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Abstract
This study investigates the role of land use and flow variation on the water quality of
the Leith catchment, and the interrelationship between key water quality indicators,
including total nitrogen (TN), nitrate-nitrite-nitrogen (NNN), ammoniacal-nitrogen
(NH4-N), total and dissolved heavy metals Cu, Zn, Pb, Cd, Fe, Mn and total suspended
sediment (TSS). Baseflow samples were collected from different sites along the Leith
River and its major tributary, Lindsay’s Ck, which have varying land uses including
forestry, agriculture and urbanization. The spatial variability in key water quality
indicators indicates that land use does impart an influence on the concentration of
different forms of nitrogen, but not necessarily on TSS or heavy metals. There were
hotspots of NNN contamination in the Leith River, particularly at Poulters Rd and
Helensburgh. Lindsay’s Ck was enriched with NNN and NH4-N mainly due to
cumulative impacts from a range of potential sources, with Norwood St generally
having the most elevated concentrations of NNN and NH4-N. Agricultural activities,
landfill leachate, seepage of wastewater from sewerage, stormwater and septic tanks
were among the potential sources of nitrogen contamination at the Leith catchment.
Stormflow samples were also collected from the lower catchment of the Leith River
during four storm events, and the water quality during baseflow and stormflow
conditions indicates that storm events potentially contribute high contaminant loads via
the Leith River into Otago Harbour. These concentrations increase with higher peak
flow and longer antecedent dry periods between events. Hydrographic and hysteretic
analyses indicate that heavy metals and TSS were mainly derived from surface event
flow, and first flush effect of these contaminants during the onset of the events was
attributable to the buildup of easily mobilized materials during antecedent dry periods.
Nitrate-nitrite-nitrogen contamination was mainly derived from groundwater and soil
water sources. During high flow conditions, NNN decreased in proportion although TN
increased, and this was presumably due to the importance of particulate/organic
nitrogen being mobilized during storm events. Besides groundwater and plant organic
materials, there was concern of overflow of combined sewage and stormwater pipes as
potential sources of nitrogen contamination during events.
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The spatial and temporal data show variation in the intensity of the correlation between
different water quality indicators. High correlations were observed between TSS and
particulate/organic nitrogen, and between TSS and particulate metals. This suggests
that, due to the physical and chemical characteristics of sediments to retain other
contaminants on its surfaces, particles may be an important transport agent of
particulate-associated contaminants. Overall, the spatial and temporal data on the water
quality of the Leith River could be used to assist water resource management at the
Leith catchment, in order to protect the intrinsic habitat values, cultural values and
contact recreation at the Leith River and Lindsay’s Ck. The spatial analysis technique is
useful to illuminate potential pollutant hotspots, and the temporal assessment using both
hydrographic and hysteretic analyses are effective in determining the potential
implication of storm events on water quality degradation of the Leith River.
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1 Introduction
Good quality water is highly valued for its role in sustaining natural ecosystems and
ecological functions, its recreational and scenic values, and its cultural and spiritual
significance. However, protecting surface water quality is a growing challenge, as it is
vulnerable to degradation from increased land use pressures related to agricultural
intensification (Wilcock, 2008; Parkyn and Wilcock, 2004) and urbanization (Paul and
Meyer, 2008; Suren and Elliot, 2004). In New Zealand, the risk to water quality
degradation increases as agricultural practices have shifted from low-intensity grazing
to intensive cropping and dairying, and urban boundaries have expanded in recent years
(Larned et al., 2004; Ministry for the Environment, 2007b).
Agricultural and urban activities have been considered as the major sources of water
quality impairment, by contributing major contaminants including nitrogen, heavy
metals and suspended sediments on the catchment, in which these contaminants
eventually make their way into surface water (e.g. Taylor et al., 2008; McLaren and
Cameron, 1996; Suren and Elliot, 2004; Ekemen Keskin, 2010). The main concern of
these activities to water quality issues is that contaminant is often released excessively,
to the extent of causing detrimental effects to the aquatic ecosystems. For example, in
high levels, dissolved inorganic nitrogen has the potential to promote primary
production and cause eutrophication of surface water (Gower, 1980; Davie, 2002), and
dissolved metals are potentially toxic to aquatic organisms (Bradl et al., 2005; WebsterBrown, 2005). Likewise, suspended sediment damages aquatic habitat and reduces
recreational values. Another concern of suspended sediment to water quality is its
ability to affect the transport of particulate forms of nitrogen and heavy metals, hence an
important indicator for the partitioning of nitrogen and heavy metals between the
dissolved and particulate forms (Bradl et al., 2005; Webster-Brown, 2005; Taylor et al.,
2008). Consequently, the implication of agriculture and urbanization on water quality is
an area of ongoing concern across New Zealand and the main focus of this study,
particularly the contribution of nitrogen, heavy metals and suspended sediments within
a catchment, and the processes through which the contaminants are brought into surface
water.
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Another water quality issue specific to surface water is that the concentration of
contaminants varies with different flow conditions. It is widely documented that
contaminant pollution in surface water is greatest during high flow conditions (e.g.
Mosley and Peake, 2001; Xue et al., 2000; Williamson, 1985; Quinn and Stroud, 2002).
This is due to the ability of surface runoff to entrain and mobilize large amount of
material from the catchment, as well as from within stream channels. However, the
mobilization of the contaminant during high flow is highly dependent on the availability
of the material for transportation into the surface water. The supply of material at one
point, would be exhausted, hence the concentration of contaminant would eventually
decline with water flow (Olive and Rieger, 1985). Hence, it is of interest to this study to
explore the mobilization of contaminants during high flow conditions and what
implication this has on contaminant loads and water quality, which is further discussed
in Chapter 2.
In order to protect the water quality of surface water, environmental agencies have
developed regulatory thresholds for assessing the potential effects of contaminants to
aquatic ecosystems. In New Zealand, the Ministry for the Environment (MfE) has the
responsibility to oversee water quality and has adopted water quality thresholds as
recommended by the Australian and New Zealand Environmental Conservation Council
(ANZECC). The primary use of these guidelines is for the protection of ecological
health of the aquatic ecosystems (ANZECC and ARMCANZ, 2000a), and that when
these thresholds are exceeded, it does not necessarily mean that ecosystem damage is
occurring, but it provides advance warning that a problem may be emerging (Ministry
for the Environment, 2007b). Under the Resource Management Act (1991), local body
authorities are mandated for the monitoring of water quality, who then set guidance for
managing water resources based on regional plans.
In the Otago Region, the Otago Regional Council (ORC) has the responsibility to
manage the water resources and monitor water quality. The Water of Leith (hereafter
the Leith River) is one of the rivers within the Otago Region that is under the
management of the ORC. The Leith River is the primary river flowing through
Dunedin, the largest city in Otago, population of approximately 120,000. The Leith
catchment flows from the north of the Dunedin city, flowing southeast through the
northern part of the city and the campus of the University of Otago before reaching the
2

Otago Harbour. Along its journey to the harbour, the Leith River is joined by several
small tributaries, with Lindsay’s Ck being the primary tributary. Much of the catchment
has been subjected to land modifications including conversion of forest land to pasture
at the upper catchment, and urban expansion on the lower catchment (Caruso and
Downs, 2007; Otago Regional Council, 2008). Thus, the Leith River is susceptible to
various contaminants posed by anthropogenic activities that are carried out at the
catchment.
Although the ORC has an ongoing regional water quality and aquatic ecological
monitoring programme in the Leith catchment, limited water quality data are available
at present. Recent ORC studies on the Leith River, include the 2007-2008 intensive
water monitoring programmes and the 2004-2005 Dunedin stormwater monitoring. The
former study found that water quality in the Leith River and Lindsay’s Ck degrades
with distance downstream through the urban areas, and that urban stormwater outfalls
were suspected to be the main source of water quality degradation of the river.
However, the sources of the contaminants were not thoroughly explored, and no attempt
has been made to investigate the impact of upland agriculture to the Leith River and
Lindsay’s Ck. The latter study focused on the water quality of storm discharge collected
from stormwater around Dunedin, including the Leith River catchment. It was observed
that there were elevated levels of nutrients, heavy metals and total suspended sediment
(TSS) in the stormwater, and that TSS has a potential in transporting other
contaminants, but no investigation was made on the impact of runoff and high flow
conditions to the Leith River.
In order to develop effective water management strategies, it is essential to know the
contaminant characteristics, and their respective sources and mobilization behaviour
during different flow conditions. For this reason, the aim of this study is to examine the
links between land use and different flow condition on water quality of the Leith River
and Lindsay’s Ck, as well as the complex interrelationships between key water quality
indicators. To do this, baseflow samples were collected from different sites along the
Leith River and Lindsay’s Ck (described in Chapter 3), which have varying land uses
including forestry, agriculture and urban. Stormflow samples were also collected from
one site during several rainfall events, and were compared to the background
contaminant levels during baseflow condition. Water quality indicators of nitrogen,
3

heavy metals and TSS were used, as these are the most commonly identified
contaminants in modified land uses. For each monitoring regime, the correlation
between nitrogen and heavy metals, and suspended sediment was observed. The
findings were compared to water quality guidelines in order to assess the potential
impacts of these contaminants to the Leith River and Lindsay’s Ck (Chapter 4 and 5).
This thesis is presented in five key chapters: Chapter 2 explores the theory and literature
pertaining to understanding the processes of nitrogen, heavy metals and suspended
sediment in surface water as the impact of land use change, and how these contaminants
response to flow variation. The research methods are described in Chapter 3 where the
research strategy, methods and analyses are outlined. Chapter 4 presents the findings
obtained from the analyses and the main discussions of the findings are described in
Chapter 5, along with the research limitations and suggestions for further research.
Finally, Chapter 6 provides the concluding remarks of the study.
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2 Nitrogen, heavy metals and sediments in surface water
In surface water, nitrogen, heavy metals and suspended sediment can be derived from
natural and anthropogenic sources. However, the additional sources from anthropogenic
activities in a catchment, specifically from agriculture and urbanization, could cause the
deterioration of the surface water quality. The extent of the water quality contamination
differs with flow conditions. Greater flushing of contaminants from the soils into the
surface water occurs during high precipitation events than during the dry period. This
chapter will address key aspects of nitrogen, heavy metals and suspended sediments in
surface water, particularly focusing on the impact of land use changes and different
flow condition on the water quality.
Section 2.1, 2.2 and 2.3 describes the natural and anthropogenic attributes of nitrogen,
heavy metals and suspended sediment respectively, and the impact of these constituents
to the aquatic environment. This is followed by a review of the mobilization of nitrogen,
heavy metals and suspended sediment under different flow condition in section 2.4, and
finally, section 2.5 explores the research and literature gaps within New Zealand, which
leads to the rationalization of the research overview of the current study.

2.1 Nitrogen
Nitrogen is present naturally in the atmosphere, biosphere and hydrosphere in a wide
variety of chemical forms including organic nitrogen, ammoniacal-nitrogen, which
includes ammonia and ammonium (NH4 = NH3 + NH4+), nitric oxide (NO), nitrous
oxide (N2O), nitrite (NO2-), nitrate (NO3-) and nitrogen gas (N2). It is an essential
nutrient to both plants and animals, being a vital component of amino acids that are the
building blocks of all proteins (Hatch et al., 2002; Wilcock, 2008; McLaren and
Cameron, 1996; Keeney and Hatfield, 2001). Nitrogen can be changed from one form to
another and is circulated among plants, animals, soil, water and the atmosphere through
a complex series of chemical and biological reactions, as illustrated by the nitrogen
cycle (Figure 2.1) (McLaren and Cameron, 1996; Hatch et al., 2002). Besides being
circulated within the nitrogen cycle, nitrogen can also be transferred from one system to
another (atmosphere-soil-water) through certain hydrological pathways. It is important
5

to understand the nitrogen cycle and the atmosphere-soil-water interactions as it
provides insight about how different form of nitrogen derived in the water system and
how it impacts surface water quality.

Figure 2.1 A conceptual diagram of nitrogen cycle and its transfer path between atmosphere, soil
and water. Adapted from Hatch et al. (2002).

Within the nitrogen cycle (Figure 2.1), there are important processes involving the
transformation of one form of nitrogen to another. These include nitrogen fixation,
mineralization, nitrification, denitrification and assimilation. Nitrogen gas in the
atmosphere is converted into plant available nitrogen (N-Fixation) by blue-green algae
and free living bacteria, such as the Azobacter, as well as legume species of plants via a
symbiotic relationship with specialized organisms (Rhizobia) that colonize their roots
(McLaren and Cameron, 1996; Hatch et al., 2002; Davies-Colley and Wilcock, 2004;
Peterson et al., 2001). Nitrogen is released from plant residues, organic matter and other
organic materials by the activity of a wide range of micro-organisms including bacteria
and fungi (McLaren and Cameron, 1996; Hatch et al., 2002) through the process of
mineralization. During mineralization, organic forms are converted into the inorganic
forms where NH3 is transformed following the breakdown of complex proteins into
amino acids, then hydrolyzed to NH4+ and further converted to NO2- and NO3(McLaren and Cameron, 1996). Micro-organisms will take up some of the converted
6

inorganic nitrogen forms and incorporate it into their own bodies, and this is termed as
immobilization. When more inorganic nitrogen is released than is required by the
micro-organisms, then there is a build-up of nitrogen for plant uptake (McLaren and
Cameron, 1996).
There are other groups of bacteria, known collectively as nitrifying bacteria that use
NH4+ as an energy source, which is transformed into NO2- and then NO3- by a process
called nitrification (Peterson et al., 2001; McLaren and Cameron, 1996). There are two
stages within this process and these are dependent on the activity of two different
genera of bacteria. The first stage is mainly carried out by organisms called
Nitrosomonas and Nitrococcus, which convert NH4+ to NO2-. Nitrite is generally
considered an intermediary nitrogen product, and Nitrobacter bacteria quickly convert
NO2- to NO3- during the second stage of the process (McLaren and Cameron, 1996).
Nitrogen is removed via denitrification which involves the losses of nitrogen to the
atmosphere as N2, or one of the nitrogen oxides through two mechanisms; biological
denitrification and chemical denitrification (McLaren and Cameron, 1996). Biological
denitrification is possible when anaerobic condition occurs, where anaerobic bacteria
use NO3- as an electron acceptor, in place of oxygen during respiration. Throughout the
process, the reduction of NO3- proceeds in a series of steps, with the progressive loss of
oxygen producing, in turn NO2-, NO, N2O and finally N2. On the other hand, chemical
denitrification takes place when there is an excessive amount of NH4+ that restricts the
activity of Nitrobacter during the nitrification process. This results in an accumulation
of NO2-, which leads to volatile loss of N2. Nitrogen can also be removed via
assimilation involving the uptake of NH4+ and NO3- by biota.
The nitrogen cycle is not only restricted to the soil system, it is also applied to the water
system. While most key processes of nitrogen cycle are similar between the soil and
water systems, Peterson et al. (2001) further added that there will be indirect
nitrification occurred within the water system, involving the conversion of NH4+
mineralized from organic matter to NO3- (Figure 2.2). In addition, NH4+ and NO3- can
also be released from the stream bottom back to the water column through the
regeneration process, and the remaining NH4+ and NO3- will be exported downstream.
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Figure 2.2 The nitrogen cycle showing the key processes of mineralization, nitrification,
denitrification, assimilation and regeneration, within the water system. NH4+ and NO3- enter the
stream via stream flow (runoff) and seepage (leaching). NH4+ is removed by uptake from primary
producers, bacteria and fungi plus nitrification. NH4+ mineralized from organic matter is converted
to NO3- through indirect nitrification. NO3- removal is via assimilation by biota and denitrification
on the channel bottom. Regeneration is the release of NH 4+ and NO3- from the stream bottom back
to the water column. Remaining NH4+ and NO3- in the water column are exported downstream.
Source from Peterson et al. (2001).

2.1.1 The transfer of nitrogen from the atmosphere and soil to water
The pathways of nitrogen within the environment can be traced from the atmospheresoil-water interactions (Figure 2.1). Atmospheric sources of nitrogen are transferred into
the water system by precipitation, in the form of dry or wet precipitation (Walling,
1980). According to Walling (1980) dry fall-out is associated with fall-out due to
gravity and primarily involves relatively large particles, particularly greater than 20 µm
diameter, whereas wet precipitation is commonly ascribed to rain-out and wash-out
mechanisms. Walling (1980) further differentiate the former as the solution of aerosol
particles that have acted as condensation nuclei for raindrops, whereas the latter relates
to the solution of atmospheric particles collected by the falling raindrops below the
cloud level through impaction. Within the terrestrial zone, the aerosols carried into the
atmosphere are high in NH4+, NO3- and NO2- (Walling, 1980), which can be reflected in
the chemical characteristics of a river. The quality of the precipitation reaching the
surface of a catchment will vary in response to the availability of aerosols for both rain8

out and wash-out, and the interaction of these aerosols with the precipitation-forming
processes (Walling, 1980). The nitrogen concentration in precipitation tends to decrease
as a storm event proceeds and with increasing storm magnitude as there is a progressive
exhaustion of the supply of aerosols subject to precipitation (Walling, 1980).
Within the earth crust, an estimated 18 x 1015 tonnes of nitrogen is available (McLaren
and Cameron, 1996). There are two general hydrologic pathways that nitrogen on the
ground is transferred into waterways; surface runoff or overland flow, and leaching or
groundwater flow (Figure 2.3). Surface runoff or overland flow is water that flows over
the ground that occurs as a result either of (1) infiltration-excess; or (2) saturation
overland flow. Infiltration-excess or Hortonion flow occurs when the soil has poor
drainage, particularly when the rainfall rate exceeds the infiltration rate of the surface
soil, which causes water to flow on the soil surface (Hatch et al., 2002; Wilcock, 2008).
Eroded soils containing nitrogen by surface runoff will be carried into waterways,
releasing nitrogen into the water column. On the other hand, saturation overland flow
occurs when the groundwater table rises to the surface (Wilcock, 2008).

Figure 2.3 Runoff processes; Surface runoff or overland flow, including Hortonion flow (Q H) and
saturation overland flow (QS), and leaching of groundwater flow (QG). Adapted from Wilcock
(2008).

Leaching or groundwater flow occurs within the soil profile either via matrix flow
through the whole soil body in light textured soils, or through bypass flow in large
macropores and cracks in heavy textured soils (Hatch et al., 2002). Despite the majority
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of the soil nitrogen is being relatively immobile, NO3- is often readily leached when
water drains through the soil. Compared to NH4+, which can be adsorbed by cation
exchange reactions or fixed on to the surface of clays and organic matter in soil, NO3- is
a negatively charge ion, hence is repelled by cation exchange, making it susceptible to
leaching (McLaren and Cameron, 1996). The rate of water movement depends on many
soil properties, such as soil texture and structure (e.g. a sandy soil is likely to lose more
NO3- through leaching than a clay soil would under the same climatic conditions since
sandy soils contain less water at field capacity and have greater hydraulic conductivity
than that of a clay soil) (Hatch et al., 2002; McLaren and Cameron, 1996; Cameron et
al., 2002). Slope and the amount and frequency of rainfall events also have considerable
influence on the water movement rates (Hatch et al., 2002).
Naturally, the water system receives nitrogen from the atmosphere and soil at a low
level. The promotion of biological growth by nitrogen in waters is a natural process, but
proliferation of growth to nuisance levels may occur if the nutrient concentrations are
high, and this usually relates with the growing activities of land use changes associated
with agricultural practices as well as urbanization (Davies-Colley and Wilcock, 2004;
Kronvang et al., 2001; Aryal et al., 2010; Paul and Meyer, 2008; Ekemen Keskin,
2010). Both activities contribute more sources of nitrogen, which by means of the
hydrological pathways described above, is flushed into the waterways (Parkyn and
Wilcock, 2004).
The inorganic forms of nitrogen including NH3 (which dissolves to form NH4+), NO2and NO3- from the anthropogenic activities, are of most concern in rivers as they are
directly available to plants, and likely to cause problems when present in excess of local
requirements (Davies-Colley and Wilcock, 2004; Hatch et al., 2002). The accumulation
of these forms in the waterways can have negative impact on aquatic ecosystem by
promoting the growth of plants and algae (Aryal et al., 2010; Davies-Colley and
Wilcock, 2004). The following section discusses the processes of human influences;
agriculture and urbanization on the contribution of nitrogen into waterways and the
consequences of the activities to the water system.
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2.1.2 Anthropogenic sources
Agriculture
Within the environment, the majority of the nitrogen is in the atmosphere (makes up
78% by volume) and a significant amount within the soil component (Hatch et al.,
2002). Nevertheless, it is often a major limitation to the growth of plants, because
atmospheric nitrogen (N2) has limited availability for biological use, where only certain
species of plants (legume) are able to fix nitrogen. Also, most of the nitrogen contained
in soil is complexed within soil organic matter and is not immediately available for
plant uptake (Hatch et al., 2002; McLaren and Cameron, 1996). According to Cameron
et al. (2002) most of the nitrogen (greater than 95%) in New Zealand soils is present in
soil organic matter, hence it is not immediately available for plant uptake unless
mineralized. Only a little amount of the total soil nitrogen pool (1-2%) is available in
the mineral forms of NH4+ and NO3- simultaneously (Cameron et al., 2002).
Agricultural production is particularly important in New Zealand as more than half of
the country’s export earnings are derived from land-based primary production
industries. To enhance productivity, nitrogen is generally added to agricultural crops,
either as inorganic (plant-available nitrogen) fertilizer, or in organic forms (e.g.
farmyard manure, slurry). Large yield responses to nitrogen fertilizer have been
reported for many crops (McLaren and Cameron, 1996) and nitrogen fertilizer
application has been very cost-effective (Hatch et al., 2002). This has tended to
encourage farmers to utilize plenty of nitrogen fertilizer to achieve maximum yield
(Hatch et al., 2002). Organic manures have been used for centuries as sources of
nitrogen for supplying crop nutrients and maintaining soil fertility (Hatch et al., 2002;
McLaren and Cameron, 1996). Animals consumed nitrogen far exceeds the daily
requirement, hence the excretal wastes of animals are relatively high in nitrogen
content. The spreading of such wastes on agricultural land with the right amount,
therefore offers a potential source of nutrient supply to farm land (Hatch et al., 2002;
McLaren and Cameron, 1996), and is widely used in New Zealand’s dairy farms.
With appropriate application, nitrogen based fertilizers and animal manures are
effective in promoting growth for agricultural production. Nevertheless, this is often not
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the case as there are significant nitrogen application in agricultural lands have been
recorded across the world, which put environmental pressures on waterways. Applying
fertilizers and spreading manures at rates of nitrogen that is higher than the crop can
utilize, increase the risk of nitrogen losses to waterways through leaching and surface
runoff (McLaren and Cameron, 1996; Hatch et al., 2002).
As an example, there is a nitrogen surplus in European agriculture, being collectively
greater in the north-western part of Europe, such as Netherlands, and lower in the
southern and eastern part of Europe (Kronvang et al., 2001) as illustrated in Table 2.1.
New Zealand is not an exception where in recent years, the amount of nitrogen
fertilizers used have increased considerably with the greatest increase has been on dairy
farms. It has been reported by the Ministry for the Environment (2007b) that nitrogen
fertilizer used has increased by about 10 times since 1985 and doubled since the mid1990s. Applications of 100 kg N ha-1 per year are common and they may be applied up
to 400 kg N ha-1 per year (Cameron et al., 2002). It has been shown that the rate of NO3leaching losses was greater when the application rate of fertilizer reached 400 kg N ha-1
per year. Likewise, the application of animal manure to New Zealand soils such as dairy
shed effluent and pig slurry has also steadily increased. Figure 2.4 shows the change in
nitrogen inputs to agricultural catchments since the mid-1980s.
Table 2.1 Average nitrogen surplus in different European countries calculated as balances of inputs
(Mineral fertilizers, manure, biological fixation and atmospheric deposition) and outputs
(harvested crops). Source from Kronvang et al. (2001).
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Figure 2.4 Sources of nitrogen in agricultural catchments, 1995-2004. Nitrogen fertilizer application
has increased by about 10 times since 1985 and doubled since the mid-1990s, and nitrogen from
animal manures has also steadily increased. Adapted from Ministry for the Environment (2007b).

Farming systems (e.g. livestock farming, arable farming, mixed farming), depending on
their farm management practices, each have key periods in the year during which NO3is most likely to leach (Hatch et al., 2002). In New Zealand, most NO3- leaching from
agricultural activity occurs in late autumn, winter and early spring period, when there is
an excess of rainfall over evapotranspiration and when plant uptake of nitrogen is low
(McLaren and Cameron, 1996; Cameron et al., 2002). Hence, applying nitrogen
fertilizer and animal manures during this time increases the risk of nitrogen leaching
and surface runoff (Hatch et al., 2002; McLaren and Cameron, 1996). Moreover, wet
soils during heavy rainfall may cause anaerobic conditions, which leads to
denitrification. McLaren and Cameron (1996) state that the highest denitrification losses
of nitrogen in New Zealand occur during wet autumn or spring, mainly on poorly
drained and highly fertilized pastures. Winter is an exception where, despite that New
Zealand soils are wet enough for significant anaerobic conditions to exist during this
period, the soil temperatures are usually too low (less than 10°C) for the action of the
denitrifying bacteria (McLaren and Cameron, 1996). Nitrogen gas or one of the nitrogen
oxides produced as the end product of the denitrification process, are released to the
atmosphere, contributing to aerosols rich in nitrogen. This may have an impact on the
interaction of these aerosols with the precipitation-forming processes, which is
eventually brought back into the river system (via atmospheric fall-outs and/or fixation
into the soils and flushed from the soils into waterways through surface runoff and
leaching).
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Leaching losses increase as the land intensifies, due to the amount of nitrogen in urine
and dung patches far exceeding the amount plants can readily assimilate (McLaren and
Cameron, 1996; Cameron et al., 2002). The intensification of livestock farming has
been taken place over many years and New Zealand is not an exception. There is an
increasing trend of land intensification in several regions of New Zealand, particularly
the change from sheep to dairy and deer farming (Parkyn and Wilcock, 2004; McLaren
and Cameron, 1996). Figure 2.5 shows that the number of sheep and beef cattle have
fallen since the early 1980s, while dairy cow and deer numbers have increased with
dairy cow numbers have almost doubled from around 3 million in 1981 to 5 million by
2006 (Ministry for the Environment, 2007b). As a consequence, Parkyn and Wilcock
(2004) reported that in New Zealand, animal manures from intensive farming,
particularly urine provide the major concern for NO3- pollution.

Figure 2.5 Livestock numbers in New Zealand, 1981-2006. Sheep and beef cattle numbers have
fallen since the early 1980s, while dairy cow and deer numbers have increased. Source from
Ministry for the Environment (2007b).

It is noteworthy that, as manures contain significant amount of organic nitrogen, the
potential for NO3- losses is not directly related to the total nitrogen content of the
manure, but to the rate at which the organic nitrogen is mineralized (Cameron et al.,
2002). The mineralization rate differs significantly depending on the origin and the
composition of the effluents where according to Cameron et al. (2002), fresh effluent
with simpler organic nitrogen compounds are likely to release nitrogen more readily
compared to effluent that contain predominantly recalcitrant organic compounds.
However, this needs more understanding on the rates of nitrogen transformation as
affected by the application of different forms of manure. Besides NO3- pollution through
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leaching and surface runoff, there is also a concern for direct pollution of nitrogen in
waterways. This is when livestock have free access to waterways and it provides direct
sources of nitrogen by defecating in streams, hence elevating the levels of the nutrients
in waterways (Quinn and Stroud, 2002).
The awareness of nitrogen pollution in waterways has prompted various management
options to minimize the impact of agricultural practices to the waterways. Because of
the association between streams and their catchments, Parkyn and Wilcock (2004) has
suggested that improved land management and riparian management, are most likely to
be effective in improving the water quality of a stream. Land management may include
avoiding overstocking, protecting wetlands to support denitrification, and avoiding
fertilizer application during high level of water table or wet periods (Parkyn and
Wilcock, 2004). Riparian management can act as a buffer zone that filters contaminants
from surface runoff by infiltration into the soil and remove nutrients by plant uptake,
and NO3- may be stripped by denitrification. Riparian margins can also fence livestock
out of streams and this can improve stream water quality (Parkyn and Wilcock, 2004).
In New Zealand, regional councils around the country have continuously worked with
land-care groups and farmers to encourage best environmental management practices.
One of the significant efforts for mitigating agricultural pollution in New Zealand
waterways is the implementation of the Dairying and Clean Stream Accord that was
agreed between Fonterra Cooperative Group (which represents over 95% of New
Zealand’s dairy farm milk producers), the Agriculture and Environment ministries and
local body authorities in 2003. The Accord includes five targets aimed to achieve clean
healthy water in waterways in dairying areas involving the exclusion of dairy cattle
from waterways, availability of bridges or culverts on regular crossing points,
compliance of effluent discharges, systems to manage nutrient inputs and outputs, and
fencing of wetlands (Ministry for the Environment, 2007b). However, issues with selfreporting of compliance tend to over report the progress of achieving these targets.
Urbanization
There is a rapidly growing trend of land use change associated with urbanization. It is
estimated that more than half of the world’s population will live in urban areas by the
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year 2020 (Aryal et al., 2010) and it has been reported that around 86% of people in
New Zealand live in towns and cities (Ministry for the Environment, 2007b). The everincreasing urbanization represents a threat to stream ecosystems by contributing large
amounts of pollutants including nitrogen (Paul and Meyer, 2008; Tu, 2011).
Even though the overall land area covered by urban growth remains small in many parts
of the world, urbanization has significant effects on stream ecosystems. For instance,
despite that the total area covered by urban land in the United State is minor compared
to agricultural land, urbanization is reported as the major cause of stream impairment
besides agricultural (Paul and Meyer, 2008). Similarly, this has been reported in New
Zealand, where the urban area is far smaller than pastoral land (0.76% and 37%
respectively in 2004), but national monitoring have recorded urban streams as the most
nutrient-enriched waterways, followed by streams in pastoral catchment (Ministry for
the Environment, 2007b). Figure 2.6 shows NO3- and NH4 are highest in urban streams
followed by rivers in predominantly agricultural catchments and rivers in unmodified
catchments. Both urban and agricultural waterways breach the ANZECC guidelines for
ecosystem protection. However, almost all of the cities in New Zealand are located
downstream of agricultural areas, so nitrogen pollution in the cities is likely derived
from a mixture of agricultural and urbanization sources.

Figure 2.6 Streams in predominantly urban catchment have greater median of NO3- and NH4 than
streams in predominantly agricultural and natural catchment. The median nutrient concentrations
for both urban and agricultural streams exceed the ANZECC guidelines for the protection of
aquatic environments. Adapted from Ministry for the Environment (2007b).
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In urban area, nitrogen may come from runoff from suburban lawns and gardens (Paul
and Meyer, 2008; Tu, 2011; Ministry for the Environment, 2007b; Aryal et al., 2010),
golf courses and outdoor sport fields (Aryal et al., 2010; Anderson et al., 2007) that
have had fertilizers applied. Anderson et al. (2007) found that the NO3- levels in the
upper San Antonio River, Texas were 1.9 - 3.3 times greater than the state standards for
NO3-. It was suspected that fertilizer application for maintaining the upstream golf
course and field in the Olmos Park area, and residential and public lawns was the main
source of the pollution. This was exacerbated with high rainfall during that period
(Anderson et al., 2007).
Another significant source of nitrogen in urban streams is sewage leaking from broken
sewer pipes, or being discharged into stormwater systems through faulty connections
(Paul and Meyer, 2008; Ministry for the Environment, 2007b), septic tanks
(Williamson, 1985; Hoare, 1984) and landfill leachate (D'Souza and Somashekar, 2012;
North et al., 2004). Water quality monitoring at 16 freshwater stream sites in the
Auckland region has shown that urban streams usually, but not always, have higher
concentrations of nitrogen (NO3- and NH4) than those in other land uses, probably as a
result of wastewater overflow. It was reported that nitrogen loss from plants are present
in moderate amount compared to that from stormwater contaminated by wastewater
overflows (Mills and Williamson, 2008). Figure 2.7 illustrates the long-term (19922000) median NO3- concentration obtained from the Auckland Regional Council (ARC)
long-term baseline water quality programme and Tamaki catchment streams
monitoring. Most urban streams have higher median concentration than rural stream
(including exotic forest, native bush, and farmed land) and exceed the ANZECC water
quality guideline levels. The potential anthropogenic sources of nitrogen pollution in
waterways are summarized in Table 2.2.
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Figure 2.7 Long-term (1992-2000) median NO3- concentration in Auckland region. Most urban
streams have higher NO3- than rural streams, and exceed the ANZECC guidelines (0.4 mg/L).
Source from Mills and Williamson (2008).
Table 2.2 Summary of the potential sources of nitrogen contaminants in waterways derived from
agriculture and urban land use.

Contaminant source
Nitrogen based fertilizer
 Inappropriate application of fertilizer such as excessive
application far exceeding the amount plants can readily
assimilate.
Agricultural

 Application during plant uptake of nitrogen is low or during wet
period.
Livestock manure
 Intensive farming leads to inappropriate application of manures
on catchment.
 Stock defecation in stream channel.
Nitrogen based fertilizer
 Fertilizer application on lawns and gardens, golf courses, sport
fields.

Urbanization

Sewage, septic tanks and landfill
 Sewage leaking from broken sewer pipes or discharged into
stormwater systems through faulty connections, leakage of
septic tanks and landfill leachate.
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2.1.3 Nitrogen pollution causing problems
Environmental pollution
Accumulation of nitrogen in the waterways has been considered as a potential hazard to
aquatic environments for many years. The level of nitrogen in waterways is often used
as an indicator of stream health. Many environmental agencies have developed
recommended guidelines for the protection of aquatic environments from nitrogen
contamination. As for New Zealand, the ANZECC (2000) guidelines provide discrete
trigger values for New Zealand lowland and upland (>150 m altitude) ecosystems,
based on the 80th percentile value of the National Rivers Water Quality Network, as
summarized in Table 2.3.
Table 2.3 ANZECC trigger values for TN, NH4 and NO3- in New Zealand Rivers. Lowland1
includes lowland sites less than 150 m in elevation while lowland 2 includes lowland sites less than
150 m excluding rivers with alpine headwaters. Adapted from ANZECC and ARMCANZ (2000a).

Ecosystem type
Lowland1 river
Lowland2 river
Highland river

TN (µg/L)
555
614
295

NH4 (µg/L)
15
21
10

NO3- (µg/L)
391
444
167

The main concern of excessive nitrogen, particularly the inorganic forms in waterways
is eutrophication. Eutrophication is the term used to describe the enrichment of plant
nutrients in aquatic ecosystem that leads to an increase in net primary productivity
(Davie, 2002; McLaren and Cameron, 1996; Gower, 1980). It is a natural process and is
part of an overall classification system for the nutrition level of a freshwater body.
However, the addition of nutrients (i.e. nitrogen) from human activities including
agriculture and urbanization has considerably accelerated this natural process, resulting
in cultural eutrophication of rivers as well as downstream environment such as estuaries
and harbours (Gasser, 1980; Davie, 2002; Ermens, 2007). The dissolved inorganic
nitrogen (the sum of concentrations of nitrate-nitrogen, nitrite-nitrogen and
ammoniacal-nitrogen) is immediately available to aquatic plants and can promote
nuisance benthic algae (periphyton) and other larger aquatic plants (macrophytes). The
presence of both periphyton and macrophytes causes fluctuation in the dissolved oxygen
of waterways, causing dissolved oxygen of waterways too low for aquatic animals as a
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result of respiration at night (Davies-Colley and Wilcock, 2004; Gower, 1980). The
daily fluctuation of dissolved oxygen is accompanied by a daily fluctuation of pH
caused by inorganic carbon uptake by aquatic plants during photosynthesis (DaviesColley and Wilcock, 2004). In the mid-afternoon, pH typically reaches a peak, which
causes toxicity of ammoniacal-nitrogen (NH4+ + NH3), with the un-ionised NH3 being
the most toxic form (Davies-Colley and Wilcock, 2004).
The other main negative impact of eutrophication is that, when these aquatic plants and
algae die, their decomposition depletes the dissolved oxygen of the water, leading
ultimately to the death of fish (Davie, 2002; McLaren and Cameron, 1996). This
process also occurs when organic substances, such as farm effluents, are discharged into
waterways. The presence of this organic substance instigates the nitrification process
where there will be an oxygen demand by nitrifying bacteria for the breakdown of the
receiving organic nitrogenous compounds into the nitrate form (McLaren and Cameron,
1996). Figure 2.8 illustrates this effect, which shows the depletion of dissolved oxygen
resulting from a discharge of organic material.

Figure 2.8 Dissolved oxygen sag curve in stream illustrating the effect of a discharge of organic
effluent. Adapted from McLaren and Cameron (1996).

2.2 Heavy metals
Heavy metals are elements that have a high density with an atomic weight greater than
six (Davie, 2002; de Vries et al., 2002) and belong largely to the transition group of the
periodic table (de Vries et al., 2002). Heavy metals are also called trace elements,
20

reflecting their relatively low concentration in the environment. In surface waters, heavy
metals can be found naturally in small quantities and they are essential micronutrients
(such as copper (Cu) and zinc (Zn)) for human and living organisms (Novotny, 1995;
Aryal et al., 2010). However, they are often toxic in concentrations above trace levels.
In addition, some of the metals have no biological function, such as lead (Pb), which
has a toxic effect on aquatic ecosystems and human health (de Vries et al., 2002).
In many cases, urbanization and to a lesser extent agriculture activities, are often
associated with heavy metal pollution in surface waters. These activities contribute
additional sources of heavy metals in surface waters, increasing the heavy metal
concentration exceeding toxicity levels. In the aquatic environment, copper (Cu), zinc
(Zn) and lead (Pb) are of particular concern for water pollution due to their toxicity to
aquatic organisms, persistence in the environment and their prevalence.
2.2.1 Natural sources of heavy metals
Metal elements in the hydrosphere are naturally obtained from both the atmosphere and
lithosphere (Fergusson, 1990). Within the atmosphere, aerosols from natural sources,
such as, windblown silicate dust, volcanic emissions, sea spray, combustion and
biological emissions, such as, forest fires and vegetation may contain heavy metals,
which are then deposited into surface water either as dry or wet deposits (in rain or
snow) (Fergusson, 1990; Bradl et al., 2005). Of all the sources, volcanic emissions
produce the highest concentrations of the metals, however, when compared with the
amount of windblown material, the total contribution of volcanic emissions is less
(Fergusson, 1990). Greater enrichment occurs in wet deposition as finer particles tend to
be removed by rain and this generally contains higher concentration of heavy metals.
The intensity and duration of the rain also influence the concentration of heavy metals.
Fergusson (1990) characterizes a slow even rainfall as the best washout that produces
the highest concentration of heavy metals in surface water.
Bedrock mineralization and weathering are natural processes within the lithosphere that
contributes heavy metals to the river system. Heavy metals are incorporated into the
crystal lattice of the primary minerals of parent rocks, which form during the cooling of
the magma (Bradl et al., 2005; Fergusson, 1990). For example, galena (PbS), cerussite
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(PbCO3) and anglesite (PbSO4) are the most important sources of Pb, while chalcopyrite
(CuFeS2) and sphalerite (ZnS) contribute to Cu and Zn minerals respectively
(Fergusson, 1990; Finkelman, 2005). The weathering of these minerals, both physically
and chemically, releases the heavy metals onto the soil and depending on their
solubility, metals can either be retained on the soil particles or transported by surface
runoff and brought into adjacent receiving waterways. Heavy metals can also be
naturally available in the surface water where they can be derived from the soils and
rocks within the river channel (Novotny, 1995; Ministry for the Environment, 2007b).
2.2.2 Anthropogenic sources
Agriculture
Some agriculture activities have been reported as contributing heavy metals to surface
water. However, heavy metal contamination associated with these activities has not
received much attention compared to urban activities. Researchers such as Xue et al.
(2003), Taboada-Castro et al. (2002), Xue et al. (2000) and Yang et al. (2009) have
collectively found that agricultural activities including the application of animal manure
and fertilizer contribute to metal accumulation on the soil, leading to the pollution of
receiving waterways.
Metals, such as Cu and Zn, are often added to livestock fodder (Taboada-Castro et al.,
2002; Xue et al., 2000) due to their anti-microbial and growth properties (Xue et al.,
2000). Significant concentrations of these metals end up in the animal manure or
slurries after being excreted. Xue et al. (2000) found that the manure sampled during
their study contains high levels of both Zn (6-45 mg Zn L-1) and Cu (1-18 mg Cu L-1).
Only a small amount of the substances in manure that end up in the land are actually
used by plants. Thereby, long-term intensive application of livestock manure, can lead
to the accumulation of Cu and Zn in soils. They may end up in surface water as a
consequence of surface runoff, drainage, erosion and leaching through the groundwater
(Taboada-Castro et al., 2002).
Most fertilizers contain small amounts of trace elements. Phosphorus fertilizer applied
into agricultural systems is a source of Pb, Cu, Cd, and Zn, because of the relatively
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high levels of these elements in the original phosphate rock (Fergusson, 1990; Ekemen
Keskin, 2010; McLaren and Cameron, 1996). On average, He et al. (2005) found that
phosphate rock contains 10, 32 and 239 mg/kg of Pb, Cu and Zn respectively.
According to Ekemen Keskin (2010), in USA, the trace elements Cu and Zn are
deliberately added to fertilizer to meet the requirement of plant growth, especially for
soils that are severely deficient in these elements, such as sandy soils. However, similar
to animal manures, accumulation of these elements in the soils increases the chances of
metal losses to surface water.
Urbanization
Urban activities have been considered as one of the major sources of metal pollution in
surface waters. In urban areas, traffic activities including vehicle emissions and roads,
and buildings materials had been received great attention as they are considered as the
most important potential contaminants sources to surface waters (Brown and Peake,
2006; Novotny, 1995; Mills and Williamson, 2008; Aryal et al., 2010; Davie, 2002).
Vehicular sources, such as, exhaust emissions, drips of crankcase oil, vehicle tyre wear
and brake linings are all diffuse sources of heavy metal contaminants in the urban
environment (Brown and Peake, 2006; Mills and Williamson, 2008; Kennedy, 2003)
(Figure 2.9). Copper is usually released into the environment from the deterioration of
brake lining (Kennedy and Gadd, 2003; Mills and Williamson, 2008; Mosley and
Peake, 2001; Davie, 2002; Gobel et al., 2007), whereas Zn (Mosley and Peake, 2001;
Davie, 2002; Gobel et al., 2007) and Pb (Mills and Williamson, 2008) are derived from
tyre wear. An assessment conducted by Kennedy and Gadd (2003) on the contribution
of vehicle emissions to potential stormwater contaminant loads found that more than
95% of Cu on the road surface was sourced from brake wear, while tyre wear is the
major source of Zn and there was a larger amount of Pb on the road than it was
predicted from vehicle emission data. Lead contaminants can be derived from historic
deposition from vehicle exhaust emissions. Gasoline-powered vehicles had been the
major source of Pb in the past (Fergusson, 1990; Mosley and Peake, 2001). Even though
it was banned in New Zealand in 1996, Pb is likely to still be persistent in the urban
environment (Mosley and Peake, 2001).
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Figure 2.9 Key sources of contaminants released by motor vehicles, which include exhaust
emissions, drips of crankcase oil, vehicle tyre wear and brake linings. Adapted from Kennedy
(2003).

Heavy metals sourced from the road can be derived from vehicle deposits, and the
abrasion and dissolution of road materials (Brown and Peake, 2006; Mills and
Williamson, 2008; Ministry for the Environment, 2007b). The wear and breakdown of
road surfaces, including aggregate and other materials used in base course and surface,
such as bitumen and concrete can contribute to metal contaminants. Moreover, road
dust can contribute to heavy metals pollutants. The road dust can be in the form of
inorganic as well as organic matter. It was reported by Mills and Williamson (2008) that
inorganic matter makes up a substantial proportion of the road dusts samples in
Auckland urban areas, and these dusts can be highly contaminated with high
concentrations of Zn, Pb and Cu.
Roof and paint are among the contaminated building materials that can contain heavy
metals. Roof runoff is usually associated with Zn contaminants, and the concentration
depends on the type and condition of the roofing materials. Many studies found that
roof runoff had the greatest concentration of Zn due to the extensive use of zincgalvanised roofing iron (Mills and Williamson, 2008; Brown and Peake, 2006;
Novotny, 1995; Davie, 2002). A study commissioned by the Auckland Regional
Council on roof runoff quality in three urban catchments; Central Business District, Mt
Wellington and Mission Bay found that Zn was the most common metal species in the
urban waterways due to the extensive use of Zn-galvanised roofs (Mills and
Williamson, 2008). There was an increase in the concentration of Zn once paint had
deteriorated and the concentration could even be high with relatively minor
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deterioration. Lead concentration was also found to be high from galvanised roofs
where Mills and Williamson (2008) suggest that it was possibly due to the amount and
condition of lead-headed nails and lead flashing. Paints and paint wastes from
construction activities are also a source of Pb contaminant. Lead-based paint has been
recognized as a significant source of lead poisoning in children in the United State and
Europe (Bradl et al., 2005). Other sources of heavy metal pollution in urban areas as
described by Novotny (1995) include gutters and downspouts, metallic corrugated
pipes, old lead pipes and parking lots. Table 2.4 summarized the sources of metal
contamination in surface water.
Table 2.4 A summary of potential sources of heavy metals pollution from agriculture and urban
activities.

Contaminant source
Livestock manure

Agricultural

 Metals are added to livestock fodder due to their anti-microbial
and growth properties.
Fertilizer
 Phosphorus fertilizer contains metal elements which are derived
from phosphate rock.
Motor vehicles
 Vehicle exhaust emissions, oil and lubricating losses, wear of
vehicles body, tyre and brake wear.
Road materials
 The wear and breakdown of road surfaces, including aggregate
and other materials used in base course and surface, such as
bitumen and concrete can contribute to metal contaminants.

Urbanization

 Road dust and debris containing inorganic origin (metal, glass,
plastic) and organic (food, paper, plant, litter and animal waste)
origin.
Building and construction materials
 Corrosion and deterioration of roofing materials, and
deterioration of lead-based paint. Building maintenance and
construction produces a wide variety of inorganic dust and other
debris (e.g. paint waste).
 Other sources including gutters, metallic pipes and parking lots.
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2.2.3 Fate of metals in surface water
In surface water, heavy metals can be in two forms; the dissolved form or the particulate
form. The dissolved form encompasses contaminants that are truly dissolved or colloids,
whereas the particulate form of the contaminants are generally bound to suspended
sediment (Taylor et al., 2008; Novotny, 1995; Webster-Brown, 2005). Information on
the interaction between the dissolved and particulate form of heavy metals is necessary
as it determines the bioavailability and toxicity of such metals to the river ecosystem,
and transport within the river system. In general, the dissolved free metal ion is
bioavailable, thus the most toxic component for aquatic organisms. The bioavailability
and toxicity of heavy metals often correlates with the concentration of the free metal ion
rather than to the total metal concentration (Bradl et al., 2005; Mosley and Peake,
2001).
How far heavy metals will disperse within the river system depends on the mode of
transport for the different forms of heavy metals. Heavy metals in the dissolved form
flow by advective transport, following the hydraulic flow, in the direction and at the
velocity of the flowing water (Webster-Brown, 2005; Novotny, 1995). Dissolved heavy
metals in advective transport tend to withstand the attenuation processes that would
remove them from the water column. Their concentration will only be affected by the
dilution or evaporation processes of the water body, the flow conditions or the source of
metals into the receiving water (Webster-Brown, 2005; Fergusson, 1990). Heavy metals
in the particulate form will be affected by processes that act upon the suspended
sediment. This may include settlement in quiescent conditions, such as ponds and lakes
(Novotny, 1995; Webster-Brown, 2005), or re-suspension under turbulent flow
conditions and settlement downstream in estuaries (Webster-Brown, 2005).
2.2.4 Partitioning of heavy metals in surface water
The partitioning of heavy metals between the dissolved and particulate form depends on
both physical and chemical factors within the water system. This may include factors
such as suspended sediment concentration and sediment grain size, adsorptiondesorption on or from hydrous oxides of Fe and Mn and association with organic
matter. Heavy metals have an affinity for suspended sediment, but differ depending on
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the metal. Webster-Brown (2005) state that metals, such as Pb and Zn, have a higher
degree of association with the suspended sediment than Cu. Sediment size is a major
factor for heavy metal retention in suspended and bottom sediments. Metal
concentration in sediments is usually inversely correlated to sediment particle size. This
is reported by Taylor et al. (2008) where, as a result of the large surface area, organic
and clay contents, surface charge and cation exchange capacity, the fine silt and clay
fractions of sediment are often enriched with heavy metals.
The close relationship of both heavy metals in the particulate form and suspended
sediment is due to the presence of sorption sites mainly provided by hydrous oxides of
Fe and Mn, organic matter and clay (Webster-Brown, 2005; Novotny, 1995). Hydrous
oxides of Fe and Mn are generally known to be the most effective adsorbent of heavy
metals due to their surface charge and high surface area (Novotny, 1995; WebsterBrown, 2005). In a study conducted by Mosley and Peake (2001), the metals Fe and Pb
exhibit similar behaviour and it was suspected that Pb was predominantly adsorbed to
the surface of Fe oxyhydroxide particles. Metal adsorption is pH dependent where
generally, adsorption increases with pH for cations as the surface charge becomes more
negative while adsorption increases with decreasing pH for anions as the surface charge
becomes more positive (Webster-Brown, 2005; Bradl et al., 2005). Mosley and Peake
(2001) found that the levels of dissolved Pb are significant towards the end of a rainfall
event. A decline in pH was also observed towards the end of the storm flows, and this
may cause a desorption of Pb from the suspended sediment.
Organic matter in sediments has a variety of functional groups that are capable of acting
as binding sites for metals, including carboxyl, amine and phenolic groups (WebsterBrown, 2005; McLaren and Cameron, 1996). These functional groups allow the
particulate organic matter to be negatively charged over a significant pH range, hence
tend to adsorb cationic metal ions (Webster-Brown, 2005). Dissolved organic matter
can also adsorb onto suspended sediment, particularly, when the individual particles
have reactive coatings formed by Fe or Mn oxides (Webster-Brown, 2005). Thereby,
metals adsorbed to such particles may be bound to the organic material (WebsterBrown, 2005). Some properties of the adsorption sites on sediment are listed in Table
2.5 and Table 2.6 lists the general effects of some geochemical factors on heavy metal
mobility in water system.
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Table 2.5 Some properties of sediment phases that accumulate heavy metals. Source from
Fergusson (1990).

Phase
Property
Size
Crystallinity
Surface area
Surface charge

Mn/Fe hydrous
oxides
Fine grained
Amorphous or poor
crystalline
Large
High, negative

Organic matter

Clays

Small to large

Fine grained

Non- crystalline

Crystalline

Large
High, negative

Large
High, negative

Table 2.6 Effect of soil/sediment factors in heavy metal mobility. Modified from Bradl et al. (2005).

Soil factor
Low pH
High pH

High clay
content
High organic
matter
Fe and Mn
oxides

Causal process
 Decreasing sorption of cations onto oxides of Fe and Mn
 Increasing sorption of anions onto oxides of Fe and Mn
 Increasing precipitation of cations as carbonates and
hydroxides
 Increasing sorption of cations onto oxides of Fe and Mn
 Increasing sorption of cations onto (solid) humus material
 Decreasing sorption of anions

Effect
Increase
Decrease

 Increasing ion exchange for trace cations (at all pHs)

Decrease

 Increasing sorption of cations onto humus material

Decrease

 Increasing sorption of cations with increasing pH
 Increasing sorption of anions with decreasing pH

Decrease
Decrease

Decrease
Decrease
Decrease
Increase

2.2.5 Environmental impacts of heavy metals
In high concentration, heavy metals may pose lethal effects to aquatic organisms. The
effects however, vary with different form of the metals. The dissolved free metal ion
correlates directly with metal toxicity, as it is more available for uptake by aquatic
organisms (Bradl et al., 2005; Mosley and Peake, 2001). Filter feeders ingest sediment
particles, hence will also ingest particulate metals adsorbed to the particles that they are
feeding on (Ermens, 2007). In order to protect New Zealand’s surface water against
heavy metal toxicity, water quality guidelines for heavy metals were developed (as
shown in Table 2.7). The guidelines are developed based on different level of
protection; from 99% protection level which can be applied to streams that have high
conservation value to 80% which is for disturbed water body with urban inputs
(ANZECC and ARMCANZ, 2000a).
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Table 2.7 ANZECC guidelines for Cu, Pb, Zn and Cd in surface water (ANZECC and ARMCANZ,
2000a).

Trigger value for freshwater (µg/L)
Level of protection (% species)

Metal
Cu
Pb
Zn
Cd

99
1.0
1.0
2.4
0.06

95
1.4
3.4
8.0
0.2

90
1.8
5.6
15
0.4

80
2.5
9.4
31
0.8

2.3 Suspended sediment
Sediment formation, mobilization and transfer are a natural part of river system
behaviour. Sediments are the product of weathering of rocks by physical, chemical and
biological processes, and are mobilized and transported by the action of wind and rain
from higher to lower elevations, under the influence of gravity (Taylor et al., 2008;
Davie, 2002). However, anthropogenic influences associated with land use change in a
catchment interrupt this natural process, particularly on the location and magnitude of
the sediment sources (Taylor et al., 2008). Agricultural activities and urbanization have
both introduced new sources of sediment and drastically altered the rates at which
sources and pathways supply sediment to the river system.
It has been suggested that sediment transported in suspension is the most important
contaminant of surface waters, as with high quantity, it can cause damage to aquatic
habitat and human use (Davies-Colley and Wilcock, 2004; Davie, 2002). Moreover,
suspended sediment is also important for transporting other contaminants, such as
nitrogen and heavy metals. This is due to their physical and chemical properties, which
can bind contaminants on their surfaces. Suspended sediment in surface waters is a
result of sediment load being dispersed through the flow by turbulence (Hicks et al.,
2004). It generally consists of finer-grained sediment of clay, silt and fine sand grades,
as these materials are easily held in suspension (Hicks et al., 2004).
2.3.1 Natural sources
In a catchment, the main natural sources of sediment to a river include atmospheric dust
deposition and wind erosion, mass movement events and erosion of soils by water
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runoff. This is followed by the sources of sediment within the river channel including
erosion of channel banks and floodplains, and re-suspension of channel bed sediment.
In terms of the overall sediment budget of a river system, sediment deposition sourced
from atmospheric dust and wind erosion is generally of limited magnitude (Taylor et al.,
2008), in exception for environments that have limited vegetation cover such as arid,
semiarid, alpine and subalpine areas (Taylor et al., 2008). Within these environments,
there can be a significant amount of soil erosion and fine exposed sediment by wind
erosion derived from features such as moraines and talus, which consequently deposited
either within or outside of the river system (Taylor et al., 2008). In pristine
environments, atmospheric sources of sediment is usually clean compared to that
derived from anthropogenic sources, which may be heavily contaminated (Taylor et al.,
2008).
Sediment supplied to river system from mass movement events are restricted to steep
mountain and upland environments, thus it is less important for most lowland areas
(Taylor et al., 2008). There are different types of mass movement including landslides,
avalanches, debris flows and debris slides. Mass movement is usually associated with
extreme precipitation or tectonic events, which cause in an instability of the soil and
bedrock, such that the force to move due to loading and gravity is greater than the
strength of the material to resist the imposed force (Taylor et al., 2008). Most mass
movement happen rapidly, hence contributing sediment instantaneously, either directly
to river channels or to areas near to channels, which are subsequently mobilized by
runoff or erosion processes.
The delivery of material via mass movement is considerably less likely in lowland
catchments, where suspended sediment is more likely to derive from soil erosion
processes. Soil particles can be detached and redistributed through water erosion
processes such as, gully processes and rills. Taylor et al. (2008) purport that water
erosion is the dominant source of sediment to river channels. It is usually the top few
centimetres of the ground being eroded, but during intense surface runoff, the depth of
erosion can be greater, creating gullies and rills (Taylor et al., 2008). Hicks et al. (2000)
found that sediment in gullied basins, such as the Mangatu River in New Zealand was
readily washed into stream channels even during small storm events.
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Within the river channel, the erosion of channel bank or bed material is a major source
of sediment. During this process, material eroded from the bank or bed is delivered
directly into the river channel. Other than that, erosion of floodplain deposits may also
become a source of sediments into rivers. This occurs during overbank flows during
flooding where sediment can be eroded from the surface of the floodplain (Taylor et al.,
2008). Re-suspension of in-channel sediment on the channel bed contributes sediment
to the water column of a river. The river bed acts as a temporary storage for sediment
derived from the primary source of sediment (e.g. soil or atmosphere) and only releases
sediment to the overlying water during certain hydrological conditions, particularly high
flow conditions (Taylor et al., 2008). There is an increase in bed shear during high flow
which re-suspends fine sediment stored on, and within, the surface layers of the channel
bed and also erode coarser bed material.
2.3.2 Anthropogenic sources
Changing land use within a catchment by human influence disrupts the natural
processes of sediment fluxes in rivers by altering the rates that sources and pathways
supply sediment into the river system. Collectively, in agriculture, the sources include
soil erosion by grazing animals, machinery and tillage systems, and soil instability due
to grazing animals and shallow-rooted pasture species. On the other hand, in urban
environments, construction activities, roads and airborne particulates are the primary
sources of sediment.
Agriculture
Rivers in a pasture dominated catchment usually have higher amounts of suspended
sediment than those in native forests (e.g. Quinn et al., 1997; Quinn and Stroud, 2002;
Fahey and Marden, 2000). A survey by Quinn et al. (1997) on 11 streams showed that
pasture streams and plantation forest had threefold greater suspended sediment and fine
sediment stored in the streambed than streams in native forest catchments, and Fahey
and Marden (2000) found that the pasture generated almost 2.5 times the amount of
sediment per unit area compared to forest. In most agriculture areas, soil erosion is the
main source of the sediment transported into rivers. Soil in agricultural land can be
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eroded by machinery and tillage systems (Taylor et al., 2008), and grazing animals,
which represent an important source of sediments into rivers (Taylor et al., 2008;
Parkyn and Wilcock, 2004; Wilcock, 2008), delivered by surface runoff, as well as,
wind erosion. Moreover, track networks produced as a result of these activities
represent efficient pathways for the transfer of sediment to the river systems (Taylor et
al., 2008).
Stream bank collapse caused by cattle grazing in riparian zones is another major source
of sediment in pasture catchment streams. Treading by grazing animals on stream
banks, particularly cattle, by virtue of their large size and affinity for water, destabilizes
soils causing slumping and loss of soils directly into stream channels (Parkyn and
Wilcock, 2004; Wilcock, 2008). This effect is exacerbated by shallow-rooted pasture
species in agricultural land that do not stabilize soil as well as the roots of larger trees
and shrubs (Wilcock, 2008). This can be easily prevented by fencing around streams to
exclude stock from entering waterways.
Urbanization
Road dust derived from traffic activities is a major urban source of sediment. Road
drains act as a pathway for sediment to be transported by surface runoff, which in turn
discharge into stormwater and river (Ermens, 2007). Sediment contributed from roads
depends on the traffic intensity. Airborne particulates derived from industry and
residential areas from domestic housefires can also contribute sediment to urban rivers
(Ermens, 2007). According to Ermens (2007), sediment/particulate fallout occurs during
the winter season in Christchurch, New Zealand and this is caused by domestic solid
fuel burning. It was reported that 90% of the suspended sediment pollution in river
during the winter season is produced by domestic fires, followed by 7% from industrial
burning and the remaining 3% is from traffic activities (Ermens, 2007).
Urban construction is a major source of sediment into urban waterways (Ermens, 2007;
Taylor et al., 2008; Suren and Elliot, 2004). Exposing bare earth by stripping of the
vegetation and topsoils, and re-contouring the land increases the rate of soils and subsoils loss to river through erosion (Suren and Elliot, 2004; Ermens, 2007). The amount
of this erosion is dependent on the volume and intensity of rainfall, catchment slope and
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size, and the proportion of the catchment under construction (Ermens, 2007). The
potential sources for sediment pollution in waterways are summarized in Table 2.8.
Table 2.8 Potential sources of sediments in waterways from agricultural and urban activities.

Agricultural

Urbanization

Contaminant sources
Grazing animals
 Grazing animals can cause soil erosion and soil instability.
Machinery and tillage operations
 These activities can erode the soils and provide pathways for
the transfer of sediment to the river system.
Shallow-rooted pasture species
 Shallow-rooted pasture species have low ability to stabilize
soils.
Urban construction
 Construction activities often involve the exposing of bare earth
by stripping of vegetation and topsoils.
Road
 Road dusts are derived from traffic activities, and road drains
can effectively transport sediment into stormwater and thus into
waterways.
Fire burning
 Fire burning from industry and household releases airborne
particulates.

2.3.3 The impact of suspended sediment to aquatic ecosystem
The extent of sediment pollution in rivers depends on the form of the sediment available
in the water column, as the effect of sediment while suspended in the water column
differs from those when the sediment is deposited on the river bed. Many researchers
have suggested that the fine-grained sediment transported in suspension is one of the
most important contaminant of waters as it can cause damage to aquatic habitat and
limit human use (e.g. Davie, 2002; Davies-Colley and Wilcock, 2004; Suren and Elliot,
2004; Hicks et al., 2004; Wilcock, 2008).
Water become more turbid because of light scattering by suspended sediment particles,
thereby reducing the ability of fish and birds to detect prey (Hicks et al., 2004; DaviesColley and Wilcock, 2004), and limits light penetration for photosynthesis in aquatic
ecosystems (Hicks et al., 2004). High suspended sediment concentrations in water can
also damage respiratory structures of aquatic animals (Davies-Colley and Wilcock,
2004). Turbid streams also affects human use in a way that it reduce visual amenity of
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rivers and affects contact recreation safety (Davies-Colley and Wilcock, 2004; Suren
and Elliot, 2004). Suspended sediment also settles on the streambed, filling interstitial
spaces between particles, reducing the amount of habitat available to fish and
invertebrates (Davies-Colley and Wilcock, 2004; Suren and Elliot, 2004). Delivery of
sediment to estuaries also increases, increasing the rate of estuarine infilling and
smothering estuarine organisms (Suren and Elliot, 2004). In New Zealand, the limit for
total suspended sediment in surface water is less than 4 mg/L, and this is for the
protection of aesthetic and contact recreation (Davies-Colley and Wilcock, 2004).
2.3.4 Association of suspended sediments with other contaminants
Another concern of suspended sediments to water quality problem, beside their
damaging effect to the aquatic habitat and low aesthetic value, is their ability to affect
the transport and fate of other contaminants such as heavy metals and nutrients
including nitrogen. Contaminants may adsorb to, or desorb from, suspended sediment
particles in surface water. The contaminants adsorbed to suspended sediments may be
transported into or out of the bed depending on the behaviour of the sediments during
erosion, transportation and deposition processes, and the contaminants adsorbed to
bottom sediments may also be released back into the water column. The ability of
suspended sediment to adsorb contaminants onto their surfaces is influenced by the
physical and chemical characteristics of the sediments including their composition of
inorganic and organic matters, surface charge and cation exchange capacity.
Suspended sediments are typically composed of inorganic materials, such as clay and
hydrous metal oxides including Fe-oxides and Mn-oxides, as well as soil organic
matter. They all provide sorption sites for heavy metals and nitrogen. Sorption of heavy
metals and nitrogen onto clays is controlled by the number of free sorption sites on the
clay surface. According to Fergusson (1990), the number of free sorption sites is
influenced by the free or broken bonding positions as well as the proportion of atoms
replaced with others of different valencies within the clay mineral structure. The greater
the ability the clay to expand, and effectively increase its surface area, the more heavy
metals the clay can contain (Fergusson, 1990). This can be seen in the order of
montmorillonite > vermiculite > illite > kaolinite. Ammonium added as fertilizer, or
formed from decay of plant and animal residues, can be adsorbed by cation exchange
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reactions on to the surface of clays and fixed by clay minerals as a result of a
replacement of NH4+ for interlayer cations that expand the lattice such as Ca2+, Mg2+,
Na+ and H+ (Stevenson and Wagner, 1970; McLaren and Cameron, 1996). Similar to
the pattern of heavy metals adsorption, soils containing large amounts of vermiculiticor illitic-type minerals have great capability of fixing NH4+ (Stevenson and Wagner,
1970; McLaren and Cameron, 1996), while no fixation occurs if the clay fraction is
predominantly kaolinitic (Stevenson and Wagner, 1970).
As stated in Section 2.2.4, adsorption of heavy metals by the hydrous oxides of Fe and
Mn is a major process for incorporating heavy metals into sediments (Fergusson, 1990;
Webster-Brown, 2005; McLaren and Cameron, 1996). This involves the sorption of
heavy metals to the surface of the hydrous oxides, and then exchange for protons or
other metal ions. Organic matter in sediments has the ability to adsorb heavy metals as
well as fixing nitrogen within the soil biomass. The adsorption of heavy metals by
organic matters is a result of complex formation involving the various functional groups
including carboxyl, amines and phenolic hydroxyl groups, which enable humic
substances to act as cation exchangers (McLaren and Cameron, 1996; Fergusson, 1990).
On the other hand, decomposition of plant and animal residues in the soil, transforms
nitrogen into the mineral forms. However, soil micro-organisms take up a large
proportion of the mineral nitrogen produced and incorporated into the biomass or
eventually becomes part of the soil humus complex (McLaren and Cameron, 1996;
Stevenson and Wagner, 1970).
The fate of the sediment-bounded contaminants will be influenced by the behaviour of
the suspended sediment. They can be settled in quiescent conditions or be re-suspended
under turbulent conditions where finer particles will be transported further away into
depositional environments, such as estuaries or harbours (Webster-Brown, 2005;
Kennedy, 2003). However, it is notable that there are other factors that might affect the
fate of the sediment-bounded contaminants, such as dilution with other lesscontaminated sediments as well as dilution due to the turbulent conditions of fast and
large flowing receiving waterways (Kennedy, 2003).
Because of the influence that suspended sediment has on nitrogen and heavy metals, the
availability of suspended sediment in surface water can act as a good indicator of the
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partitioning of these contaminants between the particulate and dissolved form. Hence, in
order to understand the behaviour of nitrogen and metals in relation to surface water
quality issue, it requires measuring the total suspended sediment (TSS) as well as
particulate and dissolved form of nitrogen and heavy metals.

2.4 The mobilization of contaminants under high flow conditions
It has been widely reported that contaminants pollution including nitrogen, heavy
metals and suspended sediment, is highest during storm events (e.g. Mosley and Peake,
2001; Williamson, 1985; Xue et al., 2000; Anderson et al., 2007). This is because
surface runoff occurs during precipitation is potentially able to entrain and mobilize
large amount of materials from the catchment, as well as from within stream channels
(Wilcock, 2008; Walling, 1980). However, as there is an exhaustion on the supply of
the materials within the catchment and the channel, the concentration of contaminants
will eventually decline with stream flow (Wilcock, 2008; Olive and Rieger, 1985). The
reduction in the concentration of contaminants may also caused by dilution effect due to
the mixing of groundwater and soil water with storm flow. A hydrograph is often used
to illustrate the pattern of contaminants during storm events. Hydrographic analysis can
show the contaminants behaviour in response to stream flow throughout time. Another
common method used to study the behaviour of contaminants during storm event is by
hysteretic analysis. The pattern of the hysteresis loops can be used to infer the sources
and pathways of contaminants into surface water. Hence, both hydrograph and
hysteresis provide essential tools to understand the mobilization of contaminants during
high flows.
Hydrographic analysis deals with the study of the concentration of contaminants as a
function of time, which is also known as a time series of contaminants. The analysis is
often combined with hydrographic analysis of stream flow and/or rainfall, in order to
investigate how contaminants respond to variation in stream flow level as well as
rainfall intensity. During storm events, contaminants usually rise quickly on the rising
limb of the hydrograph, reaching a peak, and quickly fall on the recession limb. In a
modified catchment, first flush effect is common during the initial stage of the storm
event. This is where surface runoff and the receiving waterways experience the greatest
contamination of pollutants (Mosley and Peake, 2001; Davis and McCuen, 2005;
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Webster-Brown, 2005). According to Davis and McCuen (2005), the first flush concept
is based on the idea that contaminants build up on the ground surfaces during the
antecedent dry periods, are easily dislodged and transported by the first contact with the
runoff during a storm event. During this period, the transfer of contaminants into
surface water is rapid as there is more frequent and greater magnitude of surface runoff
from the modified catchments. In urban areas, the extensive impervious surfaces, such
as roads, roofs, driveways and parking areas, efficiently transfer rain to surface runoff,
substantially reducing adsorption by soils (Suren and Elliot, 2004; Paul and Meyer,
2008; Pope, 1980).
The impact of storm events on the concentration of contaminants in urban area was
apparent in the study conducted by Mosley and Peake (2001). Heavy metals, nitrogen
and suspended sediment during baseflow and stormflow were investigated from an
urban catchment in the Kaikorai Valley, Dunedin, New Zealand. A first flush effect was
observed during stormflow where suspended sediments, total nitrogen, total and
dissolved Pb, Cu and Zn showed an initial increase (with lesser extent for dissolved
metal fraction), and then decreased (Figure 2.10a-e). Nitrate, on the other hand,
decreased during storm events presumably due to dilution from rainwater (Figure
2.10b).
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a)

b)

d)

e)

c)

Figure 2.10 (a) Time-series profiles of suspended sediment and flow, (b) nitrogen, (c) Pb, (d) Cu and
(e) Zn during storm event 5. All contaminants except NO3- increase during the initial storm event,
reach a peak and decrease eventually towards the end of the event. Source from Mosley and Peake
(2001).

Likewise, Xue et al. (2000) investigated the suspended sediment and heavy metals in
the River Kleine Aa during baseflow and several rain events at various discharge rates.
Based on pooled results obtained from dry weather periods and storm events, the total
metal concentrations were linearly related to water discharge (R= 0.89 for Zn and
R=0.78 for Cu), and a major part of the metal load was transported during storm events
(Figure 2.11).
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a)

b)

Figure 2.11 (a) A time-series profiles of suspended sediments and water discharge rates in the river
during a major rain event on 5-7 July 1997. (b) A time-series profiles of total concentration of Cu,
Zn, Cd and of water discharge rates in the river during a major rain event on 5-7 July 1997.
Suspended sediments and total metal concentrations peaked just before the peak discharge. Source
from Xue et al. (2000).

Besides hydrograph, hysteretic analysis is another tool used by many researchers to
highlight the trends between contaminants behaviour and stream flow (e.g. Fahey and
Marden, 2000; Evans and Davies, 1998; Olive and Rieger, 1985; Rose, 2003; Rose et
al., 2001). Hysteresis occurs when there is a difference in the relative timing of
concentration of contaminants and stream flow responses during storm event (Evans
and Davies, 1998), and the analysis has been used to describe the source area of
contaminants to stream flow (Rose, 2003). One of the common systems of hysteresis is
the Three-Component system (3CM) developed by Evans and Davies (1998), which
consists of the groundwater (G), soil water (SO) and surface event water (SE)
components (Figure 2.12). The 3CM system has three criteria in which the relationship
of the flow and concentration of contaminants can be interpreted; rotational pattern,
curvature, and trend.
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Figure 2.12 Concentration/discharge (C/Q) hysteresis loops. Source from Evans and Davies (1998).

The rotational pattern of the hysteresis loops can either be clockwise or anticlockwise.
For a clockwise hysteresis (Type C1, C2 and C3), the concentration of the contaminants
will peak on the rising limb of the hydrograph rather than on the falling limb. This is
where the concentration of surface event water (CSE) exceeds the concentration of soil
water (CSO). On the other hand, an anticlockwise hysteresis (Type A1, A2 and A3)
indicates that the contaminants concentration of soil water (CSO) exceed the
concentration of surface event water (CSE) (Evans and Davies, 1998).
The curvature of the loops is primarily convex when the value of groundwater
concentrations (CG) is intermediate (Type C1 and A1). However, when CG is either
greater or lower than both the CSO and CSE, the loop will be concave (Type C2, C3, A2
and A3). Finally, the trend of the analysis can be either positive or negative and is only
considered when a loop is concave. When total concentration is higher during the event
than it is at baseflow (CG has the lowest concentration), a positive trend is achieved
(Type C2 and A2) while a negative trend occur when the CG has the highest
concentration than the other two components (Type C3 and A3) (Evans and Davies,
1998).
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As an example, Rose et al. (2001) assessed stream trace metal concentrations within the
densely populated Atlanta metropolitan region. The metal concentration-discharge
relationship portrays a clockwise hysteresis loop (Figure 2.13), with the metal
concentration increased on the rising limb of the hydrograph and reached their
maximum prior to peak discharge, indicating a first flush event where the contaminants
were washed off the streets during the initial storm event. The concentration then
declined at the recession part of the hydrograph as a result of dilution when
groundwater and soil water dominate the stream flow. In some situations, an
anticlockwise hysteresis loops may be expected, when the subsurface and groundwater
is polluted with metal contaminants. For instance, metal loading in the subsurface flow
can be derived from leaky conveyance pipes of sewage effluent (Rose and Shea, 2007).
As a result, subsurface and groundwater have higher metal concentrations than that in
the surface runoff or storm flow.

Figure 2.13 Metal concentration/discharge relationship showing a clockwise hysteresis loop. Metal
concentration is high at the rising limb of the hydrograph and reached their maximum prior to
peak discharge due to the first flush effect, and declined on the recession limb of the hydrograph as
groundwater and soil water dominate the stream flow. Source from Rose et al. (2001).

Olive and Rieger (1985) used hydrographic and hysteretic analyses in assessing the
response of suspended sediment concentration to a range of storm events for five small
catchments in the Wallagaraugh River, southeast New South Wales. The finding
corresponded to the concept described by Evans and Davies (1998) where both
clockwise and anticlockwise hysteresis loops were apparent (Figure 2.14a and b
respectively). The clockwise loops indicate that suspended sediment concentrations
peak before stream flow and then fall as the storm proceeds, while anticlockwise
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hysteresis loops illustrate a lag of suspended sediment concentrations behind stream
flow with maximum concentrations occurring on the falling limb of the hydrograph.
However, the response of the sediment concentration to discharge varies with different
storm events, where a single rise storm event shows a single rise of sediment
concentration, while in the case of multiple rise events, sediment concentration
decreases with each subsequent stream rise. In some very large events as seen from the
multiple rise events, virtually no sediment response were observed in the subsequent
rises.

a)

b)
Figure 2.14 (a) Clockwise hysteresis loop for single and multiple rises storm events and (b)
anticlockwise hysteresis loop for single and multiple rises storm events. Clockwise hysteresis loop
occurs when sediment concentration lead peak flow while anticlockwise hysteresis loop indicates a
lag of sediment concentration behind flow with maximum concentration occurring on the falling
limb of the hydrograph. Modified from Olive and Rieger (1985).
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The finding shows even more complex responses when some hysteresis of the multiple
rises storm events have both clockwise and anticlockwise loops, where sediment
concentration may lead stream flow in the initial rise, correspond with stream flow in
the second rise and lag in the subsequent rise (Figure 2.15). The most common response
pattern observed in the study is the random response, where there is no identifiable
pattern to the response of sediment concentration during a storm event (Figure 2.15).

Figure 2.15 Multiple rises with sediment concentration lead and lag showing both clockwise and
anticlockwise loops, and random response showing no specific pattern of loops respectively.
Modified from Olive and Rieger (1985).

As can be seen from the variations of hysteresis developed in the study, Olive and
Rieger (1985) state that there is no simple relationship between suspended sediment
concentration and stream flow. The complexity of the behaviour of suspended sediment
clearly means that there are other factors besides stream flow that influence the
sediment concentrations during a storm event. In their study, the suspended sediment
will only follow closely with flow if the storm event has a single peak flow, where this
is associated with smaller short duration storms. On the other hand, if the storm event
has multiple peak flow, which is associated with rainfall over long periods, depletion of
suspended sediment is evident with the peak sediment concentration decreasing with
each subsequent stream peak flow. The availability of suspendable material appears to
be an important limiting control on sediment concentration and this appears to be
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related to the soil moisture conditions. The availability of sediment during a particular
storm increases if antecedent moisture conditions are dry, as this allows the
accumulation of fine materials due to weathering or drying out of soil during dry
weather. As the storm progresses, runoff processes introduce these materials into the
receiving water bodies. However, due to the depletion of the fine materials, there is less
sediment response to subsequent peak flow or storm events. This is followed with
dilution effects by groundwater and subsurface flow which may cause a reduction of
sediment concentration during the recession flow and subsequent storm events.
Hence, with the recognition of the abilities of hydrograph and hysteresis in elucidating
the response of contaminants concentration to stream flow, it is essential that both
analyses are incorporated in any study of contaminants transport into waterways. This
will aid further understandings on the mobilization of contaminants during storm events,
focusing on factors including the influence of stream flow to contaminants
concentrations, pathways of contaminants such as surface runoff, soil water and
groundwater, and the availability of materials for transport.

2.5 Research within New Zealand and information gaps
The previous sections have illustrated that a reasonable amount of studies on the
implications of land use changes associated with agriculture and urbanization, to the
concentration of contaminants, including nitrogen, heavy metals and suspended
sediments in surface water, is available in New Zealand. For example, Quinn and Stroud
(2002), and Larned et al. (2004) have studied agricultural implications on water quality,
and Mosley and Peake (2001), Larned et al. (2004), Williamson (1985), Ermens (2007),
Brown and Peake (2006) and Webster-Brown (2005) on urbanization. However, data
sources are limited in the local Dunedin area, specifically on the Leith River. The most
extensive studies on the water quality of the Leith River were carried out by the Otago
Regional Council (ORC), a local government agency that has the responsibility to
manage the water resources in the Otago Region and monitor the water quality at the
Leith River. Several of the recent studies made by ORC include the intensive water
quality monitoring programmes that was carried out between July 2007 and March 2008
(Otago Regional Council, 2008) and the Dunedin stormwater monitoring in 2004 and
2005 (Otago Regional Council, 2006).
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The 2007-2008 water quality monitoring programmes was initiated with the aim to
establish a baseline water quality (Otago Regional Council, 2008). The findings have
shown that the water quality of the Leith River and its tributary, Lindsay’s Ck
deteriorates with distance from the head waters of the catchment. The study has
generalized that the deterioration of the Leith River was mainly caused by the numerous
stormwater outfalls that discharge along the Leith River and Lindsay’s Ck. It was
highlighted that urban stormwater is a point source of pollution to the waterways, but
the study also mentions that the contaminants carried in the stormwater may be derived
from non-point sources. However, the potential sources of the contaminants entering the
stormwater were not fully explored. Moreover, agricultural aspects were not considered
in the study. Despite that agricultural land is mostly located at the upper catchment,
perhaps agricultural activities may have implications on the contaminants concentration
in the Leith River and Lindsay’s Ck. Hence, it can be seen that the relationship between
land use and contaminants concentration is not well explored in the Leith catchment.
Information on the concentration of nitrogen and turbidity is available in the study, but
no investigation was made for heavy metals. Indeed, heavy metals are one of the
pervasive contaminants derived from urban sources and to some extent from
agricultural sources. The relationship between contaminants, such as suspended
sediments as indicated by turbidity and the level of nitrogen is not considered in the
study. Perhaps, this might be useful in order to understand the association of sediments
with other contaminants in surface water quality issue. There were attempts to
determine the association of contaminant concentration and rainfall, where the
concentrations were plotted against rainfall and flow (e.g. Figure 2.16a and b).
However, it is unclear whether different flow conditions have an impact on the
contaminant concentration as the study did not distinguish the concentrations between
different flow conditions. Hence, the reported median concentration of the contaminants
for each site might be exaggerated by the values obtained during different flow
conditions.
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a)

b)
Figure 2.16 (a) Total nitrogen and (b) NO3- plotted against the total 48 hr rainfall (mm) recorded at
Sullivan's Dam and mean daily flow (cumecs) recorded at the University Footbridge. Source from
Otago Regional Council (2008).

On the other hand, the aim of the Dunedin stormwater monitoring in 2004 and 2005 is
to assess the impact of the first flush of stormwater on the urban streams of Dunedin,
including the Leith River (Otago Regional Council, 2006). The sampling within the first
thirty minutes reveals that there were elevated levels of metals particularly Zn, Pb and
Cu, suspended sediments and nutrients. However, there was limited data available in the
study to justify the first flush effect of the contaminants concentration. It is unclear how
the finding deduces the implications of the storm event on the first flush effect, as there
is no comparison made between the contaminants concentration during base flow and
storm flow. Moreover, it was deduced that high suspended sediments often relates with
higher contaminants concentration. However, no further analysis was made on the
association of suspended sediments with other contaminants. This study only
investigates the first flush of contaminants in stormwater, but not in the receiving Leith
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River. When discharged into the Leith River, the concentration of contaminants may be
different compared to that in the stormwater.
Overall, previous assessments have provided information on the current state of the
water quality of the Leith River, but each has limitations on the approach of the study.
In general, the links between water quality and land use in the Leith River, water quality
and different flow conditions of the Leith River, and the interrelationship between
different water quality indicators have not been well explored. Hence, this provides a
basis on the current research, which attempts to explore the current knowledge and
address any gaps within the literature.
2.5.1 Research overview
The Leith River in Dunedin, New Zealand provides the core of this study. The river is
considered important where it has been listed in the Otago Regional Water Plan as
having significant numbers of natural and cultural values (Otago Regional Council,
2008; Otago Regional Council, 2010). These values are listed in Schedule 1A and 1D
respectively of the Water Plan. Among the natural values associated with the Leith
River include trout spawning and a significant presence of salmon, trout and rarefish,
while cultural values (Kai Tahu values) in this catchment are associated with food
gathering and processing (mahinga kai) and the protection of nursery and breeding areas
for native fish and birds (Otago Regional Council, 2008; Otago Regional Council,
2010). The Leith River is also acknowledged by the Otago Regional Council (2008) as
important for primary contact recreation.
Nevertheless, previous assessments on the Leith River found that its water quality has
been degraded, mainly due to the urban nature of the catchment (e.g. Otago Regional
Council, 2006; Otago Regional Council, 2008; Brown and Peake, 2006). It was believed
that the numerous stormwater outfalls that discharge into the river are the primary
causes of the water quality degradation (Otago Regional Council, 2006; Otago Regional
Council, 2008). However, the urban stormwater is indeed a point source of the water
quality impairment, and the contaminants derived from the stormwater are actually
received from many other non-point sources. Moreover, beside urbanization, there are
various types of land use taking place along the Leith River such as agriculture. Hence,
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the degradation of the water quality of the Leith River may also sourced from
agricultural activities. It is widely known that modified environments associated with
urbanization (e.g. Paul and Meyer, 2008; Taylor et al., 2008; Ermens, 2007) and
agriculture (e.g. Wilcock, 2008; Hatch et al., 2002) often lead to nutrient enrichment,
trace metal toxicity as well as sediment contamination.
Moreover, many researchers have affirmed that water quality degradation is usually
greatest during storm events (e.g. Mosley and Peake, 2001; Olive and Rieger, 1985), but
there is little information available from previous assessments on the Leith River to
relate this concept. Numerous literature suggests that the partitioning of heavy metals
and nitrogen between the dissolved and particulate form is influenced by the availability
of suspended sediment in surface water (e.g. Mosley and Peake, 2001; McLaren and
Cameron, 1996; Fergusson, 1990; Stevenson and Wagner, 1970; Webster-Brown,
2005). It was found that suspended sediment concentration in the Leith River is a good
indicator of other contaminants concentration, but correlation between suspended
sediment and other contaminants has not been thoroughly investigated.
Therefore, the objectives of this research were to investigate the impact of land use
changes on the water quality of the Leith River and the Lindsay’s Ck, to determine the
impact of high flow conditions on the contaminant concentration, and to investigate the
interrelationship between key water quality indicators. The research was focused on
three questions: (a) Do the predominantly modified land uses associated with
agriculture and urbanization has implications on the water quality of the Leith River and
Lindsay’s Ck? (b) Do the contaminants concentration differ with different flow
conditions?, and (c) Do suspended sediment have influence on the partitioning of heavy
metals and nitrogen between the dissolved and particulate form?
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3 Methods
3.1 Research strategy
This research is designed to examine whether observations from previous work into the
implication of land use changes and high flow conditions to the contaminants
concentration, particularly nitrogen, heavy metals and suspended sediments, could be
applied to a local case study. The first research question examines whether the
predominantly modified land uses associated with urbanization and agricultural have
implications on the water quality of the Leith River and Lindsay’s Ck.

It is

hypothesized that agricultural and urbanization activities at the Leith catchment have a
significant impact on the Leith River and Lindsay’s Ck water quality. This is because
the activities associated with agricultural and urbanization often contribute high amount
of nitrogen, heavy metals and suspended sediments in the catchment, which are
eventually brought into nearby waterways (e.g. Wilcock, 2008; Paul and Meyer, 2008;
Taylor et al., 2008; Webster-Brown, 2005)
In order to address this hypothesis, water samples were collected from different sites
with varying land use along the Leith River and Lindsay’s Ck, and tested for total
nitrogen, dissolved inorganic nitrogen, total and dissolved metals of Cu, Zn, Pb, Cd, Fe
and Mn, TSS, pH and EC. The median concentration of the key water quality indicators
was compared against the water quality guidelines, and the mass load and specific yield
for each indicator were determined. Comparison on the contaminants concentration
between different land uses were assessed using statistical tests and geographic
information system (GIS) was used to spatially illustrate the variation of water quality
across different land use patterns.
The second question investigates whether the concentration of contaminants differ with
different flow conditions. It is hypothesized that there will be greater contaminant
concentration during high flows, as there will be greater rates of contaminant transport
by surface runoff into the Leith River during storm events compared to during baseflow
conditions, but as the supply of materials becomes exhausted, there may be less
contaminant concentration response to water flow. Surface runoff occurs during
sufficient precipitation and is potentially able to entrain and mobilize large amount of
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material from the catchment, as well as from within the stream channels (Wilcock,
2008; Walling, 1980). As the supply of materials from the catchment become
exhausted, or there is only limited time for the materials to re-accumulate, there may be
less contaminant concentrations response to water flow (Olive and Rieger, 1985; Wood,
1977). In order to assess this hypothesis, samples were collected over several rain
events at sub-hourly time steps at the lower part of the catchment. Comparison of the
median concentration of contaminants was made between baseflow samples and
stormflow samples. The mobilization behaviour of contaminants during storm events
was analysed hydrographically and hysteretically.
Lastly, suspended sediments have influence on the partitioning of heavy metals and
nitrogen between the dissolved and particulate form. It is hypothesized that there is a
correlation between suspended sediments and particulate heavy metals and nitrogen.
The partitioning of heavy metals and nitrogen between the dissolved and particulate
form is influenced by adsorption factors of suspended sediment in surface water such as
cation exchange, inorganic and organic contents (Taylor et al., 2008; Webster-Brown,
2005; McLaren and Cameron, 1996). In order to assess this hypothesis, correlation
analysis on the concentration of suspended sediment and particulate metals, and on the
concentration of suspended sediment and particulate/organic nitrogen, was used to
determine the association between the variables. Figure 3.1 illustrates a conceptual
diagram showing the aim, research questions, hypotheses and the methods used for the
present study.
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Research Aim
To examine the water quality of the Leith River and Lindsay’s Ck, Dunedin, New Zealand

Research Questions
1) Do the predominantly modified land uses
associated with agriculture and urbanization
have implications on the water quality of the
Leith River and Lindsay’s Ck?

2) Does the concentration of contaminants differ with
different flow conditions?

3) Do suspended sediments influence the
partitioning of heavy metals and nitrogen
between the dissolved and particulate form?

Research Hypotheses
 That the water quality is impacted by high
concentration of nitrogen, heavy metals and
suspended sediments, which are derived
from agricultural and urban activities that
are carried out at the Leith catchment.

 That there will be greater contaminant concentrations
during high flows than low flows, and as the supply of
materials become exhausted, there may be less
contaminant concentration response to water flow.

 That there is a correlation between suspended
sediments and particulate metals, and
suspended sediments and particulate/organic
nitrogen.

Research Methods
 Water samples were collected from different
sites with varying land uses along the Leith
River and Lindsay’s Ck.
 Comparison on the median concentration of
 Nitrogen, heavy metals and total suspended
contaminants was made between baseflow samples and
 Correlation analysis on the concentration of
sediment (TSS), pH and EC were analysed.
stormflow samples.
suspended sediments and particulate metals,
and particulate/organic nitrogen, was used to
 The variables’ median was compared
 Hydrographic and hysteretic analyses were used to
determine the influence of TSS on other
against water quality guidelines, and
determine the mobilization behaviour of contaminants
contaminants.
between land uses using statistical analyses.
during high flow.
 GIS was used to spatially illustrate the
variability in key water quality indicators at
the Leith catchment.
Figure 3.1 A conceptual diagram showing the objectives, research questions, hypotheses and methods used in the present study.
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3.2 Catchment description
The Leith River, formally known as the Water of Leith, is the main river that flows
through the city of Dunedin, Otago, New Zealand. The total area of the catchment is
approximately 42 km2 with a stream length of 11.6 km (Caruso and Downs, 2007;
Otago Regional Council, 2008). The catchment area generally lies to the north of
Dunedin City and flows in a narrow valley with steep hillslopes, with Mt Cargill to the
east, Flagstaff Hill and Swampy Spur to the West. There are numerous tributary streams
that flow into the Leith River, including West Branch, Morrison’s Ck, Cedar Ck, Nicols
Ck, Ross Ck, Cargill Ck, Pine Hill Ck and Lindsay’s Ck. Lindsay’s Ck is the primary
tributary of the Leith River through north Dunedin, and has a catchment area of 12.5
km2, which is around 30% of the total Leith catchment (Figure 3.3). It runs for about 6.8
km to its intersection with the Leith River in the Botanical Gardens, roughly 2 km
upstream from the Otago Harbour (Otago Regional Council, 2008; Caruso and Downs,
2007). The other main tributary is Ross Ck that has a catchment area of an
approximately 3 km2. Water from the upper Ross Ck tributary is diverted to the Ross Ck
reservoir before entering the Leith River.
The catchment has diverse land uses comprised of natural and plantation exotic forestry,
grasslands and settlements (Figure 3.3). The upper part of the Leith River flows through
native forest, with areas of native shrubland and tussock grassland, while the lower part
flows through residential areas. There are two streams joining the Lindsay’s Ck, one
stream draining Bethunes Gully (a mostly forested area), and the other draining
grassland and passing through the Norwood Street landfill site. Lindsay’s Ck then
travels along a residential area at the North East Valley, pinned to the true right of the
valley. It then joins the Leith River, which flows through urban development,
dominated with settlements, campuses and a variety of service industries.
The geology of the area consists of volcanic rock that are remnants from the eruption of
ash and lava from numerous vents of the Dunedin Volcano during the Middle to Late
Miocene, between 13 and 10 million years ago (Glassey et al., 2003). The volcanic rock
is composed of basic and intermediate igneous rocks including basalt, trachyte, dolorite
and andesite (Glassey et al., 2003). The physiography of the catchment is identified by
two characters; first, steeper terrain in the north and west parts of the catchment,
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classified as moderately steep to steep limestone and volcanic hill country with a
moderate potential for soil slip and erosion, and second, the eastern portion is classified
mostly as rolling to strongly rolling downs with volcanic soils (Caruso and Downs,
2007).
3.2.1 Climate of Dunedin
Since 1957, the long term climate data of Dunedin is recorded by the National Institute
of Water and Atmospheric Research (NIWA) from the climate station at Musselburgh,
which is situated about 2 m above sea level. The Musselburgh climate station lies to the
south of Dunedin Central, approximately 7 km from the study catchment. The rainfall
data used in this study is taken from an ORC maintained gauge at Sullivan’s Dam,
which is at 290 m above sea level (see section 3.3.3 for more details), and is within the
catchment boundaries. The Dunedin climate is characterized by cool coastal breezes,
with mean annual temperature of 11⁰C and bright sunshine averaging 1600 hours
annually (NIWA, 2000). Temperatures vary from a mean monthly of 15°C in summer to
7°C in winter (NIWA, 2012b). The main rain for the area comes from the southwest,
with a mean normal annual rainfall of 812 mm. The rainfall varies in different months
and seasons, where the monthly rainfall is slightly higher during summer (Dec-Feb) (74
mm on average per month) than during winter (Jun-Aug) (57 mm on average per
month) (NIWA, 2012a). The mean monthly rainfall and temperature of Dunedin, for the
1981-2010 period is illustrated in Figure 3.2.

Figure 3.2 Dunedin mean monthly rainfall and temperature for the 1981-2010 period, recorded at
Musselburgh climate station. Source from NIWA (2012a) and NIWA (2012b).
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Figure 3.3 Map of Leith catchment, showing the Leith River and its main tributaries, types of land
use and sites location.
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3.3 Surface water quality monitoring
3.3.1 Water quality monitoring sites
Water quality monitoring was undertaken at 13 sites along the Leith River and its main
tributary, Lindsay’s Ck. In the western part of the Leith catchment, the uppermost
monitored site was at Sullivan’s Dam, an artificial reservoir used for water storage as a
part of Dunedin City’s potable water supply system, which is set in native and some
exotic pine forest (Figure 3.4a). Immediately downstream of Sullivan’s Dam, the Leith
River was sampled at Poulters Road and upper Nicols Ck (approximately 100 m
upstream of Nicols Ck), which are surrounded by forest and grassland (Figure 3.4b and
c respectively). Samples were also taken at Nicols Ck, a small forest-dominated
tributary (Figure 3.4d), which feeds into the main Leith River.

a)

c)

b)

d)

Figure 3.4 Sampling sites at (a) Sullivan’s Dam, (b) Poulters Road, (c) Upper Nicols Ck and (d)
Nicols Ck.
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In the middle segment of the Leith River, a site was chosen at Malvern Street bridge.
Along Malvern Street, the Leith River is surrounded by native forest on the true left
bank of the channel and urban development on the true right (Figure 3.5a). This is
followed with sites at Ross Ck tributary, which is mainly covered with natural and
exotic forest (Figure 3.5b), and at Helensburgh, which is dominated by sub-urban
settlement (Figure 3.5c). The next site is at Woodhaugh Garden, dominated by forest
and residential (Figure 3.5d), located downstream of the Ross Ck and Helensburgh
confluence.

a)

b)

c)

d)

Figure 3.5 Sampling sites at (a) Malvern Street, (b) Ross Ck, (c) Helensburgh and (d) Woodhaugh.

In the eastern part of the catchment (Lindsay’s Ck sub-catchment), the upstream
monitored site is at Norwood Street bridge, located near the confluence of the tributary
at the Bethunes Gully, which was surrounded by native forest and the tributary from a
catchment comprised primarily of pasture and native forest upstream of the Forrester
Park landfill (Figure 3.6a). Downstream of this confluence, the Lindsay’s Ck was
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sampled at Bonnington St and Craigleith St, both enclosed by residential and sub-urban
settlement (Figure 3.6b and c respectively). The two final sites, St David bridge and
Leith Central are located in the vicinity of the University of Otago campus, downstream
of the Lindsay’s Ck and Leith River confluence (Figure 3.6d and e respectively). Leith
Central is approximately 100 m upstream of St David bridge. The locations of all
monitored sites can be referred to Figure 3.3.

a)

c)

b)

d)

e)
Figure 3.6 Sampling sites at (a) Norwood Street, (b) Bonnington Street, (c) Craigleith Street, (d) St
David Street and (e) Leith Central.
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Table 3.1 summarises the list of monitored sites along with their subcatchment area and
percentage of land use. The type of land use was generated from more detailed land use
categories in the original land-use data by combining several similar land use types, into
one broad category. For instance, forestry was categorized as a combination of natural
forest and planted forest, while agricultural includes grassland with high and low
producing, and with woody biomass. The monitored sites were further categorized into
their predominant land use type based on the percentage of the land use, to allow
comparison to be made on the impact of different land uses on water quality. However,
most of the sites have mixed land use types. Hence, in order to simplify the
categorization, the predominant land use type of each site was decided based on the
local surroundings of the monitored site, as shown in Table 3.2.
Table 3.1 Water quality monitoring sites at the Leith catchment.

Settlement

Wetland

Others

Sullivan’s Dam

95.9

-

-

4.00

0.10

1.14

Poulters Road

46.5

53.5

-

-

-

2.99

Upper Nicols Ck

64.2

35.4

-

0.40

-

12.4

Nicols Ck

72.2

27.8

-

-

-

1.53

Malvern Street

66.6

31.5

1.50

0.30

0.20

15.6

Ross Ck

61.9

37.6

0.50

-

-

2.41

Helensburgh

3.40

0.20

96.4

-

-

0.43

Woodhaugh

54.1

35.7

9.90

0.30

-

26.0

Norwood St

42.2

57.2

0.60

-

Bonnington St

40.7

55.6

3.70

-

Craigleith St

39.7

46.1

14.2

-

St David &
Leith Central

49.3

34.9

15.5

0.20

Site

Forestry

Agricultural

Percentage of land use (%)
Area of
subcatchment
(Km2)

Leith River

Lindsay’s Ck

Downstream
of confluence

5.40
-

6.88
10.7

0.10

40.9
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Table 3.2 The predominant land use type for the different sites at the Leith catchment.

Predominant
land use type

Site

Forestry

Sullivan’s Dam, Nicols Ck, Ross Ck.

Agricultural

Poulters Road, Upper Nicols Ck, Norwood St.

Sub-urban/urban

Malvern St, Helensburgh, Woodhaugh, Bonnington St, Craigleith
St, St David, Leith Central.

3.3.2 Grab sample collection methods
Water sample collection was carried out from May 2012 to September 2012. There are
two specific monitoring regimes for the present study. The first was to observe the
spatial variation of the water quality across different sites and land uses at the Leith
catchment. Only baseflow monitoring was undertaken to allow the study to focus on
water quality changes due to land use changes, thus minimizing the impact of flow
variability on water quality. A total of 11 days of baseflow monitoring, taken every two
to three weeks was carried out at all sites except Leith Central. At each site, water
samples were taken manually using a water sampler, which was lowered into the stream
and was rinsed three times before water samples were collected. All samples were then
transferred into polyethylene bags that were pre-rinsed with sample.
The second monitoring regime was to observe the impact of flow variability on water
quality, by collecting both baseflow and stormflow samples. This was only carried out
at one location, the Leith Central site, to allow the study to focus on water quality
changes due to flow variability and minimize the impact of land use changes. An
automatic water sampler, Sigma 900 Standard Portable Sample was installed at the site,
where water samples were collected using polyethylene bottles. Data consists of a total
of 36 representative days of baseflow monitoring and four stormflow monitoring was
reported in this study.
During sampling, field blanks were also collected in the same procedure as the field
samples, but consist of Milli-Q water instead of stream water. Field blanks would
provide quality-control for variables that may compromise the integrity of the water
samples during field sampling. All samples were recorded for pH and electrical
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conductivity (EC) using a pH (IQ 170 Scientific Instruments) and EC (YSI Model 30)
probe respectively. The operating range, accuracy and resolution for the pH and EC
probe were listed in Table 3.3. Upon return to the laboratory, a portion of the water
samples were set aside for dissolved analytes (dissolved nitrogen and dissolved heavy
metals) by filtering 100 mL of the samples using the 0.4 µm cellulose acetate filter
paper on the filtering apparatus. The filtrate was collected into a polypropylene vial.
The filtering apparatus was thoroughly cleaned using Milli-Q water between samples.
The filtering procedure was also applied to the field blanks. Both filtered and unfiltered
samples were refrigerated at 4°C until further analysis.
Table 3.3 Operating range, accuracy and resolution for the pH and EC probe.

Instrument

Operating range

Accuracy

Resolution

IQ 170 Scientific Instruments
with ISFET probe (computer
chip)

-2.00 to 19.99 unit

±0.01 unit

0.01 units

0 to 499.9 µS/cm

±0.5% for
specific
conductivity at
25°C

0.1 µS/cm

pH

Electrical conductivity
YSI Model 30, Handheld
Salinity

3.3.3 Flow and rainfall data
Rainfall data used in the study were obtained from the Otago Regional Council (ORC),
collected at the Sullivan’s Dam rain-gauge and the flow data were based from stage
measurements recorded by the ORC. The ORC has continuous flow records for the
Leith catchment, recorded from a station located at the University footbridge near Leith
Central. The flow rate of other sites was determined during baseflow conditions, either
using the velocity-area method or salt-dilution gauging.
The velocity-area method involves the measurements of stream velocity, depth of flow
and distance across the channel between observation verticals. The velocity is measured
at 0.6 of the depth from the surface, using a FloMate and is recorded at equidistances of
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every 0.2 m. The discharge is then derived from the sum of the product of velocity (v),
depth (d) and width (w) between verticals (Equation 1).

Q  v  d  w

(Equation 1)

For the salt-dilution gauging, the slug injection approach was employed. A volume of
salt solution (0.5 kg of salt in 6 L of stream water) was injected instantaneously at an
upstream site, and the passage of the resulting wave of salt is measured at
approximately 20 m downstream using an EC probe, where complete mixing has
occurred. The passage of the salt wave caused EC to increase from its background value
to a peak value, followed by a decline to background EC when the trailing edge of the
salt wave passes. The flow, Q of the stream was obtained by dividing the volume of the
salt solution, V by the summation of the relative concentration of the salt solution in the
flow at time, RC (t) at a discrete time interval, ∆t (Equation 2). The relative
concentration of the salt solution, RC (t) was determined as the product of the
calibration factor, K and the difference between EC at time, EC (t) and background EC,
ECbg (Equation 3). The calibration factor, K was the slope obtained from plotting the
relationship of EC and RC, at cumulative amount of stream water (100 mL) which was
diluted with salt concentration (1 mL).

Q

V
 RC t t



RC (t )  K  EC t   EC bg 



(Equation 2)

(Equation 3)

3.4 Chemical analysis
3.4.1 Nitrogen
Total nitrogen (TN), nitrate as units of nitrate-nitrite-nitrogen and ammoniacal-nitrogen
(NNN and NH4-N respectively) were analysed using the FIA Star 5000 Analyser,
following the methods prescribed by FOSS (2000a) and FOSS (2000b). The reported
NNN is the weight per unit of the nitrogen atom in the NO3- molecule. Since the method
converts nitrate to nitrite, the value reported is nitrate-nitrite (NO3-NO2), but broadly
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comparable to nitrate concentration in other studies as nitrite is usually assumed to be
negligible.
The filtered water samples were used for the dissolved inorganic nitrogen analysis
(NNN and NH4-N). A total of 10 mL of the filtered water samples was poured into
clean glass tubes (pre-rinsed using Milli-Q water) and were then loaded into the
carousel. Nitrate is measured by reducing nitrogen to nitrite using a chromium reduction
column and chemically reacted with sulphanilamide and N-(1 naphtyl)-Ethylene
Diamine Dihydrochloride (NED) to produce a purple azo dye. The colour and intensity
of this dye is then measured photometrically at 540 nm to determine the concentration
of nitrate-nitrite (NNN) (FOSS, 2000a). On the other hand, NH4-N is measured by
reacting water with a sodium hydroxide reagent to produce ammonia (NH3) gas. The
NH3 gas reacts with indicator stock solution to create a blue colour that is measured
photometrically at a wavelength of 590 nm (FOSS, 2000a). The analytes were measured
simultaneously on the FIA Star 5000 Analyser.
The unfiltered fraction of each water sample was used to determine TN. The analysis of
TN using the FIA Star 5000 Analyser required a digestion pre-treatment. The digestion
method allows all forms of inorganic and organic nitrogen to be oxidized into NO3-N. A
total of 10 mL of the unfiltered samples was dispensed into glass digestion tubes, dosed
with 2 mL of persulphate reagent, capped tightly, and digested in an autoclave for 30
minutes at 120±5°C (FOSS, 2000b). The digested samples were then left cooled before
transferred into pre-rinsed glass tubes and analysed on the FIA Star 5000 Analyser
using the chromium reduction column to obtain the TN. Field blanks were included in
each analytical run in order to verify that sampling procedures were not resulting in any
contamination of the samples. The FIA was calibrated for each analytical run with
laboratory standards where calibration was returned as R2 of 0.99, and a quality control
check samples is analysed after the calibration standards and once every 10 samples
thereafter. The precision, accuracy and method detection limit for the analytical
methods was shown in Table 3.4. Once the data was collected, the data was blank
adjusted by deducting the values of the field blanks. The particulate/organic form of
nitrogen was obtained in order to observe the association of TSS and nitrogen. This was
done by subtracting the DIN (sum of NNN and NH4-N) from TN.
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Table 3.4 The detection limit, precision and accuracy for the analytical methods for determining
TN, NNN and NH4-N using the FIA Star 5000 Analyser.

TN

NNN

NH4-N

Precision (µg/L)

±3.0

±1.0

±1.7

Accuracy (µg/L)

±5.0

±11.5

±2.8

Method detection
limit (µg/L)

8.4

4.7

2.8

3.4.2 Heavy metals
Copper, Zn, Pb and Cd are among the heavy metals which are potentially significant in
the study area, while Fe and Mn were investigated to complement the data due to their
potential on influencing the partitioning of heavy metals between the dissolved and
particulate form. The determination of total and dissolved metals of Pb, Zn, Cu, Cd, Fe
and Mn in the study required water samples to be acidified and digested preceding
analysis (Mosley and Peake, 2001; Environmental Protection Agency, 1992a;
Environmental Protection Agency, 1992b; Williamson, 1985). Both filtered and
unfiltered samples were transferred into 25 mL calibrated acid-cleaned glass beakers.
The samples were acidified with 0.375 mL of nitric acid to a level of 1.5% and then
digested by placing on a hot plate and concentrated by sub-boiling evaporation for two
hours at 95°C. The nitric acid digestion solubilizes a labile subfraction of the metals that
constitutes the more reactive and bioavailable portion (Benoit et al., 1994; Mosley and
Peake, 2001). The samples were then left cooled until the next procedure proceeds.
The metals Cu, Pb and Cd were analysed using a Varian SpectrAA 220Z graphite
furnace atomic absorption spectrometer with Zeeman background correction. Flame
atomic absorption spectroscopy on a Varian SpectrAA 220FS instrument was used for
the determination of Zn, Fe and Mn. Procedural blanks for both dissolved and total
metals were obtained by undertaking the entire sample extraction procedures using
Milli-Q water in place of the sample. Field blanks were also included in the run to show
that the manual sampling procedures were not compromising the quality of the collected
water samples. The precision, accuracy and method detection limit for the analytical
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methods was obtained (Table 3.5). Both dissolved and total fraction of the heavy metals
was blank adjusted to eliminate any potential contamination. The particulate metals
were obtained by deducting the dissolved metals from the total metal fraction, in order
to assess the association of the metals with suspended sediments.
Table 3.5 The detection limit, precision and accuracy for the analytical methods for determining
heavy metals.

Varian SpectrAA 220Z
graphite furnace

Varian SpectrAA 220FS
flame

Cu

Pb

Cd

Zn

Fe

Mn

Precision (µg/L)

±2.3

±3.6

±0.8

±4.7

±5.8

±7.5

Accuracy (µg/L)

±1.3

±0.6

±0.2

±14.0

±29.5

±34.0

Method detection limit
(µg/L)

5.9

9.2

5.7

17.8

16.1

21.8

3.4.3 Total suspended sediment and turbidity
The method for determining total suspended sediment (TSS) in this study was by
filtering the water samples of a known volume and weighed the sediment that was
trapped on the filter paper. The filter used was pre-weighed 47 mm glass fiber filters
with a pore size of 1.5 µm. Using tweezers, the filter paper was placed in the filtering
apparatus and the suction pump was turned on. The filter was wet with a small volume
of Milli-Q water to seat it. The water sample before and after the procedure was
weighed on an analytical balance in order to determine the volume of water column.
The water sample was shaken in order to suspend any sediments or particles and then an
approximately of 250 mL of water volume was poured into the filtering apparatus. By
using Milli-Q water, the filter was washed to allow complete drainage of sediments, and
suction was continued for few moments until the filtration process was completed.
The fiber filters were then transferred to its marked aluminium dish and then dried 24
hours at 105°C in an oven, cooled in a desiccator for around 20 minutes to balance
temperature, and weighed. The cycle of drying, desiccating and weighing was repeated
twice to get a consistent weight and the value was recorded as the final weight. The
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filtering apparatus was thoroughly cleaned using Milli-Q water between samples. The
TSS in each water sample was determined by subtracting the initial weight of the filter
paper (Weightinitial) from the final weight of filter paper which contained the dried
residue (Weightfinal), and divided by the volume of water used in the procedure
(Equation 4). The TSS was converted into units of mg/L.





Total suspended sediment = Weight final  Weight initial 

1000
Volume water

(Equation 4)

However, not all the samples were measured for TSS due to limited volume,
particularly for samples obtained using the automatic sampler. Hence, turbidity was
determined and the relationship between TSS and turbidity was used to estimate the
gaps for TSS within the collected samples. The regression analysis verified that the
variation in TSS could be explained by the variation in turbidity (R2= 70.6%), hence the
regression equation (Equation 5) was used to estimate TSS.
TSS  1.195  1.142Turbidity

(Equation 5)

Turbidity was determined using Hach portable turbidity meter (nephelometer). A
portion of the water samples was carefully filled into a sample cell (glass vial) up to the
mark indicated at the vial, and the vial was capped securely. The glass vial was cleaned
from smudges using a soft, lint-free cloth. By aligning the vial’s mark with the
nephelometer’s index mark in the cell compartment and with the lid closed, the turbidity
readings were taken three times and the average was recorded. The glass vial was
thoroughly rinsed using distilled water between samples.

3.5 Data Analysis
3.5.1 Flood frequency analysis
The Gumbel EVI flood frequency analysis was performed using the Leith River’s long
term record of extreme flows and rainfalls obtained from the ORC. The annual
maximum flow series between 1963 and 2010, and rainfall series between 1967 and
2011 (missing data between 2008 and 2010) for the Leith River were ranked and the
probability of exceedance (PE) was calculated using the Gringorten plotting position
(Equation 6).
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PE =

m  0.44
n  1  2(0.44)

(Equation 6)

Where m is the rank of the annual flood and n is the number of data used. The inverse of
the PE was then used to determine the return period T for each observed maximum
annual flood. The ranked extreme flows were then plotted against their associated return
periods on a log normal distribution scale. The two parameters, α and u of the Gumbel
EVI were determined using equation 7 and 8 respectively, where s is the standard
deviation of the dataset and x is the mean annual flood calculated as the mean of the n
annual maxima Qj. Using the Gumbel EVI parameters, the return period of the flow and
rainfall for the recorded storm events in the current study were then estimated.
α=

s 6



u= x – 0.5772α

(Equation 7)

(Equation 8)

3.5.2 Statistical analyses, geographic information system (GIS), mass load and
specific yield, hydrograph and hysteresis
Minitab statistical software package and Microsoft Excel were used to analyse the
collected data. Descriptive statistics of mean, median and standard deviation of
nitrogen, heavy metals and TSS were obtained. Only the median contaminant
concentration was reported as it is more appropriate for the non-normally distributed
data acquired in the study. The spatial variation of the water quality across different
sites was presented using ArcGIS. Mass load and specific load of key water quality
indicators were determined by using recorded baseflow rate and catchment area of each
monitored site. Boxplots were used to illustrate the variability and central tendency of
the contaminant concentration for different land uses, and during different flow
condition.
The Mood’s Median test was used to compare the median contaminant concentration
between different land uses. The test was chosen based on the result from the test for
equal variances (the p-value for Barlett’s test is less than 0.05), which shows that the
variances of the data sets are not equal and that non-parametric test was required. As the
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data sets have outliers, the Mood’s Median test was selected over Kruskal-Wallis.
Likewise, the Mann-Whitney Test was chosen over the t-test for comparing the median
contaminant concentration between baseflow and stormflow conditions. Correlation
analysis using the Spearman’s rho coefficient (appropriate for non-parametric data) was
run to analyse the correlation between TSS and other contaminant concentration. Since
the data was non-parametric, the regression analysis for determining the relationship
between water quality indicators was not appropriate in this study. Hydrograph and
hysteresis showing the time profiles of water flow and the water quality analytes during
storm event were plotted.
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4 Results
This chapter presents the results of analyses on the water samples collected during the
two monitoring regimes. The findings are detailed in two main sections; Section 4.1
describes the spatial variability in key water quality indicators, specifically looking at
site variability (sub-section 4.1.1) and land use variability (sub-section 4.1.2), and
Section 4.2 demonstrates the temporal variability in key water quality indicators, during
baseflow and stormflow conditions. The summary of the research findings are described
in Section 4.3

4.1 Spatial variability in key water quality indicators
4.1.1 Comparison of site variability
General indicators (pH, electrical conductivity and total suspended sediment)
There is little variability in the median pH value between different sites along the Leith
River and Lindsay’s Ck, which ranged between 7.37 and 7.67. However, the median
electrical conductivity (EC) between different sites varied considerably, with the
monitored sites from Lindsay’s Ck ranging between 165.1 µS/cm and 226.0 µS/cm,
compared to those along the Leith River (ranging between 107.6 µS/cm and 160.8
µS/cm). There is little variability in the median total suspended sediment (TSS)
concentration between sites along the Leith River, which ranged between 1.25 mg/L and
2.57 mg/L for all sites, except for Ross Ck (4.49 mg/L). At Lindsay’s Ck, only
Norwood St has elevated TSS concentration (6.48 mg/L), while the rest of the sites,
including St David, which is located downstream of the confluence, have between 1.99
mg/l and 2.80 mg/L. Ross Ck and Norwood St exceed the water quality guidelines for
the protection of aquatic ecosystems (4.00 mg/L), with 56% and 100% exceedances of
guideline value respectively. The median concentration of pH, EC and TSS, and the
number of exceedances of relevant guideline value for the monitored sites are
summarised in Table 4.1 and the spatial variability in EC and TSS between different
sites is shown in Figure 4.1.
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The annual load of TSS was estimated for each site, and it can be seen that St David and
Woodhaugh contribute the highest concentration per annum (94.3 t/a and 49.0 t/a
respectively). However, when the specific yield of TSS was considered, the Ross Ck
subcatchment contributes the highest concentration per annum per area (7.69 t/a/km2)
compared to the other subcatchments (Table 4.1).
Table 4.1 Median pH, EC and TSS, exceedances of guideline values expressed as a percentage, and
the mass load and specific yield of TSS for the monitored sites along the Leith River and Lindsay’s
Ck. Little variability in pH was observed between sites. Norwood St has the highest EC, and Ross
Ck and Norwood St exceed the TSS guideline and have greater than 50% of exceedances (indicated
in bold text). St David has the highest annual load of TSS, but Ross Ck subcatchment contributes
the highest specific yield of TSS (indicated in bold text).

pH

EC
(µS/cm)

TSS
(mg/L)

% of exceedances
of TSS guideline
value

(t/a)

(t/a/km2)

TSS

Water quality
guidelines
Sullivan Dam

-

-

4.00

-

-

-

7.49

118.6

2.25

18

-*

-*

Poulters Rd

7.42

107.6

2.05

20

7.3

2.5

Upper Nicols Ck

7.67

118.6

1.98

-

-*

-*

Nicols Ck

7.47

144.8

1.25

-

-*

-*

Malvern St

7.57

138.2

2.37

40

45.9

2.9

Ross Ck

7.58

128.5

4.49

56

18.5

7.7

Helensburgh

7.44

160.8

2.57

11

1.0

2.3

Woodhaugh

7.55

143.2

1.94

18

49.0

1.9

Norwood St

7.56

226.0

6.48

100

10.9

2.0

Bonnington St

7.51

165.1

2.80

18

4.8

0.7

Craigleith St

7.37

180.8

1.99

27

11.8

1.1

St David

7.36

147.5

2.44

18

94.3

2.3

*Mass load and specific yield of TSS for Sullivan Dam, Upper Nicols Ck and Nicols Ck were not
included as the flow data was unobtainable.
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Figure 4.1 Spatial variability in median EC and TSS between sites along the Leith River and
Lindsay’s Ck. Only few sites have low median EC value, and Norwood St has the highest median
EC value. Ross Ck and Norwood St have higher median TSS compared to the other sites.

Nitrogen
Total nitrogen (TN) and nitrite-nitrate-nitrogen (NNN) are highly variable between the
monitored sites at the Leith River, with Sullivan’s Dam and Nicols Ck have lower
concentration of TN (136.0 µg/L and 133.7 µg/L respectively) and NNN (4.3 µg/L and
44.0 µg/L respectively), and Poulters Rd and Helensburgh have higher concentration of
TN (1114.0 µg/L and 2133.0 µg/L respectively) and NNN (941.0 µg/L and 2002.0 µg/L
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respectively) compared to other sites (Table 4.2 and Figure 4.2). On the other hand,
there is a decreasing trend in median TN and NNN between the monitored sites at the
Lindsay’s Ck and at the downstream of confluence (Table 4.2 and Figure 4.2). The
median TN and NNN is highest at Norwood St (2958.0 µg/L and 1937.0 µg/L
respectively) and lowest at St David (852.0 µg/L and 570.9 µg/L respectively). Along
the Leith River, the median TN and NNN concentration at Poulters Rd, Helensburgh
and St David, and all sites at Lindsay’s Ck exceed the ANZECC guidelines for aquatic
ecosystems (614.0 µg/L and 444.0 µg/L respectively), with greater than 50% of
exceedances throughout the sampling period (Table 4.2).
There is little variability in the ammoniacal-nitrogen (NH4-N) between the monitored
sites along the Leith River (ranging between 3.0 µg/L and 10.5 µg/L), and the
concentrations are lower than those from the monitored sites along the Lindsay’s Ck
and downstream of confluence (ranging between 13.1 µg/L and 481.8 µg/L). All sites
along the Lindsay’s Ck (except for Craigleith St), including St David exceed the
ANZECC guidelines for NH4-N (21.00 µg/L), with greater than 50% of exceedances
throughout the sampling period (Table 4.2). For each site, the dissolved inorganic
nitrogen (DIN) was determined as a percentage of the TN, and it was found that over
50% of the nitrogen was in the inorganic form for all sites (ranging between 62% and
94%), except at Sullivan’s Dam and Nicols Ck (7% and 35% respectively) (Table 4.2).
Only particulate/organic nitrogen at Nicols Ck and Woodhaugh (Spearman’s rho
coefficient of 0.6 and 0.5 respectively) correlated with TSS (See Appendix Table A1.3).
It was estimated that St David has the highest mass load of TN and NNN (32.923 t/a
and 22.061 t/a respectively) followed by Woodhaugh (14.73 t/a and 11.61 t/a
respectively) compared to other sites. Likewise, St David has the highest annual mass
NH4-N loading (0.931 t/a) followed by Norwood St (0.809 t/a). However, in terms of
subcatchment size, the Helensburgh subcatchment contributes the highest specific yield
of TN (1.883 t/a/km2) and NNN (1.768 t/a/km2), followed by Poulters Rd subcatchment
(1.334 t/a/km2 and 1.127 t/a/km2), and Norwood St contributes the highest specific yield
of NH4-N (0.150 t/a/km2) (Table 4.3).
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Table 4.2 Median concentration of TN, NNN and NH4-N, the percentage of DIN from the TN, and
the percentage of exceedances of guideline values for the monitored sites. Poulters Rd,
Helensburgh, Woodhaugh, Norwood St, Bonnington St, Craigleith St and St David exceed the
relevant guidelines, with greater than 50% of exceedances (indicated in bold text). More than 50%
of the TN is in the DIN form for most sites (indicated in bold text).

% exceedances of
guideline values
TN
NNN
NH4-N
-

136.0

4.3

4.5

DIN as
a % of
TN
7

1114.0

941.0

3.1

85

100

100

-

Upper Nicols Ck

391.0

289.0

7.5

76

14

14

-

Nicols Ck

133.7

44.0

3.0

35

-

-

-

Malvern St

416.0

253.8

3.7

62

18

9

-

Ross Ck

479.0

361.0

3.0

76

33

33

-

Helensburgh

2133.0

2002.0

7.0

94

100

100

-

Woodhaugh

583.0

459.4

10.5

81

36

55

18

Norwood St

2958.0

1937.0

481.8

82

100

100

100

Bonnington St

1127.0

934.5

21.5

85

91

100

55

Craigleith St

1090.0

882.0

13.1

82

100

91

36

852.0

570.9

24.1

70

91

82

55

614.0

444.0

21.0

Site
Sullivan’s Dam
Poulters Rd

St David
ANZECC
guidelines

TN
(µg/L)

NNN
(µg/L)

NH4-N
(µg/L)

Table 4.3 Mass load and specific yield of TN, NNN and NH4-N for the monitored sites along the
Leith River and Lindsay’s Ck. St David has the highest annual nitrogen load followed by
Woodhaugh (TN and NNN) and Norwood St (NH4-N), but the Helensburgh subcatchment
contributes the highest specific yield of TN and NNN, alongside with Norwood St (NH4-N) and
Poulters Rd (TN and NNN) subcatchments (indicated in bold text).

Mass load (t/a)
Site*

TN

NNN

Poulters Rd

3.990

3.371

Malvern St

8.057

Ross Ck

TN

NNN

0.011

1.334

1.127

0.004

4.916

0.072

0.516

0.315

0.005

1.974

1.488

0.012

0.820

0.618

0.005

Helensburgh

0.811

0.762

0.003

1.883

1.768

0.006

Woodhaugh

14.729

11.607

0.265

0.567

0.447

0.010

Norwood St

4.970

3.254

0.809

0.920

0.602

0.150

Bonnington St

1.931

1.601

0.037

0.281

0.233

0.005

Craigleith St

6.461

5.228

0.078

0.606

0.490

0.007

32.923

22.061

0.931

0.804

0.539

0.023

St David

NH4-N

Specific yield (t/a/km2)
NH4-N

*Sullivan Dam, Upper Nicols Ck and Nicols Ck were not included as flow data was
unobtainable.
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Figure 4.2 Spatial variability in median TN, NNN and NH 4-N between sites along the Leith River
and Lindsay’s Ck. High median TN and NNN is noticeable at Poulters Rd and Helensburgh along
the Leith River, and at all sites along the Lindsay’s Ck, including St David. Compared to the Leith
River’s sites, there is a higher median NH4-N at sites from Lindsay’s Ck, including St David.

When the median TN, NNN and NH4-N concentration for all sites are plotted on a
monthly basis (Figure 4.3a, b and c respectively), it can be seen that there is a similar
trend between TN and NNN concentration, but not for the NH4-N concentration. For
most sites, there is clear monthly pattern of TN and NNN, where a higher median
concentration was observed in August and lowest in May (Figure 4.3a and b
respectively). Norwood St and Helensburgh, however, have high TN and NNN
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throughout the sampling months. In contrast to TN and NNN, there is no clear monthly
pattern of median NH4-N concentration (Figure 4.3c) for most sites, but Norwood St has
consistently high NH4-N throughout the sampling period.

ANZECC
guideline
(614 µg/L)

a)

ANZECC
guideline
(444 µg/L)

b)

ANZECC
guideline
(21 µg/L)

c)
Figure 4.3 Monthly median (a) TN, (b) NNN and (c) NH4-N for the monitored sites. Most sites have
higher TN and NNN in August and lowest in May, but Norwood St and Helensburgh have high
concentration throughout the sampling period. There is no clear monthly pattern of NH4-N for
most sites, but Norwood St has remarkably higher NH4-N during the sampling period compared to
other sites.
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Heavy metals
Along the Leith River and Lindsay’s Ck, there is little variability in median total Cu
between sites (ranging between 0.57 µg/L and 1.55 µg/L), except for Helensburgh
(Table 4.4 and Figure 4.4). Helensburgh has a significant median total Cu (9.38 µg/L)
and it is the only site that exceeds the ANZECC guidelines for Cu (1.80 µg/L), with
100% of exceedances throughout the sampling period. The median dissolved Cu
fluctuates between the monitored sites, but all are below the ANZECC guidelines.
However, it is noteworthy that Sullivan’s Dam has the highest median dissolved Cu
followed by Helensburgh (0.94 µg/L and 0.51 µg/L respectively) (Table 4.4). There is
little variability in the median total and dissolved Zn between the monitored sites, which
ranged between 2.0 µg/L and 7.5 µg/L for total Zn, and between 1.0 µg/L and 2.0 µg/L
for dissolved Zn, with most of the sites have nil concentration of dissolved Zn, in
exception to Helensburgh (Table 4.4 and Figure 4.4). Helensburgh also has the highest
median total and dissolved Zn (21.0 µg/L and 12.0 µg/L respectively), with the total Zn
exceeds the ANZECC guidelines for Zn (15.0 µg/L), with 100% of exceedances.
The median total Pb for all monitored sites is well below the ANZECC guidelines (5.6
µg/L), which ranged between 0.02 µg/L and 0.78 µg/L, with Helensburgh having the
highest value (0.78 µg/L). There is no significant median dissolved Pb and total Cd
detected. Most dissolved Pb is below the detection limit for most sites, whereas the
maximum median for Cd is 0.05 µg/L which is lower than the ANZECC guidelines for
Cd (0.40 µg/L) (Table 4.4). As there was insignificant Cd concentration detected,
further analysis for Cd was not considered in the study.
Median Fe and Mn is highly variable between the monitored sites (Table 4.4 and Figure
4.5). Norwood St has remarkably higher median total and dissolved Fe (875 µg/L and
252 µg/L respectively) and Mn (46.5 µg/L and 22.0 µg/L respectively), compared to
other sites (Table 4.4). Iron and Mn are less known for their toxicity and there is no
specific guideline for Fe in New Zealand water (ANZECC and ARMCANZ, 2000b),
but the ANZECC and ARMCANZ (2000b) referred to the Canadian guideline level of
300 µg/L for comparison. In this case, only Norwood St exceeds the threshold. The
ANZECC guideline for Mn is 2500 µg/L which is above the median Mn for all
monitored sites.
75

Table 4.4 Median concentration of Cu, Zn, Pb, Cd, Fe and Mn, and percentage of total metals as dissolved metals for the monitored sites along the Leith River and
Lindsay’s Ck. Only Helensburgh exceeds the ANZECC guidelines for Cu and Zn, and only few sites have equal or greater than 50% of the total metals in the
dissolved form (indicated in bold text). Non-detectable concentration is indicated as ND.

Cu (µg/L)
Site

Total

Diss

Zn (µg/L)
*%

Total

Diss

Pb (µg/L)
*%

Total

Diss

Cd (µg/L)
*%

Total

Fe (µg/L)
Total

Mn (µg/L)

Diss

*%

Total

Diss

*%

ANZECC
guidelines
Sullivan Dam

1.36

0.94

69

4.5

0.0

0

0.08

ND

0

0.02

246

103

42

19.0

10.5

58

Poulters Rd

1.55

0.07

5

5.0

1.5

40

0.17

ND

0

0.00

241

48

20

7.5

3.0

43

Upper Nicols

0.57

0.13

23

4.5

0.0

0

0.18

ND

0

0.00

168

75

45

3.5

1.0

25

Nicols Ck

1.38

0.06

4

7.0

0.0

0

0.02

ND

0

0.00

71

13

18

2.0

1.0

50

Malvern St

0.85

0.01

1

2.0

0.0

0

0.14

ND

0

0.01

125

52

42

4.0

0.5

25

Ross Ck

0.82

0.08

10

6.0

2.0

33

0.23

0.02

7

0.01

196

44

22

8.0

0.0

0

Helensburgh

9.38

0.51

5

21.0

12.0

57

0.78

ND

0

0.02

227

72

32

17.0

5.0

29

Woodhaugh

0.77

0.09

12

2.5

0.0

0

0.02

ND

0

0.00

117

48

41

6.0

3.0

50

Norwood St

0.65

0.16

25

6.0

0.0

0

0.60

0.00

0

0.05

875

252

29

46.5

22.0

47

Bonnington St

1.43

0.17

12

2.0

0.0

0

0.26

0.00

0

0.01

252

43

17

9.5

3.0

30

Craigleith St

1.24

0.31

25

7.5

1.5

25

0.25

0.01

4

0.02

223

79

35

16.5

9.5

59

St David

1.28

0.24

19

6.0

1.0

17

0.22

ND

0

0.02

145

61

42

10.0

2.0

20

1.80

-

15.0

-

5.60

-

0.40

-

-

-

-

Note: ND- Concentration is below the method detection limit
* Dissolved metals as a percentage of total metals
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Figure 4.4 Spatial variability in median total Cu and Zn between sites along the Leith River and
Lindsay’s Ck. Median total Cu and Zn is highly variable between sites along the Leith River and
Lindsay’s Ck, and Helensburgh has the highest concentration of Cu and Zn.
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Figure 4.5 Spatial variability in median total Fe and Mn between sites along the Leith River and
Lindsay’s Ck. Median total Fe and Mn is highly variable between sites at Leith River and
Lindsay’s Ck, with Norwood St has the highest median Fe and Mn compared to other sites.
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Most of the metals observed in the study are primarily in the particulate form. Only few
sites have a high proportion of the total metals in the dissolved form, including
Sullivan’s Dam and Helensburgh, which have 69% and 57% of the total Cu and Zn in
the dissolved form respectively. There is also a high proportion of the total Mn in the
dissolved form (> 50%) for Sullivan’s Dam, Nicols Ck, Woodhaugh and Craigleith St
(Table 4.4). However, only few of the particulate metals correlate with TSS, as
indicated by the Spearman’s rho correlation (> 0.50) (Table 4.5). Most sites have high
correlation between TSS and particulate Fe. While almost all metals for all monitored
sites are within the ANZECC guidelines, total Cu and total Zn at Helensburgh remain
high throughout the sampling period, with 100% exceedances of the relevant guideline
values, and 50% exceedances of total Cu at Bonnington St (Table 4.5).
St David has the highest annual load for all metals followed by Woodhaugh (Table 4.6),
but when the area of catchment was considered, the Helensburgh subcatchment
contributes the highest specific yield of Cu, Zn, Pb and Mn, and Norwood St has
consistently higher specific yield of Fe and Mn compared to other sites (Table 4.6).
Ross Ck and Poulters Rd subcatchments were also found to be main contributor of Fe
(Table 4.6). There is no clear monthly pattern for the metals, but it is notable that
Helensburgh has high total Cu (Figure 4.6a), and total and dissolved Zn (Figure 4.6c
and d respectively), Sullivan’s Dam has high dissolved Cu (Figure 4.6b), and Norwood
St has high total Fe and Mn (Figure 4.6e and f respectively) throughout the sampling
period.
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Table 4.5 Spearman’s rho correlation between particulate metals and TSS, and exceedances of
guideline values expressed as a percentage. Only several sites have correlation between TSS and
particulate metals, and Helensburgh and Bonnington St have high percentage of exceedances (>
50%) (indicated in bold text).

Spearman’s rho correlation between
TSS and particulate metals
Site
Sullivan’s Dam
Poulters Rd
Upper Nicols Ck
Nicols Ck
Malvern St
Ross Ck
Helensburgh
Woodhaugh
Norwood St
Bonnington St
Craigleith St
St David

Cu

Zn

Pb

Fe

-0.04
-0.11
0.80
0.71
-0.54
-0.21
0.14
-0.44
-0.20
-0.07
0.83
0.07

-0.29
-0.27
0.21
-0.12
-0.67
0.09
0.49
-0.46
0.06
0.44
-0.39
-0.12

-0.38
0.60
-0.40
0.21
0.03
-0.14
-0.66
-0.27
0.83
-0.21
0.14
0.82

0.60
0.55
0.50
0.57
0.00
0.61
0.66
0.26
0.60
0.57
0.00
-0.45

Mn
0.81
0.48
0.61
0.31
0.50
0.71
0.32
-0.11
0.04
0.39
-0.26
-0.54

% exceedances of guideline
values
Cu
Zn
Total Diss Total Diss
14
13
29
40
33
13
38
29
100
100
38
17
50
14
38
-
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Table 4.6 Mass load and specific yield of metals for the monitored sites. St David has the highest annual metal load, followed by Woodhaugh, but when the size of
catchment was considered, the Helensburgh subcatchment contributes the highest specific yield for most metals, alongside with Norwood St, Poulters Rd and Ross
Ck (indicated in bold text).

Poulters Rd
Malvern St
Ross Ck
Helensburgh
Woodhaugh
Norwood St
Bonnington St
Craigleith St
St David

Cu
(Total)
0.006
0.016
0.003
0.004
0.019
0.001
0.002
0.007
0.049

Cu
(Diss)
0.000
0.000
0.000
0.000
0.002
0.000
0.000
0.002
0.009

Zn
(Total)
0.018
0.039
0.025
0.008
0.063
0.010
0.003
0.044
0.232

Zn
(Diss)
0.005
0.000
0.008
0.005
0.000
0.000
0.000
0.009
0.039

Poulters Rd
Malvern St
Ross Ck
Helensburgh
Woodhaugh
Norwood St
Bonnington St
Craigleith St
St David

0.00186
0.00105
0.00140
0.00828
0.00075
0.00020
0.00036
0.00069
0.00121

0.00008
0.00001
0.00014
0.00045
0.00009
0.00005
0.00004
0.00017
0.00023

0.00599
0.00248
0.01027
0.01854
0.00243
0.00187
0.00050
0.00417
0.00566

0.00180
0.00000
0.00342
0.01060
0.00000
0.00000
0.00000
0.00083
0.00094

Site*

Mass load (t/a)
Pb
Cd (Total)
(Total)
0.001
0.00000
0.003
0.00019
0.001
0.00004
0.000
0.00001
0.001
0.00000
0.001
0.00008
0.000
0.00002
0.001
0.00012
0.009
0.00077
Specific yield (t/a/km2)
0.00020
0.00000
0.00017
0.00001
0.00039
0.00002
0.00002
0.00069
0.00002
0.00000
0.00019
0.00002
0.00006
0.00000
0.00014
0.00001
0.00021
0.00002

Fe
(Total)
0.863
2.421
0.808
0.086
2.956
1.470
0.432
1.322
5.603

Fe
(Diss)
0.172
1.007
0.181
0.027
1.213
0.423
0.074
0.468
2.357

Mn
(Total)
0.027
0.077
0.033
0.006
0.152
0.078
0.016
0.098
0.386

Mn
(Diss)
0.011
0.010
0.000
0.002
0.076
0.037
0.005
0.056
0.077

0.28856
0.15501
0.33562
0.20043
0.11372
0.27208
0.06274
0.12397
0.13686

0.05747
0.06448
0.07534
0.06357
0.04665
0.07836
0.01070
0.04392
0.05758

0.00898
0.00496
0.01370
0.01501
0.00583
0.01446
0.00237
0.00917
0.00944

0.00359
0.00062
0.00000
0.00441
0.00292
0.00684
0.00075
0.00528
0.00189

*Sullivan Dam, Upper Nicols Ck and Nicols Ck were not included as the flow data was unobtainable.
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ANZECC
guideline
(1.8 µg/L)

ANZECC
guideline
(15 µg/L)
ANZECC
guideline
(1.8 µg/L)

a)

b)

c)

ANZECC
guideline
(15 µg/L)

d)

e)

f)

Figure 4.6 Monthly median (a) total Cu, (b) dissolved Cu, (c) total Zn, (d) dissolved Zn, (e) total Fe and (f) total Mn. No clear monthly pattern was observed for the
metals, but dissolved Cu (b) at Sullivan’s Dam, total Cu (a), total and dissolved Zn (c and d respectively) at Helensburgh, and total Fe (e) and Mn (f) at Norwood St
were noticeably high throughout the sampling period.
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4.1.2 Comparison of land use variability
General indicators (pH, electrical conductivity and total suspended sediment)
There is little variability in the median pH and TSS between the three different land
uses (forestry, agriculture and urban), which ranged between 7.49 and 7.51 for pH, and
between 2.34 mg/L and 2.98 mg/L for TSS. The median TSS for all different land uses
is below the water quality guideline (4 mg/L). The Mood’s Median test verified that
there is no difference between the median pH and TSS of different land uses (p-value >
0.05, see Appendix Table A2.2). However, streams in the predominantly urbanized area
have the highest median EC (150.6 µS/cm), and statistically different (Mood’s Median
test p-value < 0.05, see Appendix Table A2.2) from the streams in the predominantly
forested (125.9 µS/cm) and agricultural area (118.6 µS/cm). The median pH, EC and
TSS, and the Mood’s Median test p-values are summarized in Table 4.7. The statistical
distribution of EC for different land uses are shown in Figure 4.7a.
Nitrogen and heavy metals
The streams in the predominantly forested area have the lowest concentration of TN,
NNN and NH4-N (165.0 µg/L, 40.8 µg/L and 4.0 µg/L respectively) and statistically
different (Mood’s Median test p-value < 0.05, see Appendix Table A2.4) from the
streams in the predominantly agricultural (1136.0 µg/L, 970.0 µg/L and 10.1 µg/L
respectively) and urbanized (928.5 µg/L, 734.0 µg/L and 13.5 µg/L respectively) area
(Table 4.7 and Figure 4.7). Only the streams in the predominantly agricultural and
urbanized area exceed the ANZECC guidelines for TN and NNN (614.0 and 444.0 µg/L
respectively).
The streams in the predominantly forested area have the lowest median of metals
compared to those collected from other land uses, except total and dissolved Cu, total
Zn and total Fe (Table 4.8). However, there is no statistically difference between the
metals (Mood’s Median test p-value > 0.05, see Appendix Table A2.7, A2.8 and A2.9)
of different land uses, except for median total Pb. All median total and dissolved metals
for all land uses are well below the ANZECC guidelines.
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Table 4.7 Median pH, EC, TSS, TN, NNN and NH4-N for different land uses, and p-value of Mood’s
Median test. There is little variability in pH and TSS between different land uses, but urban
dominated streams have statistically higher median EC than other land uses. The predominantly
forested streams have the lowest median TN, NNN and NH4-N and statistically different from the
predominantly agricultural and urbanized streams. The agricultural- and urban dominated
streams exceed the ANZECC guidelines for TN and NNN (indicated in bold text).

EC
(µS/cm)

pH

TSS
(mg/L)

TN
(µg/L)

NNN
(µg/L)

NH4-N
(µg/L)

-

-

4.00

614.0

444.0

21.0

Forestry

7.50

125.9

2.81

165.0

40.8

4.0

Agricultural

7.51

118.6

2.98

1136.0

970.0

10.1

Urban

7.49

150.6

2.34

928.5

734.0

13.5

> 0.05

< 0.05

> 0.05

< 0.05

< 0.05

< 0.05

ANZECC guidelines

Mood’s Median test
(p-value)

Table 4.8 Median total and dissolved metals for different land uses, and p-value of Mood’s Median
test. The predominantly forested streams have the lowest median of all metals than the
agricultural- and urban dominated streams, except for total and dissolved Cu, and total Zn and Fe.
However, there is no statistically difference between the metals of different land uses, except for
total Pb (p-value < 0.05, indicated in bold text), with streams in the predominantly forested area
different from the others. All median metals for all land uses are below the ANZECC guidelines.
Non-detectable concentration is indicated as ND.

Forestry
Cu (µg/L)

Zn (µg/L)

Pb (µg/L)
Cd (µg/L)
Fe (µg/L)

Mn (µg/L)

Agricultural

Urban

Total

1.25

0.70

1.31

Diss

0.17

0.14

0.18

Total

6.00

6.00

5.00

Diss

0.00

0.00

0.00

Total

0.09

0.19

0.21

Diss

ND

ND

ND

Total

0.01

0.02

0.01

Total

198.00

241.00

172.00

Diss

44.00

175.00

66.00

Total

8.00

8.50

8.50

Diss

1.50

3.50

3.00

ANZECC
guidelines
1.80

Mood’s Median
test (p-value)
> 0.05
> 0.05

15.00

> 0.05
> 0.05

5.60

< 0.05
> 0.05

0.40
-

> 0.05
> 0.05
> 0.05

-

> 0.05
> 0.05

Note: ND- Concentration is below the method detection limit
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Figure 4.7 Statistical distribution of (a) EC, (b) TN, (c) NNN and (d) total Pb for different land uses, showing median (middle horizontal line), upper and lower
quartiles (box), minimum and maximum values (tail) and outlier (asterisk). Streams in the predominantly urbanized area have the highest median EC (a), and the
streams in the predominantly forested area have the lowest median TN (b), NNN (c) and total Pb (d) compared to other streams with different land uses. The
median TN and NNN for streams in the predominantly urban and agricultural area exceed the ANZECC guidelines.
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4.2 Temporal variability in key water quality indicator
This section describes the findings on the variability in key water quality indicators
during baseflow and stormflow conditions of the Leith River, monitored at the Leith
Central site. The features of the observed storm events during the study period were
firstly described in sub-section 4.2.1. The results of analyses on the water samples
collected during different flow conditions were then presented (sub-section 4.2.2), and
this is followed by a description on the stormflow data between events (sub-section
4.2.3) and the mobilization behaviour of key water quality indicators during stormflow
conditions (sub-section 4.2.4).
4.2.1 Rainfall and flow return periods
Stormflow samples were collected during high flow conditions of the Leith River on 5th
June, 11th June, 30th July and 12th August 2012 (Figure 4.8). This data was used for
comparison against baseflow water quality data. It was the purpose of this study to
collect water samples at intervals of 15, 30 to 60 minutes, in order to characterize the
mobilization behaviour of contaminants during storm event. However, in practice,
because of complexity in predicting the occurrence of any event, malfunctions and the
limited number of sample bottles with the automatic water sampler, not all samples
could be collected over the entire duration of each event. Due to this reason, the
recorded maximum flow and rainfall data in this study was restricted by the duration of
events that was observed during the study. Using historic rainfall and flow data for the
Leith River, the return period (T) for the maximum rainfall and flow for the observed
storm events in the current study was estimated and plotted on a Gumbel extreme flow
analysis plot (Figure 4.9). All recorded rainfall events measured in this study (total
amount of rainfall across observed event) have average return periods between 1.00 and
1.04 years, and flow (maximum flow recorded every 15 minutes across observed event)
return periods between 1.01 and 1.20 years (Table 4.9). Thus, these events can be
characterized as having a 99% probability in any given year and represent typical subannual rainfall events. The number of antecedent dry period for each event (no rainfall
prior to each sampling period) ranged between one and four days (Table 4.9).
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4

3

1

2

Figure 4.8 Time-series profile of Leith River flow from May 2012 to September 2012, showing observed events on (1) 5th June 2012, (2) 11th June 2012, (3) 30th July
2012 and (4) 12th August 2012.
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a)

b)

Figure 4.9 (a) Rainfall and (b) flow frequency Gumbel EV1 analysis, showing the four observed
events in the study and historic annual maximum rainfall and flow of the Leith River.
Table 4.9 Average return periods of rainfall and flow for four observed storm events, and the
number of antecedent dry period prior to each sampling period. The maximum rainfall and flow
for the recorded events was estimated to have an average return period between 1.00 and 1.04
years, and between 1.01 and 1.20 years respectively. The number of antecedent dry period ranged
between one and four days.

Maximum rainfall
Observed
event

Rainfall
(mm)

Return
period (T),
years

Maximum Flow
Flow
(m3/s)

Return
period (T),
years

Number of
antecedent
dry period

5 June 2012

10.0

1.00

1.71

1.02

1

11 June 2012

2.0

1.00

0.89

1.01

1

30 July 2012

18.5

1.01

1.27

1.02

4

12 August
2012

30.0

1.04

18.19

1.20

2

4.2.2 Key water quality indicators during baseflow and stormflow
As expected, there is a statistically higher median for TSS, TN, and all total and
dissolved metals except for dissolved Cu (Mann-Whitney test p-value < 0.05, see
Appendix Table A3.2, A3.4 and A3.5), during stormflow than baseflow conditions of
the Leith River (Table 4.10 and 4.11). Insignificant median concentrations of NH4-N
were observed during baseflow and stormflow. In contrast, median NNN is higher
during baseflow than stormflow, but there is no significant difference between both
flows, and the lack of statistical significance may in part be a function of the high
variability in values of storm flow driven by flushing effects.
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It is notable that median TSS, total Cu and total Zn exceed the relevant water quality
guidelines during stormflow conditions, and exceedances of median TN and NNN were
observed during both flow conditions. There is variability in the partitioning pattern of
nitrogen and heavy metals between the particulate and dissolved form during baseflow
and stormflow. Lower DIN was observed during stormflow compared to baseflow
conditions, indicating that there is an increase proportion of particulate/organic nitrogen
during events. During the events, a positive correlation (Spearman’s rho correlation >
0.5) between the particulate/organic nitrogen and TSS is apparent (Table 4.10). On the
other hand, most metals are in the particulate form during both flow conditions, but an
increase in dissolved metals was observed during stormflow (Table 4.11). Similar to
nitrogen, there is a positive correlation between all particulate metals and TSS during
high flow conditions, in the order of Fe > Pb > Mn > Zn, except for Cu, (Table 4.12).
Table 4.10 Median TSS, TN, NNN, NH4-N, DIN as a percentage of TN, correlation between
particulate/organic nitrogen and TSS during baseflow and stormflow conditions, p-value of MannWhitney test and water quality guidelines. Median TSS and TN is statistically higher during
stormflow than baseflow condition (p-value < 0.05). Median TSS during stormflow condition, and
TN and NNN during both flow conditions exceed the relevant guidelines (indicated in bold text).
There is a high percentage of DIN during both flow conditions (> 50%), with increase in
particulate/organic form during stormflow, and the particulate/organic form correlates with TSS
(indicated in bold text). Non-detectable concentration is indicated as ND.

Guidelines value

4.00

614

444

21

DIN as a
percentage
of TN (%)
-

Baseflow

0.78

711

601

ND

85

0.38

Stormflow
Mann-Whitney
test (p-value)

7.88

770

490

1

64

0.62

< 0.05

< 0.05

> 0.05

> 0.05

-

-

TSS
(mg/L)

TN
(µg/L)

NNN
(µg/L)

NH4-N
(µg/L)

Spearman's
rho
correlation
-

Note: ND- Concentration is below the method detection level
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Table 4.11 Median total and dissolved Cu, Zn, Pb, Fe and Mn during baseflow and stormflow
conditions, dissolved metals as a percentage of total metals, p-value of Mann-Whitney test, and
ANZECC guidelines. All median metals are higher during stormflow than baseflow conditions, and
the difference is verified by p-value of less than 0.05 (indicated in bold text), except for dissolved
Cu. Only median total Cu and Zn during stormflow conditions exceed the ANZECC guidelines
(indicated in bold text). Less than 50% of the total metals are observed as dissolved form during
both flow conditions. Non-detectable concentration is indicated as ND.

Cu
(µg/L)
Zn
(µg/L)
Pb
(µg/L)
Fe
(µg/L)
Mn
(µg/L)

Baseflow

Stormflow

1.11
0.46
41
6.50
ND
0.27
0.04
15
94.00
30.50
32
2.00
ND
-

2.76
0.87
32
17.00
7.00
41
0.81
0.26
32
233.00
91.00
39
8.00
3.00
38

Total
Diss
*%
Total
Diss
*%
Total
Diss
*%
Total
Diss
*%
Total
Diss
*%

MannWhitney test
(p-value)
< 0.05
> 0.05

ANZECC
guidelines
1.8

< 0.05
< 0.05

15

< 0.05
< 0.05

5.6

< 0.05
< 0.05

-

< 0.05
< 0.05

-

Note: ND-Concentration is below the method detection level.
* -Dissolved metals as a percentage of total metals

Table 4.12 Spearman’s rho correlation between TSS and particulate metals. There is a positive
correlation between particulate metals and TSS, in the order of Fe > Pb > Mn > Zn (indicated in
bold text), except for Cu, during stormflow conditions.

Cu

Spearman’s rho correlation between
particulate metals and TSS
Zn
Pb
Fe

Mn

Baseflow

0.15

0.33

0.06

-0.38

0.04

Stormflow

0.41

0.50

0.68

0.76

0.65

4.2.3 Variability in stormflow data
When the stormflow data was compared between storm events (Table 4.13), it can be
seen that all key water quality indicators (except total Zn and dissolved Mn) are
statistically difference (Mann-Whitney test p-value < 0.05, see Appendix Table A3.790

A3.10). Storm events on 30th July 2012 and 12th August 2012 tend to have higher
concentration of TSS, TN, NNN and total metals compared to the other two events.
Dissolved metals, however, did not show any distinct trend between the events. While
NH4-N was usually insignificant during low and high flow conditions, the storm on 30th
July 2012 has delivered a distinctively high NH4-N concentration to the Leith River
(Table 4.13).
Table 4.13 Median concentration of key water quality indicators observed during four storm events
and the p-value for Mann-Whitney test. Most key water quality indicators are statistically higher
(p-value < 0.05) during storm events on 30 th July 2012 and 12th August 2012 compared to the other
events. Non-detectable concentration is indicated as ND.

5 June
TSS (mg/L)
TN (µg/L)
NNN (µg/L)
NH4-N (µg/L)
Total
Cu
(µg/L)
Diss
Total
Zn
(µg/L)
Diss
Total
Pb
(µg/L)
Diss
Total
Fe
(µg/L)
Diss
Total
Mn
(µg/L)
Diss

11.4
761.0
490.0
ND
1.6
0.6
11.0
0.0
0.7
0.3
243.0
105.0
7.0
4.0

11 June

30 July

12 August

4.6
601.0
416.6
ND
1.8
1.4
17.0
12.0
0.5
0.3
186.0
153.0
6.0
2.0

19.5
1091.0
603.5
49.5
4.7
1.5
24.0
8.5
2.8
0.4
967.0
109.5
47.5
1.5

26.4
1110.0
513.0
1.0
5.0
ND
19.0
6.0
2.5
0.1
869.0
28.0
51.0
2.0

MannWhitney test
(p-value)
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
> 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
> 0.05

Note: ND-Concentration is below the method detection level.

4.2.4 Mobilization behaviour of key water quality indicators during stormflow
conditions
Hydrographic trends
Since the stormflow data shows high flow related variability that may not be captured
by a simple characterization by medians, the behaviour of the water quality indicators
during observed storm events was further analysed using hydrographs and hysteresis.
However, not all storm samples were able to be collected throughout each event except
the storm on the 5th June 2012. Storm samples for the other observed events (11th June,
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30th July and 12th August) were mostly collected during the initial period of each event.
However, when the stormflow data was compared hydrographically between storm
events, most key water quality indicators exhibit similar behaviour during the initial
period of each event (see Figure 4.11 and Appendix Figure A3.4 for example),
therefore, the storm data on the 5th June 2012 could be used as a representative of other
events, in illustrating the behaviour of contaminants mobilization during high flow
conditions.
Twenty three water samples were collected within the duration of 630 minutes (10
hours 30 minutes) during the storm event on 5th June 2012. The rainfall started after 30
minutes of sampling and stopped after 345 minutes (Figure 4.10a), and a total of 10 mm
of rainfall was observed over the event. The flow of the Leith River started at 0.315
m3/s, reached small peaks after 90 minutes and 165 minutes of sampling with 0.547
m3/s and 1.025 m3/s respectively, as can be seen on the rising limb of the hydrograph,
and reached the highest peak after 270 minutes with 1.709 m3/s. The flow then declined
on the recession limb of the hydrograph towards the end of the sampling period (Figure
4.10b).

a)

b)

Figure 4.10 (a) Rainfall and (b) flow data for the storm event on 5th June 2012. Rainfall started
after 30 minutes of sampling and stopped after 345 minutes, and a total of 10 mm of rainfall was
observed. Flow gradually increased during the initial period, reached small peaks on the rising limb
before reaching maximum flow after 270 minutes of sampling, and declined on the recession limb of
the hydrograph.

During the event, pH dropped from 8.02 to 7.57 at the end of the sampling period, and
EC dropped during the initial period of the event, rose back after 135 minutes of
sampling, and stabilized towards the end of the sampling period (Figure 4.11a). It was
observed that TSS and total metals (Figure 4.11b-g) have similar behaviour particularly
during the initial period of the storm event, where at the onset of the event, the
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concentrations quickly rose and reached initial peak between 30 and 60 minutes of
sampling and reached the greatest peak after 180 minutes of sampling, leading the
maximum peak flow that occurred after 270 minutes. However, TSS declined gradually
towards the end of the sampling period, whereas total metals fluctuated and reached
several subsequent peaks but with lower intensity compared to the peaks during the
initial period of the event. Most TSS concentrations and some total Cu and Zn exceed
the water quality guidelines (4 µg/L, 1.8 µg/L and 15 µg/L respectively) throughout the
sampling period (Figure 4.11b, c and d respectively).
All dissolved metals except dissolved Fe (Figure 4.11c, d, e, g), increased slightly as the
event commenced and reached several peaks but fluctuating towards the end of the
sampling period. Dissolved Fe on the other hand (Figure 4.11f), decreased during the
initial period, then increased and reached several peaks, and fluctuated towards the end
of the sampling period. There is no distinct peak for the dissolved metals, and all are
within the thresholds.
Throughout the event, 28% and 39% of the Cu and Zn was in the dissolved form,
indicating that the metals were mainly in the particulate form, whereas there was almost
equal proportion of particulate and dissolved form of Pb, Fe and Mn (Table 4.14). It was
observed that peak total metal concentrations during initial period of the event were
mainly dominated by the particulate metal form, but the dissolved metal form dominates
the total fraction towards the end of the sampling period (Figure 4.11c-g). Only
particulate Pb and Fe correlated with TSS (Table 4.14). Further correlation analyses
indicate a positive correlation between particulate Fe and particulate Pb, and between
particulate Fe and particulate Zn (Table 4.15). However, there is no correlation between
the particulate Mn and other metals (Table 4.15).
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Table 4.14 Dissolved metals and nitrogen as a percentage of total concentration, and the
Spearman’s rho correlation between particulate contaminants and TSS. Most of the total Cu and
Zn are in the particulate form, and an approximately equal proportion of dissolved and particulate
Pb, Fe and Mn. Only particulate Pb and Fe have correlation with TSS (indicated in bold text). Most
nitrogen is in the dissolved form, and there is correlation between particulate/organic nitrogen and
TSS (indicated in bold text).

Dissolved form of
contaminant as a
percentage of total
concentration (%)
Spearman’s rho
correlation between
particulate form of
contaminant with TSS

Pb

Cu

Zn

Fe

Mn

Nitrogen

41

39

28

44

56

68

0.5

0.1

0.3

0.8

0.3

0.6

Table 4.15 Spearman’s rho correlation between particulate Pb, Cu, Zn and particulate Fe and Mn.
Only particulate Pb and Zn have correlation with particulate Fe (indicated in bold text).

Pb

Cu

Zn

Fe

0.6

0.4

0.5

Mn

0.4

0.3

0.2

On the other hand, most of the NNN exhibits the same pattern as TN throughout the
storm event, where the concentrations declined as the event commenced, and fluctuated
before reaching several peaks after 180 minutes of sampling (Figure 4.11h), leading the
maximum peak flow that occurred after 270 minutes. There is a drop in TN and NNN
concentrations after 225 minutes, and the concentrations rose back at the recession limb
of the hydrograph, stabilized and NNN gradually decreased towards the end of the
sampling period while there is a small rise in TN. There is low concentration of NH4-N
during the observed storm event, where most of the concentration is below the detection
limit (Figure 4.11h). Although most of the total nitrogen was dominated by DIN (68%)
during the event (Table 4.13), it can be seen that there is an increase in the
particulate/organic form of nitrogen particularly after TN recovered from dilution
effects, causing TN to increase significantly, while NNN increased gradually (Figure
4.11h), and the particulate/organic nitrogen is correlated with TSS (Table 4.14). Most of
the TN and NNN concentrations exceed the ANZECC guidelines (614 µg/L and 444
µg/L respectively) for the protection of aquatic ecosystems throughout the event.
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Water quality
guideline
(4 mg/L)

a)

b)

ANZECC
guideline
(1.8 µg/L)

c)

ANZECC
guideline
(15 µg/L)

d)

ANZECC
guideline
(5.6 µg/L)

e)

f)

g)

h)

Figure 4.11 Hydrographic trends of (a) pH and EC, (b) TSS, (c-g) heavy metals, and (h) nitrogen
during the event on 5th June 2012. pH decreased throughout the event (a), whereas EC (a), TN and
NNN (h), and dissolved Fe (f) declined as the event commenced, and rose back leading peak flow
and stabilized towards the end of sampling. Similar trend was observed between TSS (b) and total
metals (c-g) during the initial period, where they increased in concentration, leading peak flow.
However, TSS declined at the recession limb of the hydrograph, whereas total metals declined and
reached several small peaks. Dissolved metals (c, d, e and g), except Fe increased slightly at the
onset of the event, and reached several small peaks and fluctuated as the storm ceased.
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Hysteretic trends
There are three distinct patterns of hysteresis exhibited by the water quality indicators
during the event (Table 4.16). Examples of the hysteresis diagram are illustrated in
Figure 4.12. The A3 type model (Evans and Davies, 1998) was apparent for EC, TN,
NNN and dissolved Fe, where they exhibit an anticlockwise rotational pattern with
negative hysteresis loops. There is a similar hysteresis pattern between TSS, total Cu,
total Pb, total Mn and dissolved Zn, where they have clockwise rotational pattern with
positive hysteresis loops. The rest of the metals exhibit both C2 and A3 type model,
with an initial positive clockwise hysteresis loops and a reversed pattern at either 270
minutes or 300 minutes of sampling period.
Table 4.16 Three distinct hysteresis patterns were observed; A3 type model with anticlockwise
negative loops, C2 type model with clockwise positive loops, and both C2 and A3 type model with
initial clockwise positive loops and reversed pattern at either 270 minutes or 300 minutes of
sampling period.

Hysteresis pattern

Change in
direction

Water quality indicator

A3 (Anticlockwise,-ve)

EC, TN, NNN, dissolved Fe

No

C2 (Clockwise,+ve)

TSS, total Cu, total Pb, total
Mn, dissolved Zn

No

Total Zn

Yes, at 270 min

Total Fe

Yes, at 270 min

Dissolved Cu

Yes, at 300 min

Dissolved Pb

Yes, at 300 min

Dissolved Mn

Yes, at 270 min

C2 (Clockwise,+ve) &
A3 (Anticlockwise,-ve)
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a)

c)

e)

b)

d)

f)

Figure 4.12 (a) Electrical conductivity and (b) TN have A3 type model (anticlockwise, -ve loops),
whereas, (c) TSS and (d) total Cu exhibit C2 type model (clockwise, +ve loops), and (e) total Zn and
(f) dissolved Pb have both C2 and A3 type model (initial clockwise, +ve loops and changed to
anticlockwise, -ve loops at 270 and 300 minutes respectively).

4.3 Summary
The results presented in this chapter has described the spatial variability in water quality
indicators, across different sites and land uses along the Leith River and Lindsay’s Ck,
and the temporal variability in water quality indicators during baseflow and stormflow
conditions of the Leith River. The interrelationship between TSS and other key water
quality indicators was explored in both spatial and temporal data. The spatial analysis
has shown little variability in TSS and heavy metals across different sites at the Leith
River and Lindsay’s Ck. Hotspots of TSS and heavy metals were only found locally at
97

Ross Ck (TSS), Norwood St (TSS, total and dissolved Fe and Mn) and Helensburgh
(total Cu and Zn). There was no statistical difference of median TSS and heavy metals
between different land uses. On the other hand, there was spatial variability in the
median TN, NNN and NH4-N across the different sites and land uses along the Leith
River and Lindsay’s Ck. Localised hotspots of TN and NNN were found at Poulters Rd,
Helensburgh and Norwood St. The findings illustrate monthly variability in TN and
NNN concentrations at all impacted sites, except Helensburgh and Norwood St. Overall,
the streams draining predominantly forested area have statistically lower median TN,
NNN and NH4-N than the streams from urban and agricultural areas.
The temporal analysis indicates that there is a statistically higher median TSS, TN, and
all total and dissolved heavy metals (except dissolved Cu) during stormflow than
baseflow conditions of the Leith River. Higher concentration for most contaminants was
observed during storm event on 30th July and 12th August 2012 compared to those
observed on 5th July and 11th July 2012. During this event, contaminants exhibit
different mobilization behaviour. Hydrographic and hysteretic analyses show that TSS
and most metals increase in concentration on the rising limb of the hydrograph, leading
peak flow and declined on the recession limb, and these contaminants exhibit positive
clockwise loops hysteresis. Some metals, however, fluctuated and reached several
smaller peaks towards the end of the event, and this was indicated by the reversed
hysteresis pattern (negative anticlockwise loops). Total nitrogen, NNN and EC declined
as the storm commenced, then increased gradually leading peak flow, and stabilized on
the recession limb of the hydrograph, resulting a negative anticlockwise loops
hysteresis.
The spatial and temporal data illustrate that there is variability in the correlation
between TSS and particulate/organic nitrogen, and between TSS and particulate metals.
High correlation between TSS and the particulate-bounded contaminants occurs when
the contaminants were simultaneously in high concentration. It was observed that
different metals have different degree of affinity to TSS, with Fe and Pb have higher
correlation with TSS than Mn, Zn and Cu.
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5 Discussion
The aim of this research is to examine the water quality of the Leith River, specifically
examining the spatial and temporal variability in the key water quality indicators, and
whether suspended sediments have implications on the different forms of other water
quality indicators. This chapter will interrogate the role that land use has on water
quality in the Leith catchment and investigate the complex interrelationships between
key water quality variables and event flow. Section 5.1 discusses the spatial variability
in water quality indicators and Section 5.2 focuses on the temporal variability in water
quality indicators during baseflow and stormflow conditions. The implications of this
study are interpreted in Section 5.3, and finally, the limitations of the research and
future research options are presented in Section 5.4 and 5.5 respectively.

5.1 Spatial variability in water quality of Leith River and Lindsay’s Ck
During the study period of May 2012 to September 2012, most monitored sites
complied with the water quality guidelines for TSS and heavy metals, and are of no
concern for the deterioration of water quality. However, several sites have significant
TSS and heavy metals, and the implication of these contaminants within the local
aquatic environment needs to be examined further. Total nitrogen, NNN and NH4-N are
of potential concern, as most sites exceed the relevant water quality guidelines. At
Lindsay’s Ck, all of the sites are influenced not only by the local nitrogen sources, but
also by upstream sources. These findings, therefore show cumulative impacts from a
range of potential sources rather than those associated with specific sources.
5.1.1 Total suspended sediment
Total suspended sediment is not a major problem at the Leith catchment as most sites
have median TSS (ranging between 1 mg/L and 3 mg/L) well below the water quality
guidelines of 4 mg/L, for the protection of aesthetic and contact recreation (DaviesColley and Wilcock, 2004), except for the Ross Ck tributary and Norwood St along the
Lindsay’s Ck tributary (4.49 mg/L and 6.48 mg/L respectively), with 56% and 100%
exceedances of guideline value throughout the sampling period (Table 4.1 and Figure
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4.1). It was likely that land use type exerts an important influence on sediment export at
these two sites.
At Ross Ck, high TSS could be a natural characteristic, resulting from the
decomposition of vegetation and organic inputs, such as leaf litter from the
predominantly forested catchment. Soil erosion or instability triggered by grazing
animals or machinery activities carried out upstream of the Norwood St site, or unstable
banks in the pasture land, could potentially contribute sediment in the stream. It was
widely reported that these are the important sources of sediment in pasture streams (e.g.
Taylor et al., 2008; Wilcock, 2008; Parkyn and Wilcock, 2004), delivered by surface
runoff. Previous rainfall may potentially add eroded soils into the stream, and during the
monitoring period, TSS is more likely to derive from the re-suspension of these
sediments. Soil erosion within stream channel could also play an important role in TSS
concentration (Taylor et al., 2008). As the streams at Ross Ck and Norwood St have
natural channel banks, they are capable of supplying significant volumes of bank and
bed materials (Caruso and Downs, 2007; Taylor et al., 2008). Soil particles from
channel bank and bed could be detached and redistributed within the channel by surface
water (Taylor et al., 2008).
The implication of sediment to the environment may only be localized within these two
sites. It can be seen that the median and specific yield of TSS decreased downstream,
for example, from 4.49 mg/L and 7.69 t/a/km2 respectively at Ross Ck to 2.44 mg/L and
2.30 t/a/km2 respectively at St David, which is located at the confluence of the Leith
River and Lindsay’s Ck (Table 4.1). Sediment from upstream sites may be deposited
before reaching the downstream area, due to the decreasing gradient of the Leith River
as it approaches the coastal zone (Caruso and Downs, 2007), or sediment could be
dispersed by the greater flow at the downstream water (Davie, 2002). It is less likely
that there is a potential source of sediment at the lower streams, at least during baseflow
condition. Many middle- and low-catchment streams of the Leith River and Lindsay’s
Ck have been subjected to significant local modifications where they were given
structural protection including bed and bank revetments of stone or concrete (Caruso
and Downs, 2007; Goldsmith et al., 2005), hence reducing any potential sediment
sources through bank and bed erosion.
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Compared to other studies, the median TSS concentration at Ross Ck and Norwood St is
higher than the forested and pasture streams observed by Quinn and Stroud (2002), but
the specific yield of TSS contributed by Ross Ck and Norwood St subcatchments is
considerably lower (Table 5.1). Differences between the specific yield of TSS could be
attributed by the longer period of observation conducted by Quinn and Stroud (2002),
where the annual pattern was affected by the considerable variation in seasonal flow and
exports. Quinn and Stroud (2002) found that the specific flow and exports of
contaminants including TSS were greatest in winter and least in summer. In contrast,
the specific yield of TSS for the current study was estimated specifically during
baseflow condition over the winter.
Table 5.1 Comparison between studies, showing the median TSS and specific yield of TSS. Median
TSS at Ross Ck and Norwood St is higher compared to the forested and agricultural streams
observed by Quinn and Stroud (2002). The specific yield of TSS for both sites is significantly lower
due to lower flow rate observed during the monitoring period.

Predominant
land use
Forestry

Agricultural

Authors
Current study
Quinn and
Stroud (2002)
Current study
Quinn and
Stroud (2002)

Site
Ross Ck

Area of
catchment (km2)
2.41

TSS
TSS
(mg/L) (t/a/km2)
4.49
7.69

Native (N2)

3.00

2.90

*32.00

Norwood St

5.40

6.48

2.01

Pasture (P3)

2.59

6.20

*98.80

*Original value was converted in terms of t/a/km2

When monitored sites were pooled according to their predominant land use, there is no
statistical difference of median TSS between the forested, agricultural and urban
streams (Table 4.7). The similarities of median TSS between the three classes were
unexpected. Compared to forested catchment, urban and agricultural catchments have
more potential sources of TSS, which could lead to excessive contribution of TSS in
adjacent surface water. Urban sources of TSS, such as road dust from traffic activities
(e.g. Kennedy, 2003; Ermens, 2007), and agricultural sources such as soil erosion by
grazing animals, machinery and tillage systems (e.g. Taylor et al., 2008; Wilcock, 2008;
Parkyn and Wilcock, 2004), led to the expectation that TSS in modified streams to be
higher than that in the predominantly forested streams.
There are several possible explanations for the observed similarity of TSS between the
modified and natural streams. First, the low concentration of TSS in the predominantly
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urban and agricultural streams is mainly due to the lack of surface runoff during
baseflow monitoring, which could otherwise transport contaminants that were
accumulated in the catchment, into the adjacent stream. Second, the TSS concentration
could be offset within similar land use class. For instance, TSS could be high in one
agricultural site (e.g. Norwood St), but not on the other site with similar land use (e.g.
Poulters Rd), potentially due to varying agricultural and water management. This would
affect the overall TSS concentration and as a consequence, differences in TSS
concentration between different land uses are less apparent.
5.1.2 Nitrogen
The findings showed spatial variability in median TN, NNN and NH4-N between
monitored sites along the Leith River and Lindsay’s Ck (Table 4.2 and Figure 4.2). In
general, the streams at sites within modified land uses have greater median TN, NNN
and NH4-N compared to those at sites that are dominated by forestry, and the difference
between land uses were verified statistically (Table 4.7 and Figure 4.7b and c). This
indicates that land use does impart an influence on the concentration of the different
forms of nitrogen in the Leith River and Lindsay’s Ck. Streams at sites within
agricultural and urban land uses have a higher proportion of dissolved inorganic
nitrogen (> 62% of the TN), than those within forested area (< 40% of the TN),
indicating that forested streams have a high proportion of organic nitrogen (Table 4.2).
This suggests that there are different sources of nitrogen between modified and natural
land uses, which may impart different effects on stream water quality, for example
nitrogen in the dissolved inorganic form may be more readily available for nuisance
plant growth than when it is in the organic form. Figure 5.1 illustrates the spatial
variability in nitrogen and the potential anthropogenic sources at the Leith catchment.
The forested streams, specifically at Sullivan’s Dam and Nicols Ck have the lowest TN,
NNN and low NH4-N (Table 4.2). These two sites also have a low proportion of
dissolved inorganic nitrogen (NNN + NH4-N) (7% and 35% of the TN respectively).
The low DIN concentration indicates that there is a high proportion of organic nitrogen
at Sullivan’s Dam and Nicols Ck. Sullivan’s Dam and Nicols Ck are both surrounded by
indigenous mixed podocarp forests, and there is lack of human activities carried out at
these areas, hence these sites likely represent the natural background levels of nitrogen
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for the Leith catchment. Organic nitrogen at these sites is likely derived through the
decomposition of soil organic matter of the surrounding forest, and minimum
concentrations of NNN and NH4-N could only be derived through natural sources, such
as atmospheric deposition, nitrogen fixation, as well as nitrogen loss through
assimilation of plant and biota. The median TN for Sullivan’s Dam and Nicols Ck (136
µg/L and 134 µg/L respectively) are lower than the native stream (site N2) (190 µg/L)
observed by Quinn and Stroud (2002). The median NH4-N between both studies is
comparable (range between 3 µg/L and 4.5 µg/L). Assuming that nitrite in this study is
nil, as it is generally considered that nitrite is an intermediary nitrogen product and
easily be converted to nitrate, the median NO3-N observed by Quinn and Stroud (2002)
is significantly higher (101 µg/L) than at Sullivan’s Dam and Nicols Ck (4.25 and 44.0
µg/L respectively) (Table 5.2).
Immediately downstream of Sullivan’s Dam, the stream at Poulters Rd, a predominant
agricultural subcatchment, has a significantly higher median TN and NNN (1114 µg/L
and 941 µg/L respectively). High median TN and NNN is also observed at Norwood St,
also a predominant agricultural subcatchment (2958 µg/L and 1937 µg/L respectively),
and both streams exceed the ANZECC guidelines for TN and NNN (614 µg/L and 444
µg/L respectively), with 100% of exceedances (Table 4.2). In contrast, the pasture
stream (site P3) observed by Quinn and Stroud (2002) has lower median TN and NO3-N
(541 µg/L and 364 µg/L respectively), but the specific yield of TN and NO3-N between
both studies is comparable (values between 0.92 t/a/km2 and 1.33 t/a/km2 for TN, and
between 0.44 t/a/km2 and 1.13 t/a/km2 for NO3-N). However, while there is little
variation in the median and specific yield of NH4-N between the stream at Poulters Rd
and pasture stream (site P3) (median = 3.13 µg/L and 11.0 µg/L respectively, and
specific yield = 0.004 t/a/km2 and 0.034 t/a/km2 respectively), the values at Norwood St
are significantly higher (481 µg/L and 0.15 t/a/km2 respectively) (Table 5.2). This
suggests that at, or upstream of, Norwood St could be potentially affected by other
sources of NH4-N beside agriculture.

103

Groundwater
seepage
and
runoff of animal manures and
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from
Ministry for the Environment
(2007a).
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(2010).
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Figure 5.1 Spatial variability in TN, NNN and NH4-N at the Leith catchment and the potential anthropogenic sources of the contaminants.
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The most common sources of dissolved inorganic nitrogen in agricultural areas within
New Zealand, are nitrogen-based fertilizers and animal manures, as well as natural
sources, such as mineralization of soil organic matter (e.g. Quinn and Stroud, 2002;
Cameron et al., 2002; Hatch et al., 2002; Carpenter et al., 1998), which could be
brought into surface water through leaching and surface runoff. Since the samples in
this study were observed during baseflow conditions, the streams at Poulters Rd and
Norwood St could be enriched in dissolved inorganic nitrogen as a result of nitrogen
leaching in groundwater (Quinn and Stroud, 2002; Larned et al., 2004), although, they
could also be released from the stream bed sediment through nitrification and
regeneration process (Peterson et al., 2001; Seitzinger, 1988).
When the monthly pattern of nitrogen concentration in the monitored sites was
investigated, a higher concentration of TN and NNN in most sites, including Poulters
Rd, was found in August, and lowest in May (Figure 4.3). This indicates that seasonal
factors impart an important role in nitrogen concentration. Firstly, depending on the
farm practices, accumulated nitrogen in soil, due to long-term fertilizer and manure
applications, could be easily leached during winter. This was always the case in New
Zealand agricultural land, where according to Cameron et al. (2002) and McLaren and
Cameron (1996), the rate of nitrogen leaching into the groundwater is greater during
winter, mainly due to the increase in soil moisture during this period. Secondly, there is
lower biological activity in nitrogen uptake during the winter season. Therefore, any
potential nitrogen leached from the groundwater could not be uptake by in-stream plants
(Quinn and Stroud, 2002), or, unless, there is proper farming management on the
catchment, any fertilizer application during this period could easily being leached.
However, there is currently limited information on farm management (e.g. fertilizer
application rates, stocking densities and riparian planting) across the Leith catchment to
test this proposition.
The Otago Regional Council (2008) reported a similar case, where slower biological
activity during the winter was the potential cause for the high concentration of TN in
July and August. Quinn and Stroud (2002) also found that nitrate was regulated by
seasonal factors. During the warmer season, groundwater sources of nitrate in surface
water was effectively removed by in-stream plants, due to the maximum in-stream plant
growth under warm condition, but during colder winter season, in-stream plant growth
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was minimal, hence nitrate was easily flushed into surface water (Quinn and Stroud,
2002). Ammonium would usually be retained in soil through cation exchange reactions
within the soil matrix (Stevenson and Wagner, 1970; Cameron et al., 2002), and this
could explain the low median NH4-N at Poulters Rd (3 µg/L), or that if ammonium was
released into the stream, the contaminant could be assimilated by plant or biota (Arango
et al., 2008), or transformed into nitrate through nitrification (Mulholland et al., 2004),
as indicated by the high amount of NNN in the stream.
However, seasonal factors alone, do not seems to explain the data in Norwood St
(Figure 4.3), where the concentration of TN and NNN remained high throughout the
sampling period, and the median NH4-N was significant compared to that in Poulters Rd
(Table 4.2). This could be attributed to other sources of nitrogen coming into Norwood
St, including landfill leachate, and residential sources. Pollutant discharges from
sources, such as landfill leachate, as well as domestic wastewater from the residential
area, tend to be continuous, with little variability over time (Carpenter et al., 1998).
Therefore, there is likelihood that these non-seasonal factors are the main causes for the
high concentration of NNN and NH4-N at Norwood St throughout the sampling period.
The abandoned Norwood St landfill at Forrester Park, situated upstream of the
monitored site (Goldsmith et al., 2005), could potentially leach ammonium and nitrate
into the surrounding area. The impact of local active landfill to the environment was
recently observed by North et al. (2004), and it was found that leachate samples from
the Green Island Landill and surface water samples of the Kaikorai Steams were
contaminated with NH4+. However, there is limited work that examines the impact of
abandoned landfill to the surface water quality in New Zealand. There are several
overseas studies that report a large amount of ammonium and nitrate leachate in
groundwater from an abandoned landfill, where these contaminants eventually
discharged to adjacent water bodies (e.g. D'Souza and Somashekar, 2012; Kjeldsen et
al., 1998). Kjeldsen et al. (1998) has made extensive studies on pollutant leachate from
active and closed landfills in Denmark. Despite that the Grindsted Landfill was closed
in 1977, Kjeldsen et al. (1998) found that leachate is still occurring from the landfill, but
with significant spatial variability in leachate concentrations around the landfill area.
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Similarly, D'Souza and Somashekar (2012) investigated the impact of leachate into
groundwater and surface water from an abandoned landfill, Karnataka Compost
Development Corporation in Bangalore city, India, which was in operation between
1975 and 2008. They found that the leachate samples have high concentration of NH4N, higher concentrations of NO3- and the presence of NH4-N in groundwater, and high
concentration of NO3- in the nearby Haralakunte Lake. However, they further concluded
that the deterioration of the groundwater and surface water quality was affected by the
combination of the landfill leachate and the mixing of sewage from the residential areas.
Direct comparison between the current study with that by D'Souza and Somashekar
(2012) is, however, not straightforward, since their observations are from a lake, rather
than a river. Assuming that nitrite in this study is nil, the values found by D'Souza and
Somashekar (2012) are approximately two times higher (NO3-N is approximately 4500
µg/L and 3200 µg/L at site KCP7 during pre- and post-monsoon) than that found in the
stream at Norwood St (1937 µg/L) (Table 5.2). Moreover, the water and land
management between both locations could also affect the comparison, such as the lack
of proper storm water management at the residential area near Haralakunte Lake, and
the haphazardly cropped up residential colonies (D'Souza and Somashekar, 2012), that
worsen the water quality. Nevertheless, these previous studies provide some evidences
on the implication of abandoned landfill to the groundwater, which then could affect the
surface water quality. Further investigation is needed to confirm nitrogen leachate from
the abandoned landfill at the Forrester Park into the surface water.
Besides agriculture, land use at the Norwood St site is also bordered by a residential
area (Goldsmith et al., 2005), and this is also relevant to Helensburgh (Figure 4.2). At
Helensburgh, the median TN and NNN are 2133 µg/L and 2002 µg/L respectively,
which exceed the ANZECC guidelines for TN and NNN (614 µg/L and 444 µg/L
respectively), with 100% of exceedances (Table 4.2). Similar to Norwood St, there is no
seasonal trend of TN and NNN at Helensburgh, hence point sources of nitrogen from
the surrounding residential area are suspected to be the potential contributor of nitrogen
(Carpenter et al., 1998), which may include seepage of sewage system or old septic
tanks, or cross connection of sewerage with stormwater pipes. Wastewater from
sewerage and septic tanks contains organic nitrogen, which could be converted into
nitrate through nitrification, and the contaminants might be able to escape into the
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observed streams through subsurface flow paths (Bernhardt et al., 2008). This was
reported by Caruso and Downs (2007) where leakage from sewage across the Leith
catchment was a potential reason for the high counts of faecal coliform, but the exact
location of the problem has not been identified. In Dunedin, the household wastewater
is pumped into a network of pressure sewage that takes it to the Tainui Wastewater
Treatment Plant. There is potential of wastewater escaping the network, especially the
older sewage systems as they are prone to developing cracks in pipes and joints, which
is often caused by tree roots or earth tremors (Ministry for the Environment, 2007a).
Old septic tanks within the residential area could also contribute to nitrogen leachate.
This was previously reported by Williamson (1985) and Hoare (1984) at a residential
catchment in Hamilton and Rotorua respectively. The baseflow survey of the water
quality observed by Williamson (1985) at seven sites within residential areas in
Hillcrest, Hamilton, showed higher median NO3-N (2780 µg/L) than that in
Helensburgh (2002 µg/L). The specific yield of NNN at Hillcrest, however, is lower
(0.532 t/a/km2) than Helensburgh (1.768 t/a/km2), presumably due to lower flow and
smaller catchment size (Table 5.2).
Cross connection of sewage pipe with stormwater system is another potential cause of
wastewater escaping into the streams. Although, it was reported that cross connection in
Dunedin, either by accidently or deliberately, have been mostly fixed over the past 25
years, intensive testing over the past four years by water and waste services, showed
wastewater contamination in stormwater, likely to be coming from sewage pipes (Otago
Daily Times, 2012). However, the implication of stormwater during the baseflow
monitoring could be minimal, due to the lack of surface runoff, unless there is water
flowing from residential or commercial compound into the stormwater drain. Other
residential sources of nitrogen include fertilizers from gardens and pet wastes
(Carpenter et al., 1998; Bernhardt et al., 2008; Ministry for the Environment, 2007b),
but nitrogen leaching from these sources could be very small (Bernhardt et al., 2008).
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Table 5.2 Comparison between studies, showing different land uses, median and specific yield of different forms of nitrogen.

Quinn and Stroud (2002)

Area of
Site
catchment
(km2)
Sullivan's Dam
1.14
Nicols Ck
1.52
Native (N2)
3.00
Poulters Rd
2.99
Norwood St
5.40
Pasture (P3)
2.59

Abandoned
landfill

D'Souza and Somashekar
(2012)

Haralakunte
Lake (KCP7)

-

-

Residential
and
commercial

Current study
Williamson (1985)
Current study
Otago Regional Council
(2008)

Helensburgh
Hillcrest
Craigleith St

0.43
1.12
10.70

2133.0
3740.0
1090.0

4.3
44.0
101.0
941.0
1937.0
364.0
*4500.0
and
3200.0
2002.0
2780.0
882.0

Craigleith St

10.70

850.0

632.0

Land use

Forestry

Author
Current study
Quinn and Stroud (2002)

Agricultural

Current study

Specific yield (t/a/km2)

Median (µg/L)
TN

NNN

NH4-N

TN

NNN

NH4-N

136.0
133.7
190.0
1114.0
2958.0
541.0

4.5
3.0
3.1
3.1
481.8
11.0

0.207
1.334
0.920
1.000

*0.055
1.127
0.602
*0.437

*0.012
0.004
0.150
*0.034

-

-

-

-

7.0
123.0
13.1

1.883
0.606

1.768
**0.532
0.490

0.006
**0.013
0.007

20.0

-

-

-

*Original values were converted into comparable units
**Calculated based on average NO3-N and NH4-N concentration and flow of the observed sites
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On the other hand, downstream of Norwood St, the streams at Bonnington St, Craigleith
St and St David, have lower median TN, NNN and NH4-N, but still exceed the relevant
ANZECC guidelines, except for NH4-N at Craigleith St (Table 4.2). In contrast to the
2007-2008 monitoring conducted by the Otago Regional Council (2008), the median
values of TN and NNN at Craigleith St were lower (850 µg/L and 632 µg/L) compared
to the current study (1090 µg/L and 882 µg/L) (Table 5.2), though the difference is not
substantial. Nevertheless, comparison between previous study and the recent finding
suggests that the nitrogen concentration within the area is constantly high with no
significant changes between the observed years.
Unlike Helensburgh, it can be seen that there is a seasonal pattern of TN and NNN at
Bonnington St, Craigleith St and St David (Figure 4.3), despite the urban-character of
the subcatchments, but no clear monthly pattern of NH4-N can be seen at these sites.
There could be fewer sources such as leakage of sewage pipes around these areas, but
received most of the contaminants from upstream. This was reported elsewhere in New
Zealand, such as in Auckland, where the water quality of most of the urban streams
monitored in the regional programme were degraded by cumulative impacts from
upstream rural land use, rather than associated purely with urban inputs (Mills and
Williamson, 2008). In August, there is higher TN and NNN concentration in the streams
at Bonnington St, Craigleith St and St David compared to other months, indicating
lower biological activity of in-stream plants in nitrogen uptake during the winter season.
It is likely that some of the NNN and NH4-N coming from upstream modified areas
were naturally lost in the environment, as the contaminants travel downstream. There
are a number of processes that could remove nitrate and ammonium from water;
including assimilation by plants and microbes, sorption to sediments, and
denitrification. Several studies on nitrogen mass balances in surface water have also
shown considerable nitrogen losses, and most of these studies indicate that
denitrification is the major cause of nitrogen depletion (e.g. Seitzinger, 1988; Bartkow
and Udy, 2004; Mulholland et al., 2004). Factors that influence denitrification include
the supply of nitrate and organic matter, oxygen concentration and temperature
(Seitzinger, 1988).
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The input of organic matter in waters derived from animal manures at agricultural areas
(Poulters Rd and Norwood St) and wastewater from residential areas (Helensburgh and
Norwood St) could cause a depletion of oxygen, as a result of biological activity during
mineralization

(Seitzinger,

1988).

Therefore,

under

low

oxygen

condition,

denitrification occurred leading to the loss of nitrate into gaseous form such as N2 or
N2O. Likewise, whenever there is an abundant of ammonium in water, nitrification
process is saturated, leading to volatile loss of nitrogen gas. Arango et al. (2008)
investigated the land use influence on saturation of nitrification, and a strong
relationship was found between the modified land uses (agricultural and urban streams)
and saturation of biological demand via nitrification. The monthly pattern of TN, NNN
and NH4-N shows that the median of the contaminants for most sites (except Norwood
St and Helensburgh) is lowest in May (Figure 4.3), indicating that the nitrogen loss
through denitrification is highest in this month. This was reported by McLaren and
Cameron (1996), where denitrification rates is highest in late autumn, potentially due to
the warmer temperature, compared to winter, as the cold temperature inhibits the
activity of denitrifying bacteria. Moreover, dilution of contaminants could happen as
they travel downstream. This was indicated by the lower electrical conductivity (EC) of
downstream water, such as 143.2 µS/cm at Woodhaugh compared to the EC at
Helensburgh, 160.8 µS/cm, and 165.1 µS/cm at Bonnington St compared to Norwood
St, 226.0 µS/cm. This could be attributed to the greater flow at the downstream water
and lower contaminant sources.
Compared to the previous study by the Otago Regional Council (2008), who found that
TN and NNN concentrations increase with distance from the head waters of the Leith
catchment, this study has observed that the median TN, NNN and NH4-N decreased
downstream, especially from Poulters Rd and Helensburgh to Woodhaugh, and from
Norwood St to St David (Table 4.2 and Figure 4.2). The difference between findings
may be due to the variation in the number of sampling sites observed between studies.
The greater number of sampling sites included in the current study has managed to
identify more hotspots sites with high level of contaminants, which was not previously
investigated by the ORC.
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5.1.3 Heavy metals
The findings suggest that there is no major concern of heavy metals at the Leith
catchment, where most sites are below the relevant ANZECC guidelines, except for
total Cu and Zn at Helensburgh (Table 4.4, Figure 4.4 and 4.5). Although the ANZECC
guideline for Cu was not exceeded at Sullivan’s Dam, it is noteworthy that Sullivan’s
Dam has the highest dissolved Cu than the other sites, and Norwood St has a
significantly higher Fe and Mn. Lead and Cd are mostly available in very low
concentration in all sites, and there is no distinct monthly pattern of heavy metals
observed in the finding (Figure 4.6).
At the predominant urban catchment of Helensburgh, the median total Zn and Cu is 21.0
µg/L and 9.4 µg/L respectively, with 100% exceedances of the relevant ANZECC
guidelines (15.0 µg/L and 1.8 µg/L respectively). The median total Zn at Helensburgh is
lower but within the baseflow range observed by Herald (2003) at four catchments
representative of different urban and peri-urban land covers in Waitakere City (between
7 µg/L and 110 µg/L) and lower than those observed by Characklis and Wiesner (1997)
from four urban sites at Brays Bayou, Houston (between 60 µg/L and 140 µg/L) (Table
5.3). Copper, however, was not considered in these studies. It was observed that most of
the Cu is in the particulate form, while there is an approximately equal proportion of
particulate and dissolved Zn. As there was no correlation observed between particulate
Cu and Zn, and TSS (Spearman’s rho = 0.14 and 0.49 respectively), it was suspected
that these metals were mainly within the macro-colloidal form (Characklis and Wiesner,
1997), which have sized between the dissolved and suspended particulate form, or they
were adsorbed by organic matter, which exists as discrete particles and not as coatings
on sediment grains (Bibby and Webster-Brown, 2005).
Due to the proximity of the Helensburgh site to main roads, particularly Helensburgh
Rd and Taieri Rd, there is a potential that particulate Zn and Cu are derived from dry
atmospheric deposition of vehicular sources. The wear and tear of brake lining and tyres
often released Cu and Zn to the environment (Kennedy, 2003; Mills and Williamson,
2008; Novotny, 1995; Gobel et al., 2007), and these vehicular sources often contribute
metals in the particulate form (Gobel et al., 2007). Despite that the source of Zn was
not examined in depth, Characklis and Wiesner (1997) also suggested that Zn at the
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urban Brays Bayou catchment was derived from the wear of tyre. The extent of metal
contamination is determined by the intensity of traffic activities (Kennedy et al., 2002;
Novotny, 1995). Kennedy et al. (2002) found a direct correlation of contaminants with
the number of motor vehicles, however, the correlation depends on certain condition.
For instance, the release of Zn from tyres will be influenced by the
acceleration/deceleration patterns, and Cu derived from brake pad wear will be
influenced by the nature of the vehicle braking cycle such as degree of congestion and
presence of intersections (Kennedy et al., 2002).
Although details on the number of vehicle are unavailable, as the main roads are hilly
and located near the Wakari School compound, there would be frequent acceleration
and deceleration of vehicle around this area and it is expected that traffic congestion at
Helensburgh could be heavy during peak hours. Therefore, the particulates Cu and Zn
from these vehicles activities would be emitted to the atmosphere, which could then
deposited directly into the nearby stream at Helensburgh, or deposited close to the
stream but re-suspended by wind and brought into the water (Kennedy, 2003; Gobel et
al., 2007).
Non-vehicle sources including corrosion of galvanized roofs, pipes and garages within
the residential areas are also potential contributors of Cu and Zn (Mills and Williamson,
2008; Novotny, 1995; Gobel et al., 2007). As the stream flows through the residential
properties, metal from these sources could easily be dispersed into the water. This was
observed by Herald (2003) at the low to medium density housing of Tangutu catchment,
where the elevated Zn was mainly attributed to poor state galvanized roofs, garages and
fences. The presence of rust from these materials suggests that the galvanized coating
was contaminating the local environment.
Sullivan’s Dam has the highest dissolved Cu (0.94 µg/L) than other sites, but within the
ANZECC guideline (1.80 µg/L). Corrosion of metal pipes within the dam could
potentially contribute Cu in the water. The Sullivan’s Dam was completed in 1916, and
has been used in the past as part of water supply for Dunedin City, but is currently not
in use. Unless the dam is properly maintained, Cu could be derived from the corrosion
of old piping or concrete material such as reinforcement. Norwood St has higher total
and dissolved Fe (875 µg/L and 252 µg/L) and Mn (46.5 µg/L and 22.0 µg/L) compared
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to other sites (Table 4.4). There is a high percentage of particulate Fe and an equal
proportion of particulate and dissolved Mn in Norwood St. Iron and Mn from
agricultural land are rarely reported in New Zealand, making comparison between
studies difficult. However, when compared to overseas study, the median dissolved Fe
at Norwood St is higher than those found by Miller et al. (2003) at the agricultural
catchments in Chesapeake Bay Basin, United States (between 84.0 µg/L and 150 µg/L)
but the specific yield of dissolved Fe between the studies is comparable. Median and
specific yield of dissolved Mn at Norwood St is lower than those found by Miller et al.
(2003) (between 144 µg/L and 42.0 µg/L, and between 0.022 t/a/km2 and 0.054 t/a/km2
respectively) (Table 5.3). Total metals were not observed in the study, instead,
particulate metals were reported. Similar to the current study, Miller et al. (2003) found
that Fe was mainly in the particulate form while an approximately one-quarter to onehalf of the Mn was transported in the dissolved form.
Iron and Mn are abundant elements in the earth’s crust (Mosley and Peake, 2001;
ANZECC and ARMCANZ, 2000b; Miller et al., 2003), and are commonly present in a
number of different types of soil minerals. High levels of Fe and Mn in Norwood St is
not surprising, considering the land use activity at the subcatchment. Slumping of soil
and soil erosion due to grazing animals or machinery activities could easily transferred
Fe and Mn into the stream, and subsequent redistribution of this material was expected
through suspension in water channel. In Section 5.1.1, it was observed that there is high
TSS concentration in Norwood St. Further analyses found that there is a high correlation
between particulate Fe and TSS in this subcatchment (Spearman’s rho=0.60),
confirming soil particles as the major contributor of Fe. However, there is no correlation
of TSS and Mn, and this could be partly due to the presence of high proportion of
dissolved Mn. It was reported that Mn is usually present in the particulate form similar
to Fe (ANZECC and ARMCANZ, 2000b), but this does not seems to be the case in
Norwood St. ANZECC and ARMCANZ (2000b) further described that Mn could
persist in the dissolved form at low dissolved oxygen. As Norwood St receives various
anthropogenic inputs (i.e. organic matter from manures and wastewater from sewerage),
it is possible that depletion of dissolved oxygen could occur periodically, leading to
dissociation of Mn from soil particles.
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When the mass load of heavy metals was determined, the stream at St David followed
by Woodhaugh contributes the highest mass load, in part due to their high rates of water
flow (Table 4.6). Nevertheless, as expected, the Helensburgh subcatchment contributes
the highest specific yield of Cu, Zn, and Pb, while Norwood St contributes the highest
specific yield of Mn (Table 4.6). The high specific yield of Fe contributed from Ross Ck
and Poulters Rd were however, unexpected. Although median total Fe at Ross Ck and
Poulters Rd (196 µg/L and 246 µg/L) are considerably lower than that at Norwood St,
the specific yield of total Fe from those two sites are higher than Norwood St. However,
due to the natural earth channel at Ross Ck, it is clearly that soil erosion is the major
contributor of Fe in the stream. This is further confirmed by the high TSS concentration
in the subcatchment (described in Section 5.1.1), and the positive correlation between
TSS and Fe (Spearman’s rho= 0.61). The total and dissolved Fe at Ross Ck is
comparable with the predominant forested Corbeira Stream in the province of A Coruna
(Galicia, NW Spain), observed by Rodriguez-Blanco et al. (2009) (Table 5.3). Similar
to Norwood St, Fe at Poulters Rd is likely to be derived from soil erosion due to gazing
animals.
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Table 5.3 Comparison between studies, showing different land use type, median and specific yield of heavy metals .

Specific yield (t/a/km2)

Median (µg/L)
Land use

Urban

Land use

Agricutural

Forested

Author

Site

Current study

Helensburgh

Herald (2003)

Waitakere
City

Characklis and
Wiesner (1997)

Brays Bayou

Author

Site

Area of
catchment
(km2)
0.4

Cu
(Total)

Cu
(Diss)

Zn
(Diss)

Zn (Total)

Cu
(Total)

Cu
(Diss)

Zn
(Total)

Zn
(Diss)

9.4

0.5

21.0

12.0

0.008

-

0.019

0.011

0.5 – 1.5

-

-

7.0 – 110.0

-

-

-

-

-

240.0

-

-

60.0 – 140.0

-

-

-

-

-

Area of
catchment
(km2)

Fe
(Total)

5.4

875.0

252.0

46.5

22.0

0.272

0.078

0.014

0.007

195.0

-

150.0

-

42.0

-

0.070

-

0.022

15.8

-

84.0

-

144.0

-

0.030

-

0.054

Fe
(Diss)

Mn (Total)

Mn
(Diss)

Fe
(Total)

Fe
(Diss)

Mn
(Total)

Mn
(Diss)

Current study

Norwood St

Miller et al.
(2003)

Nanticoke
River
Chesterville
Branch

Current study

Ross Ck

2.4

196.0

44.0

8.0

-

0.336

0.075

0.014

-

RodriguezBlanco et al.
(2009)

Corbeira
Stream

16.0

*213.0

54.7

*8.7

3.1

-

-

-

-

*Total metal was determined by adding the reported particulate and dissolved values
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It has been established that urban and agricultural activities are significant sources of
heavy metal contaminants in surface water (e.g. Paul and Meyer, 2008; Taboada-Castro
et al., 2002; Xue et al., 2000; Novotny, 1995), which led to the expectation that heavy
metals in stream within the urban and agricultural land use classes are higher than the
streams in the forested class. Vehicular activities, roads and roofs (Mills and
Williamson, 2008; Novotny, 1995) and, heavy metals added to livestock fodder
(Taboada-Castro et al., 2002; Xue et al., 2000) and fertilizer (Ekemen Keskin, 2010;
McLaren and Cameron, 1996) are among the potential urban and agricultural sources of
metals in modified catchment, which may end up in surface water by atmospheric
deposition, erosion, surface runoff and leaching through the groundwater. However,
based on this study, there was no statistical difference between the heavy metals of
different land uses (Table 4.8), although heavy metals were observed at specific sites as
discussed earlier. The findings indicate that any stream within modified land uses are
not necessarily adversely impacted by anthropogenic sources, during the dry period.
The metal sources from different sites may have different preference of pathways on
getting into adjacent stream. For instance, dry atmospheric deposition of metals may
sufficiently increase metal concentration in the stream at Helensburgh, but surface
runoff may be needed to transport metals from the impervious surfaces into other urban
streams. On the other hand, it is less likely that agricultural land at the Leith catchment
was impacted by heavy metals, as separate observation on the stream of each site has
not shown any significant metal concentration.
Implications to aquatic environment and future management
The findings on the spatial variability in key water quality indicators suggest that the
Leith River and the Lindsay’s Ck are not adversely impacted by TSS and heavy metals,
but that localized hotspots of degraded water quality occur at specific sites. The
Lindsay’s Ck, however, was enriched with dissolved inorganic nitrogen, but not
necessarily the Leith River. Nitrate-nitrite-nitrogen at the Leith River was only
significant at specific sites. Streams at Poulters Rd (high TN, NNN and Fe),
Helensburgh (high TN, NNN, Cu and Zn) and Ross Ck (high TSS and Fe) are among
the polluted hotspots in the Leith River. Norwood St (high TN, NNN, NH4-N, TSS and
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Fe) at the Lindsay’s Ck was deemed to be the most polluted, followed by the
downstream sites (high TN, NNN and NH4-N).
Overall, the Helensburgh subcatchment has generated the highest specific yield of
NNN, followed by Poulters Rd subcatchment, while Norwood St subcatchment
contribute the highest specific yield of NH4-N. There are potential risks of
eutrophication at these areas, specifically during baseflow conditions, but this depends
on the duration of low flow. Caruso (2001) has observed algal blooms in several rivers
such as at the Shag River and Kakanui River in Otago, during low flow periods, but
they had been removed during the winter period during high flow events. During high
flow events in winter, excessive algae and sediment were scoured by increased current
velocities (Caruso, 2001). Re-establishing of algal growths, however, was visible by
spring in many of the observed rivers as the rivers were again at relatively low flows or
they had not had any recent high flow events (Caruso, 2001). Provided that the nitrogen
sources are still persistent in Poulters Rd, Helensburgh and Norwood St, it was
suspected that there is a potential of excessive aquatic plant growth, including algae and
cyanobacteria during low flow conditions during warmer seasons. There is also a
potential of cumulative impact on the downstream water, particularly at Lindsay’s Ck
and St David, in spite of the decreased nitrogen concentration.
Besides nitrogen concentration and flow conditions, there are other factors that could
influence algal growth, including light, water temperature (Caruso, 2001; Dale et al.,
2006) and other nutrient concentration such as phosphorus (ANZECC and ARMCANZ,
2000b). Algae tend to proliferate on streams with little shade and high temperatures, but
different species of algae have different temperature tolerances within which it can
survive, and a range within this of low to optimal growth (Dale et al., 2006).
Phosphorus is another nutrient that restricts the extent of plant’s growth, where it is
needed for root and stem growth (Davie, 2002). Therefore, in the presence of all these
factors as well as abundant dissolved inorganic nitrogen at the impacted areas, aquatic
plant growth will increase dramatically.
High sediment levels at Ross Ck and Norwood St may affect fish feeding and
behaviour, and decrease the penetration of sunlight, which may impact the amount and
activity of biological life in the water (Davies-Colley and Wilcock, 2004; McLaren and
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Cameron, 1996). The reduced light penetration, however, may be a positive aspect to
reduce in-stream algal productivity at Norwood St, yet, other aquatic animals, such as
fish, may die because of sediment blocking their gills. The heavy metals Cu and Zn at
Helensburgh are mostly in particulate form, hence their impact, if any, will depend on
the bioavailability of particulate-bound metals to aquatic animals. Evidence suggests
that the free metal ion in the dissolved form is the most toxic as it is more bioavailable
than the particulate form (Mosley and Peake, 2001; Webster-Brown, 2005). The
accumulation of particulate metals, however, could be further subjected to
desorption/adsoption from and to particles, which subsequently release metals into
solution (Webster-Brown, 2005), but this depend on factors such as pH, TSS and metal
concentration (Cheng et al., 2009; Webster-Brown, 2005). Several algal species have
been reported to be sensitive to heavy metals (Paul and Meyer, 2008). Hence, the
availability of heavy metals may reduce the growth of algal species that may be
otherwise promoted due to high NNN levels at Helensburgh.
In New Zealand, there have been continuous regulative penalties for non-compliance in
the management of agricultural land to protect the water quality. Regional and local
councils have worked with farmers in promoting sustainable farming through best
management practices, including the construction of culverts and bridges, managing
stock levels and riparian management, as detailed by the Ministry for the Environment,
in the guidelines for managing New Zealand rural waterways (Ministry for the
Environment, 2008). While the extent of agricultural practices within the Leith
catchment are not explored, the short term finding of this study suggests that more
agricultural management, particularly at Poulters Rd and Norwood St subcatchments, is
needed, especially during winter season when biological uptake is lower and soil
moisture is higher.
Finding the exact location of faulty sewerage or septic tanks at the Leith catchment is
crucial. The persistent high concentration of nitrogen observed at Norwood St and
Helensburgh throughout the sampling period, indicate that these sites are hotspots of
wastewater contamination. Regional and local councils should focus their efforts in
inspecting the pipe condition of wastewater and stormwater, and septic tanks in the
residential areas at Norwood St and Helensburgh subcatchments. In order to confirm
wastewater contamination, the Lindsay’s Ck and Leith River at these specific sites
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should be tested for faecal indicator bacteria such as faecal coliforms or their main
constituent species, Escherichia coli (E.coli), which is the most commonly used
freshwater bacterial indicator (Davies-Colley and Wilcock, 2004).
The abandoned landfill at Forrester Park potentially affects the water quality of the
Lindsay’s Ck. Further work is required to confirm its potential implication, particularly
at the Norwood St subcatchment. Leachate samples from the landfill and water samples
from the Lindsay’s Ck could be analysed using isotopic ratios of carbon (C) and
nitrogen (N) such as that carried out by North et al. (2004). As landfill environments
produce a distinct C and N isotopic composition, this method was able to differentiate
between landfill leachate sources and other anthropogenic or natural sources (North et
al., 2004).
The Leith River at the Helensburgh subcatchment was found to be hotspot of Cu and Zn
contamination, and they may be derived as a result of traffic activities or poor condition
of building materials, but further investigation is required to confirm this. Street dust
should be analysed for metals and compared with that of water samples, similar to the
procedure carried out by other researchers such as Brown and Peake (2006) and Zhao et
al. (2010), and this could be done on fragments of building materials as well. The
findings would provide future reference for regional and local councils in developing
effective policies on traffic activities and building materials to improve water quality
and environmental health.

5.2 Temporal variability in water quality of Leith River during baseflow
and stormflow
Water quality indicators of water samples collected at the Leith Central, an urbandominated subcatchment, during four typical sub-annual rainfall events were compared
against the background concentration of baseflow samples. As expected, storm samples
showed an increase in TSS, TN, and total and dissolved heavy metals of Cu, Zn, Pb, Fe
and Mn, over baseflow samples, which indicates that storm runoff is capable of
mobilizing large quantities of contaminants from the urban environment into the Leith
River (Table 4.10 and 4.11). Increased contaminant concentration in urban surface
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water during high flow period has been observed elsewhere (e.g. Bibby and WebsterBrown, 2005; Characklis and Wiesner, 1997).
High suspended sediment observed during high flow events was mainly derived from
soil erosion, as well as from urban sources such as road dusts and roofs (Ermens, 2007;
Mosley and Peake, 2001). Urban sources of sediment accumulated during the
antecedent dry period, could be efficiently transported into stormwater system, which
then discharged into the Leith River. It was found that TSS concentration increases with
longer antecedent dry period (Olive and Rieger, 1985; Davis and McCuen, 2005) and
higher peak flow. Compared to the event on 5th June 2012 (one day of antecedent dry
period), the higher number of antecedent dry period prior to the event on 30th July 2012
(four days), allows more contaminants to accumulate, resulting in a significantly higher
TSS being delivered into the Leith River as storm progressed (Table 4.13). The greater
peak flow of the Leith River and longer antecedent dry period prior to the event on the
12th August 2012 (18.19 m3/s and two days respectively) also results in an increase in
TSS concentration (Table 4.13). During the events, particulate metals and nitrogen were
correlated with TSS concentration, which suggests that particles may be an important
transport agent of particulate-associated contaminants (Table 4.10 and 4.12).
The median concentration of NNN and dissolved inorganic nitrogen (DIN), however,
were lower than during baseflow condition, presumably due to dilution from rainwater
(Table 4.10). Median concentrations of NH4-N was very low at the Leith Central, hence
was less important to TN during the events (Table 4.10). The increase in TN, therefore,
is a result of an increased in the proportion of particulate/organic nitrogen during the
events. These findings were similar to that of Mosley and Peake (2001) and Williamson
(1985), who found that organic nitrogen became more significant than nitrate during
storm events. This is likely to be the result of runoff of organic nitrogen materials, such
as soils, plant material, and algae. The positive correlation between particulate/organic
nitrogen and TSS further verified that the contaminants were transported through
suspension with sediment particles during high flow conditions. There are various ways
for nitrogen to be associated with sediments, particularly due to the occlusion of
nitrogen to organic matter in sediments (Williamson, 1985), and fixation of nitrogen
within the soil biomass which became part of the soil humus complex (McLaren and
Cameron, 1996; Stevenson and Wagner, 1970).
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It should be noted that median NNN exceeds the ANZECC guidelines during both flow
conditions (Table 4.10). During baseflow, NNN at the Leith Central was potentially
derived from groundwater sources, presumably from leakage of sewage pipes or old
septic tanks within the adjacent residential areas, or from cumulative sources from
upstream rural areas (e.g. agricultural activities at Norwood St), and the contaminants
could be diluted with rainfall, reducing the NNN concentration during the events.
However, this was not always the case, as it can be seen that there was significant
variability in NNN concentration across the observed events (Table 4.13), and in some
instances, they were significantly higher than baseflow level, and this was also observed
for NH4-N. For instance, during the event on 30th July and 12th August 2012, the median
NNN was 603.5 µg/L and 513.0 µg/L respectively, whereas on 5th June and 11th June
2012, it was 490.0 µg/L and 416.6 µg/L respectively, and only the event on 30th July
2012 has high median NH4-N (49.5 µg/L) (Table 4.13). The variability in the
concentrations between events could be in part due to factors such as runoff intensity
and the availability of nitrogen sources for transport into the stream. Moderate peak
flow of the Leith River such as that observed on 5th July and 11th July 2012 (1.71 and
1.27 m3/s) may only cause dilution of NNN and NH4-N deriving from groundwater or
soil sources. On the other hand, the greater peak flow of event on the 12th August 2012
(18.19 m3/s), could trigger greater sources of NNN into the Leith River, presumably
from stormwater sources. The contaminant could also be imported into stormwater
system through the inadvertent or deliberate connections of sanitary sewage pipes with
stormwater system (Bernhardt et al., 2008; Mills and Williamson, 2008). Overflows of
combined sewage and stormwater system during peak flow may potentially discharge
untreated wastewater directly into the surface water (Bernhardt et al., 2008; Carpenter et
al., 1998). In order to confirm this, further work should examine the E.coli levels in this
catchment to assess the likelihood of faecal contamination.
Increases in heavy metals during the events was attributed to the wash-off of urban
metal sources, such as, roofs and vehicle parts. Copper, Zn and Pb are used as roof
covering, gutters and down pipes (Novotny, 1995; Gobel et al., 2007). These heavy
metals are released from the roof materials as corrosion products. Tyre abrasion releases
Zn and Pb, while Cu is often released from brake pad abrasion (Gobel et al., 2007; Mills
and Williamson, 2008). Metal sources from roof and road runoff, runs rapidly into
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adjacent stormwater drains, which could then discharged into the Leith River (Gobel et
al., 2007). Considering Fe and Mn are abundant elements in the earth crust, they are
potentially derived from soil erosion during the events. Additionally, urban sources of
Fe include corrosion of metallic iron materials (Mosley and Peake, 2001) as well as
abrasion of brake drums (Gobel et al., 2007). Most heavy metals were in the particulate
form, although there is an increased in dissolved Zn, Pb, Fe and Mn during stormflow
(Table 4.11). Heavy metals were expected to be associated with TSS through adsorption
by hydrous oxides, organic and clay particulates (Webster-Brown, 2005; Bradl et al.,
2005; Novotny, 1995; Lu and Allen, 2001; Bibby and Webster-Brown, 2005). However,
only Pb, Fe and Mn exhibit high correlation with TSS during the observed events (Table
4.12). This has been reported by Webster-Brown (2005) and Bibby and Webster-Brown
(2005) for heavy metals in surface water sediment, where different metals have varying
degree of affinity with suspended sediments, with Cu and Zn have lower degree of
association with TSS compared to Pb, Fe and Mn. When rainwater reaches the ground,
some metals may became dissociated and go into solution, while other remain adsorbed
with particles, and transported as particulate-bound metal (Gobel et al., 2007). This
presumably caused dissolved metals to increase during the events. Moreover, desorption
of metals from the particulates could happen as pH of surface water decreases,
(Webster-Brown, 2005; Novotny, 1995), and this was observed during most events,
which may be attributed to the decrease in the quantity of adsorption sites caused by
interparticle interactions with hydrogen ions (Lu and Allen, 2001; Shi et al., 1998).
Only median total Cu and Zn during the observed events exceed the ANZECC
guidelines (Table 4.11). However, it has been widely reported that it is the free metal
ion that determines a metal’s bioavalailability rather than the total concentration
(e.g.Webster-Brown, 2005; Novotny, 1995; Mosley and Peake, 2001). As most of the
metal concentrations observed in the present study occurred in the particulate fraction,
these metals would not have detrimental impacts on the aquatic ecosystems as the total
concentrations may suggest. It is important to note that based on this analysis, there is
high variability in the metal concentration across the observed storm events (Table
4.13), with higher flow particularly on the 12th August 2012 and greater number of
antecedent period of event on 30th July 2012 tend to deliver greater total metals into the
Leith River. Thus, similar to TSS and nitrogen in water, variation in metal concentration
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could be affected by the variability in runoff intensity and availability of metals for
transport into water.
Mobilization of key water quality indicators
Water quality data from the storm progression sampling on the 5th June 2012 provided
additional evidence on mobilization trends of contaminants during high flow, which
may not be captured by a simple characterization by medians. Hydrographs and
hysteresis loops were used to interpret the response of contaminant concentration to
flow through time. There are three distinct patterns of mobilization exhibited by the
different water quality indicators (Table 4.16, Figure 4.11 and 4.12). The contaminant
either, leads peak flow (C2 type hysteresis), or, exhibits both lead and lag response to
flow (showing both C2 and A3 type hysteresis), or, lag behind peak flow (A3 type
hysteresis).
Total suspended sediments, and total and dissolved metals (except for dissolved Fe)
showed a steady increase in concentration as the event commenced, and reached several
peaks that preceded peak flow (Figure 4.11b-g). During this period, TSS exceeds the
water quality guidelines in use in New Zealand for the protection of aesthetic and
contact recreation (Davies-Colley and Wilcock, 2004), and total Cu and Zn exceed the
ANZECC guidelines for the protection of the ecological health of aquatic ecosystem
(Figure 4.11b, c and d respectively). Even though Pb rose significantly during this
period, the metal was still within the ANZECC guideline (Figure 4.11e). This feature is
often described as the first flush effect, and is common in stormflow studies (e.g. Davis
and McCuen, 2005; Mosley and Peake, 2001; Williamson, 1985). The first flush effect
was indicated by Davis and McCuen (2005) as an initial high level of contaminants that
is carried in the initial flow of the runoff.
The source of the contaminants could be further ascertained through the pattern of the
hysteresis loops, where in this situation, the contaminants exhibit the C2 type hysteresis
with positive clockwise loops (e.g. Figure 4.12c and d). Evans and Davies (1998) has
characterized C2 type hysteresis as that where contaminant concentration in surface
event is greater than groundwater and soil water sources. Therefore, TSS and heavy
metals were mainly derived from surface runoff, where, at the onset of the event, runoff
124

processes would entrain the contaminants that were accumulated during the antecedent
dry period, and transported them into the channel. The supply of the contaminants from
the catchment, would eventually become so exhausted that the amount of TSS and
heavy metals introduced by runoff process were much reduced (Wood, 1977), and this
was where TSS and heavy metals declined gradually on the recession limb of the
hydrograph (Figure 4.11b-g).
However, some of the metals, particularly total Zn and Fe, dissolved Cu, Pb and Mn,
fluctuated and reached several subsequent peaks but with lower intensity than the initial
peaks towards the end of the event, and this was exhibited by the reversed hysteresis
pattern (A3 type model), not long after peak flow (e.g. Figure 4.12e and f).
Consequently, these metals have initial C2 type hysteresis, followed with A3 type
hysteresis towards the end of the event. The A3 type model represents the domination of
groundwater and soil water sources of contaminant compared to the surface event water
(Evans and Davies, 1998). As surface event sources of heavy metals were exhausted,
contaminants were perhaps derived mainly from erosion of river bed and bank, and their
concentration reflects groundwater and soil water processes.
During the storm event, it was further observed that heavy metals have a different
pattern of partitioning between the dissolved and particulate form, hence could affect
metal toxicity. Most of the heavy metals were in the particulate form during the initial
period of the event, following closely with TSS (Figure 4.11c-g). Thus, the first flush
effect contributes high particulate metals. It should be noted that only total Cu and Zn
during initial period of the event, exceed the ANZECC guidelines, which mainly
dominated by particulate Cu and Zn (Figure 4.11c and d respectively). Nevertheless,
while particulate Pb and Fe correlate with TSS, there is a weak correlation between
particulate Cu and Zn (Table 4.14). This was consistent with the earlier storm data
observed for the four storm events. It was suspected that Pb and Fe have higher affinity
with TSS due to adsorption of Fe-oxide, as exhibited by the strong correlation between
particulate Pb and Fe (Table 4.15). Copper and Zn would be most likely in the macrocolloidal fraction or affected by organic matter which exists as discrete particles and not
as coatings on sediment grains (Bibby and Webster-Brown, 2005). The concentration of
total and dissolved Mn were low, hence it is not surprising that they do not have
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correlation with TSS and other metals (Table 4.14 and 4.15). Therefore, it could be
deduced that Mn-oxide has lesser control on metal adsorption on particles in this study.
Dissolved metals dominate the total metals towards the end of the event (Figure 4.11cg), mainly in part due to exhaustion of particulate metal sources during first flush effect
as described earlier, and also presumably as a result of desorption of metals from
particles into the dissolved form as pH decreased from 8.02 to 7.57 towards the end of
the event (Figure 4.11a). Nevertheless, dissolved metals are low and within the
ANZECC guidelines. Decreased pH was believed to be caused by lowered buffering
capacity of the Leith River during the event. The buffer capacity of a river is usually
due to the presence of bicarbonate ions, contributed to the system mainly from the
weathering of rocks and soils (Stumm and Morgan, 1996). Protons, which cause the
lowering of pH, could be neutralized by the bicarbonate ions (Stumm and Morgan,
1996). However, during the rainfall event, there was little opportunity for weathering
reactions to occur, hence limiting bicarbonate ions to consume protons contributed from
rainwater, resulting pH to decline throughout the event. The finding was consistent with
the result of Mosley and Peake (2001), who found a declined in pH during storm event,
which eventually caused the dissociation of metals from the particles.
In contrast, TN, NNN, dissolved Fe and EC, decreased during the initial period of the
event and then gradually increased in concentrations leading peak flow, and stabilized
during the recession period (Figure 4.11h, f and a respectively), producing negative
anticlockwise hysteresis loops, A3 type model (e.g. Figure 4.12a and b). The hysteresis
pattern indicates that NNN and dissolved Fe were derived mainly from groundwater or
soil water sources. As suggested earlier, leakage of sewage pipes could be a potential
groundwater nitrogen source into the Leith River. The initial decreased of the
contaminants was presumably because of dilution, as suggested by the decreased in EC.
However, while NNN increased back to its pre-event concentration, and declined at the
end of the event, TN remained high. This is likely to be the result of increased in
organic forms of nitrogen from soil erosion during peak flow, and the possibility of
wastewater input from overflow of combined sewage and stormwater system.
Nevertheless, both TN and NNN exceed the ANZECC guidelines later during the event,
after the contaminants recovered from dilution effects.
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Implications to aquatic environment and future management
Runoff from the Leith catchment during rainfall events enriches the Leith River with
TSS, total Cu and Zn, and nitrogen. The impact of high levels of Cu and Zn on the
aquatic environment, will depend on the biological availability of these metals. As most
of the increases in Cu and Zn concentration observed in the study occurred in the
particulate form, these metals would not lead to toxicity as they are less bioavailable.
However, particulate metals may have implication on the receiving downstream
environment. Particulate metals and suspended sediments are likely to be transported
and deposited in sediments of receiving environments, such as the Otago Harbour. In
the harbour, the particulate Cu and Zn will further undergo processes such as
flocculation and settling (Webster et al., 2000; Kennedy, 2003), and metal desorption
from, or adsorption onto suspended sediment (Webster et al., 2000).
Upon mixing of freshwater and saline water, there would be a change in the charge
associated with fine particles that could leads to flocculation of aggregated fine
particles. As a result, there would be contaminant settling and build-up adjacent to
discharge points entering the harbour (Kennedy, 2003; Webster et al., 2000). Under
saline condition, metals may be leached from sediment surfaces, depending on the
metal’s affinity to sediment (Webster et al., 2000). In a study by Webster et al. (2000)
on metal behaviour under estuarine conditions, it was found that the degree of metal
leaching from sediment increased with salinity, particularly for Cu, whereas Pb is less
mobile and Zn fell between these two extremes. Zinc could be leached from sediment
into the dissolved form if pH conditions were lower than is typical for estuarine waters
(Webster et al., 2000). Therefore, since Cu and Zn observed in this study have lesser
affinity to sediment compared to other metals, it was suspected that these metals would
undergo similar processes to those found by Webster et al. (2000). Increases in the
dissolved Cu and Zn concentration at the Otago Harbour could potentially affect the
organisms residing there.
Increases in TN concentration during the event occurred in the particulate/organic
nitrogen and NNN. Accumulation of organic nitrogen could eventually lead to a
reduction in dissolved oxygen in water due to microbial oxidation (Goonetilleke et al.,
2005; Vant et al., 1998), and may also lead to subsequent release of dissolved inorganic
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nitrogen into the water column (Mosley and Peake, 2001). Increase in the dissolved
inorganic nitrogen would eventually promote nuisance plant growth at the Otago
harbour. This was observed by Vant et al. (1998) at the Manukau Harbour, where
dissolved nitrogen have been responsible for phytoplankton blooms, deriving from
wastewater discharge and agricultural runoff in the northern and southern region
respectively. Therefore, as heavy metals and nitrogen could experience changes in form
upon entering the harbour, the significance of studying event flow is that loads of these
contaminants delivered to the coast may be dramatically underestimated. For example,
the event load of particulate metals would be important in surface water, but would be
less significant in the marine environment as they were leached from sediments. Future
research on the Leith River and the estuarine environment would then need to be carried
out simultaneously to determine the potential implication of contaminants deriving from
the Leith River to the Otago Harbour.
The partitioning behaviour of metals and nitrogen into the particulate forms during
rainfall event, thus, may have important implications in the development of water
management strategies. Treatment measures for urban water quality are usually in the
form of ‘end-of-pipe’ treatment or ‘at source control’. The common management
technique of ‘end-of-pipe’ treatment dealing with particulate materials would be
detention basin (Mosley and Peake, 2001; Goonetilleke et al., 2005) or riparian
plantation/wetlands (Goonetilleke et al., 2005). However, the construction of detention
basin or wetland at the Leith River is less likely to be viable, due to the limited land
availability. At source control by treating surface runoff nearer to individual sources
(parking lots, etc.), such as permeable paving and stormwater bioretention, would be
more appropriate.
Permeable paving is commonly applied to parking lots and walking paths. This feature
consists of a pervious paving material such as porous asphalt or paving blocks, on the
top of a gravel-filled storage bed. The porous pavement allows rainfall to percolate
through the pavement into the ground, thus reducing the surface runoff volume and
contaminants (Cheng et al., 2009; Novotny, 2003). Bioretention is a terrestrial-based
(upland as opposed to wetland) features, that used chemical, biological and physical
properties of plants, microbes, and soils for removing pollutants from stormwater
runoff. Within the bioretention facility, a porous soil media is placed and covered with a
128

thin layer of standard hardwood mulch. Infiltrated water into the facility would be
collected in a perforated pipe and either fed to adjacent storm drain, discharged directly
to stream or to surrounding permeable soils to allow infiltration into ground (Cheng et
al., 2009; Novotny, 2003). Any structural measures to be adopted would require cost
and benefit evaluation to determine the most cost effective types of management that
could minimize the impact of surface runoff to the Leith River. Based on the assessment
on spatial pattern of water quality, it would be most beneficial to implement these
strategies at hotspot sites such as Helensburgh along the Leith River, and Norwood St
and its downstream sites along Lindsay’s Ck. The modified land use at these sites
potentially contribute higher amount of contaminants even during low flow condition,
hence contaminants would be easily transported downstream during storm event.
Nevertheless, it should be noted that NNN remained high, exceeding the ANZECC
guidelines, in spite the increased importance of organic nitrogen during the event, and
this was presumably derived from groundwater sources. Reduction of NNN
concentrations will be most effectively achieved by resolving any potential faulty
sewage and stormwater networks, and again, based on spatial analysis, hotspots of NNN
was found at Helensburgh and all sites at Lindsay’s Ck. Therefore, these are the areas
that require further inspection.

5.3 Implications of this study
The findings of this study are consistent with many of those of other regional (e.g.
Larned et al., 2004; Quinn and Stroud, 2002) and international studies (e.g. Paul and
Meyer, 2008; Anderson et al., 2007), where agriculture and urban land use were
identified as the leading sources of pollution at the Leith River and Lindsay’s Ck. This
assessment, however, has provided new findings on a local scale, specifically on the
Leith catchment, and thus may have important implications for local authorities in
managing the water resources of the Leith River and Lindsay’s Ck. Water quality
impairment of the Leith River was previously reported (e.g. Otago Regional Council,
2008; Caruso and Downs, 2007), but the sources of contaminants in the water were not
well explored. Based on this study, spatial analysis in key water quality indicators
across different sites and land uses at the Leith catchment has revealed spatial patterns
in water quality and there were hotspots of degraded water quality, which were
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previously not identified by those of limited studies on the Leith River. The spatial
analysis, hence, could be used to illuminate potential pollutant hotspots. Given this
information, local authorities could focus their efforts in locating and controlling the
sources of the contaminants based on the location of hotspots sites.
The findings on the spatial analysis illustrate that water quality degradation of the
Lindsay’s Ck in particular, was aggravated by cumulative impact from various sources
rather than specific sources, and this was mainly due to the multi-land use activities
occurred at the Leith catchment. In order to determine the specific flow paths of
contaminants from specific land use, spatial water quality data could perhaps
supplemented by other water quality assessment techniques such as a gridded
hydrological model. This model could be used to track the fate of contaminants in
surface water deriving from both point and nonpoint sources, and to simulate future
consequences of potential sources of contaminants (Williams et al., 2012; Xu et al.,
2010) to the Leith River and Lindsay’s Ck. Therefore, in a complex multi-land use
catchment similar to the Leith catchment, spatial analysis and water quality model could
be used to further understanding the role of land use has on water quality.
The implication of runoff and mobilization behaviour of contaminants during high flow
conditions, comprehended using hydrographic analysis, were widely studied nationally
(e.g. Williamson, 1985; Mosley and Peake, 2001) and internationally (e.g. Characklis
and Wiesner, 1997; Olive and Rieger, 1985), and the findings between those studies and
that found on the Leith River are consistent. However, hysteretic analysis was rarely
included in any New Zealand studies. By incorporating hysteretic analysis in water
quality studies, the sources of contaminants during storm event, either from surface
event flow or subsurface flow could be distinguished from the hysteresis loops (Evans
and Davies, 1998). Therefore, the assessment on the mobilization behaviour and sources
of contaminants comprehended using both hydrographic and hysteretic analyses have
provided new findings on a national and local scale. As observed in the study, runoff
does degrade the water quality of the Leith River, indicating the importance of storm
event to deliver contaminants (TSS, particulate metals and organic nitrogen) into the
Otago Harbour, and this was influenced by the number of antecedent dry period prior to
event as well as runoff intensity. The impact of contaminants deriving from the Leith
catchment to the harbour, however, has received inadequate attention. Continued
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evaluation of the fate of metals and other contaminants upon entering the harbour, are
important in efforts to devise practical and cost effective strategies for managing aquatic
environments both at the Leith River and Otago Harbour.
Assessment of whether the Leith River and Lindsay’s Ck are potentially impacted by
land use changes and high flow conditions was carried out by comparing the median
key water quality indicators against water quality guidelines in use in New Zealand.
However, the extent of the impacts decided based on the comparison may be over- or
underestimated, as the guidelines in current use are very broad-scaled. For instance, the
lowland river guidelines for nitrogen were derived from data from only three National
Rivers Water Quality Network (NRWQN) sites (Davies-Colley, 2000), and trigger
values for heavy metals have been derived using data from single-species toxicity tests
in clean water (ANZECC and ARMCANZ, 2000a). Because ecosystem types and water
quality vary widely across different undeveloped catchments in New Zealand
(corresponding to variation on climate, vegetation and lithology), the trigger values may
not be appropriate to every aquatic ecosystem (Larned et al., 2004; ANZECC and
ARMCANZ, 2000a). In some instances, adequate protection of the local environment
may require less or more stringent values compared to the established guidelines that
are based on average conditions from a broad range of undeveloped catchments.
Therefore, it is a clear need for regional and local authorities to identify local reference
sites at the Leith catchment, and to establish guideline trigger values based on local
reference data. There may be no sites that are truly pristine at the Leith catchment, but
reference sites could be chosen where minimal disturbance has occurred (ANZECC and
ARMCANZ, 2000a). Thus, long term spatial data on water quality may be useful in
determining those sites. The defined reference sites could then be used as a basis for
monitoring and assessing the impact of modified land use on the water quality of the
Leith River and Lindsay’s Ck, and provide a target for management actions to aim for.

5.4 Limitations of the study
Some of the challenges faced in this research are: land use group classification, lack of
specific information on land and water management practices, and analytical
techniques. The land use class was based on three broad land use categories, including
forestry, agriculture and urban. There are some complexities in using this strategy. First,
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they were generated from more detailed land use categories in the original land-use data
set by combining several similar land use types into one broad category. However,
assessing the implication of broad land use class on water quality has some limitation.
Different levels of land use that were categorized into one broad class might bring
mixed response to the water quality data. For instance, significant contaminant
concentration in highly urbanized subcatchment might offset the insignificant
contaminant concentration in less urbanized subcatchment, hence affecting the net
effect of urban land use on water quality.
Second, in order to categorize each site into either class, the predominant land use was
chosen based on the highest percentage of the different land use within the site’s
subcatchment. However, some of the monitored sites have mixed land use types, for
instance, Norwood St has an approximately 42% and 57% of its land use as forestry and
agricultural respectively. In order to simplify the categorization, the predominant land
use type of each site was then decided based on the local surroundings of the monitored
site. Moreover, some subcatchments in the study were located upstream/downstream of
each other, hence, contamination could potentially be derived as cumulative effects. The
St David subcatchment, for instance, located downstream of the confluence of
Lindsay’s Ck and Leith River, and encompasses the whole area of other subcatchments.
The subcatchment comprises of 49%, 35% and 16% of forestry, agricultural and urban
land use type respectively, but most of the forested and agricultural areas are located
upstream. Therefore, since the surrounding areas of the monitored stream at St David
are mostly dominated by urban, the St David subcatchment was categorized as urban.
However, there was a downside of the simplified categorization. Water quality in the
mixed land use catchment, say the St David subcatchment, represents the net effects of
urban, agricultural and forestry land uses, and including such catchment in the urban
class may reduce the differences between the urban and agricultural class, and between
urban and forestry class. Future work should develop a spatially gridded hydrological
model to determine flow paths and their length to ascertain the complex land use and
water quality inter-relationship in this catchment, but this is beyond the scope of the
current study.
The study has made an attempt to identify the potential sources of water quality
contaminant, based on the land use of the monitored sites. However, there is currently
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not enough spatially-explicit information on the Leith catchment, to confirm the
proposition. Information about farm and soil management, such as fertilizer application,
stocking densities and stock exclusion from the stream, is needed to link between the
water quality and the agricultural activities, but such details are beyond the scope of this
study. Likewise, the state of housing or building materials, the number of traffic
activities and the condition of sewage/stormwater network systems at the Leith
catchment is required to further verify the potential contaminant sources.
It has been established that suspended sediment has a major influence on the transport
of particulate-bound metal, but different metals have varying degree of affinity to
sediment, which may depend on the size of the particle. Therefore, it was the purpose of
the study to observe the correlation between TSS and particulate metals. However, there
is a limitation on the analytical technique, making observation difficult. Particulate
metals were determined by deducting the dissolved form, which was obtained by
filtering the water samples through a 0.4 µm cellulose acetate filter paper, from the total
fraction, hence it was expected that particulate metals have the size of greater than 0.4
µm. On the other hand, the TSS concentration in the study did not account any
particulate materials which have size between 0.4 µm and 1.5 µm, as the TSS in the
water samples were determined by filtration of samples through a pre-weighed 1.5 µm
glass fiber filters. As a consequence, even though the metals were in the particulate
form, they may not necessarily correlate with TSS, partly due the gap in observed
particles size.

5.5 Future research
This study has confirmed that modified land uses at particular sites at the Leith
catchment affect the water quality of the Leith River and Lindsay’s Ck and, that surface
runoff brought high contaminant concentration into the Leith River, and that TSS has
influence on other water quality indicators. However, there are several fields that need
further investigation and this could provide a basis for future research. Further
investigation will ideally consider:
 refinement of land use as a predictor on key water quality indicators, and the
extent of land and water management practices on the Leith catchment
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 influence of sediment particle size and organic matter on the partitioning
behaviour of other water quality indicators between the particulate and dissolved
form
 wider aspect of spatial and temporal monitoring of water quality of the Leith
River, and longer term study
Differences in water quality may be more apparent when broad classes are subdivided
by specific land uses. Instead of using broad land use class for comparison, perhaps
smaller specific land use or percentage of land use could be use as a predictor factor to
assess the spatial relationship between water quality and different land uses. A closer
observation on the land and water management practices within monitored sites at the
Leith catchment would be an advantage, as this can identify the exact sources of the
contaminant, and simultaneously guide any potential measures to be taken in order to
reduce the impact of these sources to the Leith River.
Wider range of sediment particle size should be included in order to fully understand the
potential of suspended sediment to adsorp other particulate-bound contaminants.
Besides sediment, organic matter also has a role in affecting the fate of particulatebound indicators in surface water, hence, it is important that organic matter is included
in any analysis concerning the partitioning behaviour of other water quality indicators
between the particulate and dissolved form. Spatial monitoring could be done during
high flow conditions, and this will further understanding on the impact of land use
changes at different sites on the water quality of the Leith River during high flow
conditions, and whether different sites need different measures to lessen the impact of
surface runoff to water quality. Temporal observation should include collecting storm
samples over the entire duration of storm event with varying rainfall intensity, to
observe weather the mobilization behaviour of key water quality indicators differs with
varying rainfall intensity, and finally, a longer term investigation on the water quality of
the Leith River should be implemented, in the order of months to years. This will reveal
time-driven effects such as seasonal variation, which may exert influence on surface
water and subsurface flow, and contaminant export. Knowledge on the implication of
seasonal factors on contaminant concentration would provide guidance for cost effective
measures for water and land management at the Leith catchment.
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6 Conclusions
The objective of this study was to investigate the role of different land uses and varying
flow conditions on the water quality of the Leith catchment and to investigate the
interrelationship between key water quality indicators. There are three main questions
addressed in the study: 1) Do the predominantly modified land uses associated with
agriculture and urbanization have implications on the water quality of the Leith River
and Lindsay’s Ck? 2) Do the contaminants concentration differ with different flow
conditions?, and 3) Does suspended sediment has influence on the partitioning of heavy
metals and nitrogen between the dissolved and particulate form?
1) Land use and water quality
The study found that the modified land uses associated with agriculture and
urbanization does impact the water quality of the Leith River and Lindsay’s Ck,
particularly dissolved inorganic nitrogen, but not necessarily TSS and heavy metals.
Therefore, the first hypothesis should be accepted. The findings on the spatial variability
in the median nitrogen concentration between monitored sites at the Leith catchment
indicate that Lindsay’s Ck was enriched with NNN and NH4-N, mainly due to
cumulative impacts from a range of potential sources, with Norwood St generally
having the most elevated concentrations of dissolved inorganic nitrogen. On the other
hand, the Leith River was only impacted by NNN at specific sites (Poulters Rd and
Helensburgh). Among all the impacted sites, Poulters Rd, Helensburgh and Norwood St
subcatchments contribute the highest specific yield of either NNN and NH4-N at the
Leith catchment. The accumulation of these contaminants in the Leith River and
Lindsay’s Ck can have negative impact on aquatic ecosystem by promoting nuisance
plant growths.
There were temporal differences in the TN and NNN concentration at the agriculturaldominated subcatchment of Poulters Rd, where high concentration was observed in
August and lowest in May. Accumulated nitrogen in soil, due to long-term fertilizer and
manure applications, could be easily leached during winter, presumably due to lower
biological uptake and higher soil moisture condition. Substantial effort on sustainable
farming should be considered at this subcatchment. The nutrients at Norwood St and
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Helensburgh, however, remained high throughout the sampling period. There is
likelihood that besides agriculture sources, Lindsay’s Ck at Norwood St was impacted
by nitrogen leachate from the abandoned landfill at Forrester Park. Future work should
investigate the potential risk of leachate from Forrester Park in more detail. Residential
sources such as discharge or seepage of domestic wastewater could also elevate
dissolved inorganic nitrogen at Norwood St, and this was particularly relevant to the
residential-dominated subcatchment of Helensburgh. Therefore, it was suggested that
regional and local authorities to focus their efforts in inspecting the pipe condition of
wastewater and stormwater, and septic tanks in the residential areas at Norwood St and
Helensburgh subcatchments. Future work should examine the E.coli levels in these
areas to assess the likelihood of faecal contamination.
The findings suggest that the there is no major concern of TSS and heavy metals in the
Leith catchment, where the contaminants above water quality guidelines were detected
at only a few sites. Elevated median TSS was observed at Ross Ck tributary of the Leith
River and Norwood St, but the Ross Ck subcatchment contributes the greatest specific
yield of TSS. These two sites were also found to have high specific yield of total and
dissolved Fe. High TSS in Ross Ck may derived from the decomposition of vegetation
from the surrounding forests, whereas, soil erosion and unstable banks in a pasture at
Norwood St, could potentially contribute to higher sediment. Both sites have natural
channel banks, hence soil erosion within the channel could also play an important role
in distributing TSS. Considering that Fe is mainly found in soil minerals, increase in Fe
concentration occurred simultaneously with increase in sediment at these sites. As TSS
concentration at Ross Ck only exceeds the water quality guideline occasionally, further
action is less significant at this time. However, TSS levels at Norwood St may be of
concern and mitigation measures like riparian planting or sustainable farming practices
such as excluding grazing animals from stream bank, should be considered.
High median and specific yield of total Cu and Zn at the Leith River in Helensburgh
may derived from vehicular sources and building materials in the residential area. The
metals were mainly in the particulate form, hence, could be less toxic to aquatic
environment. The metal concentrations, therefore, may not of significance to warrant
further action at this time.
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2) Impact of event flow
The findings regarding the second aspect of the study, indicate that there was a
considerable increase in the concentrations of TSS, TN, and total and dissolved heavy
metals of Cu, Zn, Pb, Fe and Mn in the Leith River during high flow conditions. Hence,
the second hypothesis should be accepted. Storm runoff mobilizes large quantities of
contaminants from the Leith catchment, and contaminant concentration increases with
higher peak flow and longer antecedent dry period. During event, different
contaminants mobilize at different times throughout the duration of the observed event.
On the onset of the event, first flush effect was apparent for TSS and total metals, where
they increase rapidly leading peak flow, and this was seems to be attributable to the
buildup of easily mobilized materials during antecedent dry periods, and the
concentrations fell during storm recession. Majority of the metals were in the particulate
form, but the storm sampling displayed that dissolved metals increased in proportion
towards the end of the event, presumably due to exhaustion of particulate metal sources
and desorption of metals from particles as pH decreases.
In contrast, TN and NNN tend to decrease initially, as a result of dilution, then increase
leading peak flow and stabilized during storm recession. The mobilization behaviour of
NNN indicates that groundwater sources are the dominant source of NNN. During high
flow conditions, NNN decreased in proportion although TN increased. This was
presumably due to increase in particulate/organic forms of nitrogen deriving from
organic materials, such as soils and plants, and as inputs of wastewater from overflow of
combined sewage and stormwater pipes. Particulate metals and nitrogen, and TSS may
be transported and deposited in sediments at the Otago Harbour. Accumulation of these
materials over a longer time period may lead to subsequent release of dissolved form of
metals and nitrogen, hence could potentially affects the organisms residing at the
harbour. Thus, potential load of heavy metals and nitrogen to the harbour may be
underestimated, and future work should consider the impact of flows on these
contaminants to the harbour.
Differences in the mobilization behaviour of contaminants during high flow conditions,
as observed during the temporal monitoring regime, could have broad consequences for
the planning of stormwater treatment systems. The results of this study support the
137

strategy of treating nearer to individual sources such as parking lots or roofing
materials, especially at hotspots sites such as that from the Lindsay’s Ck subcatchments.
Installation of permeable paving and bioretention facility would be beneficial to reduce
surface runoff volume and contaminants. Besides surface runoff treatment, further
efforts on resolving any cross connection of sewerage and stormwater system, as well as
faulty sewage network at the Leith catchment is crucial.
3) Interrelationship between key water quality indicators
The final aspect of the study looked at the interrelationship between particulate nitrogen
and heavy metals, and TSS, and it was found that there was correlation between
particulate nitrogen and heavy metals, and TSS during the spatial and temporal
monitoring regimes. Therefore, the third hypothesis should be accepted. There was,
however, variation in the intensity of the correlation between different water quality
indicators. High correlation between TSS and particulate/organic nitrogen, and between
TSS and particulate metals, was observed when the contaminants were simultaneously
in high concentration. Different metals, however, have different degree of affinity to
TSS, usually in the order of Fe > Pb > Mn. Particulate Zn and Cu were less correlated
with TSS, presumably due to the decrease in the quantity of adsorption sites caused by
interparticle interactions with other metals, or that these metals occurred in the macrocolloidal form, which was not represented within the TSS size observed in the study, or
that they may be adsorbed by discrete organic matter.
Overall, the assessments on spatial and temporal pattern of water quality of the Leith
River, has provided new findings on a local scale, specifically on the Leith catchment,
which may be useful for the management of water resources. This study could provide a
basis for future research. Besides spatial and temporal analyses, water quality model
such as the gridded hydrological model could be used to assist in managing water
quality issue. Long term data on spatial pattern of water quality is essential for setting
local reference sites at the Leith catchment.
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