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Abstract
Solutes, suspended sediment and bedload calculations are important for understanding
the dynamic processes of flow pathways and geomorphic change. Large amounts of
solute and sediment studies have focused on alpine environments within New Zealand
with little attention given to temperate forests, an important and valued component of
the New Zealand’s land use. This aims of this study is to quantify all three loads (solute,
suspended sediment and bedload) for a pristine temperate forest, suitable as a future
reference catchment. Over the ten-month study, 14 event flows were evaluated utilising
15-minute stage, specific conductivity and turbidity data as well as grab samples and
post event reach surveys. Annual solute load was 14.85 t km-2 yr-1 (53% of total load),
slightly higher than the annual suspended sediment load of 12.79 t km-2 yr-1 (45%).
Bedload was a smaller proportion of total load with 0.57 t km-2 yr-1 (2%), 4% of
suspended sediment. The chemical composition demonstrated a schist-dominated
catchment with calcium bicarbonate waters travelling through subsurface pathways.
Hysteresis analysis suggests that solutes do not respond to initial flushing of old water
and are, therefore, completely dominated by dilution effects of incoming new water for
each event. Suspended sediment hysteresis, however, showed variation over events.
Clockwise hysteresis was dominant, which indicated the majority of events showed
mobilisation of in-stream sediment. Anti-clockwise hysteresis was also evident in
following peaks coupled with reduced sediment loads indicating temporary catchment
exhaustion of fine sediment. Seasonality effects were observed for solute loads whereby
winter showed the lowest rate of solute accumulation and autumn the highest. Sediment
loads were in comparison purely dominated by event flows. Bedload surveys showed
evidence of deposition and erosion over the study period. Deposition was attributed to
sediment build up behind upstream large woody debris which was subsequently
removed and sediment deposited within the reach. Erosion occurred due to prior
catchment stress and through threshold discharge evacuating sediment.

ii

Acknowledgements
I would like to thank the following people who have helped me throughout the year in
the completion of this thesis:



Dr. Sarah Mager for the guidance and support on this project and Masters. I
have learnt a lot from continuing onto Masters and I am glad I did it, but most of
all you have help me realise that I truly enjoy studying and teaching other about
rivers.



Julie Clark for all the teaching of methods and laboratory work you helped me
with and not being too fazed by the many “floods” I caused in the lab.



Dave and Nigel for again getting used to the late notice H&S forms and
equipment grabs as well as teaching me how to use lots of interesting
equipment.



The Otago Regional Council and the Dunedin City Council Waste Water
Business unit for land access, permission to install the gauging station and the
data exchanges.



To all the staff and residential leader team at Salmond College, you guys are the
best and it would not feel like home without you.



My mum and sister for always being supportive, you guys never fail to amaze
me.



Kane, for looking after me when it rains, coming to the sandfly central, late
night laboratory dates and encouraging me all the way.

iii

Table of Contents
Abstract .............................................................................................................................. ii
Acknowledgements ........................................................................................................... iii
Table of Contents ............................................................................................................. iv
List of Tables ................................................................................................................... vii
List of Figures ................................................................................................................... ix

Chapter 1 Introduction ..................................................................................................... 1

Chapter 2 Solute, suspended sediment and bedloads: A theoretical review ............... 5
2.1

Hydro-chemistry, understanding solute loads ...................................................... 5

2.1.1

International and New Zealand solutes ........................................................ 5

2.1.2

Flow pathways and solute chemistry ............................................................ 7

2.1.3

Identification of solute sources ................................................................... 12

2.2

Fluvial geomorphology, understanding suspended sediment and bedload ........ 18

2.2.1

International and New Zealand suspended sediment and bedload ............. 18

2.2.2

Influences on river channel morphology..................................................... 22

2.2.3

Sources and supply of sediments ................................................................. 25

2.2.4

Uncertainty around bedload measurement ................................................. 26

2.3

Research questions and expected outcomes ....................................................... 28

Chapter 3 Methods .......................................................................................................... 31
3.1

Research strategy ................................................................................................ 31

3.2

Field site description........................................................................................... 33

3.2.1

Catchment characteristics ........................................................................... 33

3.2.2

Local climatological and hydrological patterns ......................................... 36
iv

3.3

Field equipment and methods ............................................................................. 38

3.3.1

Discharge .................................................................................................... 38

3.3.2

Surface water continuous measurements .................................................... 40

3.3.3

Surface water samples................................................................................. 41

3.3.4

Total reach surveys ..................................................................................... 41

3.4

Laboratory analysis ............................................................................................ 42

3.4.1

Total dissolved solids analysis .................................................................... 42

3.4.2

Total suspended solids analysis .................................................................. 44

3.5

Data analysis ....................................................................................................... 45

3.5.1

Time series smoothing ................................................................................. 45

3.5.2

Total yearly and specific catchment loads .................................................. 46

3.5.3

Principal component analysis ..................................................................... 46

3.5.4

Hysteresis and chemo-graphs ..................................................................... 47

3.5.5

Ion analysis ................................................................................................. 47

3.5.6

Morphometric bedload calculation ............................................................. 47

3.5.7

Channel change 3D surface maps............................................................... 49

Chapter 4 Results ............................................................................................................ 50
4.1

Silver Stream hydro-chemistry overview ........................................................... 50

4.2

Temporal trends and variation ............................................................................ 51

4.3

Factors influencing solutes and sediments ......................................................... 57

4.4

Solute and sediment loads .................................................................................. 58

4.5

Event flow hysteresis .......................................................................................... 62

4.6

Chemical composition ........................................................................................ 71

4.7

Bedload and geomorphic change ........................................................................ 75

4.8

Results summary ................................................................................................ 85

v

Chapter 5 Discussion....................................................................................................... 87
5.1

Solute chemistry ................................................................................................. 87

5.2

Suspended sediment dynamics ........................................................................... 93

5.3

Changes in channel reach form .......................................................................... 99

5.4

Collaboration of solutes, suspended sediments and Bedload ........................... 105

5.5

Limitations and future research ........................................................................ 108

Chapter 6 Conclusion ................................................................................................... 111

References ...................................................................................................................... 113
Appendix A - Data (CD-ROM) .................................................................................... 124
Appendix B - Morphometric Method .......................................................................... 125

vi

List of Tables
Table 2.1

Dissolved solid loads for international Rivers showing catchment land
use, catchment area and dissolved solid loads. ............................................ 6

Table 2.2

Common major (> 5 mg l-1) and minor (0.01 - 10 mg l-1) constituents
of groundwater ........................................................................................... 13

Table 2.3

Pattern of hysteresis and concentration to discharge relationships for
water quality variables for the Skeena River, British Columbia ................ 17

Table 2.4

Suspended sediment loads for international rivers, international
forested rivers and two New Zealand Rivers showing catchment land
use, catchment area and sediment loads. .................................................... 19

Table 2.5

Bedloads for international rivers and the total South Island of New
Zealand showing catchment area, time frame and bedloads. ..................... 21

Table 3.1

Specifications for each YSI probe, range, accuracy and resolution. .......... 41

Table 3.2

The detection limit, precision and accuracy of the analytical methods
for determining anions and cations on the ICS .......................................... 42

Table 4.1

Descriptive statistics showing mean, median, standard deviation and
range of field study data. Data includes flow and climate
measurements, in-stream continuous water quality constituents and
solute concentrations from discrete grab samples. ..................................... 51

Table 4.2

Pearson’s correlation matrix showing correlations between rainfall,
discharge, specific conductivity, total suspended solids and pH for
average daily data (total daily for rainfall, median for pH). ....................... 57

Table 4.3

Event loads for total dissolved solids and total suspended solids
showing TDS and TSS for events in tonnes as well as standardised in
tonnes day-1................................................................................................. 59

Table 4.4

Study period, average yearly loads and specific loads for total
dissolved solids and total suspended solids.. .............................................. 60

Table 4.5

Summary of hysteresis complexity and direction for specific
conductivity and total suspended solids. .................................................... 62

Table 4.6

Morphological unit changes between surveys, total bedload change
between surveys and the calculated total study and yearly bedloads. ........ 76

Table 4.7

Longitudinal survey slopes showing reach slope (full) and divided
slopes; slope 1 and slope 2 ......................................................................... 85
vii

Table 5.1

Calculation of total load with percentages of each solute, suspended
sediment and bedload in relation to total load. Note: Addition of
events 4, 5, 9a and 9b have been included. .............................................. 106

Table 5.2

Calculation of denudation rates showing the specific loads and
denudation rates for chemical and mechanical denudation.. .................... 107

viii

List of Figures
Figure 1.1

Solute, suspended sediment and bedload transportation with basic
impacts of increases and decrease to a stream where solute impacts are
green and sediment impacts are red. ............................................................ 2

Figure 2.1

Stiff diagrams for New Zealand median, world average fresh water
and seawater concentrations. ........................................................................ 7

Figure 2.2

Processes affecting a streams solute composition within a catchment.. ...... 8

Figure 2.3

Equilibrium between exchangeable and soil solution cations .................... 12

Figure 2.4

Example piper diagram of the studied samples in three watersheds in
northern Xinjiang, China. ........................................................................... 14

Figure 2.5

A schematic diagram of solute transport within a hillslope.. ..................... 15

Figure 2.6

Possible hysteresis effects between discharge (Q) and an analyte with
a positive (P) or negative (N) relationship with discharge. Possible
hysteresis patterns include linear, clockwise and anti-clockwise
directions. ................................................................................................... 16

Figure 2.7

Raster map of specific yield of river suspended sediment generated by
empirical GIS model and sediment yields to coast (Mt/y) totalled by
region .......................................................................................................... 20

Figure 2.8

Hjustrom diagram showing entrainments and fall velocities for a range
of particles. ................................................................................................. 22

Figure 2.9

Morphological budget for a single reach showing two cross sections
for depth variation and the identification of morphological units. ............. 28

Figure 3.1

Flow chart of research methods starting with the research objective
through to data collection and analysis. ..................................................... 33

Figure 3.2

Location map of upper Silver Stream catchment, Mosgiel, New
Zealand. Map shows upper Silver Stream network, 50 m contours and
location of reach gauging station................................................................ 34

Figure 3.3

Upper Silver Stream catchment showing the homogenous nature of a)
the natural forest land use, b) the brown soil classification and c) the
schist geology. ............................................................................................ 35

Figure 3.4

Panoramic photograph of field site reach looking upstream showing
geomorphic features annotated. .................................................................. 36

ix

Figure 3.5

Average monthly precipitation (mm) and air temperature (ºC) for
Mosgiel (1952 – 2008) and Dunedin Airport (1962-2012) stations
respectively ................................................................................................. 37

Figure 3.6

SR50A sonic ranger set up and calculation of stage .................................. 39

Figure 3.7

Stage-discharge relationship using SR50A stage and gulp dilution
gauging at Silver Stream over various flow events. ................................... 40

Figure 3.8

Specific conductivity-total dissolved solids relationship using YSI
sonde specific conductivity and total dissolved solids analysis from
surface water samples at Silver Stream over various flow events. ............ 44

Figure 3.9

Turbidity-total suspended solids relationship using YSI sonde turbidity
and total suspended solids analysis from surface water samples at
Silver Stream over various flow events. ..................................................... 45

Figure 3.10 Diagrammatic representation of morphological units A (sand/gravel
bar), B (channel) and C (erosion bank) and multiple cross sections for
Silver Stream morphometric method bedload calculation. ........................ 48
Figure 4.1

Time series at Silver Stream from the 1st of July 2011 to the 6th of May
2012 of: a)

15-minute interval precipitation at Swampy Spur, b)

15-minute interval discharge showing the 14 event flows and c) Insert
of representative hydrograph with a single peak (Event 8). ....................... 53
Figure 4.2

Time series of 15-minute interval specific conductivity at Silver
Stream from a) the 1st of July 2011 to the 6th of May 2012 and b) Insert
of representative series from late February to late March .......................... 55

Figure 4.3

Time series of 15-minute interval total suspended solids at Silver
Stream (smoothed) from a) the 1st of July 2011 to the 6th of May 2012
and b) Insert of representative series from mid to late August .................. 56

Figure 4.4

Principle Component Analysis (PCA) loading for daily average
specific conductivity, pH, discharge, total suspended solids and total
daily rainfall from Whare Flat with loading cluster circled. ...................... 58

Figure 4.5

Runoff volume (clear) alongside total suspended solids (red) and total
dissolved solids (green) for each recorded event. ...................................... 59

Figure 4.6

Total dissolved solids load accumulation plot alongside discharge. .......... 61

Figure 4.7

Total suspended sediment load accumulation plot alongside discharge.. .. 61

Figure 4.8

Chemo-graph and hysteresis analysis for 15-minute discharge (black)
and specific conductivity (green) data for events 1, 2, 3a and 3b. ............. 64
x

Figure 4.9

Chemo-graph and hysteresis analysis for 15-minute discharge (black)
and specific conductivity (green) data for events 6, 7, 8 and 10. ............... 65

Figure 4.10 Chemo-graph and hysteresis analysis for 15-minute discharge (black)
and specific conductivity (green) data for events 11, 12, 13 and 14. ......... 66
Figure 4.11 Chemo-graph and hysteresis analysis for 15-minute discharge (black)
and total suspended solid (red) data for events 1, 2, 3a and 3b. ................. 68
Figure 4.12 Chemo-graph and hysteresis analysis for 15-minute discharge (black)
and total suspended solid (red) data for events 6, 7, 8 and 10.................... 69
Figure 4.13 Chemo-graph and hysteresis analysis for 15-minute discharge (black)
and total suspended solid (red) data for events 11, 12, 13 and 14.............. 70
Figure 4.14 a) Piper diagram of all water samples (average in red), b) Stiff plot of
average samples and c) Ion balance of average samples............................ 72
Figure 4.15 a) Piper diagram of base flow water samples in late September to midOctober (0.05 m3 s-1 and below) with the average from samples in
yellow, b) Stiff plot of average base flow sample and c) Ion balance of
average base flow samples.. ....................................................................... 73
Figure 4.16 a, Piper diagram of event 3a and 3b water samples (0.18 m3 s-1 and
above) with the average of samples in blue, b, Stiff plot of average
event3a and 3b flow sample, c, Ion balance of average event 3a and 3b
samples.. ..................................................................................................... 74
Figure 4.17 Discharge of Silver Stream showing dates when survey measurements
were taken in relation to event flows.......................................................... 75
Figure 4.18 Total volumetric change (m3) between channel surveys using the
morphometric method. ............................................................................... 76
Figure 4.19 Volumetric change between channel surveys showing individual
morphological units (A = sand/gravel bar on true left, B = channel and
C = erosion bank on true right). ................................................................. 77
Figure 4.20 Channel morphology during winter - Survey 1, 16th June 2011, a) a
contour map showing cross sections of interest at 3, 11, 21 and 30
meters, b) complementary 3D surface map with main geomorphic
features annotated.. ..................................................................................... 79
Figure 4.21 Channel morphology during spring - survey 2, 10th September 2011, a)
a contour map showing cross sections of interest at 3, 11, 21 and 30

xi

meters, b) complementary 3D surface map with main geomorphic
features annotated. ...................................................................................... 80
Figure 4.22 Channel morphology during spring - Survey 3, 30th October 2011, a) a
contour map showing cross sections of interest at 3, 11, 21 and 30
meters, b) complementary 3D surface map with main geomorphic
features annotated. ...................................................................................... 81
Figure 4.23 Channel morphology during spring – Survey 4, 27th November 2011,
a) a contour map showing cross sections of interest at 3, 11, 21 and 30
meters, b) complementary 3D surface map with main geomorphic
features annotated. ...................................................................................... 82
Figure 4.24 Channel morphology during summer – Survey 5, 28th February 2012,
a) a contour map showing cross sections of interest at 3, 11, 21 and 30
meters, b) complementary 3D surface map with main geomorphic
features annotated. ...................................................................................... 83
Figure 4.25 Channel morphology during autumn – Survey 6, 15th March 2012, a) a
contour map showing cross sections of interest at 3, 11, 21 and 30
meters, b) complementary 3D surface map with main geomorphic
features annotated.. ..................................................................................... 84
Figure 5.1

Suspended sediment yield for the upper Silver Stream catchment
(approximate boundary in black) and surrounding areas based on the
suspended sediment model by (Hicks et al., 2011). ................................... 93

Figure 5.2

Evidence of parallel groupings of sediment with fine sediment within
the middle band and coarse sediment on the outer bands. ......................... 98

Figure 5.3

Evidence of woody debris trapping sediment from a future event (not
within the study time frame), orange circles indicate sediment build-up
not seen previously a) horizontal woody debris lodged between the
weir and the true left bank, b) a large diagonal woody debris unit (also
seen in orange circle in a)) half buried in sediment. ................................ 103

xii

1 Chapter 1
Introduction
Solute, suspended sediment and bedload exert a fundamental control on channel form and
behaviour (Harding, 2004). Together they constitute the three forms of total load and
reflect the sum of all physical, chemical and biological fluxes from a catchment system.
Therefore, all three components of load are equally important for the overall water quality,
behaviour and habitat of a stream. Solutes are dissolved ions within the stream and can
impart a profound effect on aquatic life, which require nutrients to support aquatic
ecosystems. However, in excess some solutes, such as nutrients and heavy metals, can be
detrimental to aquatic plants and biota (Figure 1.1). Sediment, both in suspension and as
bedload, also influences plant and aquatic life through abrasion and in extreme cases,
changes to the channel shape and river banks due to instability of the channel through
bedload movement (Figure 1.1). Furthermore, the surrounding landscape that these solutes
and sediments interact with imparts a strong signature to the overall catchment. Thus,
understanding the complex interactions that occur between hydrology, climate, land use
and geology in a pristine catchment is important to contextualise before the additional
effect of anthropogenic changes in a catchment can be assessed. There is a paucity of
studies that directly measure the significance of the three load components (e.g Reynolds,
1986), and no published work specific to New Zealand. Rather, the field-based studies
have usually focussed on either water quality problems (e.g Quinn and Stroud, 2002) or
sediment budgets (e.g. Hicks et al., 2011).
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Figure 1.1: Solute, suspended sediment and bedload transportation with basic impacts of increases
and decrease to a stream where solute impacts are green and sediment impacts are red.

Literature pertaining to river solutes largely focuses on nutrient monitoring (e.g. nitrogen
and phosphorus) due to the potential risks associated with nutrient eutrophication, although
proportionally nutrients encompass only a small percentage of natural solute loads. Solute
loads show that under conditions where fertilisers have not been applied, macro-nutrients,
such as nitrate, ammonium and phosphate, comprise the three smallest components
(Ahearn et al., 2004). These nutrient-based studies are orientated towards understanding
how changes in nutrient concentrations have occurred due to land use disturbance or
changing management practices that have led to deteriorating water quality. The areas of
most concern within these studies are the effect of eutrophication from nutrients associated
2

with primary productivity (Blanco et al., 2010). What is not usually incorporated within
nutrient studies is a consideration of the total solute load, which is the amount of dissolved
material that is being released into the stream network. Solutes provide an understanding
of catchment-scale processes including riverine fluxes, denudation rates, and flow pathway
analysis through to understanding the release of stored solutes (Davies-Colley and
Wilcock, 2004). Furthermore, few reference catchments have been identified to
understanding how solutes are mobilised under natural conditions (McGlynn et al., 2002).
Thus, understanding how natural systems operate within the stream is crucial for
quantifying baseline conditions. Furthermore, the focus on nutrient loads and water quality
overlooks the importance of stream chemistry and health. For example, natural rivers have
a high buffering capacity due to dissolved carbon dioxide (in the form of carbonatebicarbonate ions). This buffering effect capacity can, however, be dramatically reduced by
the introduction of acidic components, and increased water temperatures, which adversely
affect aquatic life. Yet few nutrient orientated studies consider the role of non-nutrient
solutes as indicators of stream health, or conversely, catchment degradation.
Most studies internationally and locally have focused on the role of suspended sediment
and its contribution to the greatest mass of material to total load, although this is not true
for all streams (Berner and Berner, 2012; Reynolds, 1986). Depending on the catchment
characteristics and climatic variables suspended sediment can vary considerably ranging
from less than 20% (e.g. St Lawrence River) to over 80% (e.g. Ganges River) of total load
(Summerfield, 1991). There is, therefore, a high degree of variability depending on the
catchment and need for detailed research into the relative importance of each load
component. Sediment studies in New Zealand tend to focus on high alpine regions, such as
the Southern Alps (e.g. Grifiths and Glasby, 1985; Hicks and Shankar, 2003), where
sediment yields are high due to geomorphic uplift and orographic rainfall (Jacobson et al.,
2003). These rivers are used for hydroelectric power and sediment budgets are of
importance for determining a dam’s effective storage lifespan. Larger alpine-derived
gravel bed river catchments are, therefore, more closely monitored. Given the focus to
alpine regions in New Zealand there is a paucity of field studies that represent the blockthrust mountain topography of the Otago landscape. Furthermore, when extrapolated to a
wide variety of landscapes across the region, estimates of sediment loads for lowland
regions from models are likely to be poor predictors for individual streams.
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This aim of this study is to examine the temporal variability and hydrological influences
on solute, sediment and bedload for a lowland forested catchment. First, quantification of
all three components of load will be calculated. Secondly, the influence of each load
component within the catchment over time will be examined. To fully capture solutes and
sediment behaviour the understanding of how solutes are transmitted through the various
hydrological pathways, how sediment reaches the stream network, and how channel
change over events progress are all explored in an endeavour to understand the processes
that operate within a forest stream catchment in Otago.
To achieve these aims, the current state of knowledge about hydrological pathways,
solutes and sediments will be examined. Chapter 2 provides a theoretical review of
hydrochemistry specific to solute loads and fluvial geomorphology to understand
suspended sediment and bedload behaviour. Chapter 3 continues with the research
strategy, which is followed by the field site description, field equipment methods and
laboratory and data analysis sections. Chapter 4 presents the results of the study, which are
discussed in Chapter 5. Lastly Chapter 6 summarises the key findings of this research and
the directions for future research.
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2 Chapter 2
Solute, suspended sediment and
bedloads: A theoretical review
Solutes, suspended sediment and bedload are indicators of catchment scale-processes that
can be used to infer water movement, erosion and channel change. Solute loads are an
important measure of riverine fluxes to the ocean and tracing water masses (Davies-Colley
and Wilcock, 2004), whereas suspended sediment loads are important for calculating the
amount of sediment evacuation from a catchment, as well being a measure of the amenity
quality of the river. By comparison, bedload is important for understanding how the
channel changes over time, which is central to long-term landform development, sources
and deposits of sediment, and for protection from large settlements downstream. In order
to understand how these variables work within a system, a review of pertinent past studies
and current understanding for both solutes and sediments is described in this chapter.

2.1 Hydro-chemistry, understanding solute loads
2.1.1 International and New Zealand solutes
Solute loads vary across the world due to different geologies, land use and management.
The total solute load for the largest rivers, such as the Amazon and the Nile are 49.57 and
15.76 t km-2 yr-1 respectively (Berner and Berner, 2012). These rivers have large solute
loads based high silica and carbonate weathering. The specific solute loads may seem low,
however, as they are in relation to their large catchment size where load increase but
specific load decreases with catchment size (Table 2.1). Due to the importance to
surrounding populations, large rivers are well documented, while studies about smaller
rivers tend to focus on particular ion concentrations rather than total load. One study on a
stream order one, and a catchment size of 0.04 km2, showed a solute load of
37.6 t km-2 yr-1, which drains a hard mudstone lithology and is in-between the Amazon and
Nile specific loads. The surrounding land use can also have a profound impact of solute
loads. For the Snake River, in the USA, which comprises of spring-fed discharge, solutes
are much higher up to 159.6 t km-2 yr-1, which is a consequence of solute-enriched sources,
such as agricultural inputs and groundwater. Understanding the processes involved to
achieve the final solute load is, therefore, essential to understanding how both geology and
land use have an influence on the overall solute load.
5

Table 2.1: Dissolved solid loads for international Rivers showing catchment land use, catchment
area and dissolved solid loads.

River

Solute load

Area km2

t km-2 yr-1
Amazon

49.57

Catchment

Reference

type
5.850x106 forest

(Berner

and

Berner,

and

Berner,

2012)
Nile

15.76

20.300x106 desert

(Berner
2012)

Snake River/USA

80.7 (1984)

0.028x106 Spring fed,

105.4 (1987)

(Clark and Ott, 1996).

agricultural.

159.6 (1994)
Afon Cyff - River 37.6

0.04 grassland

(Reynolds, 1986)

Wye/Mid-wales

Individual ion concentrations have become an important tool for identifying different
water sources within a hydrological system. A study of the Cosumnes River (California)
by Ahearn et al. (2004) measured the yearly loads of individual solutes including base
cations and anions. Here Ahearn et al. (2004) documented annual ion fluxes of Ca2+ >
Mg2+ > Na+ > SO42- > Cl- > K+ > NO3- > PO4- > NH4+ in both 2000 and 2001. These loads,
therefore, show the importance of base cations and anions over nutrients, such as nitrate.
Globally ions such as calcium and magnesium tend to dominate solute load due to their
solubility compared to other rock minerals. On the South Island’s west coast, streams were
dominated by bicarbonate and calcium (Jacobson et al., 2003). Similarly, this dominance
of bicarbonate and calcium was found by Kim et al. (1999) whom also showed a range of
proportions for calcium and sodium + potassium with values from seven rivers in the
South Island. These studies showed similar ion proportions to the average of global rivers.
New Zealand median ion concentrations can also be seen from stiff diagrams (Figure 2.1)
that water are similar to world average fresh water proportions (WAFW) and vastly
different to seawater compositions. World average fresh water shows higher bicarbonate
and calcium and less chloride and sodium showing the difference between geology/land
based ion sources and those potentially derived from sea spray atmospheric deposition
sources.
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Figure 2.1: Stiff diagrams for New Zealand median, world average fresh water and seawater
concentrations. Stiff diagrams have been standardised by dividing by total meq l-1 adapted from
(Close and Davies-Colley, 1990).

2.1.2 Flow pathways and solute chemistry
Water comes in contact with various sources of solutes during its flow via different
hydrological pathways (Bonell, 1993). The three main hydrological pathways are overland
flow, throughflow and groundwater flow (Figure 2.2). Water travels via these pathways to
reach the stream network, contributing to the overall solute load from whichever pathway
it has travelled. Precipitation, which contains low amounts of salts from atmospheric
aerosol and sea spray (Boyd, 2000), and interception, which can reduce acidity from
interaction with plants (Arnell, 2002) are the input and initial stages for determining the
overall water quality. A streams solute composition is, however, largely influenced by
subsurface chemical weathering processes and chemical reactions, such as, ion exchange
(Figure 2.2). Processes, such as, hydrolysis, hydration, oxidation-reduction, solution and
organic reactions also influence solute concentrations given the right circumstances
(Thomas and Goudie, 2000; Goudie, 2004). Lastly, catchment characteristics, such as,
biomass uptake or change, organic input and evapo-transpiration can also change how
solutes reach the stream and in what concentration.
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Figure 2.2: Processes affecting a streams solute composition within a catchment. Black indicates
flow pathways, green indicates influences of solutes within the catchment Adapted from Drever
(1982).

Overland flow pathways and dilution
Overland flow is water that flows over the ground surface and is delivered quickly to the
stream network resulting in lower solutes compared to subsurface pathways (Davie, 2008).
Given the small residence time and little interaction with the subsurface and soil solution,
dilution of the stream solute concentration occurs. There are two mechanisms that produce
overland flow, first is the intensity-to-infiltration ratio and second is saturation (Horton,
1933). During a long duration storm event, saturation overland flow can becomes
increasingly important as the event evolves due to the edges of the stream, as well as
shallow hollows, becoming loaded with water (Creed and Band, 1998). As the water table
rises to the ground surface the storage capacity of the soil is exceeded and any additional
incoming precipitation can only infiltrate at the rate that water leaves the soil to stream
flow (Kirkby and Chorley, 1967). Increased saturation leads to many physical processes
that affect the overall stream water including the convergence and development of rills,
which creates fast routes towards the stream networks and ephemeral streams become
active. Even though the surrounding channel regions expand giving rise to localised
saturation overland flow, regions of temperate forests show subsurface flows are more
common, as infiltration rates are higher through porous soils.
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Discharge is the principle factor driving stream hydrochemistry since increased flow
results in a decrease in total dissolved solids (TDS) (negative relationship) (Durum, 1953;
Walling and Webb, 1980). For example, a study in California indicated a steady increase
in specific conductivity over the base flow period (as discharge drops over the dry season)
creating a negative relationship with discharge (Ahearn et al., 2004). In the same study,
this negative relationship was also the dominant relationship in storm flow events owing to
dilution effects, as specific conductivity drops when discharge increases (Ahearn et al.,
2004). This dilution occurs due to dilution of base flow solutes by surface runoff, which is
largely derived directly from rainfall (House and Warwick, 1998). Even though negative
correlations through dilution are a major contributor to the variations seen in solutes over
time, positive relationships have also been observed through flushing of subsurface
solutes.
Sub-surface flow pathways and weathering
The rate that water moves through various pathways can affect the solute concentration of
the water being delivered to the stream network as a result of contact time. Overall the
physical movement of water within the subsurface pathways follows both pressure and
slope gradients from high to low. Compared to overland flow, subsurface flow pathways
are much slower where the movement of water is controlled by the saturation of the soil
matrix. The soil matrix is the region from the ground surface through to the water table,
where, the soil pores are not saturated, often termed the vadose zone (Drever, 1982). Water
enters the soil matrix through infiltration from the ground surface and movement through
the soil matrix, termed throughflow, is governed by the structure of the soil as to how fast
or slow it moves through to the stream (Vogel and Roth, 2003). Groundwater, by
comparison, occurs beneath the water table in soils and geologic formations that are fully
saturated (Freeze and Cherry, 1979). Water enters the groundwater zone through recharge
from rivers or percolation from the soil matrix. During base flow conditions, groundwater
flows enable a constant flow of water within the channel for non-ephemeral streams and is
thus, the main source of base flow. The movement of water through the saturated zone is
governed by Darcy’s Law (Freeze and Cherry, 1979) and is only valid for slow, viscous
flows, such as groundwater.
Variations in the soil matrix’s physical properties and its importance for subsurface water
movement, especially during event flows, are widely recognized (e.g Aubertin, 1971). The
most commonly referenced non-homogenous characteristic is macropores and pipes
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created by animals, such as, worms burrowing into the soil creating larger areas of pore
space (McLaren and Cameron, 1996). These variations enable space in which water is able
to move faster, relative to flow through the soil matrix and especially conducive during
event flows. Translatory flow can also increase flow throughput as the ground becomes
saturated and a saturation wedge expands. The idea of translatory flow proposes that “old”
water, which is stored from a previous event, is pushed through and replaced with “new”
storm water, hence allowing the “old” water to reach the stream at a faster rate than would
under normal groundwater flows (Hewlett and Hibbert, 1967). The rate that water moves
to the stream network then approximates the rate of water infiltration, in essence creating a
continuous shunting effect (Anderson and Burt, 1982). Both new and old waters carry
various solutes from chemical weathering and soil solution processes to the stream
network.
Although negative relationships are the most common between solutes and discharge,
positive correlations have been documented in several studies and attributed to a
sub-surface flushing of “reservoirs” (House and Warwick, 1998). Ahearn et al. (2004)
describe the effect occurring during the storm flow season before the first large storm
events. For example, flushing effects are common in studies examining nitrate movement
where old stores of nitrate are flushed to the stream during a storm event (Creed and Band,
1998). Often termed translatory flow, this flushing of solutes is then not surprising as
Buttle (1994) explains that mixing models indicated at least half of stream flow at peak
discharge is from pre-event water in small to medium sized catchments. Given differing
results between rapid runoff responses and translatory flows, there is a clear need to
identify the links between hillslope pathways and solute removal starting with where the
solutes are derived.
Chemical weathering processes yield ions into solution, which enable comparatively
higher concentrations of solutes from subsurface pathways to overland flow pathways.
Chemical weathering of the underlying, or surrounding, substrate consists of the
detachment and attachment of atoms at the mineral surface through chemical reactions,
such as solution (White and Brantley, 1995; Summerfield, 1991). These chemical reactions
create new minerals but also results in the production of cations; calcium (Ca2+),
magnesium (Mg2+), sodium (Na+), potassium (K+), and anions; chloride (Cl-) and sulphate
(SO42-). These ions are then transported to the stream network through processes such as
leaching and contribute to the total dissolved solids within the stream water. Since these
10

major ions comprise more than 90% of the total dissolved solids in water, a good
indication of the total dissolved ionic composition is though specific electrical conductivity
(EC), the capability of the water to conduct an applied electrical current (Freeze and Cherry,
1979). Other solutes include nutrients, such as, nitrates and phosphates, trace minerals and

weathering elements, such as, silica. The rate of solution is determined by an equilibrium
gradient, controlled by the water temperature and pH, however, if the water becomes
saturated with a particular analyte, no further dissolution will occur (Summerfield, 1991).
In order for solution to be viable, a fresh source of non-saturated water must pass the
substrate surface, such as, through continuous groundwater flow.
Along with chemical weathering anion and cation exchange results in the release of ions
into the soil solution. Cation exchange is the interchange of cations from the soil solution
to clay or organic matter (Thomas and Goudie, 2000). The mechanism of exchange is
based on uptake from the solution by plants and then the equilibrium release from the soil
colloid and vice versa (Figure 2.3). Hydrogen ions within the water can also offset the
cations within the mineral structure and allow the release of cations into solution. Anions
and cations are in equilibrium in order to maintain electrical neutrality creating a constant
exchange within the soil matrix. Anion exchange capacity is the measurement of the
positive charges in soils affecting the amount of negative charges that a soil can absorb.
There are relatively few anions that are limiting for plant life, however, anions such as
chloride (Cl-), sulphate (SO42-) and phosphate (PO43-) are still important. In contrast to the
cation exchange capacity, anion exchange capacity will increase when pH drops and
subsequently decrease when pH rises. The pH of most productive soils is, however,
usually too high for full development of anion exchange capacity and, therefore, plays a
minor role in supplying plants with anions (McLaren and Cameron, 1996). The anions,
which are repelled by the negative charge on soil colloids, then remain mobile in the soil
solution and are able to be mobilised into the stream network, contributing to the solute
load. The relationship of cations and anions within the soil solution is then important due
to its composition within the surface waters and availability for plant uptake.
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Figure 2.3: Equilibrium between exchangeable and soil solution cations (McLaren and Cameron,
1996).

2.1.3 Identification of solute sources
The concentration of cations and anions reflects the parent material in which they are
derived, leading to the understanding of solute pathways (Table 2.2). The most abundant
cations in order are Ca2+, Mg2+, Na+ and K+ (Hounslow, 1995). Calcium is most commonly
formed from calcites and plagioclase, while magnesium is most commonly sourced from
dolomites (Hounslow, 1995). Dolomites are not common in New Zealand and sources are
most likely from silicates and mica. Sodium and potassium are less common cations due to
their modest abundance within the earth’s crust (Hounslow, 1995), however, sources of
sodium include sea spray and natural ion exchange. One of the most abundant anions
present in most surface waters is the bicarbonate ion (HCO3-). Bicarbonate does not
become mobilised through anion exchange, as it is a product derived from atmospheric
carbon dioxide. Bicarbonate ions form from the dissolution and dissociation of carbon
dioxide to form carbonic acid from the atmosphere within the water (Equation 2.1).
Another significant anion, sulphate, is sourced from minerals such as pyrite, gypsum and
anhydrite (Hounslow, 1995). Lastly chloride, like sodium, is sourced from halite and sea
spray (Hounslow, 1995). The type of geology, therefore, reflects the solute proportions
within natural waters.
(Eq. 2.1)
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Table 2.2: Common major (> 5 mg l-1) and minor (0.01 - 10 mg l-1) constituents of groundwater.
Sourced from Pollock (2010) from (Boyd, 2000; Freeze and Cherry, 1979; Hounslow, 1995;
Rosen, 2001).

Anions

Cations

Bicarbonate (> 5 mg l-1)
Sources Sourced mainly from dissolution of
calcite and from the atmosphere.

Calcium (> 5 mg l-1)
Sources include calcite (CaCO3), dolomite
(CaMg(CO3)2), plagioclase (CaAl2Si2O8) and
aragonite (CaCO3).

Chloride (> 5 mg l-1)
Common sources include halite (NaCl) and sea
spray.

Magnesium (> 5 mg l-1)
The most common source is dolomite
(CaMg(CO3)2), however this is rare in New
Zealand. It can also be derived from mica and
other silicates which is the most common
source in New Zealand.

Sulfate (> 5 mg l-1)
Sources include pyrite (FeS2), gypsum
(CaSO4·2H2O) and anhydrite (CaSO4). Organic
compounds can also be a source of sulfate
including coal.

Sodium (> 5 mg l-1)
Halite (NaCl) and sea spray are common
sources of sodium. Sodium can also result from
natural
ion
exchange,
where
Na-montmorillonite clay reacts with calcium
and magnesium and releases sodium.
Silica (> 5 mg l-1)
Normally derived from quartz. Very common,
with the earth’s crust being made up of 28%
silica.
Potassium (0.01-10 mg l-1)
Concentration is normally low due to many
sinks
of
potassium
being
available.
Anthropogenic sources include fertilizers.

Ternary diagrams, such as piper diagrams, are one tool used for visually representing the
relative concentrations of ions and can be used to interpret water type, mixing and ion
exchange (Hounslow, 1995). The initial composition of water originates from rainfall,
which may be considered to be a diluted seawater (dominate by chloride, sodium and
magnesium and to a lesser degree sulphate, calcium and potassium), particularly in nearcoast regions. An example of a piper diagram (Figure 2.4) from an arid region in China
shows the hydrochemistry is typically carbonate and alkaline in nature, with Ca2+, HCO3−
and SO42− dominating the major ion composition (Zhu et al., 2012). The grey area reflects
the samples with the highest total dissolved solids. In northern China, the catchment
characteristic was a prominent determinant of water type. Ca-HCO3 and Ca-NDA (nondominant anion) waters mainly occurred in montane areas and the low relief piedmont
zones. Other water types identified (Ca-SO4 and Na-SO4) were distributed between an
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oasis and the desert plain. Therefore, the distribution is formed between location and
concentrations. Similar distributions form with water pathways such as between fresh
rainfall and groundwater mixing giving a gradient from fresh water to groundwater
characteristics.

Figure 2.4: Example piper diagram (Piper, 1944) of the studied samples in three watersheds in
northern Xinjiang, China. The shadow area represents the samples with highest TDS (Zhu et al.,
2012).

Within New Zealand, a range of conceptual models regarding solute movement has been
reported for the same catchment of Maimai, near Reefton. Initial chemical studies
indicated no translatory flow during storms (Mosley, 1979). Subsequent isotope analysis
on the same catchment, however, indicated throughflow was dominated by old water and
soil matrix and groundwater dominated storm flow discharge (Sklash et al., 1986). More
recently, McDonnell (1990) showed that new and old water were mixing. The complexity
of solute movement is explained as new infiltrating water rapidly travelling to depth via
macropores, creating a saturated zone at the soil/bedrock margin (Figure 2.5). The
saturated zone then moves up the soil column as saturation increases and mixes with stored
water in the soil matrix (McDonnell, 1990). The comprehensive review by McGlynn et al.
(2002) explained that, although the conceptual models have provided vast understanding
for the Maimai catchment, key aspects of hillslope hydrology still remain unresolved.
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Given such a variety of conceptual models of solute movement in just one catchment
further studies are needed to clarify how flow pathways influence solutes during event
flows.

Figure 2.5: A schematic diagram of solute transport within a hillslope. Based on Burt (1986) and
Buttle (1994), modified by (Burt and Pinay, 2005).

A technique not used on the Maimai catchment for determining flow pathways dominate
during an event was hysteresis analysis. Hysteresis is most commonly used to understand
the sources of sediment supply to the stream during an event (e.g. Lenzi and Marchi, 2000;
Zabalenta et al., 2007; Jansson, 2002), however, solute flow pathways can also be
examined in this way (e.g. Bhangu and Whitfield, 1997). The concept is based on
comparing where peak concentration of an analyte is in relation to peak flow as
concentration is plotted against discharge. For example, a high concentration in solutes
before the peak in discharge will result in a clockwise hysteresis. For any event flow the
nature of the hysteretic loop strongly depends on the origins of storm runoff and the
"history" of flow contributions (Walling and Webb, 1980). Such flow contributions are
interpreted in relation to the retention time of specific flow pathways and the relative
proximity to the stream.
The simplest hysteresis loops involve either a linear, clockwise, or anti-clockwise direction
and apply when the relationship between an analyte and discharge is positive or negative
(Figure 2.6). When a hysteresis loop is clockwise it indicates that the concentration of an
analyte is higher on the preceding discharge limb and falls to a minimum on the receding
limb of the hydrograph (Evans and Davies, 1998). When a hysteresis loop is
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anti-clockwise the opposite occurs, the analyte concentration is lower on the preceding
limb compared to the receding limb of discharge. When a hysteresis is linear, discharge
and analyte concentration are concurrent (Bhangu and Whitfield, 1997). More complex
understandings evolve where concave or convex curvatures are examined or where
multiple peaks occur during the same event.

Concentration
Discharge

a)

Concentration
Time

Clockwise

Discharge
Concentration

Time

Linear

Discharge

Time

Discharge

Concentration

Time

c)

Hysteresis effect

Time

Discharge

Concentration

Time

b)

Negative Relationship
Concentration

Positive Relationship

Anti-clockwise

Discharge

Figure 2.6: Possible hysteresis effects between discharge (Q) and an analyte with a positive (P) or
negative (N) relationship with discharge. Possible hysteresis patterns include linear, clockwise and
anti-clockwise directions. a) A linear hysteretic effect where a either positive or negative
relationship with discharge shows the concentrations of an analyte are the same on both the rising
and receding limb of discharge. b) A clockwise hysteretic effect where the concentration of the
analyte is higher on the rising limb compared to the receding limb of discharge. c) An
anti-clockwise hysteretic effect where the concentration of the analyte is lower on the rising limb
compared to the receding limb of discharge.
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The most common hysteresis direction for specific conductivity within studies is a
clockwise hysteresis loop. Bhangu and Whitfield (1997) show the relationship with
discharge and the hysteresis effects of a range of ionic species, as well as other water
quality indicators (Table 2.3). Ionic species of interest including calcium, total alkalinity,
potassium, sodium, chloride, magnesium and specific conductivity all showed negative
relationships with discharge and clockwise hysteresis, while sulphate showed an
anti-clockwise hysteresis. The clockwise hysteresis was determined to be related to
dilution of solutes within the stream where groundwater forms only a small proportion of
runoff after the event compared to before the event (Bhangu and Whitfield, 1997).
Although still a negative relationship with discharge, an anti-clockwise hysteresis loop was
observed with sulphate (Bhangu and Whitfield, 1997). This anti-clockwise relationship
was shown to be attributed to sulphate being highly influenced by rainfall resulting in
greater surface runoff and thus, greater dilution of ion concentrations (Bhangu and
Whitfield, 1997). Since only sulphate behaved in this way it was suggested that sulphur
chemistry varies during the seasonal cycle (Bhangu and Whitfield, 1997).
Table 2.3: Pattern of hysteresis and concentration to discharge relationships for water quality
variables for the Skeena River, British Columbia (Bhangu and Whitfield, 1997).
Relationship to discharge
Positive
Negative

None

Clockwise
Total iron, turbidity, colour,
total phosphorus, total zinc
Calcium, specific
conductivity, total alkalinity,
hardness, potassium, sodium,
chloride, magnesium
Nitrate/nitrite, total dissolved
nitrogen, total lead

Anti-clockwise

No Pattern

Sulphate

pH

Solute loads are often undervalued and restricted to studies, which investigate weathering
and denudation processes, such as high alpine areas. Given that solutes are a potentially
powerful tool for understanding hydrological pathways, water sources and delivery it is
surprising that this area of work has not received greater attention. One area that has
received considerable attention is suspended sediment and has led to the wide application
of sediment load and mechanical denudation understanding at the expense of examining
solute loads. Sediment loads, like solute loads are studied in high alpine regions and in
rivers with high anthropogenic impacts. With the limited data on solute fluxes for New
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Zealand river systems, particularly lowland temperate catchments, knowledge about
solutes is a key area for further research.

2.2 Fluvial geomorphology, understanding suspended sediment
and bedload
2.2.1 International and New Zealand suspended sediment and bedload
Suspended sediment loads are dependent on a range of catchment and climatic variables
and can range from 5 to 32000 t km-2 yr-1 in lowland rivers with large catchment areas to
small steep alpine catchments (Table 2.4). Overall forested catchments tend to show lower
suspended sediment yields, approximately 2-5 times less than under pasture (Fahey et al.,
2003). Little work has been published on natural temperate forest catchments; however,
undisturbed deciduous forests exhibit a large range in suspended sediments concentrations
(Table 2.4). For example, within the Pacific Northwest region of North America a series of
small forested catchments were studied by Hassan et al. (2005) in British Columbia. In
permanent streams that had not been logged specific sediment yields ranged from 6 to
66.3 t km-2 yr-1. Similarly, a collection of studies by Gomi et al, (2005) also showed a large
range in suspended sediment yields from undisturbed forested catchments. Bambi Creek in
SE Alaska had a calculated yield of 20 t km-2 yr-1, Deer Creek in Coastal Oregon with
97 t km-2 yr-1 and the highest was 607 t km-2 yr-1 at Lone Tree Creek in West California
(Sidle and Campbell, 1985; Lehre, 1982; Brown and Krygier, 1971; Beschta, 1978). Lastly
Stott and Mount (2004) compiled information on mature planted forests suspended
sediment yield’s from the UK showing an average suspended sediment yield of 30.3
t km-2 yr-1 with catchments ranging from 24.2 to 118 t km-2 yr-1 (Leeks, 1992; Moore and
Newson, 1986). Given the wide range in yields, it is clear that other factors besides
vegetation cover alone affect suspended sediment yields, however, in general the typical
range for forested catchments can be characterised anywhere from 6 to 607 t km-2 yr-1.
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Table 2.4: Suspended sediment loads for international rivers, international forested rivers and two
New Zealand Rivers showing catchment land use, catchment area and sediment loads.
Location/River

Catchment
land use

California/Eel River

alpine

Catchment
2

area (km )
8000.00

Sediment load
-2

Reference

-1

(t km yr )
2070.00

(Syvitski and Milliman, 2007);
(Milliman and Meade, 1983)

Eurasian Arctic/

Arctic

2580000.00

5.00

(Milliman and Meade, 1983)

Forested

56.00

6.00

Hassan et al. (2005)

Forested

12.90

66.30

Hassan et al. (2005)

Old forest

1.54

20.00

(Sidle and Campbell, 1985)

3.04

97.00

(Beschta, 1978; Brown and

Yenisei
British Columbia/
Chapman Creek
British Columbia/
Capilano River
Alaska/ Bambi Creek

growth
Coastal Oregon/ Deer

Douglas fir

Creek
West California/ Lone

Krygier, 1971)
Shortleaf pine

1.74

607.00

Mature

2.70

30.30

(Lehre, 1982)

Tree Creek
UK/ Average of rivers

Planted

(Leeks, 1992; Moore and
Newson, 1986).

forestry
NZ/South Island West

alpine

13.20

32,119.00

(Hicks and Shankar, 2003)

99% forested

66.70

51.00

(Hicks et al., 2011; Griffiths,

45.00

1981)

Coast/Cropp Basin
NZ/South Island/ East
Coast/Rowallanburn
River

Globally New Zealand accounts for a proportionally large amount of suspended sediment
to the world’s oceans (1% in relation to 0.2% of land mass) (Hicks et al., 2004). The South
Island yields 284 ± 40 × 106 t yr-1 of sediment from a land area of 152 977 km2 and the
North Island yields 105 ± 9.4 × 106 t yr-1 from a land area of 114 621 km2 (Griffiths and
Glasby, 1985). The suspended sediment loads to the coast for New Zealand are shown in
Figure 2.7 where the highest loads are associated with high tectonic active regions and/or
high rainfall through the Southern Alps and East Cape. A study by Griffiths (1981)
showed 33 specific sediments yields over the South Island. The specific yields ranged
from as little as 2 up to 17,070 t km-2 yr-1 across the South Island (Griffiths, 1981),
although it has been documented elsewhere that as much as 32,119 t km-2 yr-1 is exported
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in the Cropp Basin during high rainfalls (Table 2.4) (Hicks et al., 2004). According to
Griffiths (1981) study the specified sediment yield region 4, in which Otago and Southland
catchments are quantified, showed a range of specific sediment yield between 29 and
1019 t km-2 yr-1 from 7 studies. Of particular interest in this region, the Rowallanburn
River, is the only study within a 99% forest covered catchment, had a load of 51 t km-2 yr-1
(Table 2.4). An updated study by Hicks et al. (2011) used a grid-based model to estimate
the sediment yield over New Zealand found that for the same river (Rowallanburn) within
the Otago and Southland catchments the calculated specific sediment yield was similar
with 45 t km-2 yr-1.

Figure 2.7: Raster map of specific yield of river suspended sediment generated by empirical GIS
model and sediment yields to coast (Mt/y) totalled by region. Yield totals are adjusted for sediment
entrapment in natural lakes and hydro-lakes. Figures in brackets give yields without hydro-lakes.
Hatched areas show large natural lake catchments (Hicks et al., 2011).

A range of studies has been completed with the calculation of bedload showing
considerable amounts of large sediment movement over particular events and years (Table
2.5). A typical problem with bedload comparisons is that the time period is often not the
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same due to the nature of bedload transport and the different ways to measure bedload. In
Northeastern Italy the total amount of deposited coarse bedload ranged between 0 to
1,524 t during event floods that lasted between 10 and 12 hours of sampling, averaging
218.3 t (Lenzi and Marchi, 2000). Similarly, a study on the River Severn in mid-Wales,
UK showed both increases (deposition) and decreases (transport) in bedload during
different study periods when a morphometric method was applied. Another study in a
mountain catchment in British Columbia calculated gravel transport to be 13811 t yr-1 from
9 years of data of coarse gravel transport (Martin and Church, 1995). By comparison a
study in New Zealand by Griffiths and Glasby (1985) showed total bedload for the South
Island (computed as 3 ±1% of total suspended load) was potentially as high as 8x106 t yr-1.
Table 2.5: Bedloads for international rivers and the total South Island of New Zealand showing
catchment area, time frame and bedloads. Note: method of bedload calculation in brackets.
Location/River/method

Catchment

Time frame

Bedload t

Reference

10 to 12 hours

0 to 1,524

Lenzi and March

(Average)

(218.3)

(2000)

188 days

-21.9

Brewer and Passmore

mid-Wales, UK.

70 days

32.42

(2002).

(Morphometric)

415 days

-69.9

284 days

-85.55

yearly

13,811

2

area (km )
Italy Alps/Rio Cordon (In

5

stream >20mm)
River Severn in

British Columbia

N/A

1230

(Surveys)
NZ/South Island

(Martin and Church,
1995)

152 977

yearly

8,000,000

(Suspended sediment

Griffiths and Glasby
(1985)

percentage)

According to Hicks et al. (2011) in New Zealand, suspended sediment processes are driven
by a driver, which is precipitation (P1.7), and a supply factor, such as slope and lithology.
The supply factor depends on erosion terrain classification, which indicates that the
morphology of the catchment is also an important aspect to river sediments. Furthermore,
bedload is the often classified by the amount of suspended sediment, which is easier to
monitor. The most common ways to monitor suspended sediment is through discharge
rating curves as discharge provides the energy to mobilise sediment and bedload (Hicks et
al., 2004).
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2.2.2 Influences on river channel morphology
Energy is required to mobilise sediment, whether as suspended sediment or as bedload,
where the amount of energy required to move sediment is in relation to the size and mass
of the sediment (Figure 2.8). Suspended sediment and bedload processes operate in similar
ways, although on a different magnitude of scale in terms of the energy require moving the
particles. Ultimately sediment movement is directly related to a streams discharge,
positively correlated, which provides the energy for sediment movement. Grains are
entrained when the force of the water acting on the bed material overcomes particle inertia
(Church and Hassan, 2002). Suspended particles within the stream can range in size from
fine clays (0.0039 mm) up to very coarse sand (1.41 mm). As a result of cohesion, very
small particles (0.001 mm) require a higher than expected velocity to become initially
entrained. Particles around 0.5 mm, which indicate no cohesion, show the optimum size
for entrainment. After 0.5 mm the larger the particles are the higher the velocity needs to
be to entrain the sediment and keep them is suspension. During larger events sediment
including the range of large gravels (above 1.14 mm) to boulders up to 256 mm can
potentially come into temporary suspension or become part of bed/drag load
(Summerfield, 1991). Once entrained, suspended sediments require a much lower velocity
for the particles to be deposited or fall out of suspension (Figure 2.8), (Summerfield,
1991). This effect increases as particles become smaller.
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Figure 2.8: Hjustrom diagram showing entrainments and fall velocities for a range of particles
(Hjulström, 1935; Richards, 1982) from (Hicks et al., 2004).
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Suspended sediment and bedload movement can affect the channel morphology through
varying scales of discharge. The discharge continuity equation states that if discharge is
equal then the width, depth or velocity of the stream must supplement each other if one
aspect changes. This theory was demonstrated on the Ohau River in New Zealand by
Mosley (1982). During events flows, when discharge increased, the other variables must
change allowing changes in the channel shape or velocity of the water. The river channel
becomes wider, the depth increases and the velocity increases. When velocity in particular
increases more sediment of increasing sizes will become entrained. Along with water
logging of stream banks the effect can result in a negative feedback loop whereby unstable
regions become heavily eroded through velocity, width and depth increasing, hence
increasing sediment loads further (Mosley, 2001). Given enough energy these sediments
and can result in the physical change in channel shape and ultimately influence the
quantity of bedload moved to and from a river reach.
Stream power is a measure of how much energy is available for erosion, where essentially,
the higher the stream’s power, the increase in the transportation of particles which can do
damage (Summerfield, 1991). Although suspended sediment plays no role in the
calculation of stream power, the main component is stream discharge, which is positively
correlated with sediment movement. The higher the discharge, the higher the stream’s
power and as discharge increases, suspended sediment increases. The discharge
component is extremely important for sediment loads through providing sufficient energy
for mobilising sediment. The second important factor for stream power is slope, which
provides kinetic energy to the system. A stream’s slope can change the channel’s
geomorphic structure dramatically through the formation of step pools commonly found in
steep mountain streams through to shallow gravel rivers (Chin, 1989). As a stream’s slope
changes down- stream, a stream’s energy profile can change allowing more or less energy
to concentrate in different sections of the stream. These localised regions of increased or
decreased power allow for potential erosion (sediment sources) or deposition (sediment
supply) points.
Due to the nature of bedload movement, measurement is considerably more difficult than
suspended sediment which takes advantage of sediments in suspension altering the optical
properties of the water. Bedload, however, is temporally variable and usually coincides
with elevated suspended sediment rendering optical measures useless. Saltation is the
process where sediment is in suspension for a short time. These stones are lifted from the
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riverbed temporarily through a buoyancy force creating a jumping motion. Once in motion
the stones can pass on their kinetic energy to other particles on impact causes more erosion
than finer suspended particles would. Sediments which drag along the channel also cause
significant damage to the streambed, as the river’s forces are not strong enough to lift the
boulders but instead push the boulders along creating gouges in the streambed. Since the
physical movement of these larger sediments are not captured with optical measures,
bedload must be estimated based on channel change.
Deposition of material depends on the fall suspension of the water as well as the channel
morphology. The distance gravels move downstream during event flow is relatively short,
typically around one to four times channel width, while suspended sediment can be flushed
though the entire catchment (Hicks et al., 2004). Therefore, within channels that are five
meters wide, a profile of at least 20 meters should be considered to observe sediment
pulses. Within a naturally meandering river, deposition usually occurs of the inside of
bends inducing the formation of bars. Larger materials can also form pools and riffles
structures from the deposition of material in a rapidly moving section of the stream. Large
woody debris can also alter the channel shape dramatically and create localised conditions
of reduced flow and deposition (Hassan et al., 2005). In order to understand how the
channel changes, deposition and erosion can be measured through in-situ traps, formulae,
tracers, surveying deposition, or simply assuming bedload is a proportion of suspended
sediment (Hicks et al., 2004).
Shear strength and shear stress of a material also influence the catchment when
considering sediment and bedload movement. The response of a particular catchment
during storms reflects not only land use, but also its soil and geology and also antecedent
soil moisture conditions, as well as the spatial intensity and rainfall duration (House and
Warwick, 1998). For example, a study by Blanco et al., (2010) found that the average
rainfall intensity during the preceding 2-h period both directly and significantly affected
the concentration of total suspended solids (TSS) relating to the erosive power of rainfall
intensity. The total shear strength of a hillslope can also be compromised during rainfall
events when water fills the pores in an unsaturated material so that there is an increase in
pore water pressure. The increase in pore water pressure creates a buoyancy effect on the
overlying material and acts in opposition to the normal stress causing less friction and
cohesion of the underlying material resulting in slope failure (Summerfield, 1991). When
unstable slopes occur near the riverbed, sediments are released from a near stream source;
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most likely due to the expanding river network increasing pore water saturation in near
stream slopes (Knighton, 1998). Slope stability can then become a major factor when
sediment and bedload materials sources are being identified.

2.2.3 Sources and supply of sediments
The variation in suspended sediment concentrations through hysteresis has been well
studied (Evans and Davies, 1998; Williams, 1989) with clockwise hysteresis being the
most commonly reported (Lenzi and Marchi, 2000; Jansson, 2002). The clockwise pattern
results from the depletion of particulate matter during the progress of a storm event.
Depletion over the event leads to higher concentrations measured on the rising limb
compared to the falling limb of a hydrograph; therefore, a peak in sediment before the
water discharge reaches its maximum (clockwise hysteresis). Clockwise hysteresis can
then be related to a fast-response contribution from sediment stored in or near the channel
network (Lenzi and Marchi, 2000; Jansson, 2002).
Anti-clockwise hysteresis is less studied and often ignored or misinterpreted. Little
explanation was given by Blanco et al., (2010) for a turbidity-discharge relationship with a
very weak anti-clockwise hysteresis effect. Although later in the study, it was deduced that
fine sediments were due to erosion in the agricultural fields, river-bank erosion and
sediment re-suspension in the river, it does not account for the anti-clockwise direction
observed. Also within the study, although a general clockwise direction was observed for a
second event, the final loop was anti-clockwise and subsequently ignored. Blanco et al.,
(2010) further explained the hysteresis for turbidity and TSS as a flushing of sediments
and organic matter with little indication of sources or supply of sediment and water.
Zabalenta et al., (2007) provide an indication of figure eight hysteresis to mean changes
within the catchment as the event continues. The second anti-clockwise loop is attributed
to moments where contributed areas of sediment are extended over the catchment, such as
generalised overland flow from a further source area (Seeger et al., 2004). These effects
were then suggested to only occur during summer when soil moisture is low and during
high intensity rainfall events (Zabaleta et al., 2007).
Studies which have provided understanding for full anti-clockwise hysteresis included
Jansson (2002), Williams (1989), Brasington and Richards (2003) and Seeger et al.,
(2004) who clarify an anti-clockwise hysteresis to indicate that the sediment had been
transported for a long distance, a condition that was confirmed by results from the
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sedigraph/rainfall method (Jansson, 2002). Zabalenta et al., (2007) further provide a
similar interpretation whereby the presence of a significant sediment source distant from
the zone of major runoff production produced the anti-clockwise hysteresis. Within the
Aixola catchment in Spain, Zabalenta et al., (2007) explained that the anti-clockwise
hysteretic loops appeared to occur over the year and in many different conditions. Further
work is being carried out on the catchment to understand the factors that determine the
different types of hysteresis within the catchment.

2.2.4 Uncertainty around bedload measurement
Bedload is often difficult to analyse due to the spatial dimension of channel change and
temporal pulse like behaviour. Factors that create variations with bedload estimates are
catchment characteristics such as slope and land use, and flow regimes, such as the study
by Church and Hassan (2002) who found that the movement of coarse material depended
on local flow conditions and bed and channel characteristics. Studies, such as Kondolf et
al. (2002), also link changes in bedload yield to significant changes in the channel
morphology. Furthermore, due to increased forest cover and decreased flow, Liebault and
Piegay (2001) reported degradation and channel narrowing as a response to a decrease in
bedload supply and Beschta (1998) showed that channel width increased due to an
increased sediment supply from storm-triggered landslides in the Kowai River in New
Zealand. Providing a method which incorporates both bedload and channel change is then
important.
A large amount of variation within bedload studies comes from uncertainty associated with
measurements. Large variability in bedloads occur in nature even under the same discharge
and shear stress (Gomez and Church, 1989). This variability is very different to suspended
sediment where reliable rating curves can be calculated with discharge. Ideally bedload is
the movement of only the sediment rolling, sliding or jumping and suspended material is
not a factor (Meyer-Peter and Müller, 1948). In reality, most field capacities are unable to
exclude suspended sediment which has settled, therefore, bedload is sometimes assumed to
be a proportion of sediment load (Harding, 2004). Typically, in order to validate bedloads,
more than one method is employed as an uncertainty check. Methods of estimating
bedload such as through in-situ traps, formulae, tracers, surveying deposition, or simply
assuming bedload is a proportion of suspended sediment, all have their pros and cons
(Hicks et al., 2004).
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Utilising suspended sediment is the most common method employed to estimate bedload.
Within New Zealand Griffiths and Glasby (1985) explained that river sedimentation and
reservoir studies suggest that bedload ranges from 3 to 10% of suspended load, however,
the ratio of bedload to suspended sediment decreases downstream as bedload abrades the
river bed, decreasing gradient. Bedload has been suggested to be as high as 90% of total
load (Hicks and Griffiths, 1992). Another popular method is the use of formulae, however,
these have shown to be extremely variable due to the parameters which are set for
particular river types. Parameter types include the discharge, shear stress or stream power
although as explained, these can do a poor job due to the natural variation in bedload under
these constant conditions. In-situ traps are also a preferred method for measuring bedload
as sophisticated bedload traps can provide continuous measurements (Hicks et al., 2004).
The downside of traps is the costly and time consuming nature of setting up and within
small streams it is unfeasible. Furthermore, traps are generally deployed for short time
periods and can miss larger temporal scale pulses in sediment. Lastly surveying from a
range of in-field to new scanner lazers are being used. This method offers a more detailed
insight into the field of channel change as well as bedload estimation.
Another method that directly measures channel change is a morphological method
involving surveying of bedload of ground based cross sections. Morphological approaches
are beneficial as they allow time averaged bedload transportation estimates (Hicks et al.,
2004). At a simple level, planform budgets are used in order to measure bedload, which is
estimated through the area of change from active morphological units. Planform profiles,
however, do not account for vertical variation and therefore, contain a large amount of
uncertainty. For gravel-braided rivers, this technique has in the past provided valuable
insight into bedload, especially for past river formations through the use of photographic
data. A more sophisticated method for measuring bedload using channel surveys is using
the cross profile or morphological budget. The cross profile and morphological budgets
(Figure 2.9) utilises vertical depth as well as planform areas through cross sectional
profiles. The morphological budget utilises a better understanding of active units within
the channel section compared to the cross profile budget which essentially averages over
the channel. Overall the morphological approach to bedload is then able to determines the
spatial distribution of erosion and deposition over a given area (Brasington et al., 2003)
rather than local sampling.
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Figure 2.9: Morphological budget for a single reach showing two cross sections for depth variation
and the identification of morphological units (Brewer and Passmore, 2002).

The difficulty in measurement has led to fewer studies on bedload compared to suspended
sediment, which is well studied. Due to bedload being difficult to measure, and the vast
differences in approaches in measurements, comparing studies is difficult. Keeping
quantified loads, in particular bedload in one format would provide an easily recognisable
baseline for other studies to compare. In comparison suspended sediment is well studied
due to the relative ease of measurements, however, there is a need to understand small
lowland catchments. Lastly, solute loads require uniformity of what ions constitutes
towards solute load and an array of studies to identify factors controlling solute loads and
chemical denudation.

2.3 Research questions and expected outcomes
The aim of this research is to understand the processes involved within an integrated
hydro-chemistry system coupled with fluvial geomorphic changes. The overarching
research question is; how are solute, suspended sediment and bedload transportation, in a
pristine temperate forest catchment, influenced over events and seasons? The objective is
to identify the role different hydraulic pathways and external factors have on the solutes,
sediments and bedload transfer within the stream network.
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The research aim will be achieved through addressing five objectives:
1. Determine the temporal variability of solutes and sediments;
2. Quantify rates of solute and sediment transportation;
3. Ascertain which factors influence solute and sediment loads;
4. Assess the hydrological composition of flow pathways; and
5. Understand bedload and channel changes over time.
Based on the current state of knowledge presented in this chapter, it is expected that
discharge will have a positive correlation with suspended sediment and a negative
correlation with specific conductivity (solutes). In relation to loads, however, a positive
correlation with both suspended sediment and solute loads is expected. Therefore, over
time during event flows, suspended sediment and solute load will increase while dilution
will influence solute concentration. Variation is therefore, expected to be greatest during
event flows. No seasonality is expected for sediments; however, solutes are expected to
decrease during the growing seasons of spring and summer.
It is expected that sediment loads will be higher than solute loads with expected yearly
sediment loads to be similar to Hicks et al. (2011) and solutes similar to the Afon Cyff
from the River Wye (36.7 t km-2 yr-1) due to the smaller catchment size of 0.04 km2 and
proximity to the coast. Event loads will vary depending on the event duration however,
due to the expected relationship with discharge, larger events are expected to produce
higher sediment and solute loads.
The main factors driving sediment load is likely to be discharge and rainfall due to the
expected positive relationships and considerable research on sediment relationships with
discharge in the South Island of New Zealand. Near stream sources are expected to be the
main supply of sediments within the catchment, which would give rise to clockwise
hysteresis patterns during events.
Solute loads are expected to be influenced by discharge, surrounding catchment geology
and land use due to the nature of solute weathering and solute cycling. It is expected that
the hydrological flow pathways will be dominated by groundwater flows during base flow
conditions while during event flow, throughflow may dominate. Due to forested catchment
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characteristics, little overland flow is expected. During event flow, dilution of groundwater
base flow is expected giving rise to clockwise hysteresis patterns.
Bedload changes are expected to occur after each major event flow, as forest cover should
reduce the effects from non-significant events. Therefore, discharge is expected to be the
main driver of bedload transportation. The channel change is expected to change with
increased scour, as events become larger, in localised places and a general flattening of the
bed as sediments are deposited into the reach location.
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3 Chapter 3
Methods
Measuring solute, sediment and bedloads required a range of field sampling, as well as,
laboratory and data analysis techniques. The research strategy described below provides a
theoretical background to how the research was scientifically structured to achieve the
research outcomes on solute, sediment and bedload. Section 3.2 details the field site,
including land uses, geology and soil types, as well as, the climate patterns and
site-specific geomorphic structures. The field are explained in Section 3.3 with the
specifications of the equipment used. Finally the laboratory and data analysis methods
used to undertake this research are described in Section 3.4 and 3.5.

3.1 Research strategy
Understanding flow pathways at a hillslope hydrology level provides a framework for
understanding the complex linkages between sources and output of water and water
constituents. There are two approaches of understanding flow pathways, being vertical or
horizontal. A horizontal approach, such as processes relating to runoff production, allows
for better understanding of linking hydrological flow paths than a vertical approach, such
as rainfall and evaporation processes (Reynolds et al., 1997; Burt and Pinay, 2005). The
framework for this study will employ a case study approach focussing on a small
headwater catchment to determine the solute and sediment loads, and the impact of storm
events on reach morphology. Using statistical and analytical techniques of hysteresis and
ternary diagrams, the flow pathways at a hillslope level will be inferred.
Empirical data will be collected and analysed for this research due to its direct, in-field
focus. Gaining scientific understanding through empirical data avoids the mathematical
formation of data, which for the most part reduces the amount of assumptions and
tradeoffs (Bowie et al., 1985). Since there are fewer assumptions within the study,
empirical data minimises the chance of misrepresentation of the natural processes
operating. Even modelling must require some form of validation, usually through a subset
of data or “ground truthing” (Dai and Wang, 2007). Where extensive empirical baseline
studies have been carried out, the data can be used accordingly to accurately continue
measurements quickly and cheaply through modelling. The problem remains that extensive
baseline studies are not commonly available or historical data has large constraints
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(Simpson et al., 2004; Dai and Wang, 2007). Where direct sampling is not possible,
known proxy readings (turbidity, specific conductivity, stage) will be obtained at the site
and converted through site-specific rating curves. This study aims to fulfil the gap in
baseline studies by grounding the research strategy around an empirical study.
The three main components solutes, suspended sediments and bedload will be analysed at
one location over all four seasons starting with the end of winter, through spring, summer
and autumn. This time period over all seasons provides sufficient time for a broad range of
stream flow levels, climate phenomenon and biological event sequences within the
catchment. To understand temporal changes 10-months of data was collected.
Comprehensive time series analysis was not run due to the need for at least four years of
data, however, temporal changes over the study period were analysed. The data collection
was at 15-minute intervals for understanding of solute and sediment loads over time, as
well as, grab samples throughout the study. Increased sampling during event flows,
between the rising and falling hydrograph sections, was also implemented as per many
event scale studies, e.g. (Zhang et al., 2007), to fully capture the variation in storm flows.
Across the catchment, soil, geology and land use are as uniform as possible to ensure no
confounding variables in analysis, which, may complicate interpretation. Understanding
processes at a small scale (<10 km2) have shown great responses while basins on a scale of
1000 km2 show vast variability (Burt and Pinay, 2005). This variability is due to a mosaic
of land uses and management practises that operate at this scale, which cannot be
accounted for in a lumped approach within research studies (Burt and Pinay, 2005). For
this study, vegetation (land use), geology and soil types are realistically constant, within a
small catchment area of 28.78 km². In this case the direct impact of the measured
constituents are not of primary importance, as one would expect for a paired catchment
study, but the processes that are responsible for the variability are.
To assess the variability of solutes, suspended sediment and bedload one small reach, with
homogenous land use and geology, was monitored using a field-based approach over a
10-month period. Understanding a streams solute, sediment and bedload transportation
requires determination of variability, quantification of rates, ascertaining influencing
factors, determining flow pathways and sources and monitoring how the channel changes
over time (Figure 3.1). Data was obtained for discharge, rainfall, pH, total suspended
solids (TSS) and specific conductivity, as well as, grab samples for ion analysis and site
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surveys for channel change. Linking the data to the proposed research questions, data
analysis through time series plots, load calculations, factor analysis, hysteresis, piper
diagrams and morphometric change diagrams provided the framework to which the
research questions can be answered. Through scientific interpretation, understanding of
how the case study catchment’s solute, suspended sediment and bedload transportation
operates in a temperate forest over events through late winter to autumn can be established.

How are solute, suspended sediment and bedload transportation, in a
pristine temperate forest catchment, influenced over events and seasons?
Research
Questions

Data

Analysis

Determine the
temporal variability
of solutes and
sediments.

Quantify rates of
solute and sediment
transportation.

15 min discharge
15 min TSS
15 min EC
15 min rainfall

15 min discharge
15 min TDS
15 min TSS

Ascertain which
factors influence
solute and
sediment loads.

Assess the
hydrological
composition of
flow pathways.

Daily discharge
Daily rainfall
Daily EC
Daily TSS
Daily pH
Anion and cations

15 min discharge
15 min EC
15 min TSS
Anion and cations

Understand
bedload and
channel changes
over time.

Site surveys

Time series

TSS*Q = TSS load

PCA

Hysteresis

Morphometric

Seasonal trends

TDS*Q = TDS Load

Piper diagram

Piper diagram

method/change

Figure 3.1: Flow chart of research methods starting with the research objective through to data
collection and analysis.

3.2 Field site description
The Silver Stream catchment, within the eastern Otago coastal region, provides the
optimum field site for this study. The catchment has a consistent land use of undisturbed
natural forest providing the ideal catchment for a baseline study. Furthermore, the geology
and soil classifications are consistent across the catchment reducing confounding variables.
Finally, the local climatic conditions provide a reasonable expectation that multiple high
flow events will occur, providing valuable data for event flow characteristics.

3.2.1 Catchment characteristics
The total catchment area for the Silver Stream is 92 km², located 5.2 km west of Dunedin
over the Flagstaff-Swampy summit ridge (Figure 3.2). The gauging station is located in the
upper section of the Silver Stream, which captures a drainage basin of 28.78 km². For these
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upper reaches, the stream has a high Strahler stream order of four and consists of relatively
steep terrain with an average gradient of 0.395. The highest peaks in the catchment are
Pulpit Rock (760 m) and Swampy Summit (739 m). The stream originates on the southern
face of the Silver Peaks, near Swampy Summit but also drains the western side of the
Flagstaff-Swampy summit ridge. From the headwaters, Silver Stream continues down
from the valley onto the Taieri Plains to meet the Taieri River 6 km south of Mosgiel.

Upper Silver Stream

Stream Network
Pulpit Rock (760 m)
Silver Stream
catchment

Contours (50 m)

DUNEDIN

Swampy Summit (739 m)

Whare Flat
Field Site: Reach Location
(E170º 25.253’, S45º 48.687’)

Figure 3.2: Location map of upper Silver Stream catchment, Mosgiel, New Zealand. Map shows
upper Silver Stream network, 50 m contours and location of reach gauging station. Data provided
by LINZ (2010).

The land use, soil type and geology within the study catchment are relatively constant
(Figure 3.3). Within the total Taieri catchment there are only remnant indigenous forests
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including the Maungatua, Waipori Gorge and the upper Silver Stream (Otago Catchment
Board and Regional Water Board, 1983). This study takes place in the naturally vegetated
portion of the upper Silver Stream catchment (Figure 3.3a). The native forest is silver
beech (Nothofagus menziesii) with a mixed podocarp forest including totara (Podocarpus
totara and P. hallii) and rimu (Dacrydium cupressinum) (Otago Catchment Board and
Regional Water Board, 1983). Brown soils dominate the catchment with a small pocket of
Pallic soils below swampy summit (Figure 3.3b). Brown soils induce forest growth and
occur throughout New Zealand in areas where drought and water logging are uncommon
(Landcare, 2012). The geology is consistently Torlesse Quartzofeldspathic schist (Figure
3.3c), which is a mica-bearing metamorphic rock with well-developed foliation (Bishop
and Turnbull, 1996). Sandstone and basalt areas are also present around the higher areas of
the catchment.
a)

b)

c)

Figure 3.3: Upper Silver Stream catchment showing the homogenous nature of a) the natural forest
land use (Landcare, 2010), b) the brown soil classification (Otago Regional Council, 2011) and c)
the schist geology (Bishop and Turnbull, 1996).

35

The field site used for sampling and continuous measurements was located on a disused
weir at Whare Flat (Figure 3.4). The stream at this location is a naturally meandering
channel comprised of large boulders and gravels. Several sandy/gravel point bars exist
including one immediately upstream of the weir. Other geomorphic features include a
large tree trunk that had fallen into the river aligned parallel to flow and several large
boulders, which under base flow are predominantly out of the water. A riffle occurs above
the main point bar, which is approximately 5 m long in a narrower section of the river. The
channel then widens before the weir, however, the concrete structure forces the water
though a small opening against the exposed bedrock on the true left. The opening causes a
small cascade, which is followed by a larger pool of water. The banks on either side of the
river are approximately 2.5 m high. A canopy covers approximately 80% of the site,
which, is from overshadowing shrubs and native trees. These trees line the stream banks
on both sides of the stream.
Pooled water
Pools/Riffles
Main sand/gravel bar
Woody Debris
Woody Debris

Weir

Large boulders

Meandering channel

Weir

Figure 3.4: Panoramic photograph of field site reach looking upstream showing geomorphic
features annotated. Note: extended view of weir on right hand side.

3.2.2 Local climatological and hydrological patterns
The local climate shows a highly seasonal monthly average temperature pattern, however,
a relatively consistent monthly average rainfall over the year (Figure 3.5). The catchment
area is strongly influenced by the proximity to the coast as maritime amelioration of large
extremes occurs. The nearest long term rainfall record available was at Mosgiel from 1952
to 2008 (CliFlo, 2012). Mosgiel reported a mean annual rainfall of 647 mm with a summer
(Dec-Feb) average being slightly wetter with 63 mm month-1 than winter months
(Jun-Aug) with 51 mm month-1. The total average annual rainfall from the Mosgiel station
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was 647 mm, which showed a relatively consistent precipitation each month around
56 mm. The nearest long term air temperature record was located at the Dunedin Airport
from 1962 to 2012 (CliFlo, 2012). Temperatures showed a strong yearly cycle with a mean
monthly average of 13.7°C in summer to 3.7°C in winter. Since the field site is located
7 km north of Mosgiel in a forested valley, which receives little sun throughout the day,
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Figure 3.5: Average monthly precipitation (mm) and air temperature (ºC) for Mosgiel (1952 –
2008) and Dunedin Airport (1962-2012) stations respectively, Source: NIWA Cliflo (2012).

There are two main climatic conditions that can produce extreme flooding in Otago. These
conditions produce heavy and prolonged rainfall resulting in rapid stream level rise. The
first climatic condition is where a slow moving depression is situated off the east coast of
New Zealand (Mosley and Pearson, 1997). The depression brings strong onshore easterly
winds, which are laden with moisture and, therefore, large amounts of precipitation. The
second situation is where the effects of a slow moving north-south direction frontal
systems is enhanced as it lies between a depression over the Tasman Sea and a blocking
anticyclone to the southeast of the South Island (Mosley and Pearson, 1997). On April 25th
2006 an example of these conditions occurred with the maximum rainfall over a 24-hour
period being 165 mm. This rainfall was associated with a slow moving depression
accounting for three times the usual April rainfall in north and east Otago consequently
producing one of the largest flood on record (Otago Regional Council, 2009). The three
highest recorded discharges for the Silver Stream were 200 m3 s-1 (2006), 143 m3 s-1
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(1994) and 136 m3 s-1 (2010) at a downstream location near Mosgiel (Otago Regional
Council, 2009). In comparison, average annual stream flow is 0.89 m3 s-1 and minimum
flow is around 0.004 m3 s-1 (Otago Regional Council, 2001). The 3 lowest recorded flows
were 0.004 m3 s-1 (1990), 0.01 m3 s-1 (2004) and 0.012 m3 s-1 (2003) with the lowest 7 day
low flow being 0.011 m3 s-1 (Otago Regional Council, 2009).

3.3 Field equipment and methods
3.3.1 Discharge
Stage was continuously measured using a Campbell Scientific SR50A sonic ranger and
recorded on a Campbell Scientific 200 series data logger. The SR50A sonic ranging device
was positioned 1 m out from the weir to account for the 2.24 m depth to the streambed and
the 30 degree cone radius (Figure 3.6). The SR50A uses a sonic pulse wave to measure
depth relative to a known surface. Utilising the timing of the pulse to and from the
transmitter the sonic ranger is able to determine the distance to the water surface
(Campbell Scientific Inc, 2011). Since different temperatures affect the speed that the
sonic wave travels, stage is corrected by temperature using a T109C probe. Temperature
corrected stage was scanned every minute and recorded as an average for every 15
minutes. Water stage was then calculated using the distance to base (distance from SR50A
to stream bed, 2.24 m) away from the temperature corrected distance to the water (see
insert equation in Figure 3.6). Measurements were maintained within the precision error of
± 1 cm as per manufacturing standards (Campbell Scientific Inc, 2011). Readings were
recorded from the 1st of July 2011 (JD182) through to the 6th of May 2012 (JD127).
A gulp salt dilution gauging method was used to calculate discharge on 12 different
occasions to generate a site-specific stage-discharge relationship. The salt dilution method
was most appropriate because discharge was often too high to enter the stream, and
channel shape was highly variable across the reach (Herschy, 2008). A YSI30 handheld
conductivity probe was used to measure the conductivity during the salt gulp dilution.
Upstream of the YSI30 probe, a known volume (between 1 and 4 kg) of NaCl tracer was
mixed with stream water until completely dissolved, creating a salt solution. After base
flow conductivity was recorded, this salt solution was instantaneously released. The
specific conductivity was then recorded at every 1-second interval until initial base flow
readings were re-established. A breakthrough curve of specific conductivity (EC) was
created where the salt solution peaked quickly followed by a slow decay back to base flow.
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Figure 3.6: SR50A sonic ranger set up and calculation of stage (Campbell Scientific Inc, 2011).

Based on salt dilution theory (Herschy, 2008) the area under the resultant EC break-though
curve is directly related to the discharge of the stream at any given time (Equation 3.1).
Therefore, this is the area under the

curve but above the

line calculated by the

integration. Discharge was subsequently calculated for each gulp dilution and an error
analysis was performed. A calibration curve was created using 5 ml of the salt solution and
200 ml cumulative increment dilutions of stream water to obtain relative proportions.
∫ (

)

(Eq. 3.1)

Where:
is stream discharge (m3 s-1),
is the volume of slug-injected salt solution (m3),
k

is the calibration constant (cm μS-1),
is the relative salt concretion measured downstream (μS cm-1), and
is the relative base level salt concentrations of the stream (μS cm-1)
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The site-specific calibration curve between stage and discharge at the Silver Stream reach
location showed a power relationship (Figure 3.7). The stage to discharge rating curve was
derived from 12 salt dilution discharge measurements and associated SR50A stage
readings. The discharge points lie close to the fitted line and the strong coefficient of
determination (R²) of 0.923 indicates that stage is closely correlated with discharge with a
power relationship. The equation, Discharge = 1.499*Stage3.075, was subsequently applied
for all stage values over the study period to obtain a full series of discharge.
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Figure 3.7: Stage-discharge relationship using SR50A stage and gulp dilution gauging at Silver
Stream over various flow events.

3.3.2 Surface water continuous measurements
Installation of a 6920 YSI sonde was conducted on the 1st of July (JD182) at Whare Flat,
E170º 25.253’, S45º 48.687’. The sonde was bolted to the disused weir with approximately
30 cm between the stream bed and the bottom of the sonde case. The sonde was moved up
or down depending on high or low flows where possible. This was to prevent the sonde
being out of water and to maintain approximately 0.6 of the water depth, which is accepted
as the mean flow on the vertical scale (Herschy, 2008). Multiple probes were installed on
the sonde to measure several variables continuously, at a 15-minute interval. These
variables include; water temperature, pH, specific conductivity and turbidity. Like the
stage readings, measurements continued for 10 months until the 6th of May 2012 (JD127).
Calibrations for the sonde probes were carried within laboratory conditions prior to
installation to ensure all variables were accurately measuring within the specified ranges
(YSI incorporated, 2009). The ranges for each YSI probe varied from 0 to 1000 NTU for
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turbidity and -5 to 50 ºC for temperature (Table 3.1). The accuracy and resolution also
varied between probes including an accuracy of 0.5% for conductivity and up to 2% for
turbidity while the resolution was 0.001-0.1 and 0.1 respectively. Field checks were
routinely carried out for temperature, pH and conductivity, using a portable YSI 556 or
IQ180 portable probe, and the Hach turbidimeter for turbidity. When turbidity was
showing drift characteristics, a one-point field turbidity calibration was carried out to
reduce the erroneous drift.
Table 3.1: Specifications for each YSI probe, range, accuracy and resolution (YSI incorporated,
2009).

6561 pH
6560 Conductivity (µS cm-1)
6560 Temperature (ºC)
6136 Turbidity (NTU)

Range
0 -14
0 -100
-5 - 50
0 -1000

Accuracy
± 0.2
±0.5% + 0.001
± 0.15
± 2%

Resolution
0.01
0.001 - 0.1
0.01
0.1

3.3.3 Surface water samples
As well as these continuous measurements, discrete surface samples were also taken. A
Sigma 9000 automatic water sampler (AWS) was installed and set to take a sample once a
day at during regular flows and at every 4-6 hours during changeable flows (event flows).
Samples were collected in 575 ml plastic bottles where 400 ml was later transferred into
freezable bags (Whirl-Pak) to preserve and freeze. Field blanks containing pure water
(Millipore) was also taken, which was exposed to the atmosphere until the samples were
collected. All sample containers, which were reused in the field, were cleaned with
Millipore three times before being reinstalled. The intake tube was set to have an intake
rinse to ensure all past sample residue was removed before the new sample was taken.

3.3.4 Total reach surveys
A TPS400 LEICA total station was used to read and store a grid of x, y, z co-ordinates
over the site reach. The reach comprised the area between the weir and a bend in the river.
The area included several geomorphic features including a sand/gravel bar and a riffles
structure (see Figure 3.4). The total station as set up on top of the weir for stability and
precisely levelled. As it is known that a rivers channel changes, an arbitrary easting and
height was set and a marker placed for subsequent surveys, this was chosen on a grassy
patch on the true right bank. The angle, northing and easting were all set to 0 and the
station height was measured and entered. This meant that the northing was based where the
total station was positioned and the easting and height from the initial arbitrary location. A
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transect was positioned across the stream and at every 50 cm in the easting and 1 m in the
northing, a recording was taken and saved. A 35 m long reach was surveyed in total. The
position of the total station was marked and returned to for subsequent surveys at the end
of each event flow period. The laser plummet was used to reposition the total station
exactly in the same location and the same procedure was used. Six surveys were recorded
over the 10-month study period.

3.4 Laboratory analysis
3.4.1 Total dissolved solids analysis
In order to analyse total dissolved solids, both anions and cations, and total alkalinity were
analysed using surface water samples obtained over the 10-month study period. The anions
and cations were analysed using a DIONEX ion chromatograph 3000 system (ICS).
Approximately 20 ml of sample was filtered through an ADVANTEC 0.45 μm cellulose
acetate disposable filter, where the initial 30 ml was discarded. The ICS sample tubes and

caps were rinsed three times with Millipore and pre-rinsed with sample. The sample was
poured into the 5.6 ml tube, the cap secured and air bubbles tapped free. The ICS was used
to analyse calcium, magnesium, sodium, potassium, chloride and sulphate using a
simultaneous method. Each sample was injected into a stream of eluent, which then passed
through a series of ion exchanges (DIONEX, 2008). The results show the separation of
cation and anion peaks, in which their areas are measured and concentrations given.
Sample replications were also run for every 10th samples to ensure precision and accuracy
of the method (Table 3.2). Table 3.2 also details the detection limit as well as the precision
and accuracy used for each analyte.
Table 3.2: The detection limit, precision and accuracy of the analytical methods for determining
anions and cations on the ICS

Detection limit (mg l-1)

Precision (mg l-1)

Accuracy (mg l-1)

Calcium

0.02

0.27

0.01

Magnesium

0.06

0.40

0.13

Sodium

0.06

0.15

0.05

Potassium

0.01

0.15

0.07

Chloride

0.06

0.06

0.02

Sulphate

0.07

0.34

-0.22
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Secondly total alkalinity was measured using surface water samples obtained over the
10-month study period. The total alkalinity within a sample is a measure of the total
concentration of titratable bases within solution (Boyd, 2000). For all samples total
alkalinity was measured using the HACH digital titrator, in mg l-1 of calcium carbonate,
immediately after reaching room temperature. The HACH digital titrator has an accuracy
of ± 1% for readings over 100 digits with an uncertainty of 1 digit (HACH, 2006).
Measurements consisted of a titration using a weak sulphuric acid (H2SO4) until an end
point is reached of pH 4.5. Distilled water was used as a blank and for dilutions, which all
samples were subsequently corrected.
Since samples were expected to be between 40-160 mg l-1 of calcium carbonate, they were
diluted using 25 ml of unfiltered sample and 75 ml with distilled water. Ensuring constant
mixing at all times, four drops of Phenolphthalein indicator solution was added. Since the
colour did not change for any samples it indicated that there was no Phenolphthalein
alkalinity present (HACH, 2006). The titration resumed with four drops of Bromcresol
Green-Methyl red indicator solution being added to produce a green/blue solution. At this
point, the amount of sulphuric acid used, counted in clicks, determined the amount of
CaCO3 present in the sample. Using the digital titrator with a 0.1600 titration cartridge, the
delivery tube was placed into the solution and the sulphuric acid was released until the end
point of pH 4.5, light pink, was reached. The number of clicks to obtain the end point were
recorded and multiplied by the digit multiplier 0.4 to obtain the amount of CaCO3 in
mg l-1. Since no Phenolphthalein alkalinity was present, total alkalinity will be equal to
bicarbonate alkalinity HCO3- as hydroxide alkalinity OH- and carbonate alkalinity
CO32- are both zero (HACH, 2006).
The sum of anions and cations gives the total dissolved solids within stream water. Total
dissolved solids were analysed to create a site-specific calibration curve with continuous
specific conductivity (Figure 3.8). A linear relationship was the best fit to the data with a
coefficient of determination of 0.626. The majority of specific conductivity samples were
around 160 to 180 µS cm-1, between 50 and 90 mg l-1 for total dissolved solids, which
corresponded to the majority of infield specific conductivity values. The highest recorded
total dissolved solid was 109 mg l-1, which, related to a turbidity value of 199 µS cm-1.
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Figure 3.8: Specific conductivity-total dissolved solids relationship using YSI sonde specific
conductivity and total dissolved solids analysis from surface water samples at Silver Stream over
various flow events.

3.4.2 Total suspended solids analysis
To calculate the amount of sediment moving through the system, turbidity was used as a
proxy for total suspended solids. Total suspended solids were measured for 26 samples
using pre-weighed 47 μm glass fiber Pro Weigh filters with a pore size of 1.5 μm. The
sample containers were weighed at room temperature before and after filtering to establish
water volume. The thoroughly shaken samples were then poured through the filter and
distilled water was used to ensure all particulate matter was accounted for. The filters were
then placed in the oven at 105°C for 1 hour, removed and reweighed after being let to cool
to room temperature without condensation. The filters were then placed back in the oven
for another half hour and reweighed for the second time to ensure a constant weight. The
weight was then converted to mg l-1.
Although turbidity is a reasonable indicator of the amount of sediment within the stream,
the amount of suspended sediment is of primary interest. It is documented that suspended
sediment and turbidity are linearly related given physical properties of suspended sediment
remain constant (Gippel, 1995; Foster et al., 1992). Since the size and shape of suspended
often vary, such as over an event with increasing discharge, curvilinear relationships can
also be derived (Lewis, 2003). The relationship between suspended sediment and turbidity
can then expressed as a linear, power, or as either a positive or negative polynomial. It is
important then that a large range of discharge values should be taken into consideration
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when developing the relationship between suspended sediment and turbidity to take into
consideration how the channel is influenced as discharge increases.
Total suspended solids were analysed to create a site-specific calibration curve with
turbidity (Figure 3.9). A linear relationship, forced through zero, was the best fit to the data
with a coefficient of determination of 0.959. The majority of total suspended solids
samples were at the lower scale, between 0 and 10 NTU for turbidity, which corresponded
to the majority of in-field turbidity values. The highest recorded total suspended solid was
127 mg l-1, which, related to a turbidity value of 54 NTU.

Total suspended solids (mg l-1)

140
Total suspended solids = 2.483*Turbidity
R² = 0.959

120
100
80
60
40
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0
0
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40

50
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Figure 3.9: Turbidity-total suspended solids relationship using YSI sonde turbidity and total
suspended solids analysis from surface water samples at Silver Stream over various flow events.

3.5 Data analysis
3.5.1 Time series smoothing
Continuous data was smoothed using a three point Tukey-Hanning filter. The moving
average filter was applied to the total suspended solids, temperature (both air and water),
pH, specific conductivity and discharge datasets (Equation 3.2). This was repeated three
times to remove any equipment variation. Only total suspended solids showed extreme
outliers due to turbidity saturation. All turbidity values over 800 were removed following
the method of Oeurng et al., (2010).
(

)

(

)
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(

)

(Eq. 3.2)

3.5.2 Total yearly and specific catchment loads
Total suspended solids and dissolved load were calculated for individual time steps of 15
minutes (Equation 3.3). Both suspended and dissolved loads were then multiplied by 900
to account for the 15-minute interval, therefore, integrating under the curve to convert the
time step to seconds. The sums of these individual loads were calculated for each
significant event (either snow or rain), expressed in both tonnes per event, and divided by
the number of days the event occurred as tonnes per day for each event. Suspended and
dissolved load were also extrapolated to estimate yearly load and specific catchment load
using Equation 3.4.
(Eq. 3.3)
Where:
is the load of a specific analyte at time t
is discharge at time t
is the concentration of the analyte at time t

(Eq. 3.4)
Where:
is the specific load of the analyte
is the load of the specific analyte as a yearly total
is the area of the catchment

3.5.3 Principal component analysis
PASW statistics version 18.0 was used to perform multivariate analysis in the form of
principle component analysis. Principle component analysis is the primary analysis for
reducing variables for the understanding of relationships between variables. This factor
analysis uses the differences in variances to group variables by giving factor weightings.
Eigen values over one were included within the analysis, which was assessed through
scree plots and factor loading outputs. Two factors were chosen to reduce chances of
single factor loadings, which would defeat the point of reducing variables. The
standardised factor loadings were then plotted to show the groupings of variables based on
the two factors. Correlation and significance matrices were also produced.
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3.5.4 Hysteresis and chemo-graphs
Chemo-graphs show the hydrographical response to rain or snow alongside the specific
constituent over time. Chemo-graphs were plotted for each significant event for both total
suspended solids and specific conductivity using smoothed data. Significant events were
defined as event flows, which triggered at four time antecedent base flow as described by
Fitzhugh et al. (1999) and Eshleman et al. (1995). The hysteresis plots are the
concentration of a constituent against discharge. These hysteresis plots were established
beside each chemo-graph for each significant event. Clockwise or anti-clockwise rotations
were established through analysis of the direction of the hysteresis loop.

3.5.5 Ion analysis
Computer software Aq-QA version 1.1 was used to create piper diagrams, stiff diagrams
and ion balances for geochemical interpretation. A full data analysis of these plots was
produced with the addition of the average of all ions. All plots were produced for event
flows, which were deemed above 0.18 m3 s-1 as well as base flows, being 0.05 m3 s-1 and
below. The averages of these sample groups were used for the stiff and ion balance plots.

3.5.6 Morphometric bedload calculation
Bedload was calculated though a modified version of the morphological budget described
by Brewer and Passmore (2002). Here, multiple cross sections were used to give a more
representative volumetric change in morphological units between surveys. The
morphological approach utilises the sum of change from active morphological units within
the reach. Three units were defined (Figure 3.10) as a point bar on the true left (A), the
channel (B) and the erosion bank on the true right (C). The individual volume change of
these three units was calculated based on multiple cross sections, rather than one or two as
projected in Brewer and Passmore (2002) and the planform area of the unit. The
cross-sections were taken every 5 meters down the reach, giving between five and seven
cross-sections transecting each morphological unit. The total volumetric change was then
calculated for each survey whereby survey 1 becomes the baseline for survey 2 and so on
(Equation 3.5). An example of calculating an individual morphological unit is given
through calculating

is given for Equation 3.6.
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∑

(Eq. 3.5)

Where:
is the total volume change (m3)
is the change in the volume within the morphological unit a (m3)
is the change in the volume within the morphological unit b (m3)
is the change in the volume within the morphological unit c (m3)

and

Unit B
Unit A

Unit C

Flow direction
Cross-sections

Figure 3.10: Diagrammatic representation of morphological units A (sand/gravel bar), B (channel)
and C (erosion bank) and multiple cross sections for Silver Stream morphometric method bedload
calculation.

(

)

(Eq. 3.6)

Where:
is the change in the volume within unit a (m3)
is the change in cross sectional area of unit A in an individual cross-section (m2)
is the length of the morphological unit A across the individual cross-section (m)
is the planform area of unit A, at the end of the budget period (m2)
1 to x is the individual cross-section number
and x is the number of cross-sections
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3.5.7 Channel change 3D surface maps
To show changes in the channel section the survey points were transformed into a 3D
surface map and a contour map using the modelling program Surfer 9.0. The method of
krigging was used to obtain the best representation of the site. Contour maps were also
produced along-side individual cross sectional profiles for each transect. Overall visual
comparisons were made for the total reach surveys. Cross sections were shown for selected
individual cross sectional profiles of geomorphic interest, at 3, 11, 21 and 30 meters from
the survey station for between event comparisons. Slope was also derived for three areas of
the total 35 m profile. These slopes include the riffles section (slope 1), after riffles section
(slope 2) and the total reach (full slope).
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4 Chapter 4
Results
In order to make inferences about the solute, sediment and bedload processes operating
within the Silver Stream catchment, quantification of loads as well as the processes driving
them are calculated and visualised. Solutes and sediment data are examined through
descriptive statistics, time series plots and hydrological relationships in the first three
sections of this chapter. Solute and sediment loads are then specifically examined in
Section 4.4 including cumulative plot analyses over the 10-month study period. The
sources of solutes and sediments during event flows, hysteresis analysis (Section 4.5) and
ion analysis (Section 4.6) are also described. Lastly, six surveys of channel morphology
are presented to show geomorphic change and the morphometric calculation of bedload
(Section 4.7), with a summary in Section 4.8.

4.1 Silver Stream hydro-chemistry overview
Over the 10-month study period, discharge varied considerably with a low of 0.02 m3 s-1 to
the highest recorded flow measuring 18.30 m3 s-1 (Table 4.1). Mean flow during the study
period was 0.16 m3 s-1, being skewed by large extremes compared to the median value of
0.08 m3 s-1. Climate measurements show air temperature had a larger range (-2.3 to
27.2ºC) compared with water temperature (-0.1 to 18.2ºC) although the means were
similar with 8.3 and 9.1ºC respectively. Precipitation over the study period, measured in
15-minute totals, showed the mean precipitation as 0.03 mm with the maximum of 4 mm.
In-stream continuous measurements showed large ranges in specific conductivity and total
suspended solids, however, pH rarely varied (Table 4.1). Specific conductivity showed a
maximum of 227 µS cm-1 and a low of 76 µS cm-1, averaging 182 µS cm-1. Conservative
values of total suspended solids, calculated from in-stream measurements of turbidity,
averaged 3 mg l-1 with a large standard deviation of 6.2 mg l-1. The maximum total
suspended solids recorded was 116.8 mg l-1 with the lowest being 0.2 mg l-1. The median
value for in-stream measurements of pH was slightly alkaline with a value of 7.3, however,
values ranged from 6.7 to 7.9.
Analysis of grab samples revealed that the dominant ion was bicarbonate with a mean of
35 mg l-1 (Table 4.1). The remaining anions, in decreasing order on average were chloride
(9.96 mg l-1), and sulphate (4.78 mg l-1) with only minor concentrations of other anions.
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The cations, in decreasing order, were calcium (10.45 mg l-1), sodium (7.10 mg l-1),
magnesium (4.04 mg l-1) and potassium (0.79 mg l-1). All anions and cations exhibited
high standard deviations.
Table 4.1: Descriptive statistics showing mean, median, standard deviation and range of field study
data. Data includes flow and climate measurements, in-stream continuous water quality
constituents and solute concentrations from discrete grab samples.

Constituent

Mean

Standard

Median

Min

Max

Range

deviation
Flow and climate measurements
Discharge (m3 s-1)

0.16

0.67

0.08

0.02

18.30

18.28

Water temperature (ºC)

8.29

3.67

8.65

-0.10

18.16

18.26

Air temperature (ºC)

9.05

5.03

9.01

-2.32

27.18

29.51

Precipitation (mm 15 min-1)

0.03

0.18

0.00

0.00

4.00

4.00

186.02

76.0

227.3

151.2

3

0

7

0.23

116.7

116.5

6

2

In-stream continuous water quality constituents
Specific

conductivity

(µS

cm-1)

181.9

27.18

9

Total suspended solids (mg

2.97

6.21

1.65

-1

l )
pH

N/A

N/A

7.34

6.67

7.93

1.26

34.98

11.51

35.40

8.40

57.20

48.80

10.45

2.98

10.07

3.12

16.62

13.50

Magnesium (mg l-1)

4.04

1.48

4.22

0.43

6.87

6.44

Sodium (mg l-1)

7.10

2.19

7.56

1.03

10.54

9.51

Potassium (mg l-1)

0.79

0.31

0.76

0.09

1.55

1.46

Chloride (mg l-1)

9.96

3.03

10.53

1.52

15.50

13.97

Sulphate (mg l-1)

4.78

1.41

4.93

0.64

7.38

6.74

Anions and cations
Bicarbonate (mg l-1)
-1

Calcium (mg l )

4.2 Temporal trends and variation
Discharge and Precipitation
Over the 10-month study period a variety of precipitation and discharge events occurred
with 16 event flows (Figure 4.1). The hydrographical response for all events and sub-event
peaks was characterised by a steep incline of discharge followed by an exponential decay
curve back towards base flow conditions. Of the events observed, 9 out of 16 events were
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simple peak events with the remaining 7 being composite events where base flow
conditions were not reached before the next peak occurred. The chemo-graphs for each
peak event are described in more detail by hysteresis analysis in Section 4.5.
Discrete single peak events were observed for 9 out of 16 events and (events 2, 4, 5, 6, 8,
11, 12, 13 and 14). Event 2 occurred between the 6th and 7th of August 2011 (JD96 to 97)
was small with a single peak discharge of only 0.17 m3 s-1 owing to a series of 1 mm
precipitation peaks 5.75 hours before. The largest flood event for the study period (Event
4) occurred on the 18th of October 2011 (JD291) with a simple peak discharge of
18.30 m3 s-1 after prolonged rainfall reaching 2.5 mm. Near base flow conditions were
eventually reached on the 24th of October with 0.19 m3 s-1 before event 5 started on the
receding end of event 4, exhibiting a small simple peak discharge of 0.66 m3 s-1. Event 6
and 8 also exhibited simple peaks with 0.84 m3 s-1 on November the 25th 2011 (JD329) and
0.56 m3 s-1 on January the 27th 2012 (JD27) respectively (Figure 4.1c). Events 11 through
to 14 peaked in close succession of each other with 3.14, 0.95, 0.50 and 0.40 m3 s-1
recorded on the 3rd, 12th, 15th and 19th of March 2012 (JD62, 71, 74 and 78) respectively.
After these flows receded, a period of base flows was documented until the end of the
study in early May.
Complex multimodal events were observed for 7 out of 16 events (events 1, 3a, 3b, 7, 9a,
9b and 10). The longest duration event (3) showed a sustained discharge over 15 days in
August 2011 as a result of slow runoff release from a melting snow pack. This event has
two distinct sub-event peaks (3a and 3b) which in turn each have bi-modal distributions
with the highest peak discharges being 0.87 m3 s-1 for event 3a and 0.91 m3 s-1 for event
3b. Event 9 was similar to event 3 where event 9a peaked on the 23rd of February 2012
(JD54) at 8:45 am with 6.01 m3 s-1 and event 9b, which started on the tail end of event 9a,
reached a peak flow of 8.37 m3 s-1 at 8:00 pm, 11.25 hours later. Events 7 and 10 both
exhibited bi-modal peaks where event 7 consisted of two main peaks reaching 0.38 and
0.34 m3 s-1 on the 14th and 15th of January 2012 (JD14 and 15) and event 10 showed two
peaks at 0.63 and 0.65 m3 s-1 only 5.5 hours apart on the 1st of March (JD60). Lastly, event
1 was a triple peak event between 29th of July and the 2nd of August 2011 (JD210 to 214)
with the largest peak discharge being 0.41 m3 s-1 on the 29th of July.
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Figure 4.1: Time series at Silver Stream from the 1st of July 2011 to the 6th of May 2012 of: a)
15-minute interval precipitation at Swampy Spur, b) 15-minute interval discharge showing the 14
event flows and c) Insert of representative hydrograph with a single peak (Event 8).
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Specific conductivity
Specific conductivity ranged between 76 and 227 µS cm-1 over the 10-month study (Figure
4.2a). Figure 4.2b highlights the pattern of specific conductivity which shows a dramatic
drop in specific conductivity and logarithmic increases of time, inverse to discharge
exponential decay, during event flows. Baseline recordings for specific conductivity were
variable but close to 180 µS cm-1 and during event flows, values would drop to around
120 µS cm-1.
Total suspended solids
The time series of smoothed total suspended solids shows the largest peak in suspended
sediment occurred in August (Figure 4.3a). Figure 4.3b shows the suspended sediment
peaked on the 18th of August (JD230) and again on the 22nd of August (JD234) with other
peaks also present. The major peaks in suspended sediment during the study period
correspond to discharge peaks (Figure 4.1b). The total suspended solids data is considered
a conservative calculation since data based on fouling within the stream has been removed,
reducing extreme turbidity readings.
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Figure 4.2: Time series of 15-minute interval specific conductivity at Silver Stream from a) the 1st
of July 2011 to the 6th of May 2012 and b) Insert of representative series from late February to late
March. Note: Grey areas represent data gaps.
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Figure 4.3: Time series of 15-minute interval total suspended solids at Silver Stream (smoothed)
from a) the 1st of July 2011 to the 6th of May 2012 and b) Insert of representative series from mid to
late August. Note: Grey areas represent data gaps; blue areas represent areas of major biological
fouling.
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4.3 Factors influencing solutes and sediments
All variables showed statistically significant correlations at the 99% level except for pH
(Table 4.2). Median daily pH only showed a significant correlation with specific
conductivity with a p-value of 0.009 and at the 95% level for total suspended solids.
Positive correlations were determined between rainfall and discharge (0.446) and total
suspended solids (0.548) as well as between discharge and total suspended solids (0.830).
Negative correlations were noted between specific conductivity and discharge (-0.726),
total suspended solids (-0.543) and rainfall (-0.386).
Table 4.2: Pearson’s correlation matrix showing correlations between rainfall, discharge, specific
conductivity, total suspended solids and pH for average daily data (total daily for rainfall, median
for pH) as well as the significances between them. Note: ** indicates significance at 95% level or
above.
Rainfall
Rainfall
Discharge
Specific conductivity
Total suspended solids
pH

0.446*
-0.386*
0.548*
-0.048

Discharge

-0.726*
0.830*
0.034

Specific
conductivity

-0.543*
0.146*

Total suspended
solids

pH

-0.133*

Principle Component Analysis (PCA) was used to identify and interpret the key variables
thought to be driving solute and sediment patterns with the Silver Stream (Figure 4.4).
The analysis identified two major components (eigenvalues above 1.0) in the data set
which explained 75.9% of total variance cumulatively, 55.6% and 20.3% respectively. The
factor analysis showed a cluster of daily total rainfall, daily average discharge and daily
average total suspended solids, which were loaded strongly on component 1 with
component loadings greater 0.65 of rainfall and greater than 0.85 for discharge and total
suspended solids. The cluster with a high positive loading on component 1 suggests a
strong link between discharge and total suspended solids as well as rainfall. Specific
conductivity was highly negatively loaded onto component 1, greater than 0.8. The high
negative loading suggests a strong link with a least one of the three components with the
positive cluster. Water pH was the only variable loaded onto component 2 with a high
positive loading of 0.99 with discharge only being weakly loaded on this component.
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Figure 4.4: Principle Component Analysis (PCA) loading for daily average specific conductivity,
pH, discharge, total suspended solids and total daily rainfall from Whare Flat with loading cluster
circled.

4.4 Solute and sediment loads
Event loads for total dissolved solids were consistently higher than total suspended solids
except for event 11. Event loads showed a range in total dissolved solids from 0.73 to
12.48 t in event 2 and 3b respectively (Table 4.3). Standardised per day values report a
more consistent load per event with an average of 1.09 t day-1 for the events. Event 2
showed the smallest standardised TDS load of 0.4 t day-1, however, event 3a become the
largest load, over event 3b, with 1.80 t day-1. The total suspended solids for discrete events
varied from 0.05 to 6.87 t for events 2 and 11. The average total suspended solids
standardised value for observed events was 0.38 t day-1 with event 2 and 11 representing
the lowest and highest values of 0.03 and 1.57 t day-1 respectively (Table 4.3). The average
total dissolved solids for events were 4.96 tonnes, which is 2.8 times higher than the
average total suspended solids on 1.78 t. Similarly, the comparison between the average
standardized values also showed a 2.8 times difference between total dissolved solids and
total suspended solids.
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Table 4.3: Event loads for total dissolved solids and total suspended solids showing TDS and TSS
for events in tonnes as well as standardised in tonnes day-1.
Event 1
Event 2
Event 3a
Event 3b
Event 6
Event 7
Event 8
Event 10
Event 11
Event 12
Event 13
Event 14
Average

TDS t for event TDS t day-1 for event TSS t for event
TSS t day-1 for event
5.34
0.81
0.97
0.15
0.73
0.46
0.05
0.03
10.44
1.80
4.53
0.78
12.48
1.34
3.17
0.34
4.60
0.88
1.41
0.27
3.74
0.75
0.61
0.12
2.77
0.74
0.76
0.20
2.94
1.09
0.87
0.32
6.49
1.48
6.87
1.57
4.95
1.38
1.47
0.41
2.18
1.30
0.33
0.20
2.87
1.10
0.35
0.13

Median

4.96

1.09

1.78

0.38

4.17

1.10

0.92

0.24

Over the events, total dissolved solids and total suspended solids correlated well with total
runoff (Figure 4.5). In general larger events showed higher loads whereas, smaller events
were observed to have lower loads. During spring and summer, total runoff was low
corresponding to lower solute and sediment loads. During winter, events 3a and 3b
exhibited the largest solute loads with over 10 t each. Sediment loads were high during
winter, however, the largest sediment load was during event 11 in Autumn.
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Figure 4.5: Runoff volume (clear) alongside total suspended solids (red) and total dissolved solids
(green) for each recorded event.
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Yearly and specific loads showed similar trends to the event loads described above with
total dissolved solids being a magnitude higher than total suspended solids (Table 4.4).
Over the study period TDS was 247.61 t compared to TSS with 22.49 t. The average
yearly loads were slightly higher than the study period loads with 333.25 and 32.43 t for
TDS and TSS respectively. Specific loads continued the trend with TDS being
11.58 t km-2 yr-1 and TSS 1.13 t km-2 yr-1.
Table 4.4: Study period, average yearly loads and specific loads for total dissolved solids and total
suspended solids. Note: these loads are based on actual data captured only.

Study period load t Average yearly load t yr-1 Specific loads t km-2 yr-1
TDS
247.61
333.25
11.58
TSS
22.49
32.43
1.13

Total dissolved solids load exhibited an almost linear pattern cumulatively over the study
period (Figure 4.6). There were three distinct trends with winter showing a slow increase
in solutes over the season, spring and summer indicating a steady increase in solutes over
time, greater than winter, and autumn showing a large increase in solutes cumulatively
over the season. With the onset of event flows, solute load increases at a greater rate which
trails off slowly, producing a curved step pattern alongside the overall seasonal increases.
The prolonged event 3 in August showed the greatest increases in total dissolved solid load
with a large increase in cumulated load from 20 to 60 tonnes over the event.
By contrast, total suspended solid load exhibited a sharp step pattern cumulatively over the
study period (Figure 4.7). Over the study period, the total cumulative suspended solid load
reached 22.49 tonnes with large dramatic increases followed by slight, or no increase, over
time. With the onset of discharge, total dissolved solids trend is very steep (almost
vertical) which trails off quickly as discharge decreases to a flat or shallow positive trend.
The most obvious events were the prolonged event 3a and 3b showing a rise in total
suspended solid load up to around 8 tonnes and event 11 during March, which showed the
greatest increases in suspended solid load with a steeper slope from 12.5 to nearly 20
tonnes.

60

Figure 4.6: Total dissolved solids load accumulation plot alongside discharge. Data gaps with
dotted lines show that events which were not captured do not contribute to the accumulation.

Figure 4.7: Total suspended sediment load accumulation plot alongside discharge. Data gaps with
dotted lines show that events which were not captured do not contribute to the accumulation.
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4.5 Event flow hysteresis
Hysteresis analysis was performed on 12 peak events as events 4 and 5 and 9a and 9b did
not contain sufficient data to complete hysteresis due to equipment failure (Table 4.5).
Seven events were classed as simple single peak events, while the remaining five events
were complex owing to more than one peak in discharge. Specific conductivity
consistently showed a negative relationship with discharge and clockwise hysteresis loops
for all events (Figure 4.8, Figure 4.9 and Figure 4.10). The main differences observed
between the events were the slope and openness of loops for specific conductivity. Total
suspended solids showed a positive relationship with discharge, however, a range of
clockwise, anti-clockwise and mixed hysteresis directions was observed over the events
(Figure 4.11, Figure 4.12 and Figure 4.13).
Table 4.5: Summary of hysteresis complexity and direction for specific conductivity and total
suspended solids.

Event

Complexity Specific

conductivity Total

direction

direction

suspended

solids

Event 1

Complex

Clockwise

Clockwise and anti-clockwise

Event 2

Simple

Clockwise

Clockwise

Event 3a

Complex

Clockwise

Clockwise and anti-clockwise

Event 3b

Complex

Clockwise

Clockwise

Event 6

Simple

Clockwise

Clockwise

Event 7

Complex

Clockwise

Clockwise

Event 8

Simple

Clockwise

Clockwise

Event 10

Complex

Clockwise

Anti-clockwise

Event 11

Simple

Clockwise

Clockwise and anti-clockwise

Event 12

Simple

Clockwise

Clockwise

Event 13

Simple

Clockwise

Clockwise

Event 14

Simple

Clockwise

Anti-clockwise

Collapsed specific conductivity hysteresis loops were observed for four events (1, 3a, 3b
and 6). The complexity of the first event showed three clockwise loops with specific
conductivity reaching as low as 110 from 200 µS cm-1. Event 3a and 3b were also both
complex events where event 3a showed four clockwise loops were exhibited (two main
loops) and a general negative slope from 190 down to 125 µS cm-1. Event 3b exhibited two
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clockwise loops with a negative slope starting at 145 down to 100 µS cm-1. Lastly, event 6
was not a complex loop, however, exhibited a simple clockwise direction with an obvious
negative slope from 190 µS cm-1 down to 90 µS cm-1 following discharge closely.
Open specific conductivity hysteresis loops were observed for the remaining events
(events 2, 7, 8, 10, 11, 12, 13 and 14). Events 2, 8, 11, 12 and 13 all exhibited simple
clockwise loops with a shallow slopes exhibiting slightly open loops. Events 11, 12 and 13
showed that as peak discharge changed down from 3.1, 1.0 and finally 0.55 m3 s-1 the
slopes of the hysteresis become shallower over the three events. Event 7 and 10 both
exhibited two clockwise open loops with a general negative slope, however, event 7
showed very shallow negative slopes while event 10 showed the first loop being weakly
associated with discharge allowing for an open overall hysteresis loop with a shallow
negative direction. Lastly, event 14 was a simple single peak event with a large open loop
showing discharge was not as closely associated with specific conductivity.
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Figure 4.8: Chemo-graph and hysteresis analysis for 15-minute discharge (black) and specific
conductivity (green) data for events 1, 2, 3a and 3b. Annotated blue arrows on hysteresis plots
indicate the specific conductivity minima consistently peak after peak discharge resulting in
clockwise loops.
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Figure 4.9: Chemo-graph and hysteresis analysis for 15-minute discharge (black) and specific
conductivity (green) data for events 6, 7, 8 and 10. Annotated blue arrows on hysteresis plots
indicate the specific conductivity minima consistently peak after peak discharge resulting in
clockwise loops.

65

150

150

3.00
2.50

100

2.00
1.50
50

1.00

EC (μS cm-1)

Discharge (m3 s-1)

3.50

100

50

0.50
0.00

0
64.0

65.0

66.1

0.80

200

200

150

150

0.60
100
0.40
50

0.20
0.00

0
71.7

72.3

73.0

73.7

0.50
0.40
0.30

200

200

150

150

50

0.10
0.00

0
75.1

75.4

75.7

76.0

76.3

0.40

160

0.30

150

0.20

140

0.10

130
79.8

80.3

80.8

0.20

0.40

0.60

0.80

1.00

100
50

EVENT 13
EC
0.20

0.40

0.60

165
160

120
79.3

4.00

EVENT 12
EC

0.00
170

0.00

3.00

0

76.7

0.50

78.7

50

0.00

100

0.20

2.00

100

74.4

0.60

1.00

0

EC (μS cm-1)

71.0

Discharge (m3 s-1)

0.00

EC (μS cm-1)

Discharge (m3 s-1)

1.00

Discharge (m3 s-1)

0

67.1

EC (μS cm-1)

63.0

EVENT 11
EC

81.3

155
150
145
140
135

EVENT 14
EC

130
0.00

0.10

0.20

0.30

0.40

0.50

3 -1

Day (Decimal)

Discharge (m s )

Figure 4.10: Chemo-graph and hysteresis analysis for 15-minute discharge (black) and specific
conductivity (green) data for events 11, 12, 13 and 14. Annotated blue arrows on hysteresis plots
indicate the specific conductivity minima consistently peak after peak discharge resulting in
clockwise loops.
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Total suspended solid event data showed clockwise hysteresis was observed for events 2,
3b, 6, 7, 8, 12 and 13. Event 8 exhibited a near perfect clockwise hysteresis where
suspended solids showed a positive trend and an open loop. Another example of an open
loop is event 7, although complex, event 7 exhibited 3 clockwise loops which were open.
Event 2 exhibited a simple clockwise loop with an additional suspended solid peak not
associated with discharge. Event 3b and 6 exhibited moderately open loops with event 3b a
complex event and event 6 being simple. Lastly closed, almost linear, clockwise loops
were shown for events 12 and 13.
Events 1, 3a and 11 showed a mixture of clockwise and anti-clockwise directions within
the event. Event 1 showed a complex mixture of both clockwise and anti-clockwise
directions with the first peak in suspended solids not being associated with discharge, the
second peak exhibited a clockwise direction and the remaining two peaks showed
anti-clockwise directions. Except for the first peak, the suspended solids followed
discharge closely with an overall direction for the hysteresis being clockwise with a
positive trend. Event 3a exhibited first a large positively trending open clockwise
hysteresis loop followed by a small anti-clockwise loop for two similar sized discharge
peaks. Event 11 exhibited first a clockwise peak, which may not be associated with
discharge and secondly an anti-clockwise loop. Event 11 also showed an almost linear
trend except for the first peak in suspended solids with a positive slope.
Finally events 10 and 14 exhibited only anti-clockwise hysteresis loops. Event 10
exhibited a very condensed, almost linear hysteresis pattern with two anti-clockwise loops.
Event 10 also showed a strong positive trend between discharge and suspended solids and
minor suspended solid peaks throughout the event being ignored in association to
discharge. Lastly event 14 exhibited a simple single peak with an anti-clockwise
hysteresis. This last event showed again that the trend was positive and the loop was
condensed.
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Figure 4.11: Chemo-graph and hysteresis analysis for 15-minute discharge (black) and total
suspended solid (red) data for events 1, 2, 3a and 3b. Annotated blue arrows on hysteresis plots
indicate clockwise loops and red arrows indicate anti-clockwise loops.
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Figure 4.12: Chemo-graph and hysteresis analysis for 15-minute discharge (black) and total
suspended solid (red) data for events 6, 7, 8 and 10. Annotated blue arrows on hysteresis plots
indicate clockwise loops and red arrows indicate anti-clockwise loops.
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Figure 4.13: Chemo-graph and hysteresis analysis for 15-minute discharge (black) and total
suspended solid (red) data for events 11, 12, 13 and 14. Annotated blue arrows on hysteresis plots
indicate clockwise loops and red arrows indicate anti-clockwise loops.
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4.6 Chemical composition
An examination of the chemical composition of the samples showed a schist-dominated
catchment (Figure 4.14a). Overall cations showed Ca2+ > Na+ = Mg2+ > K+ and anions
showed HCO3- > Cl- > SO4- giving calcium bicarbonate waters with all samples being
clustered within the left corner of the piper diagram diamond. When examining the anions
alone, chloride showed the largest range with samples forming a line from 15 to 60%
while sulphate stayed below 20%. The study average, which includes both event flows and
base flows showed 72% combined Ca2+ and Mg2+, 60% HCO3-, 40% combined SO42- and
Cl-, and 28% combined Na+ and K+ (Figure 4.14a). The stiff plot, complemented by the
ion

balance

plot,

of

the

study

average

also

showed

the

dominance

of

HCO3- (~ 0.6 meq/kg), however, it also showed the importance of Ca2+ over Mg2+ (Figure
4.14b, c). The weight of Ca2+ was much higher than Mg2+ with 0.5 meq/kg while Mg2+ was
only just over 0.3 meq/kg.
Base flow samples from late September to mid-October exhibited the same chemical
signature to the study average, however, increased calcium and bicarbonate were evident.
Base flow samples still exhibited a dominance of HCO3- and Ca2+ (Figure 4.15b, c). The
stiff and ion balance plots showed an increase in ions compared to the study average with
cations increasing from 1.19 to 1.44 meq/kg and anions increasing from 0.98 to
1.18 meq/kg. Within base flow samples, the water samples are clustered tightly with only
slight changes, reflecting the increase in bicarbonate and subsequent decrease in chloride,
compared to the study average (Figure 4.15a).
During the event flows of event 3a and 3b, the stiff and ion balance plots exhibited a lower
concentration of ions. Overall for event flows, all ions were lower with cations showing
Ca2+ > Na+ > Mg2+ > K+ and anions showing HCO3- > Cl- > SO4- again producing calcium
bicarbonate waters. The overall decrease in ions is shown through a reduction in anions
from 1.19 to 0.84 meq/kg and a reduction in cations from 0.98 to 0.69 meq/kg (Figure
4.16b, c). Event flow samples were less clustered than base flow samples showing a trend
in chloride, which is the same as for all flow samples, showing event flow dominance on
the range in chloride (Figure 4.16a). The main differences compared to the study average,
showed an increase in chloride and a decrease in bicarbonate, the opposite pattern seen for
base flow samples.
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Figure 4.15: a) Piper diagram of base flow water samples in late September to mid-October (0.05
m3 s-1 and below) with the average from samples in yellow, b) Stiff plot of average base flow
sample and c) Ion balance of average base flow samples. Dashed line shows grouping of data.
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average of samples in blue, b, Stiff plot of average event3a and 3b flow sample, c, Ion balance of
average event 3a and 3b samples. Dashed line shows grouping of data.
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4.7 Bedload and geomorphic change
Six channel surveys were taken over the study period in order to evaluate geomorphic
changes and calculate bedload using the morphometric method described in Section 3.5
(Figure 4.17). Survey 1 was taken during winter, 16th July 2011, during base flow at the
start of the study period. Survey 2 undertaken on the 10th of September 2011, after a late
winter snow event. Survey 3 occurred on the 30th of October after a large storm event
lasting 10 days, while survey 4 occurred (27th of November) after a moderate-sized storm
event. During summer and autumn survey 5, February 28th 2012, and survey 6, 15th March
2012, were completed after series of storm events, which occurred in February and March.

Figure 4.17: Discharge of Silver Stream showing dates when survey measurements were taken in
relation to event flows.

The total study period change in bedload was -32.54 m3 with an extrapolated yearly
bedload of -43.50 m3 for the 35 m reach analysed, equivalent to 0.57 t km-2 yr-1 (Table
4.6). The differences between surveys showed a large variation in bedload change from a
deposition of 28.20 m3 to a degradation of 40.58 m3. From Figure 4.18 it is clear that there
is an overall removal of bedload from the system during the survey study period. The
difference between survey 2 and 3 exhibited the only overall increase in bedload with a
volumetric increase of 28.20 m3. The change in bedload between survey 4 and 5 showed
the greatest decrease in bedload of -40.58 m3.
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Table 4.6: Morphological unit changes between surveys, total bedload change between surveys and
the calculated total study and yearly bedloads. Negative values indicate erosion out of the system,
while positive numbers indicate a deposition into the system. All values are in m3, except yearly
load which is m3 yr-1. (A = sand/gravel bar on true left, B = channel and C = erosion bank on true
right).

Survey 1 - 2 (m3) 86 days
Survey 2 - 3 (m3) 50 days
Survey 3 - 4 (m3) 28 days
Survey 4 - 5 (m3) 93 days
Survey 5 - 6 (m3) 16 days
Volumetric change (study) m3 273 days
Total volumetric change (yearly) m3 yr-1

Unit A
1.26
15.57
-3.65
-14.32
-3.89
-5.03
-6.73

Unit B
-0.17
12.81
-3.62
-21.39
-5.46
-17.83
-23.83

Unit C
-3.77
-0.18
-0.56
-4.86
-0.30
-9.67
-12.94

volumetric
change
-2.68
28.20
-7.83
-40.58
-9.65
-32.54
-43.50

Volumetric change (m³)

50.00

25.00

0.00

-25.00

-50.00
Survey 1 - 2

Survey 2 - 3

Survey 3 - 4

Survey 4 - 5

Survey 5 - 6

Figure 4.18: Total volumetric change (m3) between channel surveys using the morphometric
method.

The breakdown of volumetric change for each defined morphological unit is shown in
Figure 4.19. Unit A (sand/gravel bar) showed an increase in bedload between surveys 1
through to survey 3, however, between surveys 3 through to 6, there was a decrease in
bedload within the sand/gravel bar leading to an overall decrease of -5.03 m3 over the
study period. Unit B (channel) showed the greatest change over the three units
with -17.83 m3 difference over the study period. The difference in the channel between
survey 1 and 2 showed little change while like the sand/gravel bar, there was an increase in
bedload between survey 2 and survey 3. Thereafter, the channel showed a reduction in
bedload with the difference between survey 4 and 5 showing a change in -21.39 m3. Lastly
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Unit C (erosion bank) showed a decrease in bedload over each survey with a total of 12.94 m3 removed. The largest decreases were evident between survey 1 and 2 (-3.77 m3)
and between survey 4 and 5 (-4.86 m3).
25.00
Unit A
Unit B
Unit C
Volumetric change (m³)

12.50

0.00

-12.50

-25.00
Survey 1 - 2

Survey 2 - 3

Survey 3 - 4

Survey 4 - 5

Survey 5 - 6

Figure 4.19: Volumetric change between channel surveys showing individual morphological units
(A = sand/gravel bar on true left, B = channel and C = erosion bank on true right).

The channel shape during winter consisted of a pool and riffles section in the upper reach,
two sand gravel bars, one above the pools and riffles and a large sand and gravel bar on the
true left bank along with a deep curved channel on the true right (Figure 4.20). The riffles
sequence near the upper section of the profile, at 30 m, was observed to be higher than the
remaining inner channel, which drops into the pool section below. This upper section at
30 m also consists of a gravel bar on the true left with a gentle incline from the channel
thalweg up to the highest point on the bar. The main sand/gravel bar through the lower to
middle of the reach is 18 m long. This bar has a steeper gradient compared to the bar at
30 m, which moves into a deep channel on the true right. As the channel moves towards
the output it shallows and curves right within the lower portion of the profile covering
almost the entire width of the cross section. The channel is bordered by steep banks on
either side which are 1 m high.
During spring several flow events occurred including a late winter snow event in August
that persisted for 15 days. It can be seen from Figure 4.21 at 21 m the pools and riffles
sections becomes wider while at the 3 m profile, there is an infill of material allowing the
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profile to become shallower. At 20 m there is an erosion point where the profile shows a
sharp in-cut into the true left bank. By October, after a significant flood event, there in an
increase in sediment at 21 m with the upstream end of the gravel bar gaining sediment
while the erosion point immediately to the left becomes deeper (Figure 4.22). At the 3 m
profile, the development of two channel points with a slight sediment bulge in the middle
occurred. In November, the 21 m profile shows the channel becoming confined to a
smaller section with the additional accumulation of sediment at the upstream section of the
gravel bar (Figure 4.23). At the 11 m profile, the true left bank becomes steeper and at the
3 m profile two points of water flow are evident with a large depression in the sand bank
occurring.
The summer and autumn profiles in February and March show a clearly defined single
channel at the outlet with infilling of sediment at the lower end of the gravel bar. In
February the 21 m profile has been eroded out to become one full open channel and the
sediment build up has had been removed (Figure 4.24). At the 11 m profile the slope has
become flat and shallower on the true left. At the 3 m profile the depression in the sand
bank has become flat and in-filled leaving one channel exit on the true right. By March,
the 21 m profile showed a smoother bed profile, where the sediment build-up had
decreased further and continues to remain open (Figure 4.25). At the 11 m profile, the
channel becomes well defined on the true right and further down to the 3 m profile the true
right bank has steepened with a slight build-up of sediment on the true left sand bank.
Over the study period it can be seen that the pools and riffles and the sand bank regions
changed the most within the profile. The pools and riffles section developed a sand bank
on the true left that was later eroded away in summer. The lower reach sand bank
developed a shallow depression enabling a secondary flow channel to form, which was
in-filled by the summer. The channel thalweg remained constant and the upper gravel bed
relatively unchanged.
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Figure 4.20: Channel morphology during winter - Survey 1, 16th June 2011, a) a contour map showing cross sections of interest at 3, 11, 21 and 30 meters,
b) complementary 3D surface map with main geomorphic features annotated. Note true right at -1 m through to true left at 9 m.
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Figure 4.21: Channel morphology during spring - survey 2, 10th September 2011, a) a contour map showing cross sections of interest at 3, 11, 21 and 30
meters, b) complementary 3D surface map with main geomorphic features annotated. Note true right at -1 m through to true left at 9 m.
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Figure 4.22: Channel morphology during spring - Survey 3, 30th October 2011, a) a contour map showing cross sections of interest at 3, 11, 21 and 30
meters, b) complementary 3D surface map with main geomorphic features annotated. Note true right at -1 m through to true left at 9 m.
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Figure 4.23: Channel morphology during spring – Survey 4, 27th November 2011, a) a contour map showing cross sections of interest at 3, 11, 21 and 30
meters, b) complementary 3D surface map with main geomorphic features annotated. Note true right at -1 m through to true left at 9 m.
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Figure 4.24: Channel morphology during summer – Survey 5, 28th February 2012, a) a contour map showing cross sections of interest at 3, 11, 21 and 30
meters, b) complementary 3D surface map with main geomorphic features annotated. Note true right at -1 m through to true left at 9 m.
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Figure 4.25: Channel morphology during autumn – Survey 6, 15th March 2012, a) a contour map showing cross sections of interest at 3, 11, 21 and 30 meters,
b) complementary 3D surface map with main geomorphic features annotated. Note true right at -1 m through to true left at 9 m.
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The channel slope varies between the profiles with two distinctive regions, slope 1
(upstream pools and riffles section) and slope 2 (downstream channel). The overall reach
gradient is relatively constant with an average of 0.011 (Table 4.7). During winter, the
initial survey 1 showed slope 1 exhibited the shallowest gradient of 0.016 while slope 2
was 0.04. Survey 2 showed an increase in slope 1 to 0.027, however, slope 2 decreased to
0.000 indicating a possible transfer of sediment. Survey 3 and 4 were similar with both
surveys showing further decreases in slope 1 while survey 3 increased in slope 2 and
survey 4 remaining stable. The change between survey 2 and 3 indicates a possible input
of sediment from above the reach and exports out of the reach, while survey 4 showed only
an input from upstream. In February, survey 5 showed a large increase in slope 1 and the
highest slope 2 gradient increasing to 0.12. As both slopes for survey 5 increased, it
indicates a possible transfer of sediment and output of sediment out of the reach. Lastly,
survey 6 in March showed a continued increase of slope 1 up to 0.031, while slope 2
decreased indicating a transfer of sediment within the reach.
Table 4.7: Longitudinal survey slopes showing reach slope (full) and divided slopes; slope 1 and
slope 2. Annotated arrows indicate sediment transfer based on slopes where green is input from
upstream, orange is transfer within reach from slope 1 to slope 2 and red is output of sediment
from the reach.

Reach slope

Slope 1

Slope 2

(full 35 – 0 m)

(35–20 m)

(20-0 m)

Survey 1 - 16th June 2011

0.013

0.016

0.004

Survey 2 - 10th September 2011

0.010

0.027

0.000

Survey 3 - 30th October 2011

0.010

0.024

0.004

Survey 4 - 27th November 2011

0.010

0.020

0.004

Survey 5 - 28th February 2012

0.013

0.029

0.012

0.011

0.031

0.006

th

Survey 6 - 15 March 2012

4.8 Results summary
Within the study 16 peak event flows were recorded over a 10-month study period, of
which 12 events were captured with specific conductivity and turbidity. Specific
conductivity decreased with each discharge peak while turbidity increased with each
discharge peak. Suspended solids, discharge and rainfall all grouped together within a
factor analysis, which also showed specific conductivity and discharge being dispersed.
Specific solute load was a magnitude higher than sediment load with 11.58 t km-2 yr-1
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compared to 1.13 t km-2 yr-1 with event loads showing a similar pattern. Over the seasons,
solute load increased steadily with an increase rate in solute load during autumn.
Suspended sediment increased in a step pattern with respect to event flows. Hysteresis
showed all clockwise loops for specific conductivity while a range of clockwise,
anti-clockwise and mixed hysteresis for suspended solids. The average chemical
composition for the Silver Stream showed a schist dominated catchment with high
bicarbonate and calcium waters and a range of chloride was shown during event flows.
Yearly bedload was calculated as -43.50 m3 (0.57 t km-2 yr-1) for the 35 m reach analysed.
The largest changes in bedload were seen within the channel morphological unit. Lastly
the geomorphic change within the reach showed sediment increases and movement
downstream coupled with shallowing as well as erosion and expansion of the channel.
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5 Chapter 5
Discussion
Quantified rates of all three components of river load for one reach has provided a vast
amount of information. Interpretation of temporal and seasonal variation is a vital
component in understanding the sources of solutes and sediments in catchment studies.
Furthermore, quantifying the rates of solute, sediment and bedload provides a context for
understanding the particular conditions specific to the Otago landscape. Ascertaining what
factors influence load provides valuable insight into management of hydrological
landscapes and assessing the dominance of particular flow pathways and chemical
interactions. Finally, understanding bedload and channel changes informs sedimentary
processes and the specific energy characteristics and unit changes within the stream. This
chapter will discuss the implications of solute chemistry for the Silver Stream (Section 5.1)
followed by the suspended sediment dynamics (Section 5.2) and changes in the channel
reach form (Section 5.3). Collectively the data provides the most valuable contributions
through load comparisons, denudation rates and for future reference catchment data
(Section 5.4).

5.1 Solute chemistry
Solute loads
Average total dissolved solids were 72.1 mg l-1 on the Silver Stream (Table 4.1). The
typical range of dissolved solids for South Island catchments, east of the main divide is
between 11.2 and 78.3 mg l-1 (Jacobson et al., 2003) of which the Silver Stream is within
the upper range. Solute concentrations from Jacobson et al., 2003 may be overestimated as
they are based on 40 stream solute concentrations from one month. As samples were
collected in December under base flow conditions, event flow or seasonal variability are
not accounted for. Event flow, in particular, generally reduces solute concentrations,
therefore, over estimation is likely. The annual dissolved solids load for the Silver Stream
was, therefore, low with the yearly specific solute yield at 11.58 t km-2 yr-1 (Table 4.4).
Subsequent analysis showed that the addition of data from event 4, 5, 9a and 9b would
further increase the total dissolved solids for the full year to 14.85 t km-2 yr-1. Estimated
total dissolved solids (t yr-1) increased slightly in total annual dissolved solids when a
power relationship between discharge and TDS (R2 of 0.602) was applied to the missing
data with an increase of 112.12 t within the study period. The annual total dissolved load
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then became 427.51 t with the specific yield of 14.85 t km-2 yr-1. Compared to Afon Cyff
from the River Wye (36.7 t km-2 yr-1), solute loads were still low.
Groundwater dominance and dilution of solutes
Measuring individual ion concentrations for total solute load can give an indication of flow
pathways and water sources within a catchment. As expected the chemical signature of the
Silver Stream is consistent with a schist-dominated catchment, which is high in calcium
and bicarbonate ions (Figure 4.14a). This chemical signature has been reported elsewhere
in New Zealand catchments, such as the Waitaki and Takaka Rivers (Jacobson et al., 2003;
Kim and Hunter, 1997). Schist-dominated catchments, such as those within the South
Island of New Zealand, are characterised by quartz, feldspars and mica. The underlying
geology is characterised by an abundance of quartz and sodic-plagioclase, together with
constant but small amounts of mica (Turner, 1933). These mineral yield mostly calcium
and sodium (via sodic-plagioclase). Given the high solubility of calcium the resultant
water is relatively enriched in Ca2+, and to a lesser extent Mg2+. These ions, along with Si
weathering are electronically neatralised in water by the drawdown of atmospheric carbon
to form soluble HCO3- ions. Ultimately, the chemical signature infers that the water is
interacting with schist-lithology, either through groundwater percolation and discharge to
the stream network and/or by prolonged contact in the channel bed. Given the quick
evacuation of water through the stream network due to the steep slope it is suggested that
groundwater pathways must be a significant contributor to the overall water chemistry
Although rock type helps determine the water type (e.g. Ca(HCO3)2), the processes
responsible for the calcium bicarbonate water type are expressed through solubility and the
proximity of groundwater to the surface. Since New Zealand’s groundwater is relatively
young and near the surface, HCO3- was expected to have a dominant role in water
chemistry (Eshleman et al., 1995). Interaction of atmospheric dissolved CO2 reacts with
organic matter within the soil zone and subsequently washes HCO3- into groundwater
(Eshleman et al., 1995). Calcium, on the other hand, has been shown to exhibit a large
dominance relative to the concentration within rock sources. Within New Zealand
greywacke and schist basement rocks contain up to 3% calcite (Jacobson et al., 2003).
Dissolution of calcite in the Wanaka and Wakatipu basins of Central Otago have
previously shown that calcite constituted 80% of the dissolved ions in solution, even
though calcite made up less than 5% of the rock constitution (Rosen and Jones, 1998).
Furthermore, calcite weathers 104 to 106 times faster at neutral pH than plagioclase (White
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and Brantley, 1995). Within the Silver Stream, total ion composition during base flow
samples showed calcium dominated samples with 30%, second only to bicarbonate on
32% (Figure 4.15c). Dissolution of calcium is then likely with increased dissolution during
base flow compared to event flow where samples are diluted.
Chloride ions have little or no rock derived sources (Hounslow, 1995), therefore, are
dominated by sea spray. As the Silver Stream is located 10 km from the coast, sea spray
chloride is likely to be the dominant contributor of chloride to solute load. The higher than
average chloride proportion in the Takaka-Cobb catchment was also attributed to its
proximity to the sea (Kim and Hunter, 1997). Chloride concentrations changed over event
flows with an increase in relative concentration during events and a decrease during base
flows (Figure 4.16a). During precipitation events, Na+ and Cl- are washed out from the
atmosphere and contribute to the ionic composition of rain water (Eshleman et al., 1995).
Although the overall solutes were diluted in event flow, chloride was shown to increase up
to 50% of anion proportion during these event flows, whereas the maximum chloride
proportion during base flow was only 30% of anions (Figure 4.16b, c). The increase during
events illustrates the dominance of precipitation during event flows and the contribution of
sea spray to the solute composition. Furthermore, since event 3a and 3b consisted of a
snowfall event, additional chloride may have accumulated through wet deposition (snow
scavenging). Snow scavenging occurs where an increased fall time due to decreased snow
density and the increased size of the precipitation allows for greater accumulation of
atmospheric aerosols before reaching the ground surface (Arnell, 2002).
Solutes within the Silver Stream catchment were entirely dominated by dilution from
precipitation. Specific conductivity and discharge showed an inverse correlation, as
discharge increases, the specific conductivity decreases (Figure 4.2, Table 4.2 and Figure
4.4). Clockwise hysteresis from all 12 events showed no evidence of flushing of old
solutes. Initial solute concentrations were always higher than post event concentrations,
with a gradual increase in solutes towards initial concentrations post event. Since no
flushing occurred, dilution is likely the only mechanism that controls solute concentration
in the Silver Stream. The results of clockwise hysteresis for solutes are widely documented
and related to dilution of solutes within the stream where groundwater forms only a small
proportion of runoff after the event compared to before the event (Bhangu and Whitfield,
1997). Since calcium enriched waters mostly originate from groundwater sources, and
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there is an addition of rainfed chloride during events, it can be inferred that dilution of the
Silver Stream groundwater occurs during event flows.
Equilibrium rate and distant solute sources
Even though the correlation between discharge describes a dilution of solutes, specific
conductivity asymptotes to between 150 and 100 μS cm-1 indicating a continuous supply of
solutes. This asymptote signifies a continual supply of solutes that is not depleted over
discharge events, giving rise to continuous solute release, albeit small in relation to
discharge. Hence when weighted with discharge, there is an increase in solute load over
events. The asymptote does not indicate an old supply of solutes, rather that the continual
supply of fresh waters is required to maintain the equilibrium (Summerfield, 1991).
The openness or non-openness of the hysteresis loops observed for specific conductivity
indicates solute supply location. A large open loop shows evidence of a delay in solute
concentration, whereas a condensed loop indicates a close association with discharge and a
quick response to the stream. An example of this process is observed in England where it
was observed that the hysteresis loop expanded downstream on the River Exe (Walling
and Webb, 1980). Specific conductivity exhibited a lag of 1 hour at the first location, 1.5
hours approximately 8 km downstream and 4 hours another 15 km downstream. The
hysteretic loops showed an increase in the openness as the lag time increased, showing the
more open loop the loop was, the further the solutes were from the source. A good
example of a delayed response is event 14, which occurs after a series of rain events
(Figure 4.10). A slow pathway, such as, throughflow or from a distant groundwater, is
likely the source of the late release of solutes. In contrast, an example of a condensed
hysteretic loop was observed during event 6, which followed a prolonged period of base
flow (Figure 4.9). A condensed hysteresis loop suggests that solutes are being released
quickly to the stream. The soil matrix and bedrock, which has not been immediately
flushed, releases solutes into soil solution that are mobilised by discharge to the stream
network, hence solute and discharge are in close association.
Seasonality and forestry influences on solutes
Temporal variability of solute concentrations showed large changes over events, however,
changes during base flow were also significant. Solutes experience a dilution of
concentration relative to discharge, however, when weighted with discharge it is obvious
that solute load increased with increasing discharge (Figure 4.6). When plotted
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cumulatively solute loads exhibited a very different pattern compared to suspended
sediment. Unlike suspended sediment, the release of solutes is not instantaneous and its
effects can last much longer than the event itself and throughout base flow periods. This
type of effect indicates a groundwater distant source of solutes as explain above (Walling
and Webb, 1980). As discharge decreases, the solute load continues to increase at a
declining rate over time with no periods showing zero release of solutes thus, there is a
continuous supply of solutes relative to water rather than a standalone quick burst during
an event.
Seasonal effects of solute load have also been shown to influence the annual solute load.
Cumulatively autumn showed the largest rate of increase in solutes (Figure 4.6). There
were several events during March, however, the same overall rate of cumulative solute
loads continued through April, where no events occurred, showing a seasonal signature
rather than a dominance of event flow. With similar geology and forest type a study in the
USA showed that in autumn there is a reduction in evapotranspiration, which results in an
increase in the water table level (Fitzhugh et al., 1999). The increase in the water table also
showed a pulse of anions and cations with an increase in base flows, much like an increase
in base flow observed at the Silver Stream (Fitzhugh et al., 1999). Furthermore, the Silver
Stream comprises of a range of plant species, most of which are evergreen e.g. Beech,
Rimu and Totara, however, shrubbery and younger plants showed a deciduous nature as
well as the presences of grass annuals. These deciduous plants contribute to leaf litter
during autumn and return macronutrients to the soil system. Compared to other
catchments, leaf litter recycling occurs faster in temperate forests and with an increase in
baseflow, decomposition may be facilitated during autumn and leached into the stream
network (Holloway and Dahlgren, 2001; Berner and Berner, 2012). Since distant sources
of groundwater sources are contributing to the solute loads, leached solutes form leaf litter
to groundwater sources is also a likely possibility for the increase.
Cumulative analysis showed that during winter the rate of solute release was the lowest
during the study period (Figure 4.6). This result is not surprising and has been documented
elsewhere, such as base cations along with other ions showing to lowest concentrations in
winter in a hardwood forest in the USA (Fitzhugh et al., 1999). Within the Silver Stream,
winter temperatures were much lower than usual, producing two snowfall events, which
were uncharacteristic. Reduced temperatures leads to a reduction in chemical weathering
rates and subsequently lower solute removal. In high alpine regions, where temperatures
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are much lower, solute loads are generally shown to be lower through the decrease in
mineral dissolution rates with decreasing temperature (Drever and Zobrist, 1992). Solute
removal in winter is then primarily based on event characteristics and a peak in solutes,
with higher proportions of chloride. Retention of leaf macronutrients during winter to
compensate for the unfavourable growing conditions is also a common strategy for many
evergreen plant species, therefore, within a forested catchment cycling of solutes at the
root zone is minimal and subsequently leaching is reduced (Chapin III, 1980).
During spring and summer, a relatively constant supply of solutes was released.
Conditions showed that compared to autumn, solutes were reduced, concordant with the
study in the USA (Fitzhugh et al., 1999), however, a considerable increase was still
observed compared to winter. The rate of solutes was greater than during winter most
likely due to temperature increases and increased cycling of macronutrients. The similarity
between spring and summer was surprising due to the growth period during spring being
expected to show a reduced rate of change compared to summer. A reduction in solutes
was expected in spring due to the greater uptake of nutrients and, therefore, the soil
solution supply is depleted and less solutes are leached into the waterways (Holloway and
Dahlgren, 2001). Since this is not the case, and combined with the inference that solutes
are derived from groundwater sources, it is likely that the soil solution during the growing
period has little influence on the Silver Stream surface water. Furthermore, spring which is
known as the growing season can be defined to incorporate more than one calendar season
(Fitzhugh et al., 1999). This may indicate that during summer within a forested and shaded
canopy, summer temperatures are ameliorated to produce an elongated spring like
conditions. The local climate is conducive of this type of seasonality with average spring
and summer water temperatures only ranging 7°C at the field site due to the forest cover.
Solute pathway
The overall understanding of solute and flow pathways, as well as the solute processes,
within the Silver Stream can be interpreted from the solute analysis. Groundwater is shown
to have a dominant influence on the characteristics of water chemistry showing solutes are
derived from bedrock weathering of calcites. The ion analysis showed that base flow
samples, derived from groundwater, exhibited a high concentration of calcium and
bicarbonate, which was consistent for average flows as well as for event flows. During
precipitation events water infiltrates and percolates to the bedrock zone with minimal
contact with solute rich sources as flushes of old solutes or stored solutes was not
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observed. Some evidence of late arrival solute from distant sources was also evident. Fresh
rainwater was shown to dilute the concentration of the groundwater solutes as it reaches
the stream and increases the concentration of chloride, derived from nearby sea spray,
support this.

5.2 Suspended sediment dynamics
Suspended sediment loads
The annual suspended sediment load was low compared to other studies (e.g. Hicks et al.,
2011) with a yearly specific sediment yield of 1.13 t km-2 yr-1 (Table 4.4). The typical
range of suspended sediment load for Otago catchments is between 10 and 200 t km-2 yr-1,
with the estimate yield being 20.3 t km-2 yr-1 and some patches estimating as high as 5000 t
km-2 yr-1 (Figure 5.1) (Hicks et al., 2011). These estimates are a magnitude higher than the
observed load for the Silver Stream The low suspended sediment is likely to be attributed
to low magnitude events during the study period along with the absence of data over the
two largest floods (event 4 and 9b). Estimation of actual annual load, which includes the
missing data calculated from a discharge to TSS regression (R2 of 0.797) for events 4, 5,
9a and 9b suggest an extra 286.61 t of suspended sediment. Using these values, the revised
total annual load is 367.98 t with a specific yield of 12.79 t km-2 yr-1. This revised
suspended sediment load is at the lower range for the sediment fluxes suggested by Hicks
et al. (2011).

Figure 5.1: Suspended sediment yield for the upper Silver Stream catchment (approximate
boundary in black) and surrounding areas based on the suspended sediment model by (Hicks et al.,
2011).
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The forested land use clearly imparts a strong influence on predicted sediment yield, as
does the frequency of storm events. Otago has a variety of land uses, which may result in
the large range of sediment loads reported by Hicks et al. (2011). Typical land uses include
agriculture, tussock, pine forest and some native forests (Townsend and Crowl, 1991). The
Silver Stream catchment above Whare Flat is forested which stabilises sediments through
roots and the canopy cover dramatically reduces or impedes raindrop impaction as well as
interception reducing annual water yield (Fahey and Jackson, 1997; Docker and Hubble,
2008). In British Columbia forested sub-catchments stabilise sediments but only in the root
zone and bank erosion still provides sediment to the channel network (Hassan et al., 2005).
Thus, sediment sources in the Silver Stream are mostly restricted to bank collapse, and
remobilisation of channel storage. Catastrophic failures and slips will also occur, but these
high magnitude events will only be initiated by intense storm events, which occur rarely.
Discharge and suspended sediment
Energy, such as increased kinetic energy from discharge, can explain a large proportion of
suspended sediment movement for this study. The relationship between suspended
sediment and discharge was evident through time series plots, as well as through principle
component analysis (Figure 4.3 and Figure 4.4). There was a positive correlation between
suspended sediment and discharge, as well as rainfall, with both of these variables (Table
4.2). The model used by Hicks et al. (2011) is based around rainfall, which has indicated a
reasonable fit for the Silver Stream and corresponds well with the PCA. The principle
component analysis defined the group of these three variables with a heavy loading on
factor 1. This grouping suggests that rainfall causes an increase in discharge, which, in turn
causes a positive effect on suspended sediment, a commonly found relationship (Oeurng et
al., 2010). Thus, suspended sediment release is in turn then highly dependent of climatic
variables, such as rainfall, which provides the kinetic energy input for sediment transport.
Temporal variability of suspended sediment concentrations showed the largest variability
occurs over events with little variability during base flow. Suspended sediment was highly
dependent on event flows with 95% of the study period’s measured suspended solid load
(22.49 t) being transported by event flow, despite event flow only occupied 20.6% of the
study period time series. The largest flood recorded for suspended sediment was event 11
which contributed 30% of the total study sediment load (Table 4.3). Base flow sediment
concentrations were low with turbidity around 0.5-5 NTU, which supplied the channel
with fine sediments. This fine sediment was then available for subsequent mobilisation
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downstream in subsequent events (Oeurng et al., 2010). During event flow sediment
concentrations were variable owing to the increase in energy available to mobilise
sediment large distances from the system.
Threshold discharge describes the point that erosion and transport of sediment occurs and
drives sediment transport in the Silver Stream. For example, a study from a logged forestry
catchment near Vancouver showed that 92% of sediment was transported by recorded
flood events which occupied only 25% of the study period (Nistor and Church, 2005).
Runoff was particularly important for sediment transport, especially when the threshold
discharge was exceeded where the majority (30%) of the suspended sediment was
transported. Since event 11 was shown to exhibit the same pattern as those in Vancouver,
and sediment load was large in comparison to total runoff for the event (Figure 4.5) it is
likely that threshold discharge was exceeded for the event for larger suspended sediments,
such as, sands. When threshold discharge is exceeded, the transportation of sediment and
bedload within the stream occurs. Threshold discharge, therefore, implies that sediment
supply is almost unlimited due to the energy available to source more sediment from the
surrounding catchment (Nistor and Church, 2005).
In-stream and near stream sediment sources
Although discharge explains a large proportion of suspended sediment concentration,
variations in sediment supply and depletion are also important. Hysteresis is a commonly
used tool to evaluate the offset between discharge and suspended sediment. A clockwise
hysteresis of suspended sediment is the most common hysteresis effect and indicates the
mobilisation of near-stream sediments (Loughran et al., 1986; Williams, 1989; Seeger et
al., 2004; Nistor and Church, 2005; Smith and Dragovich, 2009). Within the Silver Stream
58% (7/12) of the hysteresis were clockwise events supporting the interpretation that
sediment is mostly mobilised from within the stream, or nearby upstream sources (Table
4.5). A further three events also showed clockwise attributes indicating both complexity
and further in-stream sediment removal. For example Event 8 shows a clockwise
hysteresis indicating sediments are mobilised from near-stream sources, whereas event 12
suggests in-channel sources due to its collapsed hysteretic effect (Figure 4.12 and Figure
4.13). Clockwise hysteresis indicates that sediment becomes less available as the event
continues showing a peak in sediment before peak discharge (Hassan et al., 2005; Walling
and Webb, 1980). For the Silver Stream, base flow sediments and in-channel storage, such
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as the sand/gravel bar, provides a large reservoir of sediment that can be mobilised as well
as the fine sediments that often rests draped in longitudinal layers after storm events.
Near-stream sources of sediment suggest that there is a sediment supply that is readily
available. The clockwise hysteresis events showed prolonged periods of base flow
preceded each event, or that threshold discharge for larger suspended sediments was not
exceeded immediately before the event (Nistor and Church, 2005). Clockwise hysteresis
indicates that the near-stream sediment supply, which is deposited between event flows are
mobilised as soon as flow increases, showing antecedent conditions of base flow prime the
landscape (Hassan et al., 2005). Base flow sediments were accumulated before event 7 due
to a period of base flows (Figure 4.1). For example, Event 7 showed three clockwise
hysteresis loops in a row, however, all flows were below 0.40 m3s-1 (Figure 4.12). Here,
discharge is not likely to have completely evacuated sediment from the stream but
redeposit sediment in near-stream locations (Lenzi and Marchi, 2000). Subsequently, small
event flows, such as, the following peaks during event 7 shows remobilisation of the
sediment. Therefore, supply of sediment was always readily available for the low
magnitude events to mobilise. On the other hand, as explained previously large threshold
discharges can result in the removal of sediments through continuous supply of sediment
leading to an exhaustion of finer sediments within the near-stream zone (Nistor and
Church, 2005).
Distant sediment sources
During complex events or series of events, hysteresis analysis often suggests that distant
sources of sediment are being released (Williams, 1989). When runoff is generated all over
the catchment it allows for sediments from distant sources to become connected and
mobilised (Seeger et al., 2004). The increased runoff away from the site network leads to
sediment reaching the outlet at a later time compared to peak flow, thus, producing an
anti-clockwise hysteresis effect due to the lag effect. Anti-clockwise suspended sediment
hysteresis of this nature was rare during this study, however, it was observed for event 1
with the remaining anti-clockwise events being evidence of other phenomenon (Figure
4.11). During event 1, the first hysteresis loop was clockwise followed by two
anti-clockwise loops. The event was a multi-peaked snowfall event of a long duration and
combined with the loading effects of snow leading to sources of sediment throughout the
catchment becoming mobilised. Initially the first removal of sediments was from
within-stream sources followed by a flush of distally sourced sediments from the broader
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catchment as the snow melted. Washing of sediment from far-field sources resulted in a
delay in sediment reaching the stream network and the subsequent anti-clockwise
hysteresis effect that was observed.

Another process that also causes anti-clockwise hysteresis is slope failure whereby a late
pulse of sediment is released into the stream relative to discharge. Slope failures usually
occur where water logging reduces the shear strength of the substrate and material is
entrained. As water logging becomes more prevalent throughout a rainfall event, slips
occur and if these are after peak discharge anti-clockwise hysteresis is observed. Event 11
showed that threshold discharge was likely reached indicating that sediment supply should
be unlimited during the event (Nistor and Church, 2005). Only one discharge peak was
observed in event 11, however, there were two peaks sediment concentrations (Figure
4.13). The start of the event proceeded in a clockwise hysteresis loop while second peak
formed an overall anti-clockwise hysteresis. Since one of the events was not related to
discharge the most likely cause is bank collapse (Nistor and Church, 2005). The source of
sediment is also likely to be delivered from distant sources since its delivery was delayed
(Williams, 1989).

Fine sediment exhaustion
An anti-clockwise hysteretic effect is considered to be the result of temporary exhaustion
of fine sediment. Three events (event 3a, 10 and 14) are consistent with this interpretation
of temporary exhaustion of fine sediment from the catchment as opposed to distant sources
of sediment (Figure 4.11, 4.12 and 4.13). An example of hysteresis changing from
clockwise to anti-clockwise occurs during event 3a where the first peak is a large open
clockwise loop and the second a much smaller anti-clockwise loop (Figure 4.11). The
interpretation would be slightly different to event 1 owing to the reduction in sediment
being released during the second peak relative to the discharge. Exhaustion of sediment
often occurs after a large initial flush, as documented by Nistor and Church (2005). The
anti-clockwise peak then occurs due to a delay in heavier sediments being mobilised as
finer material have already been removed (Nistor and Church, 2005). A similar pattern
occurs during event 10, although both peaks are anti-clockwise (Figure 4.12). Event 10
followed a large event, which was not captured by the monitoring equipment in this study
(event 9a and b). This event removed the fine sediment from the system leaving only
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larger sediments for both peaks to mobilise. The second peak was then further reduced
owing to an enhanced effect of fine sediment reduction.
Previous studies which express single event hysteresis can misrepresent the processes
operating. For example, exhaustion of in-stream sediment has led to a simple
anti-clockwise loop during event 14 (Figure 4.13). Event 14 occurs after a series of event
flows events during March, therefore, the anti-clockwise hysteresis likely represents
limited supply of fine sediment within the immediate channel. As with events 3a and 10
heavier particles become entrained at a delayed timescale with regards to discharge. From
observations, parallel “groupings” of sediment classes was observed after the series of
events, which further demonstrates the absence of finer sediments within outer depositions
(Figure 5.2). Finer sediments were present in the middle of the channel where the final fall
out threshold would occur as discharge recedes. Given these observations and knowledge
on the previous events, it is easy to understand the exhaustion phenomenon. Multiple
single events are, therefore, important to monitor together, otherwise the individual
processes of a single event may be overlooked.

Fine sediment
Coarse sediment

Figure 5.2: Evidence of parallel groupings of sediment with fine sediment within the middle band
and coarse sediment on the outer bands.

Antecedent and seasonal conditions
Previous studies have indicated antecedent conditions were not correlated with suspended
sediment concentrations (Oeurng et al., 2010). Specific antecedent conditions, such as
rainfall duration, were not isolated during this study, however, an evaluation based on
climatic conditions during and preceding events showed prior catchment stress of
sediments was important. Long periods of base flows indicate clockwise hysteresis
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patterns in subsequent event flows, such as during early spring and summer events 6, 7,
and 8. Deposition of sediment during these base flow periods then provides antecedent
conditions towards sediment supply within stream such as easily depleted wash load
(Hudson, 2003). Seasonality was expected to provide some indication of catchment stress
and sediment supply, however, the events observed, such as the snow events, were unusual
for the catchment and little seasonality was deduced from the 10-month dataset.
Most suspended sediment mobilisation relates to rainfall patterns and there are little
seasonal effects. Oeurng et al., (2010) showed an increase in sediment during spring due to
increased runoff rates. Furthermore, in the Panuco basin a distinctive seasonal pattern of
suspended sediment transport suggested hillslope derived sediments are more significant in
summer with channel sediments becoming important in early fall (Hudson, 2003). Within
the Silver Stream, little seasonality was observed. Event flows occurred in spring and
summer (Figure 4.1 and Figure 4.7), however, in comparison to the Panuco basin, the
opposite was found for sediment sources. All summer hysteresis showed that
within-stream sediments were important while the winter and autumn seasons contained
higher proportions of distant sources and exhaustion of sediment.

5.3 Changes in channel reach form
Bedloads
Annual bedload yield exported from the reach was calculated as 43.50 m3 (0.57 t km-2 yr-1)
(Table 4.6). Within New Zealand, bedload transport was estimated at 52.29 t km-2 yr-1 for
all South Island Rivers by Griffiths and Glasby (1985). For the Silver Stream catchment,
bedload export was not expected to be large as this was a 36 m reach analysed only for
10-months. Most South Island Rivers studied are considered are very large gravel lined
rivers across the plains that drain mountain regions e.g the Taieri, Clutha, Rangitata,
Waimakiriri, Ashburton and Haast Rivers (Griffiths and Glasby, 1985). These rivers have
very large catchments with alpine headwaters rich in sediment so is difficult when trying
to compare to the Silver Stream in terms of scale. A study in Belgium showed that in the
Ru des Waiduges catchment, which is much smaller than the large rivers studied in New
Zealand (0.26 km2), that log jams inhibited initiation of bedload transport producing a
yearly load of 0.3 t km-2 yr-1 (Assani and Petit, 1995). This bedload correlated quite well
with values obtained in other small Ardenne Rivers flowing through forest cover, such as
the Ruisseau de la Mer with 0.56 t km-2 yr-1 and the Ruisseau de Wavelinse 0.36 t km-2 yr-1
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with catchment sizes of 1.36 and 4.33 km2 respectively (Assani and Petit, 1995). These
bedloads are very similar to the Silver Streams’ bedload of 0.57 t km-2 yr-1 showing
forested characteristics may be imparting a large influence on the streams sediment
movement.
Most studies using the morphometric method have analysed larger reaches, such as 1 km
reaches draining 255 km2 (Fuller et al., 2002) and 500 m reaches (Brewer and Passmore,
2002). The method is viable for a range of both spatial and temporal scales, however,
extrapolation for the full length of the Silver Stream may not accurately reflect the entire
system. Furthermore, these 1 km and above studies have larger variations as distances
between transects increases. In addition, few studies have identified this type of catchment
for bedload change. The forested catchment reduces sediment movement (as evident by
low total suspended sediment), however, the average channel gradient is at the high end of
the “moderately steep” scale (0.01), indicative of mountaine catchments (Soons and Selby,
1992).
There is considerable variability in the estimated gross bedload budgets between the five
surveys since the event magnitude and relaxation periods vary considerably (Figure 4.18).
Average daily loads, however, show that sediment flux is not merely a function of time.
Like suspended sediment, event flows are the main driver of sediment deposition and
erosion of bedload. The size of the event is an important factor controlling sediment flux
but, smaller flows still showed considerable influence on the estimated yearly bedload.
During surveys 3 and 4, removal of bedload occurs from within the channel and bar at
equal amounts. Only one small (0.84 m3 s-1) event flow, event 6, passed through during
this survey period, however, there was still a 7.83 m3 volumetric erosive change out of the
reach, more than the changes observed between survey 1 and 2 (-2.68 m3) of which
multiple event flows occurred with higher discharges (Figure 4.17, Table 4.6, and Figure
4.23). This shows that more than flow conditions are operating in order to produce the
bedload results observed on the Silver Stream.
Discharge and bedload movement
The largest volumetric change (-40.58 m3) observed in this study occurred between survey
4 and 5 (Figure 4.18) related to a long period of base flows, two smaller event flows (event
7 and 8) and the second (8.37 m3 s-1) and third (6.01 m3 s-1) largest discharge events (event
9a and 9b). As already described, events 7 and 8 were interpreted as having near-stream
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suspended sediment available during each peak in flow (Figure 4.12). Little is known
about event 9a and 9b since turbidity was not recorded due to equipment failure, however,
the two smaller events, which preceded event 9a and 9b, showed no evidence of sediment
exhaustion, therefore, removal of bedload mostly occurred during event 9a and 9b.
Additionally large changes in the channel occurred through the majority of sediment being
removed from the build-up of sediment at the top of the sand bar, creating a larger pool
(Figure 4.23 and Figure 4.24). The likely driver of removal is exceedance of the threshold
discharge to initiate bedload movement.
The bedload threshold discharge was also likely exceeded for events 4 and 11, however,
these two events showed different characteristic in bedload movement compared to event
9a and 9b. The threshold discharge for these two events appears to be supplemented by an
upstream sediment supply. Event 4 showed the largest discharge (18.30 m3 s-1) for the
study period, however, surprisingly the survey period experienced a deposition of sediment
in both the channel and bar morphological units (Figure 4.19 and Figure 4.22). Event 11
on the other hand, likely sourced sediment from an upstream bank collapse. The bank
collapse may have mitigated the effects of bedload export with deposition resulting in a
smaller than expected bedload erosion of -9.65 m3 including effects of event 10 (Figure
4.13, Figure 4.18 and Figure 4.25). Other effects such as catchment characteristics,
antecedent conditions or conditions of prolonged duration events may, therefore, be of
primary importance for these events.
Bedload deposition
Mitigation of erosion with subsequent deposition resulted in a lower bedload export for
event 11. As previously described bank collapse is inferred as the likely source of sediment
for event 11, however, the phenomenon of bank failure was not inferred in any other
hysteretic analysis, which could be the result of the stabilisation of the forested catchment
by root reinforcement (Mosley, 1981; Abernethy and Rutherfurd, 1998). After two prior
events, event 11 exhibited a bank collapse which is likely caused by localised soil
saturation. Reduction in the shear strength through increased moisture and pore water
buoyancy, influenced by heavy prolonged precipitation, was the most likely cause and is
well documented in other studies (Gomez and Church, 1989; Knighton, 1998; Couper,
2003). Flood duration has also been suggested as a significant influence on suspended
sediment concentrations (Oeurng et al., 2010). The increase in sediment from bank
collapse, therefore, contributed to the downstream sources of bedload material and offset
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erosion that took place, as bedload export during event 11 was lower than expected (Table
4.6). The forested catchment appears to reduce against bank collapse, however, for this
instance the bank collapse mitigated export estimates of bedload material from the reach.

Bedload pulses in gravel and mixed sand to gravel bed streams have been shown to
express as unsteady bedload transport under quasi-steady flow conditions (Cudden and
Hoey, 2003) and can occur on a range of temporal and spatial scales (e.g. Nicholas et al.,
1995). This process is useful in explaining the sources of sediment that was observed
during event 4 in which event flow may facilitate pulse movement. Between survey 2 and
3, in which event 4 occurred, there was sufficient deposition of material within the channel
and bar (Figure 4.21 and Figure 4.22). The largest event (18.30 m3 s-1) was expected to
have created the largest amount of export of bedload, however, sediment from upstream
sources was extremely important and flows were only capable of transporting sediment to
this point. The deposited material was not from the immediate area (within the study
reach) as the erosion bank showed little decrease as sediments had been previously
removed during the last event. Bedload pulses on the Silver Stream range from meso-scale
to macro-scale pulses. Meso-scale processes, such as low-angle bedload sheets, have been
identified as causes of pulses in several studies (e.g. Whiting et al., 1988) and is the most
likely effect occurring during event 4. Bedload was deposited in a broad cover over the full
reach, reducing the gradient during this period from 0.027 to 0.024 in the upper sub-reach
(Table 4.7). Furthermore, macro-scale processes are identified through bar migration
(Gomez et al., 1989), although this does not explain the large sediment increase during
event 4.
Energy reduction and subsequent deposition may be explained by large woody debris and
the distance that sediment was mobilised from upstream sources. Large woody debris was
evident within the Silver Stream catchment and played an important role in creating a
barrier to flow and building up sediment (e.g. after events 4 and 5) (Figure 4.22). Evidence
of large woody debris trapping sediment was seen after the study period when two large
pieces of debris become wedged and buried within the reach (Figure 5.3). Throughout the
study period, large woody debris was evident within the 35 m channel reach, however, the
debris was often parallel to stream flow showing little sediment build up. Large woody
debris, which is wedged perpendicular to flow, contributes to significant amounts of
deposition within small and intermediate forested catchments, such as, in streams which
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are at most five meters wide and typically have pools and riffles structures (Hassan et al.,
2005). Sediment becomes trapped behind the large woody debris, which creates turbulence
potentially lowering flow velocities and initiating deposition of some particles (Hassan et
al., 2005). Prior to event 4 large woody debris was evident two meters downstream of the
study reach, lodged perpendicular to flow at the weir structure. This debris may have
contributed to energy reduction and sediment deposition, however, this is unlikely as the
debris was mobilised during the event. Upstream woody debris may have been important,
however, this was not monitored. The most likely cause is that large woody debris, with
previously entrapped sediment, was disrupted from the upstream region and due to bedload
distances being relatively short, typically one to several channel widths, sediment was not
able to be mobilised large distances and came to settle within the channel reach (Hicks et
al., 2004; Mosley, 1981). These observations are complemented by the slope analysis that
showed an increase in sediment from upstream sources (Table 4.7).

a)

b)

Weir

Weir
Figure 5.3: Evidence of woody debris trapping sediment from a future event (not within the study
time frame), orange circles indicate sediment build-up not seen previously a) horizontal woody
debris lodged between the weir and the true left bank, b) a large diagonal woody debris unit (also
seen in orange circle in a)) half buried in sediment.

Individual geomorphic unit changes
The erosion bank (Unit C) on the true left showed a continuous removal of sediment with
two periods of large degradation over the study (Figure 4.19). Bank erosion seems limited
to the true right bank as the curvature of the river forces water onto this region. The first
period (between survey 1 and 2) experienced loading due to snow and lost 3.77 m3. The
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effects of snowfall had an impact on reducing the shear strength of the bank material
through weight (Nistor and Church, 2005; Lawler, 1993). The second period associated
with modest flows of up to 8.37 m3 s-1 (survey 4 and 5) lost 4.86 m3. Rates of bank retreat
are then associated with periods of event flow during prolonged wet periods, as opposed to
the largest flood event (Couper, 2003). Brewer and Passmore (2002) showed that periods
of low competence flows can supply the channel with coarse and fine grained sediment
from bank collapse, which becomes lodged at the base of the bank since discharge is not
sufficiently high enough to transport bed material. This is consistent with observations
from the Silver Stream where low magnitude events appear to result in erosion and
observations of large boulders deposited at the base of the bank. Event 9a and 9b
subsequently mobilised most of the material within the channel leaving only large boulders
as evidence.
The typical pathway for gravel transfer is from lateral erosion sites along the banks and
bars from upstream of a confluence (Goff and Ashmore, 1994). This type of erosion was
documented in the Silver Stream, however, the direct consequence of gradual upstream
accretion of the bar head was only seen in the initial surveys. Deposition of material at the
head of the bar was short-lived as a large event flow (Event 9a and 9b) removed a
significant proportion (-40.58 m3 compared to the 28.20 m3, which was deposited) of the
material, which was then deposited downstream (Figure 4.23 to Figure 4.25). A general
movement of the bar in the opposite direction (downstream opposed to upstream) was then
observed with a shallow bar gradient in the lower section. This movement is conducive of
macro-scale bedload pulses through bar migrations (Gomez et al., 1989). Macro slugs,
such as those found within the Waimakariri River, showed a shunting effect generated by
scouring of braided bars, effectively moving from one temporary storage site to the next
(Carson and Griffiths, 1989). The addition of the sediment at the lower end of the bar
created additional channel flow pathways. Brewer and Passmore (2002), have showed that
this type of channel change resulted in the greatest amount of bedload change, although
within the Silver Stream, the scale is vastly smaller, 35 m reach versus 500 m reach, and
the same magnitude of change was not observed.
Volumetric bedload changes indicated the largest movement of material was from the
channel with a total of 23.83 m3 as a yearly erosion rate. The channel indicated a transfer
of material from the upper sub-reach to the lower sub-reach after the snow events,
however, additional input of sediment was evident during the next two surveys during the
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deposition stage (between survey 2 and 3). Between survey 2 and 3 and again between
survey 3 and 4 the slope in the upper sub-reach became increasingly shallow (0.027 to
0.024 and finally 0.020) indicating relative to other surveys, stream power was reduced.
Stream power, however, was not low for survey 3, which had the highest discharge of
18.30 m3 s-1. This high stream power (from peak discharge 1795 N s-1) indicates again that
bedload, therefore, has not moved long distances from its source. Combined with the pulse
of sediment from upstream subsequent reduction in erosion from the channel was seen
during survey 4 where stream power was lowest (82.4 N s-1). The increase in material
deposition and reduction in stream power occurred during this period concurrently.
Thereafter, sediment began to evacuate the system with transfers from the upper sub-reach
and downstream from the gauging station during the large erosion stage (survey 4 - 5). The
pivotal changes in the channel slope were indicative of increased stream power from
increased slope from 0.004 to 0.012 in the lower sub-reach (Chin, 1989). Slope from the
channel was increased with the largest slope occurring during the February erosion event.
Stream power during this period was maximised and increased erosion occurred
(1067 N s-1).

5.4 Collaboration of solutes, suspended sediments and Bedload
The total load for the Silver Stream, combining solute, suspended sediment and bedload, is
estimated at 28.21 t km-2 yr-1 (Table 5.1). The percentage of solute, sediment and bedload
as a function of total load shows that solutes are the major component (53%) followed
closely by suspended sediment (45%). Bedload was much smaller with only 2%
contribution to total load. The total load is likely underestimated due to lower magnitude
events during the study period and long periods of low flows. Higher magnitude events,
and an increased frequency of events, which was expected, would have exhibited higher
solutes and suspended sediment loads. Since these two components contributed 98% of
total load, estimates may be underestimated based on the conditions, which presented
during the study period. Very few studies have calculated all three components of load
from intensive field data, with no data from coastal New Zealand catchments. This study
is, therefore, important for improving the understanding of solute, sediment and bedloads
as a connected system and has implications for both understanding long-term denudation
rates as well as waterway management.
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Table 5.1: Calculation of total load with percentages of each solute, suspended sediment and
bedload in relation to total load. Note: Addition of events 4, 5, 9a and 9b have been included.

Solute load

Suspended sediment load

Bedload

Total load

14.85

12.79

0.57

28.21

Percentage 52.65

45.33

2.02

100.00

t km-2 yr-1

Suspended solids are commonly referred to as the most important load in riverine
environments as most materials are mobilised through suspended sediment (Oeurng et al.,
2010). Global estimates place suspended sediment loads as 3.5 times higher than solutes
(Walling and Webb, 1986). However, such estimates clearly do not reflect environments
like the Silver Stream. Dissolved solids comprise equal, if not greater, proportions of total
loads as suspended sediment, thus, showing the often overlooked importance of dissolved
solids, particularly in forested catchments. The main reason suspended sediments were
expected to be higher than solutes is due to the range of studies undertaken in New
Zealand, which largely sample alpine environments in tectonically active areas. These
studies have overlooked naturally forested regions within New Zealand. The natural
forests were shown to stabilise sediment movement and substantially reduce suspended
sediment load compared to alpine studies. One study that did examine sediment load in
Otago and Southland (Griffiths, 1981) examined only one naturally forested catchment
with another showing sparse coverage in lowland rivers compared to alpine catchments
(Hicks et al., 2011). The limited data on Otago catchments and lowland forested
catchments misrepresents the New Zealand context, especially if reforestation is to be
shown to stabilise bank and reduce negative water quality impacts. This field-based study,
therefore, provides a rare opportunity to investigate denudation and sediment flux from
lowland New Zealand.
Since coastal, forested catchments in New Zealand are underrepresented, little is known
about the regional weathering and denudation rates. Furthermore, denudation rates are
most commonly measured for high alpine regions and very large river basins worldwide as
few studies measure all three loads. For the Silver Stream, using the mean surface rock
density of the South Island (2514 kg/m3), mechanical and chemical denudation rates were
calculated (Tenzer et al., 2011). Total denudation was 8.8 mm ka-1 with mechanical
denudation being 5.3 mm ka-1 and chemical denudation 3.5 mm ka-1 (Table 5.2).
Mechanical denudation was calculated for the combined suspended sediment and bedload
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loads while chemical denudation utilised solute loads, which has taken into account that
40% of total solute load is from non-denudational sources (Summerfield, 1991). These
denudation rates are comparable to large river basins around the world such as Zaire and
the Nile, which had total denudation of 7 and 9 mm ka-1 respectively (Summerfield and
Hulton, 1994). These catchment are, however, very different to the Silver Stream, having a
large sediment and solute loads in total and very large drainage areas.
Table 5.2: Calculation of denudation rates showing the specific loads and denudation rates for
chemical and mechanical denudation. Note: mechanical denudation combines both suspended
sediment and bedload.

Solute (chemical)

Sediment (mechanical)

Total load

Specific load (t km-2 yr-1)

14.85

13.36

28.21

Denudation (mm ka-1)

3.5

5.3

8.8

The percentage of bedload compared to suspended sediment was 4%. This is within the
range expected for New Zealand rivers of around 3% (Griffiths and Glasby, 1985) and
between <1 to 13% (Hicks et al., 2011; Gomez et al., 2009; Carson and Griffiths, 1989).
The upper estimates were for the Waimakariri River (13%) in northern Canterbury, a large
gravel braided river draining the Southern Alps. Lower estimates were from the Waipaoa
River, which had high suspended sediment yield due to soft mudstone regolith (Gomez et
al., 2009; Carson and Griffiths, 1989). Estimates of bedload transport in a disturbed
catchment (logged forestry) showed 10% of suspended sediment moved as bedload (Nistor
and Church, 2005). Thus, the range of bedload per suspended sediment is a complex
interaction between distance from headwaters, stream competence, slope, land use and
underlying geology (Hicks et al., 2011). Since the field location was close to the
headwaters, a higher percentage, closer to 10% was expected. The amount of data
estimates from bedload from field-based observation is scant and this study contributes to
the greater understanding of the ratio between bedload and suspended sediment as well as
contributing to future load calculations to the ocean.
If bedload calculations continue to be monitored through a percentage of suspended
sediment, the added field-based information for lowland areas is required. The population
around lowland rivers is much higher than those of high alpine regions making lowland
rivers of great importance. For the South Island, in 2012, the West Coast region had an
estimated population of 32,000 which is small in comparison to even just the Dunedin City
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population of 127,000 on the east coast (Statistics New Zealand, 2012). Ultimately, these
lowland rivers service the population through recreation, aesthetics, irrigation as well as
being crossed by many bridges, and they lead into the ocean, which can affect coastal
fisheries and shipping. Knowing the processes operating around temporal, seasonal, event
flows and low flows for all the constituents within the waterways is then of great value.
The Silver Stream upper catchment is one of the last remaining pockets of naturally
vegetated land uses in coastal Otago, which can provide valuable data as a reference
catchment and baseline study. In general catchments with characteristics such as the Silver
Stream are not well represented within the literature. Other forested catchments include
small pockets in the Catlins, the southern branch in Waikouaiti, which backs onto the
Silver Peaks and a few small catchments on the north Otago Coast. In comparison to
alpine regions, more focus is required on lowland rivers in order to reduce large-scale land
use changes with unknown and uncertain impacts. Having a baseline study, which has
provided insight into all three components of riverine load, in particular that solutes are
just as important as sediments, within this type of catchment contributes to the broader
understanding of coastal catchment processes and dynamics in New Zealand.

5.5 Limitations and future research
Missing data always leads to limitations within a study. Calculated load for suspended
sediment dramatically increased when two major events were not captured due to
equipment failure and were added through estimation by regression. The nature of
field-based hydrology involves large flows and sediment loaded rivers, which damages
equipment. Modern technology is advancing to ensure safety of water equipment, such as
strong turbidity meters and caged recorders. Such devices will improve the monitoring of
river hydrology into the future. Despite these innovations, equipment sometimes fails so
that other means include modelling of variables is required, however, patchy data on
localised rivers means this is not always an option.
Since the weir structure was the only place available for stable positioning of equipment,
there are some limitations regarding the position of the sonde and stage. It was first
expected that the sonde would be moved to stay at approximately at 0.6d, which is the
optimum discharge range. However, this was not possible during event flows that persisted
to be approximately 3 m above the sonde. Given that the river is turbulent, especially
during event flows, it is likely that there is full mixing of dissolved load and that the
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placement of the specific conductivity sensor has little impact on the overall readings.
Secondly the majority of the suspended sediment transport would be within the middle of
the stream where the thalweg is. The position of the sonde was close to, but not always
within, the thalweg, especially as flooding can change the thalweg position. It was also
noted that the thalweg changed positions after the flood peaks due to sediment deposition
altering its course. This sediment deposition had complications for stage measurements as
stage was set to a specific distance to the base of the channel. Since deposition and erosion
occurred, the measurements of stage were altered. Re-defining this depth was done
periodically to minimise this effect of souring and deposition.
A wider scope of parameters within the study would also be beneficial. Environmental
data, such as sediment size and distribution, isotope analysis, on site rainfall data and
rainfall chemical analysis would improve and enhance the understanding of this system
immensely. Incorporation of suspended size distribution could lead to calculation of
threshold discharges and sediment source identification, isotope analysis can lead to
understanding of ages of water and possible water mixing and rainfall quantity and quality
would improve understanding of the chemical composition and accuracy of input
variables. These variables should be taken into consideration in future studies.
Additionally, silica analysis would have provided valuable information regarding
weathering and the relationship between silica and key ions to further develop the
processes occurring with solutes.
Aside from introducing the wider scope of parameters into a study or looking at
statistically viable seasonal output, future research within this area needs to focus on a
collaborative approach to total load rather than just solute, sediment or bedload, which has
been done so previously. As within this study, understanding how all three loads relate
provides valuable information to regional denudation and sediment fluxes. This type of
research would involve incorporating isotope analysis and particle size analysis with long
term monitoring of discharge, specific conductivity and turbidity.
Lastly, within this study, a 10-month period was captured at high resolution at one
location. Even with such a large dataset, time series analysis requires at least four years of
data to be used for robust statistical analysis. Ideally, four years of data would have been
collected in order to ascertain if seasonality was occurring within the Silver Stream. Time
constraints did not allow for this, however, future research should examine this further.
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Spatial arrangement on a large scale of how these three loads relate would also be
interesting. Within the South Island, large studies have been collaborated on solute and/or
sediment loads with regard to rainfall, however, relating these to bedloads as well as
understanding the complex nature of land use change could provide a management
strategy for regional planners and regional monitors.
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6 Chapter 6
Conclusion
The Silver Stream catchment annual solute load was slightly higher than suspended
sediment load, however, in terms of denudation rates, sediment or mechanical denudation
was higher due to non-denudational sources of solutes being removed. Overall, solutes and
sediments were of equal importance within this catchment in terms of loads and
denudation rates; however, the processes operating were very different.
Solute chemistry within the Silver Stream showed that small natural forests may be
underestimated. Although sediment loads were expected to be the dominant load, solutes
were higher with 52.7% of total load (14.85 t km-2 yr-1). The chemical composition for the
Silver Stream was defined as a schist-dominated catchment whereby calcium bicarbonate
water dominated. Due to the calcium bicarbonate water type, it was determined that solutes
were dominated by chemical exchange with the schist lithology, which reflected
subsurface pathway movement. During event flows, solutes were entirely dominated by
dilution from fresh incoming rainfall and no stores of old water were observed. Seasonal
patterns were identified with a low winter solute rate, increasing over the spring/summer
period with the highest solute rates being observed during autumn. Low winter solute rates
were likely due to colder temperatures supressing chemical weathering reactions and less
organic decomposition, while spring and summer showed that warmer temperatures
increased solute rates. Autumn showed that an increase in base flow water levels resulted
in an increased solute load rate.
Suspended sediment within the Silver Stream exhibited an event flow dominance of
transportation with discharge explaining a large proportion of transportation. Overall
suspended sediment was lower than expected at 12.8 t km-2 yr-1 compared to the predicted
modelled load range from 10 to 200 t km-2 yr-1 from Hicks et al., (2011). Sediment supply
and depletion were equally important with sediment supply showing in-stream and
near-stream sediment mobilization for simple events with depletion over the event. Fine
sediment depletion from the catchment over subsequent peaks and events were also
observed. The forested catchment exhibited a strong control over sediment supply through
root stabilization and minimal slope failures with overall sediment load being low
compared to other catchment types.
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Bedload was also influenced by forested land cover where large woody debris played a
crucial role in sediment deposition. The two largest flood events exhibited opposite
bedload responses with the first event exhibiting a deposition and the second erosion. Once
discharge and subsequently stream power was high enough to dislodge the obstructions,
such as perpendicular lodged trees, bedload material was able to be moved short distances,
such as into the reach. The second event subsequently allowed further erosion to occur as a
high discharge was once again reached without the continued dislodgement of large debris
upstream. The largest changes occurred within the channel and a sand/gravel bar, which
responded to discharge while the erosion bank was primarily influenced by snowfall stress
or prolonged events. Overall bedload was low with only 0.57 t km-2 yr-1, however, this
equates to 4% of suspended sediment, which is within the expected range for New Zealand
streams.
Overall the Silver Stream has provided a detailed example of a small natural forest which
showed solutes and sediment to be equally important to overall load fluxes from the
catchment. The catchment also showed the controls that the natural forest has on channel
change and bedload movement. Given that solutes respond to seasons, sediments to
discharge and bedload to catchment type, management of this type of system can then be
better understood. Furthermore, catchments, which have altered land use or management
practises can gain valuable insight into the solute, sediment and bedload changes that may
have occurred since.
Future research within this field would continue to quantify solute, sediment and bedload
within a range of stream catchments to understand scale, climate, land use and geology as
factors influencing loads to the ocean. Additional analysis through silica analysis, rainfall
analysis and sediment size distributions would also aid in understanding the processes
operating. Furthermore, a longer timescale to further understand the seasonality behind
solutes and pulses in sediments would provide valuable information for monitoring
forested catchments.
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Appendix A - Data (CD-ROM)
A

Discharge data (continuous)

B

Climate data - Precipitation, Water temperature, Air temperature (continuous)

C

Turbidity and Total Suspended Sediment (continuous)

D

Anions, Cations and Total alkalinity data (samples)

E

pH and Specific Conductivity and Total Dissolved Solids data (continuous)
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Appendix B - Morphometric Method
Intermediate calculations for Morphometric method - Bedload
Morphometric Method Survey 2 - 1

Cross
section

Change in cross-sectional
area (m2)

Length (width) of
morphological unit (m)

Unit A
(δAa)

Unit A
(La)

Unit B
(δAb)

Unit C
(δAc)

Unit B
(Lb)

Unit C
(Lc)

30

-0.08

-0.12

2

25

-0.104

-0.104

δAa/La

δAb/Lb

δAc/Lc

1.5

-0.04

-0.08

3

1.5

-0.035

-0.070

20

0.064

-0.096

-0.176

1

3

1.5

0.064

-0.032

-0.117

15

-0.064

-0.008

-0.328

2.5

3

1.5

-0.026

-0.003

-0.219

10

0.04

0.02

0.024

4.5

2

1

0.009

0.010

0.024

5

-0.184

0.072

-0.464

4.25

2.5

1.75

-0.043

0.029

-0.265

0

0.536

0.224

0.08

6

4

1.5

0.089

0.056

0.053

0.093

-0.015

-0.673

δAa/La

δAb/Lb

δAc/Lc

Sum of δA/L

Morphometric Method Survey 3 - 2

Cross
section

Change in cross-sectional
area (m2)

Length (width) of
morphological unit (m)

Unit A
(δAa)

Unit A
(La)

Unit B
(δAb)

Unit C
(δAc)

Unit B
(Lb)

Unit C
(Lc)

30

0.128

-0.272

1.500

1.500

0.085

-0.181

25

-0.200

-0.168

3.250

1.500

-0.062

-0.112

20

0.304

0.376

0.032

2.000

3.000

1.000

0.152

0.125

0.032

15

0.632

0.464

0.144

3.000

2.500

1.250

0.211

0.186

0.115

10

0.800

0.328

0.000

4.000

2.000

0.750

0.200

0.164

0.000

5

1.568

0.384

0.168

6.000

1.250

1.500

0.261

0.307

0.112

0

1.368

0.904

0.000

6.000

3.000

1.500

0.228

0.301

0.000

1.052

1.107

-0.034

Sum of δA/L

125

Morphometric Method Survey 4 - 3

Cross
section

Change in cross-sectional
area (m2)

Length (width) of
morphological unit (m)

Unit A
(δAa)

Unit A
(La)

Unit B
(δAb)

Unit C
(δAc)

Unit B
(Lb)

Unit C
(Lc)

30

-0.120

-0.104

2.000

25

-0.072

0.080

δAa/La

δAb/Lb

δAc/Lc

1.000

-0.060

-0.104

3.500

1.000

-0.021

0.080

20

-0.096

-0.080

0.040

2.000

3.000

0.750

-0.048

-0.027

0.053

15

-0.192

-0.192

-0.120

2.250

2.750

1.250

-0.085

-0.070

-0.096

10

-0.184

-0.168

0.064

3.000

2.250

1.000

-0.061

-0.075

0.064

5

-0.256

-0.048

-0.152

5.500

1.000

1.000

-0.047

-0.048

-0.152

0

-0.176

-0.020

0.024

6.000

2.250

1.000

-0.029

-0.009

0.024

-0.271

-0.309

-0.131

δAa/La

δAb/Lb

δAc/Lc

Sum of δA/L

Morphometric Method Survey 5 - 4

Cross
section

Change in cross-sectional
area (m2)

Length (width) of
morphological unit (m)

Unit A
(δAa)

Unit A
(La)

Unit B
(δAb)

Unit C
(δAc)

Unit B
(Lb)

Unit C
(Lc)

30

-0.328

-0.056

2.000

1.000

-0.164

-0.056

25

-0.872

-0.280

3.500

1.000

-0.249

-0.280

20

-0.408

-0.920

-0.080

0.750

4.500

0.500

-0.544

-0.204

-0.160

15

-0.888

-0.336

-0.064

4.500

2.500

0.750

-0.197

-0.134

-0.085

10

-0.576

-0.376

-0.144

3.750

3.000

0.750

-0.154

-0.125

-0.192

5

-0.480

-0.848

-0.072

4.500

3.000

1.000

-0.107

-0.283

-0.072

0

-1.008

-0.840

-0.328

7.000

3.000

1.000

-0.144

-0.280

-0.328

-1.146

-1.440

-1.173

Sum of δA/L
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Morphometric Method Survey 6 - 5

Cross
section

Change in cross-sectional
area (m2)

Length (width) of
morphological unit (m)

Unit A
(δAa)

Unit A
(La)

Unit B
(δAb)

Unit C
(δAc)

Unit B
(Lb)

Unit C
(Lc)

30

-0.416

-0.072

3.000

25

-0.216

-0.032

δAa/La

δAb/Lb

δAc/Lc

1.000

-0.139

-0.072

3.500

1.000

-0.062

-0.032

20

-0.152

-0.232

-0.016

2.000

4.500

0.500

-0.076

-0.052

-0.032

15

-0.464

-0.232

-0.064

3.750

3.500

0.500

-0.124

-0.066

-0.128

10

-0.240

-0.208

0.000

3.250

3.500

0.500

-0.074

-0.059

0.000

5

-0.112

-0.016

0.072

3.750

3.500

0.750

-0.030

-0.005

0.096

0

0.152

0.200

0.080

6.000

3.500

1.000

0.025

0.057

0.080

-0.278

-0.325

-0.088

Sum of δA/L

Morphometric Method Survey planform areas (m2)
Unit A

Unit B

Unit C

δVa

δVb

δVc

Survey 2

67.750

82.250

39.250

1.265

-0.171

-3.774

Survey 3

74.000

81.000

36.500

15.570

12.813

-0.178

Survey 4

67.500

82.000

30.250

-3.652

-3.615

-0.565

Survey 5

62.500

104.000

29.000

-14.320

-21.394

-4.861

Survey 6

70.000

117.500

24.000

-3.894

-5.457

-0.302

The volumetric change for units and reach (m3)
Unit A

Unit B

Unit C

The volumetric change for the reach

Survey 1 - 2

1.260

-0.170

-3.770

-2.680

survey 2 - 3

15.570

12.810

-0.180

28.200

Survey 3 - 4

-3.650

-3.620

-0.560

-7.830

Survey 4 - 5

-14.320

-21.390

-4.860

-40.580

Survey 5 - 6

-3.890

-5.460

-0.300

-9.650

Total for study

-5.030

-17.820

-9.680

-32.540

Yearly

-6.727

-23.831

-12.942

-43.500 (0.57 t km-2 yr-1)
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