all values, but for the purposes of this study 

linearity will be assumed and errors acceptable provided no electronic drift is found 

during recalibration.  
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APPENDIX Q 
BASE FLOW SEPARATION 

 

It is normal practice when calculating a peak flow/sediment yield storm event to 

firstly identify that portion of the hydrograph that is over and above base flow (i.e., 

what flow is caused by the storm?). Thus it is necessary to separate base flow from 

storm flow. An example of base flow separation is shown in Figure Q.1 where base 

flow is separated from the peak flow using the constant slope method. Then total 

sediment derived during the storm event (‘duration of quickflow’) is calculated by 

multiplying the discharge by the sediment concentration at each time interval for the 

event duration. The storm events ‘peak discharge’ value was recorded along with the 

total sediment yielded. A range of storm events would then be examined to derive 

their peak discharge/total sediment yield values that would then be plotted to form a 

peak discharge/total sediment yield relationship. The flow records were then used to 

identify all the peak flow values, and using the peak discharge/total sediment yield 

relationship a catchment erosion rate was calculated. The details of the SSY process 

as used in this thesis will now be detailed.   
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Figure Q.1. Diagram of a storm event elements (Fahey & Rowe 1992). Base flow is 

separated from quickflow by a constant slope method in this example.  

 

Base flow is defined as the volume of water contributed by ground water. Quick flow 

is the ‘extra’ volume contributed by a rainfall event (Gordon et al. 2004). The 

identification of the peak flow component of stream flow is the first step in the SSY 

method. There are a number of methods to separate peak flow from base flow, the 

simplest being a graphical approach. There are three different graphical approaches 

that can be adopted; there is the constant discharge method, constant slope method, 

and concave method (Figure Q.2). There are also more complicated methods using 

spreadsheets, algorithms, and computing software (Arnold et al. 1995;  Bidin & 

Greer 1997;  Brodie & Hostetler 2005;  Blume et al. 2007). There are arguments for 

and against each approach and a selection is based on the users preference (Dingman 

1994;  Davie 2002).  
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Figure Q.2. Representation of a storm hydrograph with the base flow separation methods of 

2a) constant discharge method, 2b) constant slope method, and 2c) concave method (Brodie 

& Hostetler 2005).   

 
In this study, a modified constant discharge method was used (Figure Q.2, method 

2a). While containing some errors, manual identification of base flow separation 

would only constitute a minor addition to the total error when compared with other 

assumptions used in my study (Rob Davies-Colley pers comm.). Other authors have 

also reported that the accurate measurement of baseflow is not warranted due to the 

negligible sediment content of the baseflow (Burney & Edwards 1994). 
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APPENDIX R 
MODIFICATION OF TURBIDITY AND FLOW RECORDS 

 

R-1 Data alteration 
Gaps that appear in the data (flow and turbidity) are mainly due to technical problems 

such as power failure. The other reason for gaps is that parts of the turbidity data has 

been removed by the author. This occurs primarily for two reasons; one is during 

periods of weir failure and the other for algae growth over the lens.  

 

An example of weir failure is from the EX-10 subcatchment where a storm event 

beginning on the 20/12/2006 caused the temporary plywood weir to fail by allowing 

water around and under the structure (Figure R-1). A site visit on the 25/2/2007 was 

able to restore the integrity of the weir and return the EX-10 site to the average flows 

of around 0.4 to 0.5 l sec-1.  

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

18/12/06 15/1/07 29/1/07 12/2/07 26/2/071/1/07

Fl
ow

 (l
 s

ec
-1

)

Date  
Figure R.1. EX-10 flow data showing the response to a rainfall event that caused the weir to 

fail. The flow drops until the next site visit where repairs were made and normal flow rates 

were restored. The date of the site visit is indicated by the arrow. 
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The second example is also from the EX-10 site where algae has accumulated on the 

turbidity probe lens causing a rise in NTU readings (Figure P-2). The data shown in 

Figure R-2 is the NTU readings from the turbidity probe and the stage height values 

(mm) from the capacitance sensor for July 2006. The NTU values steadily increase 

over a 15 day period although it doesn’t correspond to a rainfall event over the same 

period. A storm event can be seen around the 20th of July causing a rise in the NTU 

and flow (or stage height) values, but the NTU continue to climb until a site visit on 

the 27th of July where the probe was cleaned and NTU values dropped to normal low 

flow levels.  
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 Figure P.2. EX-10 site where algae began to build up on the OBS turbidity probe. This 

caused a steady increase in NTU readings until a site visit allowed the probe to be cleaned 

with an immediate response in NTU values. The date of the site visit is indicated by the 

arrow. 

 

Periods where weirs have failed caused a sudden drop off to low flow values. Periods 

of algae growth resulted in a ‘saw toothed’ pattern and that corresponded with site 

visits that caused a sharp decline in NTU values. The sudden drop off data and saw 
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tooth data were removed from the data set. Sections of the data missing flow records 

were patched so as to form the peak flow/sediment yield relationships in the SSY 

method.      

 

R-2 Method for patching flow records 
To begin calculating an averaged erosion figure from storm/sediment relationships, 

the SSY method requires a continuous flow record to derive a catchment erosion 

estimate. Due to data drop out caused by a range of problems (power failure, 

moisture/condensation, insects, and vandalism), it was necessary to patch the flow 

record.   

 

Of all the four monitoring subcatchments, EX-H was the ‘best’ site in terms of the 

reliability of the instrumentation and had the least amount of missing data. The EX-H 

record was firstly examined for gaps of less than 12 hours and these were filled by 

linear interpolation. The existing EX-H flow record was compared against all the 

other variables (flow and rainfall records at all sites) using multivariate analysis in the 

R statistical software package. The flow record for EX-10 was found to be highly 

correlated with the flow at EX-H (probably because they were located close to one 

another), followed by the rainfall record at Castle Rock. So gaps were filled in EX-H 

by EX-10 and where the EX-10 record was missing, the Castle Rock data was used to 

fill the gaps.  

 

Multivariate analyse of the flow record from AG-P, EX-H6, and EX-10 was 

conducted against the flow record for EX-H and the continuous rainfall records 

obtained from Environment Waikato rainfall records at Castle Rock and Opitonui. 

The result from the correlation matrix was that the flow record from EX-H was the 

best predictor of flow in the other three sites, so the EX-H data was used to patch EX-

H6, EX-10, and AG-P sites. The Castle Rock rainfall record was used to ensure that 

the patched spikes are not outliers and are in fact correlated with real events. The 

resulting p values were in the order of 1 x 10-16 confirming the significance of the 

patches. 



 

 

 

 

344 
 



APPENDIX S 
FLOW AND RAINFALL RECORDS 

 
The flow results show the data where data drop out has occurred and data that has 

been removed due to weir failure and algal growth over the turbidity probes 

(Appendix R). The flow results have been matched with the rainfall records from 

Castle Rock and Opitonui, as well as the rainfall records from the exotic forest six 

month post harvest (EX-H6), exotic forest 10 year post harvest (EX-10), and the 

agricultural pasture (AG-P) suspended sediment monitoring sites (Figure S.1 and 

Figure S.2).  

 

The EX-H site has the highest flows and has the greatest variability in comparison 

with the other three sites in spite of being only the second largest catchment. This 

may indicate that the EX-H site had another source of water other than that from 

runoff, such as a spring system although this was not observed in the field. The other 

three sites (EX-H6, EX-10, and AG-P) show a stable flow pattern outside of rainfall 

events. For both the 2006 and 2007 periods there is a slight decrease in the base flow 

from a mid year high down to a summer low. 

 

Missing data makes many comparisons between rainfall and flow difficult in the 2006 

period. Two events are highlighted in Figure S-1. The first is an August rainfall event 

that is the largest daily total for the year for the Opitonui site and second largest for 

Castle Rock and is also captured at the EX-10 site. There is a large response in the 

EX-H site and EX-10. Another example is the smaller September event which is 

captured by all five rainfall monitoring stations. All four flow records show a 

response but in the EX-H site this is harder to detect as the flow moves from a high 

base flow to a lower base flow.  
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Figure S-1. Rainfall data for the Castle Rock, Opitonui, AG-P, EX-H6, and EX-10, and the 

corresponding flow records for the four monitoring sites for the year 2006.  
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In the 2007 results (Figure S-2), the highest rainfall event (April) for that year clearly 

shows as a flow response in all four stream monitoring sites (and causes a weir failure 

in EX-10). The second highest rainfall event for the Castle Rock record in August 

does not come through as a large event on the local rainfall records, nor the Opitonui 

record. The corresponding flow responses in the monitoring catchments (except AG-

P where the record is missing) are more in line with the local/Opitonui records than 

that of Castle Rock. The rainfall in 2007 became more frequent from July onwards. 

This shows in the flow response for EX-10 and EX-H6 before the records is lost. This 

trend is not so evident in the AG-P site where only the larger events influence flow. 

The EX-H site trend is hard to distinguish from the ‘noise’ of the data, but an 

increasing trend in the base flow is evident as a response to the wetter winter month 

rainfall.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S-2. (next page) Rainfall data for the Castle Rock, Opitonui, AG-P, EX-H6, and EX-

10, and the corresponding flow records for the four monitoring sites for the year 2007. 
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APPENDIX T 
PEAK FLOW AND SEDIMENT YIELD STORM EVENTS 

FOR THE FOUR SUSPENDED SEDIMENT MONITORING 

SITES 

 
 
Table T-1. The storm event peak flow and total sediment results for the exotic forest post 

harvested monitoring site.   

Start date & time 
(dd/mm/yyyy_hh:mm) 

End date & time 
(dd/mm/yyyy_hh:mm) 

Sediment 
yield (kg) 

Peak flow 
(l sec-1) 

01/04/2006 04:30 03/04/2006 02:30 66 2.34 
18/04/2006 18:15 19/04/2006 16:45 83 2.3 
24/04/2006 21:00 26/04/2006 06:00 23.5 1.69 
29/04/2006 03:30 29/04/2006 22:45 67.4 2.3 
26/05/2006 21:15 28/05/2006 21:15 106 2.1 
04/06/2006 04:30 05/06/2006 08:00 5.6 0.9 
19/07/2006 13:00 20/07/2006 08:45 18.7 3.6 
05/08/2006 14:15 06/08/2006 21:45 228 3.8 
09/09/2006 11:15 10/09/2006 14:45 56.8 2.57 
13/11/2006 01:30 14/11/2006 05:00 31.1 1.79 
30/11/2006 11:30 01/12/2006 14:45 25.3 1.09 
28/03/2007 16:30 30/03/2007 18:15 547.7 4.94 
23/05/2007 14:15 24/05/2007 13:30 58 3.02 
16/07/2007 07:00 16/07/2007 20:30 60.5 5.67 
29/07/2007 05:30 30/07/2007 13:30 60.3 4.2 
23/02/2008 04:30 24/02/2008 00:15 38.9 2.9 
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Table T-2. The storm event peak flow and total sediment results for the exotic forest six 

month post harvested monitoring site.   

Start date & time 
(dd/mm/yyyy_hh:mm) 

End date & time 
(dd/mm/yyyy_hh:mm) 

Sediment 
yield (kg) 

Peak flow 
(l sec-1) 

02/03/2006 20:45 03/03/2006 04:45 2.4 2.59 
07/03/2006 12:00 08/03/2006 14:15 50.21 0.81 
26/08/2006 20:30 27/08/2006 08:15 2 0.85 
02/10/2006 20:30 03/10/2006 10:15 1.7 0.76 
30/11/2006 11:00 30/11/2006 21:45 3.1 0.92 
09/01/2007 06:30 10/01/2007 14:00 14.2 0.89 
13/01/2007 16:30 14/01/2007 22:45 20 1.42 
29/03/2007 03:00 31/03/2007 17:00 87.1 1.66 
23/05/2007 13:15 24/05/2007 02:45 6.6 0.76 
20/06/2007 10:45 21/06/2007 11:30 17.2 1.08 
22/06/2007 07:45 22/06/2007 22:45 10 0.9 
29/06/2007 14:30 01/07/2007 06:45 33.2 1.16 
01/07/2007 10:00 02/07/2007 10:00 14.3 0.86 
06/07/2007 11:45 08/07/2007 00:15 26.3 1.07 
10/07/2007 06:15 12/07/2007 18:30 47.3 1.17 
16/07/2007 06:15 17/07/2007 21:00 18 0.95 

 

 

Table T-3. The storm event peak flow and total sediment results for the exotic forest 10 year 

post harvested monitoring site.   

Start date & time 
(dd/mm/yyyy_hh:mm) 

End date & time 
(dd/mm/yyyy_hh:mm) 

Sediment 
yield (kg) 

Peak flow 
(l sec-1) 

04/06/2006 04:00 04/06/2006 18:00 3.6 0.99 
19/07/2006 09:45 20/07/2006 07:30 3.8 0.95 
02/10/2006 07:00 03/10/2006 14:00 5 1.2 
30/11/2006 09:30 01/12/2006 06:30 18.5 0.95 
28/03/2007 08:15 30/03/2007 06:30 13.3 2.1 
30/04/2007 18:30 01/05/2007 14:45 1.6 0.8 
23/05/2007 13:00 24/05/2007 20:30 2.8 0.87 
14/06/2007 03:15 15/06/2007 15:15 3.9 0.98 
20/06/2007 10:15 21/06/2007 11:15 2.8 0.97 
22/06/2007 07:45 23/06/2007 03:15 1.8 0.82 
30/07/2007 03:30 01/08/2007 23:30 16.5 1.9 
05/08/2007 15:00 06/08/2007 11:15 4.3 0.94 
09/09/2007 06:15 10/09/2007 15:45 4.1 0.89 
16/09/2007 09:30 17/09/2007 08:45 4 0.9 
01/10/2007 13:45 02/10/2007 16:15 22.3 3.3 
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Table T-4. The storm event peak flow and total sediment results for the agricultural pasture 

monitoring site.   

Start date & time 
(dd/mm/yyyy_hh:mm) 

End date & time 
(dd/mm/yyyy_hh:mm) 

Sediment 
yield (kg) 

Peak flow 
(l sec-1) 

07/03/2006 15:30 08/03/2006 15:00 1.03 1.08 
26/05/2006 14:00 27/05/2006 15:30 55.1 3.14 
26/08/2006 15:15 27/08/2006 17:00 7.6 1.3 
09/09/2006 08:30 10/09/2006 09:45 14.7 1.88 
02/10/2006 21:00 03/10/2006 14:15 4 1 
23/10/2006 10:45 24/10/2006 06:00 13.8 0.84 
30/11/2006 09:00 30/11/2006 20:00 1.6 0.9 
09/01/2007 06:30 10/01/2007 13:15 8.3 0.83 
29/03/2007 02:15 30/03/2007 21:45 31 2.6 
14/06/2007 12:45 15/06/2007 20:30 9.5 0.96 
20/06/2007 10:15 21/06/2007 16:00 17.2 2.3 
18/12/2007 20:45 19/12/2007 18:15 3.8 0.77 
01/03/2008 18:15 02/03/2008 14:15 6.1 0.81 
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APPENDIX U 

PEAK FLOW AND SEDIMENT YIELD STORM EVENTS 

U.1 Introduction 
The graphs in this appendix are summaries of the storm event data that was used to 

form the peak flow and sediment yield relationships for the Suspended Sediment 

Yield (SSY) method. The graphs summarise the flow (from which the peak flow is 

identified) and the suspended sediment concentration (SSC) in mg L-1 for each storm 

event. The total sediment yield is calculated by multiplying the SSC by the flow for 

each 15 minute period of the storm event. The detail of the 15 minute logged data is 

contained in the CD accompanying this thesis.  
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U.2 Exotic forest recently harvested (EX-H) 
 

U.2.1 Storm event 1-4-2006 
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U.2.2 Storm event 18-4-2006 
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U.2.3 Storm event 24-4-2006 
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U.2.4 Storm event 29-4-2006 
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U.2.5 Storm event 26-5-2006 
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U.2.6 Storm event 4-6-2006 
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U.2.7 Storm event 19-7-2006 
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U.2.8 Storm event 5-8-2006 
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U.2.9 Storm event 9-9-2006 
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U.2.10 Storm event 13-11-2006 
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U.2.11 Storm event 30-11-2006 
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U.2.12 Storm event 28-3-2007 

 

0

1

2

3

4

5

6
28

/0
3/

20
07

 1
6:

30
:0

0

28
/0

3/
20

07
 1

9:
30

:0
0

28
/0

3/
20

07
 2

2:
30

:0
0

29
/0

3/
20

07
 0

1:
30

:0
0

29
/0

3/
20

07
 0

4:
30

:0
0

29
/0

3/
20

07
 0

7:
30

:0
0

29
/0

3/
20

07
 1

0:
30

:0
0

29
/0

3/
20

07
 1

3:
30

:0
0

29
/0

3/
20

07
 1

6:
30

:0
0

29
/0

3/
20

07
 1

9:
30

:0
0

29
/0

3/
20

07
 2

2:
30

:0
0

30
/0

3/
20

07
 0

1:
30

:0
0

30
/0

3/
20

07
 0

4:
30

:0
0

30
/0

3/
20

07
 0

7:
30

:0
0

30
/0

3/
20

07
 1

0:
30

:0
0

30
/0

3/
20

07
 1

3:
30

:0
0

30
/0

3/
20

07
 1

6:
30

:0
0

L/
se

c

 
 

0

500

1000

1500

2000

2500

3000

3500

28
/0

3/
20

07
 1

6:
30

:0
0

28
/0

3/
20

07
 1

9:
30

:0
0

28
/0

3/
20

07
 2

2:
30

:0
0

29
/0

3/
20

07
 0

1:
30

:0
0

29
/0

3/
20

07
 0

4:
30

:0
0

29
/0

3/
20

07
 0

7:
30

:0
0

29
/0

3/
20

07
 1

0:
30

:0
0

29
/0

3/
20

07
 1

3:
30

:0
0

29
/0

3/
20

07
 1

6:
30

:0
0

29
/0

3/
20

07
 1

9:
30

:0
0

29
/0

3/
20

07
 2

2:
30

:0
0

30
/0

3/
20

07
 0

1:
30

:0
0

30
/0

3/
20

07
 0

4:
30

:0
0

30
/0

3/
20

07
 0

7:
30

:0
0

30
/0

3/
20

07
 1

0:
30

:0
0

30
/0

3/
20

07
 1

3:
30

:0
0

30
/0

3/
20

07
 1

6:
30

:0
0

SS
C 

(m
g/

L)

 



Appendix U                                                                                          
 

366 
 

 

U.2.13 Storm event 23-5-2007 
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U.2.14 Storm event 16-7-2007 
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U.2.15 Storm event 29-7-2007 
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U.2.16 Storm event 23-2-2008 
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U.3 Exotic forest six month post harvest (EX-H6) 
U.3.1 Storm event 2-3-2006 
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U.3.2 Storm event 7-3-2006 
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U.3.3 Storm event 26-8-2006 
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U.3.4 Storm event 2-10-2006 
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U.3.5 Storm event 30-11-2006 
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U.3.6 Storm event 9-1-2007 
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U.3.7 Storm event 13-1-2007 
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U.3.8 Storm event 29-3-2007 
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U.3.9 Storm event 23-5-2007 
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U.3.10 Storm event 20-6-2007 
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U.3.11 Storm event 22-6-2007 
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U.3.12 Storm event 29-6-2007 
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U.3.13 Storm event 1-7-2007 
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U.3.14 Storm event 6-7-2007 
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U.3.15 Storm event 10-7-2007 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4
10

/0
7/

20
07

 0
6:

15
:0

0

10
/0

7/
20

07
 1

0:
00

:0
0

10
/0

7/
20

07
 1

3:
45

:0
0

10
/0

7/
20

07
 1

7:
30

:0
0

10
/0

7/
20

07
 2

1:
15

:0
0

11
/0

7/
20

07
 0

1:
00

:0
0

11
/0

7/
20

07
 0

4:
45

:0
0

11
/0

7/
20

07
 0

8:
30

:0
0

11
/0

7/
20

07
 1

2:
15

:0
0

11
/0

7/
20

07
 1

6:
00

:0
0

11
/0

7/
20

07
 1

9:
45

:0
0

11
/0

7/
20

07
 2

3:
30

:0
0

12
/0

7/
20

07
 0

3:
15

:0
0

12
/0

7/
20

07
 0

7:
00

:0
0

12
/0

7/
20

07
 1

0:
45

:0
0

12
/0

7/
20

07
 1

4:
30

:0
0

12
/0

7/
20

07
 1

8:
15

:0
0

L/
se

c

 
 

0
100
200
300
400
500
600
700
800
900

1000

10
/0

7/
20

07
 0

6:
15

:0
0

10
/0

7/
20

07
 1

0:
00

:0
0

10
/0

7/
20

07
 1

3:
45

:0
0

10
/0

7/
20

07
 1

7:
30

:0
0

10
/0

7/
20

07
 2

1:
15

:0
0

11
/0

7/
20

07
 0

1:
00

:0
0

11
/0

7/
20

07
 0

4:
45

:0
0

11
/0

7/
20

07
 0

8:
30

:0
0

11
/0

7/
20

07
 1

2:
15

:0
0

11
/0

7/
20

07
 1

6:
00

:0
0

11
/0

7/
20

07
 1

9:
45

:0
0

11
/0

7/
20

07
 2

3:
30

:0
0

12
/0

7/
20

07
 0

3:
15

:0
0

12
/0

7/
20

07
 0

7:
00

:0
0

12
/0

7/
20

07
 1

0:
45

:0
0

12
/0

7/
20

07
 1

4:
30

:0
0

12
/0

7/
20

07
 1

8:
15

:0
0

S
CC

 (m
g/

L)

 
 



Appendix U                             
 

385 
 

 

U.3.16 Storm event 16-7-2007 
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U.4 Exotic forest ten years post harvest (EX-10) 
U.4.1 Storm event 4-6-2006 
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U.4.2 Storm event 19-7-2006 
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U.4.3 Storm event 2-10-2006 
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U.4.4 Storm event 30-11-2006 
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U.4.5 Storm event 28-3-2007 
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U.4.6 Storm event 30-4-2007 
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U.4.7 Storm event 23-5-2007 
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U.4.8 Storm event 14-6-2007 
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U.4.9 Storm event 20-6-2007 
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U.4.10 Storm event 22-6-2007 
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U.4.11 Storm event 30-7-2007 
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U.4.12 Storm event 5-8-2007 
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U.4.13 Storm event 9-9-2007 
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U.4.14 Storm event 16-9-2007 
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U.4.15 Storm event 1-10-2007 
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U.5 Agricultural pastures (AG-P) 
U.5.1 Storm event 7-3-2006 

0

0.2

0.4

0.6

0.8

1

1.2

07
/0

3/
20

06
 1

5:
30

:0
0

07
/0

3/
20

06
 1

7:
00

:0
0

07
/0

3/
20

06
 1

8:
30

:0
0

07
/0

3/
20

06
 2

0:
00

:0
0

07
/0

3/
20

06
 2

1:
30

:0
0

07
/0

3/
20

06
 2

3:
00

:0
0

08
/0

3/
20

06
 0

0:
30

:0
0

08
/0

3/
20

06
 0

2:
00

:0
0

08
/0

3/
20

06
 0

3:
30

:0
0

08
/0

3/
20

06
 0

5:
00

:0
0

08
/0

3/
20

06
 0

6:
30

:0
0

08
/0

3/
20

06
 0

8:
00

:0
0

08
/0

3/
20

06
 0

9:
30

:0
0

08
/0

3/
20

06
 1

1:
00

:0
0

08
/0

3/
20

06
 1

2:
30

:0
0

08
/0

3/
20

06
 1

4:
00

:0
0

L/
se

c

 
 

0
10
20
30
40
50
60
70
80
90

100

07
/0

3/
20

06
 1

5:
30

:0
0

07
/0

3/
20

06
 1

7:
00

:0
0

07
/0

3/
20

06
 1

8:
30

:0
0

07
/0

3/
20

06
 2

0:
00

:0
0

07
/0

3/
20

06
 2

1:
30

:0
0

07
/0

3/
20

06
 2

3:
00

:0
0

08
/0

3/
20

06
 0

0:
30

:0
0

08
/0

3/
20

06
 0

2:
00

:0
0

08
/0

3/
20

06
 0

3:
30

:0
0

08
/0

3/
20

06
 0

5:
00

:0
0

08
/0

3/
20

06
 0

6:
30

:0
0

08
/0

3/
20

06
 0

8:
00

:0
0

08
/0

3/
20

06
 0

9:
30

:0
0

08
/0

3/
20

06
 1

1:
00

:0
0

08
/0

3/
20

06
 1

2:
30

:0
0

08
/0

3/
20

06
 1

4:
00

:0
0

SS
C 

(m
g/

L)

 
 



Appendix U                                                                                          
 

402 
 

 

U.5.2 Storm event 26-5-2006 
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U.5.3 Storm event 26-8-2006 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

26
/0

8/
20

06
 1

5:
15

:0
0

26
/0

8/
20

06
 1

7:
00

:0
0

26
/0

8/
20

06
 1

8:
45

:0
0

26
/0

8/
20

06
 2

0:
30

:0
0

26
/0

8/
20

06
 2

2:
15

:0
0

27
/0

8/
20

06
 0

0:
00

:0
0

27
/0

8/
20

06
 0

1:
45

:0
0

27
/0

8/
20

06
 0

3:
30

:0
0

27
/0

8/
20

06
 0

5:
15

:0
0

27
/0

8/
20

06
 0

7:
00

:0
0

27
/0

8/
20

06
 0

8:
45

:0
0

27
/0

8/
20

06
 1

0:
30

:0
0

27
/0

8/
20

06
 1

2:
15

:0
0

27
/0

8/
20

06
 1

4:
00

:0
0

27
/0

8/
20

06
 1

5:
45

:0
0

L/
se

c

 
 

0
100
200
300
400
500
600
700
800
900

1000

26
/0

8/
20

06
 1

5:
15

:0
0

26
/0

8/
20

06
 1

7:
00

:0
0

26
/0

8/
20

06
 1

8:
45

:0
0

26
/0

8/
20

06
 2

0:
30

:0
0

26
/0

8/
20

06
 2

2:
15

:0
0

27
/0

8/
20

06
 0

0:
00

:0
0

27
/0

8/
20

06
 0

1:
45

:0
0

27
/0

8/
20

06
 0

3:
30

:0
0

27
/0

8/
20

06
 0

5:
15

:0
0

27
/0

8/
20

06
 0

7:
00

:0
0

27
/0

8/
20

06
 0

8:
45

:0
0

27
/0

8/
20

06
 1

0:
30

:0
0

27
/0

8/
20

06
 1

2:
15

:0
0

27
/0

8/
20

06
 1

4:
00

:0
0

27
/0

8/
20

06
 1

5:
45

:0
0

S
SC

 (m
g/

L)

 



Appendix U                                                                                          
 

404 
 

 

U.5.4 Storm event 9-9-2006 
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U.5.5 Storm event 2-10-2006 
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U.5.6 Storm event 23-10-2006 
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U.5.7 Storm event 30-11-2006 
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U.5.8 Storm event 9-1-2007 
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U.5.9 Storm event 29-3-2007 
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U.5.9 Storm event 14-6-2007 
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U.5.10 Storm event 20-6-2007 
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U.5.11 Storm event 18-12-2007 
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U.5.12 Storm event 1-3-2008 
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APPENDIX V 
STORM SEDIMENT YIELD CALCULATION 

 
 
The peak flow/sediment yield relationships xy pairs were established by linear 

regression on a log-log plot in Sigmaplot. To accurately calculate the total sediment 

yielded from all identified peak flows, the peak flows were converted to log base 10. 

The Sigmaplot regression relationship was then used to calculate sediment yield for 

each peak flow in an Excel spreadsheet, and the final sediment value in kilograms was 

calculated (or ‘converted back’) by taking the anti-logs of the fitted values. All the 

sediment yields were summed to calculate a total sediment yield.  
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APPENDIX W 
STORM HYSTERISIS 

 

 

The flow data was also used on an event basis to examine the response of suspended 

sediment concentrations by plotting the data to form storm hysteresis graphs. Storm 

hysteresis graphs are useful in that they can indicate conditions of the catchment and 

sediment supply conditions by clockwise, anticlockwise, or linear responses during 

rainfall events (Baca 2008;  Gao 2008) (Figure W.1).  

 

 
Figure W.1. Storm hysteresis graphs showing the three typical responses; linear, clockwise, 

and anticlockwise along with the interpretation of sediment supply conditions (after 

(Williams 1989) and (Hudson 2003) as cited in (McKergow et al. 2007).  
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Storm hysteresis examples for the four monitoring sites are presented in Figure W.2. 

In Figure W.2-A shows a first storm event for the EX-H site after logging operations 

and it is the only hysteresis of the group to show an anti-clockwise trend. This would 

indicate the ample supply of sediment and high soil erosion conditions after tree 

removal and surface disturbance from logging operations. In contrast, Figure W.2-B 

shows the EX-H site approximately 13 months after logging and the hysteresis has 

reversed into a clock-wise trend. As the catchment recovers by ground cover increase, 

sediment supply is not so available and is depleted near the peak flow or on the 

falling limb of the hydrograph. Figure W.2-C shows the EX-10 site with a clock-wise 

trend, also indicating that there is sediment depletion. The AG-P site in Figure W.2-D 

also shows a clockwise trend, but it is very narrow in comparison with the other 

catchments and is approaching a liner relationship. This would indicate that sediment 

supply is more readily available, possible from in-stream sources such as stock 

crossing points and stock disturbance of the stream line. Figure W.2-E is from the 

EX-H6 site which also shows a clockwise trend that would indicate that recovery of 

the catchment after logging is constraining the supply of sediment.  
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Figure W.2. Storm hysteresis graphs for the four subcatchments. A) EX-H first storm event 

after harvesting on 21-4-06; B) EX-H 13 month later on 24-5-07; C) EX-10 storm event on 

24-5-2007; D) AG-P storm event on 27-8-2006; E) EX-H6 storm event on 20-12-06 and F) 

EX-H6 storm event for 11-1-2007.  

 

It should be noted that the storm hysteresis examples from the four monitoring sites 

were selected as they displayed clear relationships between flow and SSC. As often 
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as not, a storm hysteresis would have a more complex behaviour during an event as 

shown in Figure W.2-F. This is not unexpected as a Spanish study found four types of 

hysteretic loops (line, clockwise, anticlockwise, and 8 shaped) for the one catchment 

(Zabaleta et al. 2007).         

 
 

 

 

 

 

 
 

 

 
 

 



APPENDIX X 
STREAM SEDIMENT STORAGE RESULTS 
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