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Abstract 

The potential contaminant load from stormwater runoff into Lake Wānaka is an emerging 

problem for the management of urban waters in the Queenstown Lakes District of New 

Zealand. This research combined a field-research approach, using a nested hydrographic 

sampling scheme and required periodic sampling throughout single rain events to capture the 

changing concentrations of contaminants during storm flows. Baseflow sampling occurred at 

least 72 hours after a storm event under fair and dry conditions, compared to stormflow 

sampling which proceeded when rainfall depths  exceeded 2.5 mm in a 24-hour period and 

were sampled within the first 30 minutes of storm discharge to obtain maximum 

concentrations of stormwater contaminants. Over the past 60 years there has been an 

exponential growth in impervious land cover in the Wanaka township, from 44.2 ha in 1956, 

to 384.4 ha by 2018. Imperviousness was significantly correlated to increased turbidity (p = 

0.024), suspended sediment (p = 0.024), and total phosphorus (p = 0.042). Contaminant 

concentrations varied considerably between stormwater sub-catchments in the Wanaka 

township, however, were consistent with national and international studies when comparing 

stormflow observations. As expected under baseflow conditions, contaminant concentrations 

were lower than those observed during stormflow, supporting that most of the contaminants 

associated with urban land uses were only mobilised during event flows. It was concluded 

that the first flush phenomenon in Wānaka was very sporadic in nature and that heavy metals 

and total nitrogen were quickly flushed through stormwater and peaked within the first hour 

of a rain event. Suspended sediment and turbidity on the other hand, usually peaked within 

the first hour, but also responded to increased rainfall intensity throughout an event. Both 

suspended sediment and turbidity were weakly related (0.2 > r < 0.3) to the maximum rain 

intensity of the storm (p < 0.03). Total nitrogen was related to mean rainfall intensity and the 

holding period (r = 0.55, p = 0.000), whereas nitrate was related to both mean and maximum 

event rainfall intensity (r = 0.51, p = 0.002). There was insufficient data to determine any 

relationships between storm characteristics and dissolved reactive phosphorus and E. coli. 

However, the metals Al, Fe, Cu, and Zn were all weakly related to holding period (0.24 > r < 

0.34, p < 0.05). Median contaminant concentrations were also consistently higher for 

stormwater drain sites (i.e., for suspended sediment, total nitrogen, total phosphorus, 

dissolved reactive phosphorus, and total recoverable aluminium and zinc) when compared to 

natural watercourses and/or tributaries, with the exclusion of the nitrate compound. At 

present, all nutrient, sediment, and E. coli storm water indicators are areas of concern to the 

nearshore discharge zones of Lake Wānaka and require specific interventions to be 

implemented by local and regional territories. National stormwater guidelines, for instance, 

need to be derived for urban land uses and also need to reference sensitive environments such 

as the pristine lakes located in the Otago Region. Community awareness, education, and 

engagement of local residents is also essential in alleviating the impacts of urban 

developments and stormwater discharges. 
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Chapter 1  

Introduction            

Impervious surfaces such as roads, roofs, drainage systems, and general modifications to the 

natural environment are major contributors to the physical degradation of waterbodies in 

urban cores (Elliot and Trowsdale, 2007). Increases in impervious surfaces combined with 

the expanded use of automobiles, loss of vegetated surfaces, and advances in infrastructural 

facilities to fulfil human needs, all contribute to urban sprawl and degradation of water 

resources (Liu et al., 2015). Impervious surfaces in association with urbanisation, have 

resultantly exerted profound pressures on urban waterbodies and their concurrent 

recreational, aesthetic, and environmental characteristics (Liu et al., 2015; Dhakal and 

Chevalier, 2016; Auckland City Council, 2015). Impervious surfaces alter hydrological 

functions within urban catchments, affecting the channelization of precipitation flows from 

infrastructural facilities to receiving waterbodies (Dhakal and Chevalier, 2016). Processes 

such as infiltration, evapotranspiration, and interception are reduced due to the clearing of 

natural land cover and the compaction of soil, attributing to increases in stormwater runoff 

and alterations to stream ecosystems (Roy et al., 2008). As a result, urbanisation influences 

catchment hydraulics, in which increased flood flows and erosional processes, and reductions 

in baseflow conditions are likely occurrences (Elliot and Trowsdale, 2007; Figure 1.1). The 

Auckland City Council (2015) for instance, note that there is a positive relationship between 

impervious surfaces and increases in stormwater runoff, where 35–50% of total impervious 

land cover within a catchment will experience a three-fold increase in urban runoff. For many 

urban areas in New Zealand urbanisation is not a new phenomenon, having developed over a 

century of urbanisation and regeneration. But for some areas, boosted by surging tourist-

based economies, there has been dramatic changes in the town form and density and these 

small centres with small local taxpayer populations are now grappling with dealing with 

infrastructure demands far larger than residential base.  The focus of this research is to 

explore the changes in urban sprawl in Central Otago, with a case study of Wānaka, to 

evaluate the effects of exponential growth in impermeable surfaces and the effect of 

stormwater discharge into the sensitive receiving environment of Lake Wānaka. 
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It is well recognised that urbanisation imparts an influential role on water quality dynamics 

including physiochemical and microbiological degradation (Boyd, 2015; Liu et al., 2015). 

Anthropogenic activities, in particular, land use changes, contribute large quantities of 

pollutants to waterways, especially during the first flush of storm events to urban 

environments following antecedent dry conditions, which can both degrade aquatic and 

hydrologic ecosystems (Dhakal and Chevalier, 2016). The intensification in urban practices 

(i.e., industrial, commercial, and manufacturing activities) are significant contributors to 

urban water quality degradation, in which non-point and point sources are primary factors 

influencing overall water pollution within the environment (Liu et al., 2015). Non-point 

sources are diffuse sources whereas point sources are well defined and commonly attributed 

to effluent stream discharge from industrial and wastewater operations (i.e., defined through 

pipes and channels) (Boyd, 2015). Both non-point and point pollution sources are comprised 

of nutrients, toxicant contaminants, bacteriological contaminants and sediments that 

compromise water quality in urban environments (Ermens, 2007; Elliot and Trowsdale, 

2007). 

 

 

Figure 1.1: Flow diagram representing the intensification in urbanisation and its subsequent 

effects on hydrological regimes and/or processes such as water quality and quantity (Hall 

and Ellis, 1985). 
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1.1 Research and Thesis Overview 

The research aim addresses a recognised knowledge gap regarding regional research into 

stormwater and information on stormwater quality, for both science supporting the Otago 

Regional Councils (ORC) ‘Loving Water, Loving Life!’, Otago’s urban water quality 

strategy and general State of the Environment (SOE) water quality data and the findings of 

the Upper Clutha Lakes Trust (UCLT) Stormwater Workshop. The ORC acknowledges that 

the management of stormwater and wastewater plays a significant role in supporting good or 

excellent water quality in Otago; and their strategy outlines how as a region-wide community 

issues arising from urban activity threaten maintaining, or achieving, good or excellent water 

quality in the region. Therefore, this research project examines how storms flush 

contaminants from the rapidly transforming land cover via storm water networks into Lake 

Wānaka. The focus on this work was developed in collaboration with the Wai Wanaka 

(Upper Clutha Lakes Trust) to identify what contaminants were being discharged into Lake 

Wānaka, with concerns that local monitoring authorities (at that time) were slow to 

implement local monitoring of these waterways.  

Specifically, this study addresses the dearth in current knowledge of urban water quality in 

Wanaka by quantifying: 

1. the quality, quantity, and variability of urban runoff generated by urban areas in 

Wanaka and  

2. the movement and processing of urban runoff through Lake Wānaka, using analysis 

of sediments, trace metals, pathogens, nutrients, and bacterial contaminants.  

The approach of this research was to expand an existing community-based sampling 

framework that was principally focussed on determining the first flush of storm flows during 

storm events in Wānaka. Specifically, the project combines field-based sampling of 

discharging stormwater over a series of events to ascertain what compounds are present in 

stormwater, where they occur, and how they may be linked to different sub-catchment land 

development. The following chapter (Chapter 2) provides a theoretical framework for the 

main contaminant sources comprising stormwater quality derived from both local and 

international studies and acknowledge that remotes sensing techniques can be a resourceful 

means of connecting impervious surfaces as an environmental indictor with water quality. 

The research methods implemented in this study are described in Chapter 3, including a 

description of the intensity of storm events, as well as a general description of the different 

sampling sites. The results are presented in Chapter 4, and explore changes in 
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imperviousness, differences in hydrochemistry between baseflow and storm events, and 

temporal and spatial patterns in stormwater discharge. The main findings of the research are 

presented in the Discussion in Chapter 5, where the observations are compared to previous 

studies, as well as reflecting on direction for potential improvements in environmental 

management of stormwater in Wānaka. The key findings of this analysis and research 

questions are summarised in Chapter 6.  
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Chapter 2  

Surface Water Contaminants in the Urban 

Environment                

New Zealand’s urban waterways and infrastructural facilities have historically been viewed 

as sinks, drainage networks and conveyance systems that quickly remove stormwater and 

waste from urban centres (Chakravarthy et al., 2019; Gobel et al., 2007). As a result of poor 

communication within private and public sectors the sensitivity of urban waterways and 

associated receiving environments have received little attention until recent years. This lack 

of environmental stewardship has ushered poor water quality, habitat degradation, and 

impaired ecological health in the vast majority of urban cores – a result of elevated levels of 

sediments, nutrients, heavy metals, and bacteriological contaminants analogous with land use 

change (Chakravarthy et al., 2019). The following sections first outline the use of impervious 

surfaces as an environmental indicator through the application of GIS (Section 2.1), surface 

water contaminants in the urban environment (Section 2.2), freshwater management in New 

Zealand (Section 2.3) and the prospect or sensitive urban design in stormwater management 

(Section 2.4). The chapter concludes with a review of knowledge deficits and/or research 

limitations in New Zealand at present and the posited research questions (Section 2.4). 

2.1 Impervious surfaces as an environmental indicator 

Impervious surfaces are defined as anthropogenic features which prevent the infiltration of 

water into soil columns (Elliot and Trowsdale, 2007; Weng, 2012). Examples of impervious 

surfaces include human-induced developments to the natural landscape including, but not 

being limited to, roads, rooftops, sidewalks, parking lots, patios, and compacted soils (Arnold 

and Gibbons, 1996; Hartcher and Chowdhury, 2017). Impervious surfaces are an indicator of 

the degree of urbanisation, as well as a major indicator of environmental quality (Weng, 

2012; Arnold and Gibbons, 1996). Although impervious surfaces themselves do not generate 

pollution, they: 

1.  are a critical contributor to hydrological cycle changes that degrade waterways (i.e., 

causing a reduction in baseflow and groundwater recharge and the promotion of 

stormflow and/or urban runoff and flood frequency) 
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2. are a major component of the intensive land uses that generate pollution, specifically 

non-point pollution through the conversion of natural to human constructed systems 

3.  prevent natural pollutant processing in the soil by preventing percolation; and  

4. serve as an efficient conveyance system transporting pollutants into waterways (i.e., 

implicating erosion, transport, and deposition of sediment and associated 

contaminants) (Hatcher and Chowdhary, 2017; Novotny, 2003; Paul and Mayer, 

2001).  

As a result, it is not surprising that research from the past two decades show a strong 

correlation between imperviousness of a drainage basin and the health of its receiving 

environment which inevitably alters in-stream, riparian and aquatic habitats through physical 

and ecological impacts (Arnold and Gibbons, 1996; Weng, 2012). 

Through the understanding of impervious surface coverage, a wide range of strategies can be 

employed to mitigate against the implications that impervious surfaces project upon water 

resources including community planning and education, site-level planning and design and 

concurrently, land use regulation (Arnold and Gibbons, 1996). These strategies complement 

many current trends in planning, zoning, and landscape design (i.e., Water Sensitive Urban 

Design and Low Impact Development) that go beyond water pollution concerns to address 

recreational, aesthetic, and environmental characteristics of urban centres (Arnold and 

Gibbons, 1996; Liu et al., 2015). As a result, geomorphological processes need to be factored 

into interactions between natural and anthropogenic environments with a specific focus on 

biotic, soil, and hydrological processes (Lee et al., 2018). Contrary to urban planning 

however, scientific analyses of impervious surfaces have increasingly been sought through 

digital image analysis techniques (i.e., geographic information systems and remote sensing) 

to understand  the process of urbanisation and its impacts on the anthropogenic environment 

and/or land cover (Allen et al., 2013; Myeong et al., 2001). 

2.1.1 Techniques of Land Cover Mapping 

Land cover and/or land use is defined as the physical composition and characteristics of land 

elements on the earth surface including natural (i.e., vegetation, water, and soil) and 

anthropogenic coverage (i.e., settlements, asphalt, and concrete) (Yan et al., 2015). The land 

cover and/or land use pattern of a region is an outcome of natural and socio-economic factors 

and their utilisation by man through time and space (Rawat and Kumar, 2015). Since the 

distribution of land cover has significant impacts on climate and the environment, mapping 
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land cover patterns on varying spatiotemporal scales (i.e., global, regional, to local scales) is 

important for scientists and authorities to yield and understand changes to the earths surfaces 

and how they are impacting both natural and anthropogenic environments (Hegazy and 

Kaloop, 2015; Yan et al., 2015). Whilst changes in land use coverage do not necessarily 

imply degradation of the land, the introduction of impervious surfaces through global 

environmental change often affect biodiversity, water and radiation budgets, trace gas 

emissions, and other processes that come together to affect climate and the biosphere 

(Myeong et al., 2001; Rawat and Kumar, 2015). As a result, information on land use and/or 

land cover and the possibilities for their optimal use is essential for the sustainable 

management of the environment. Sustainable use of the environment can be achieved through 

a variety of factors including: 1) the selection, planning, and implementation of land use 

schemes 2) an understanding of landscape patterns, changes and interactions between human 

activities and natural phenomenon, and 3) collaborating information to assist in monitoring 

land use dynamics through the demand of an increasing population (Hegazy and Kaloop, 

2015; Rawat and Kumar, 2015). Today, geographic information systems (GIS) in conjunction 

with earth resource data are very useful and applicable software for land use and/or land 

cover change detection studies (i.e., the calculation of impervious surfaces in urban 

environments) (Figure 2.1; Rawat and Kumar, 2015). 
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Figure 2.1: Different layers of data can be combined through GIS to represent realistic and 

integrated digital maps of the earths’ surface (Kolios et al., 2017). 

 

2.1.2 GIS and Remote Sensing 

Geographic information systems (GIS) are an effective tool and support system for the 

facilitation of natural and anthropogenic mapping, monitoring, modelling, and maintenance 

(Figure 2.2; Hegazy and Kaloop, 2015; Shamsi, 2005). GIS processes, collects, stores, 

retrieves, analyses, and displays geographic data through a variety of tools, including: 1) 

remote sensing tools, which use a variety of methods and devices to gather information on a 

given object or area from a distance (i.e., spatiotemporal data) 2) geography tools, to study 

the features, inhabitants, resources, and evolutions of the earth and its environment, and 3) 

visualisation software, which presents useful information from acquired data using 2D and 

3D images, maps or animations (Chen, 2010). GIS concurrently “uses fundamental principles 

of geography, cartography, and geodesy in order to allow end users to create queries, analyse 

spatial information, provide data in maps, and present the final results of all these operations 
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through detailed thematic digital maps” (Kolios et al., 2017 pg. 5). The data represented in 

GIS is generally characterised into two main categories including vector data and raster data 

types. Vector data is stored as points, lines, and polygons and provides greater accuracy than 

raster and requires less computer memory and volumes of information. Additionally, vector 

data are useful for storing data that has discrete spatial boundaries such as country borders, 

land parcels, and streets and recording and displaying coordinates of objects with complete 

measurement accuracy in respect to ground measurements (Kolios et al., 2017). 

Comparatively, raster data is represented through the use of pixels and values which aids in 

the creation of grids and/or index maps and has the ability to store continuous data (i.e., 

changes in aerial images over the spatiotemporal scale) and produce 2 dimensional (2D) and 

3 dimensional (3D) cells (Kolios et al., 2017). With the successful union of the latter data 

types, realistic representations of the world can be achieved (ArcMap, 2019; Kolios et al., 

2017). 

 

 

Figure 2.2: The creation of multi-characteristic maps through the 4 M’s concept (Kolios et 

al., 2017). 

 

With the development of high-resolution imagery and more capable techniques and/or 

applications in recent years, remote sensing of land cover dynamics and subsequent changes 

over the spatiotemporal scale have gained significant attention in the remote sensing 
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community (Myeong et al., 2001; Weng, 2012). Remote sensing is defined as a sub-category 

of GIS and refers to the recording of, observation of, and perception of objects and/or events 

in remote places (Canada Centre for Remote Sensing, 2007). The latter is effectively 

achieved by installing sensors on physical carriers such as aircrafts, satellites, and space 

shuttles alike which allow images of the earth’s surface to be captured in high resolution in 

conjunction with synoptic views, repetitive coverage and real time data acquisition (Allen et 

al., 2013; Hegazy and Kaloop, 2015). Remote sensors commonly fall into two main 

categories: passive and remote sensors. Both sensors record solar radiation reflected or 

emitted from the sun, however, differ as a result of their energy sources being external or 

internal (Canada Centre for Remote Sensing 2007). Passive sensors for instance, obtain their 

energy sources from outside the sensor and commonly include photographic cameras, 

electro-optical sensors, thermal IR sensors, and antenna sensors. The downfall of passive 

sensors are that all sensors, excluding thermal IR sensors, rely on naturally occurring light, 

limiting their availability to the daytime. Comparatively, active sensors can be used any time 

of the day (i.e., during daylight hours, night time, and any season), however obtain their 

energy sources internally which is then directed (i.e., scattered back and/or reflected) at the 

target to be investigated.  Examples of active sensors include, radar and LiDAR where radar 

transmits a microwave signal toward the target and detects and measures the backscattered 

portion of the signal, and LiDAR which emits a laser pulse and precisely measures its return 

time to calculate the height of each target (Canada Centre for Remote Sensing 2007). 

The use of GIS modelling has become quite prevalent within the field of urban sprawl and its 

implications on the natural environment (Hegazy and Kaloop, 2015; Tang et al., 2018). The 

water industry, for instance, has become an evolving area of focus as of the late 1980s due to 

its ability to intertwine GIS for the execution of mapping and modelling of facilities as well 

as for the management of operation and plans associated with capital improvement (Shamsi, 

2005). 

2.1.3 Generation of Impervious Surface Maps through Remote Sensing 

Urban landscapes are composed of a diverse assemblage of natural and anthropogenic 

materials (i.e., concrete, asphalt, metal, plastic, shingles, glass, water, grass, shrubbery, trees, 

and soils) which have catered, and continue to cater for the evolution of human needs over 

spatiotemporal scales (Jenson, 2007). Infrastructural facilities such as commercial and 

industrial buildings, housing, utilities, recreational landscapes, and transportation systems 

continue to dominate land cover patterns, implicating the natural environment through urban 
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sprawl trends and the continuation of highly urbanised regions (Tang et al., 2018). Three 

types of remote sensing systems have been outlined as useful in analysing the changes in the 

latter phenomena as well as in the water industry including aerial photographs, satellite 

imagery, and radar imagery, as they do not require direct observation by humans (Shamsi, 

2005). The success of such remote sensing systems and the data that they obtain relies on the 

understanding of four basic resolution features, including spatial, spectral, radiometric, and 

temporal resolution which will be discussed in section 2.1.4 (Jenson, 2007). 

2.1.3.1 Aerial Photographs 

Aerial photographs are a common remote sensing system which are made possible through 

chemical reactions and energy variations on the surface of light-sensitive film (i.e., filters are 

used to restrict certain wavelengths and the effect of atmospheric scattering within images) 

(Shamsi, 2005). Aerial photographs are achieved by attaching a passive sensor and/or a 

mapping camera to either the nose or the underbelly of a physical carrier (i.e., an aircraft, 

space shuttles, balloons, kites, and unmanned aviation vehicles) which record data 

photographically at either low altitudes (i.e., 1 mile  above ground) or high altitudes (i.e., 7 to 

8 miles above ground) (Shamsi, 2005). Photographic data is normally recorded between 

wavelengths of 0.3 to 0.9 µm which are visible within UV and visible to near-infrared 

sections of the spectrum (Shamsi, 2005). Aerial photographs are orthorectified to be used in 

GIS and are useful elements of remote sensing that can be applied to urban studies, 

archaeology, climate change, and other earth sciences.  

2.1.3.2 Satellite Imagery 

Satellite imagery is another common remote sensing system which is often viewed as an 

extension to aerial photographs (Shamsi, 2005). Satellite imagery is considered an extension 

as both remote sensing systems rely on the same physical principles (i.e., to acquire, 

interpret, and extract spatial information and/or data), however satellite images can be 

obtained at higher altitudes (i.e., 400 to 500 miles above ground) and allow coverage of 

larger spatial areas associated with the earths surfaces (Shamsi, 2005). When contrasted with 

aerial photographs, satellite images are achieved by electric scanners which allow a wider 

range of electromagnetic radiation to be recorded and detected, not restricting imagery to the 

visible spectrum (i.e., 0.4 to 0.7 µm) but accounting for UV radiation to microwave 

wavelengths (Shamsi, 2005). 
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Table 2.1: Annotated table describing the most common techniques used to generate 

impervious surface maps and their associated characteristics, advantages, disadvantages, 

and literature/case study examples (Weng, 2012). 

 

Techniques Characteristics Advantages and Disadvantages Sources 

Normalised 

Difference 

Vegetation Index 

(NDVI) 

Impervious surfaces are 

estimated on:  

1) complement of 

vegetation fraction or  

2) regression models with 

vegetation indices 

Advantages: Simplistic 

Disadvantages: Different seasons of 

satellite images could result in large 

variations in estimation 

Carlson and 

Arthur (2000), 

Boegh et al. 

(2009), Gillies et 

al. (2003), Carlson 

(2004) 

Classification 

and Regression 

Tree Algorithms 

(CART) 

Develops a land-use based 

estimation model (can use 

high and coarse resolution 

imagery) 

Splits training samples into 

smaller subsets, aiming at 

reducing the models 

residual error 

Advantages: Simplifies complicated non-

linear relationships between predictive and 

target variables into a multivariate linear 

relation 

Disadvantages: Difficulty in selecting 

training areas Large computational power 

required and inadequate spatial reolution 

imagery. 

Chabaeva et al. 

(2004), Yuan et al. 

(2008), Yang et al. 

(2003), Xian 

(2007), Tang et al. 

(2018), Lee et al. 

(2018) 

Linear Spectral 

Mixture 

Analysis 

(LSMA) 

A physically based image 

analysis procedure that 

supports repeatable and 

accurate extraction of 

quantitative sub-pixel 

information 

Advantages: Effective in handling spectral 

mixture problems 

Disadvantages: Similarity in spectral 

properties makes it difficult to distinguish 

impervious surfaces from pervious 

materials. Shadows may lead to 

underestimation of impervious surface area 

with high resolution imagery 

Lu and Weng 

(2007), Weng et 

al. (2009), Wu and 

Murray (2003), 

Yang et al. (2009) 

Multi-Layer 

Perception 

(MOP) 

Multiple layers structure. 

Usually consists of three 

layers: one input layer, one 

hidden layer, and one 

output layer 

Advantages: Fast computation 

Disadvantages: Slow learning, inconsistent 

classification results, black-box working 

method 

Civco (1993), 

Mohapatra and 

Wu (2007), 

Chormanski et al. 

(2008), Weng and 

Hu (2008) 

Kohonen’s Self-

Organising Map 

(KSOP) 

Consists of two layers: one 

input layer and one output 

layer. The input layer 

contains neurons for each 

dimension (e.g. image 

bands), and the output layer 

is usually organised as a 2D 

array of neurons 

Advantages: Fast learning, classification 

results are more consistent  

Disadvantages: Slow classification 

Per-pixel: Ji 

(2000), Li and 

Eastman (2006) 

Sub-pixel: Lee and 

Lathrop (2006), 

Hu and Weng 

(2009) 

Object Based 

Image Analysis 

(OBIA) 

Uses image segmentation 

and feature extraction and 

allows spectrally and 

spatially similar pixels to 

be grouped into objects 

Advantages: Uses spectral properties, as 

well as characteristics of shape, texture, 

context, and relationship with neighbours, 

super and sub-pixels 

Disadvantages: Most segmentation 

techniques are not robust enough for a 

complex environments with shadows. 

Blaschke (2010), 

Pal and Pal (1993), 

Van de Voore et 

al. (2003), Hu and 

Weng (2011), 

Teng et al. (2018) 
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2.1.4 Basic Considerations for Remote Sensing Applications 

Three types of interrelated resolutions should be considered when monitoring urban 

environments and their relationships (i.e., between material, land cover, and land use) when 

using remotely sensed data. 

Spatial resolution defines the level of spatial detail depicted in an image and can be 

characterised through a variety of functions including sensor altitude, detector size, focal 

size, and system configuration (Jenson, 2005; Weng, 2012). Spatial resolution is often related 

to the size of the smallest possible feature that can be detected from an image and commonly 

illustrates objects that are larger than the spatial resolution of the sensor provided (Weng, 

2012). It is routinely noted that coarse spatial resolution images can only detect larger 

features, comparative to finer resolution images which have the ability to visualise those of a 

smaller scale. When associated with aerial photography, spatial resolution is measured in 

resolvable line pairs per millimetre, comparative to other sensors which refer to the 

dimensions (in metres) of the ground area that fall within the IFOV of a single detector 

within an array (Jenson, 2005). Weng (2012) noted that detectability and separability are both 

important concepts when it comes to spatial resolution as for any image to be resolvable, it 

involves the consideration of spatial resolution, spectral contrast, as well as feature shape 

working in conjunction (Weng, 2012). 

Temporal Resolution is commonly defined as “the amount of time it takes for a sensor to 

return to a previously imaged location, commonly known as a repeat cycle or the time 

interval between acquisitions of two successive images” (Weng, 2012 pg. 39). Temporal 

resolution is fundamental when it comes to monitoring civic and environmental change as it 

allows spectral characteristics of the earths’ surface (i.e., through vegetation, weather, 

forests) to be detected and observed over the spatiotemporal scale (Huang et al., 2010). The 

variation of temporal resolution largely depends on the type or airborne remote sensor that is 

in use. The revisit time for satellites for instance, may range between half a day to ten days 

and above (Huang et al., 2010). There are an array of characteristics noted to implicate 

temporal resolution including changes in 1) spectral properties of the earth’s surface features 

and/or objects 2) atmospheric differences and the positioning of the sun during the course of 

the day and year and 3) satellites may coincide with clouds and poor weather, especially in 

tropical areas (Huang et al., 2010; Weng, 2012). As a result of the latter interferences, “the 

date of acquisition should be determined to ensure the extraction of maximum information 

content from remotely sensed data” considering cycles such as daily, seasonal, and annual 
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phenology, as well as anniversary and/or near anniversary images (i.e., to visualise 

infrastructural degradation in urban cores) (Huang et al., 2010; Weng, 2012 pg. 16). 

Thus, the availability of remotely sensed products provides both a temporal and spatial 

dataset that informs changes in land use and cover, and is a potentially powerful tool for 

understanding, and quantifying changings in imperviousness. As described above, there are 

limits to the techniques and the classification systems used to derive this data, but it is an 

essential component of understanding the connections between land use and stormwater 

generation and quality. 

2.2 Stormwater Pollution 

Hydrological disturbances and de-vegetation associated with intensification in urbanisation, 

are the most significant variables that exert pressure on both the physical and anthropogenic 

environments (Dhakal and Chevalier, 2016). Pressures exerted on the physical environment 

include, but are not limited to, modifications to hydrological pathways and ecosystem 

structure and functions, in comparison to anthropogenic pressures which are largely 

associated with social, health, and infrastructural issues (Dhakal and Chevalier, 2016). Water 

pollution, as a result of the latter pressures can fall into four categories including 1) 

permanent or continuous pollution 2) periodic pollution 3) occasional pollution, and 4) 

accidental pollution which infers that water quality can fluctuate remarkably over the 

spatiotemporal scale (Chapman, 1996). The following section explores the hydrological 

aspects of stormwater pollution most associated with increased imperviousness from urban 

sprawl, as it pertains to understanding stormwater generation in Wānaka. 

Stormwater pollution is influenced by two common phenomena: the first flush and dilution 

effects (Lee et al., 2002). The first flush effect is said to persist in the initial period of 

stormwater runoff and is when contaminant concentrations are substantially higher, and have 

greater impacts on receiving waterbodies, comparative to latter stages of storm events (Hall 

and Ellis, 1985; Li et al., 2012, Figure 2.3). As a result, constituents in dissolved, colloidal, 

and solid fractions have been noted to increase contamination in waterbodies through a 

combination of organic and inorganic compounds (Li et al., 2012). Whilst the first flush 

phenomena is a common theme in hydrological studies, there has been serious debate as to 

whether the phenomena exists with some scientists believing in it and others indicating it to 

be more sporadic in nature (Chow et al., 2011; Bertrand-Krajewski and Sager, 1998). 

Parameters such as catchment size, rainfall intensity and duration, and total impervious 
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surfaces have been noted as influential factors when it comes to the first flush effect which 

differs significantly over the spatiotemporal scale (Hathaway and Hunt, 2011). The dilution 

phenomena on the other hand describes the reduction of water contaminants during the 

progression of storm events (Novotny, 2003). The dilution effect is a result of increased 

runoff volumes downstream of river catchments and/or when rainfall is greater than the 

supply of a catchment (Auckland City Council, 2015; Figure 2.3). Contaminants of specific 

concern to sensitive receiving water bodies such as Lake Wānaka include, nutrients (Section 

2.2.1), heavy metals (Section 2.2.2), bacteriological contaminants (Section 2.2.3), and 

particulate contaminants such as suspended sediments (Section 2.2.4). 

 

Figure 2.3: Hydrographic response of Zinc (Zn), Iron (Fe), Manganese (Mn), and Copper 

(Cu) over the time period 19.00 to 20.45pm. Hydrograph shows the apparent flushing effect 

at the initiation of the precipitation event and the subsequent dilution effect of contaminants 

over time (Li et al., 2012).  

2.2.1 Nutrients 

Nutrients are chemical compounds essential for natural biological plant growth in riverine 

systems (Arval et al., 2010; Ermens, 2007). However, when found at excess levels, nutrients 

exert profound impacts on aquatic ecosystems by promoting eutrophication and the 
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concurrent degradation of water quality (Ji, 2008; Liu et al., 2015). Eutrophication proceeds 

at low levels naturally, however increased inputs of chemical compounds, such as nitrogen 

and phosphorus, impact water quality significantly by reducing light penetrating the water; 

reducing dissolved oxygen through the death and decay of plants; and producing over 

stimulation and promotion of plant growth, such as algae in lakes and rivers through nutrient 

enrichment within waterbodies (Ermens, 2007; Ministry for the Environment, 2017). 

Nutrients in urban environments are sourced from domestic and industrial wastewaters, 

fertilisers, plant debris, sewage treatment plants, and animal waste products (Liu et al., 2015). 

Concentrations are noted to be considerably greater during the rising limb of a storm event 

comparative to later phases of a storm where they then begin to plateau through the 

phenomena of dilution (Figure 2.4). The nutrients of most concern for aquatic systems are 

nitrogen and phosphorus. 

 

 

Figure 2.4: Hydrographic response of Nitrogen (Total Nitrogen and Nitrate Nitrogen) and 

Phosphorous (Total Phosphorus and Dissolved Reactive Phosphorus) over a 125-minute 

rainfall event. Hydrograph shows the apparent flushing effect of nutrients at the initiation of 

the precipitation event and the subsequent dilution effect of nutrients over time (Li et al., 

2012). 

2.2.1.1 Nitrogen 

Nitrogen is an essential element for living organisms (Boyd, 2015). Nitrogen, in organic and 

inorganic fragments is available in particulate and dissolved forms, which comprise the 

nitrogen cycle (Figure 2.5). The nitrogen cycle consists of atmospheric fixation of nitrogen, 
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biological fixation of nitrogen, and plant uptakes of nitrate and ammonium (Ministry for the 

Environment, 2017). Nitrogen is available in the atmosphere as N2 (g) via fixation, the 

process by which dinitrogen (N2) is transformed to ammonia (NH3) and/or organic 

compounds through metabolic processes of certain bacteria (Canfield and Thamdrup, 2005). 

Ermens (2007) noted that nitrogen in particulate form is attached, absorbed, and transported 

via soil particles and/or suspended sediments and is easily influenced by runoff in relation to 

the hydrological cycle. A large proportion of nitrogen is also readily available for 

transformations in catchment soils where microbial activity transfer nitrogen between organic 

and inorganic forms via immobilization and mobilization (Stein and Klotz, 2016; Chapman, 

1996). Boyd (2015) stated that microbial activity in combination with mineralization has a 

large impact on inorganic nitrogen concentrations in soils. Soils transform nitrogen to nitrate 

(NO3
-) and ammonium (NH4

+), which are readily up taken by plants for photosynthesis.  

Ammoniacal nitrogen inputs also include the products of organic matter, animal waste, 

fertilisers, soil processes such as microbial decomposition, and precipitation which contribute 

large amounts of nitrogen into the soil pool (i.e., rain causes nitrogen to infiltrate into soils at 

the initial peak of the hydrograph, however over time continual runoff can contribute to 

leaching and/or nitrogen washout effects) (Stein and Klotz, 2016). Nitrogen can also be lost 

to the biosphere through denitrification. Denitrification causes oxidized nitrogen to be 

transferred back into the atmosphere in the forms of nitrous oxides and nitrogen and 

ammonium gases through the anaerobic processes associated with denitrifying bacteria 

(Canfield and Thamdrup, 2005). Nitrogen is essential in terms of aquatic ecosystem health 

and productivity, however, at increasing levels inorganic nitrogen is detrimental for 

ecosystem health as a result of eutrophication (Boyd, 2015). In New Zealand, the Ministry 

for the Environment (2017) state that nitrate-nitrogen concentrations in riverine systems were 

declining at a rate of 55%, where urban land use concentrations were 18 times higher 

between the period of 1994 and 2013.  

 



 32 

 

Figure 2.5: Visual representation of the nitrogen cycle and associated inputs and outputs 

including atmospheric fixation of nitrogen, biological fixation of nitrogen, plant uptakes of 

nitrate and ammonium, and human and animal induced sources (Boyd, 2010). 

 

2.2.1.2 Phosphorus 

Phosphorus, an element essential for living organisms and ecosystems in riverine 

environments contributes to the molecular structure of DNA and RNA, which are vital for the 

maintenance, growth, and reproduction of organisms in waterbodies (Boyd, 2015; Ermens, 

2007). Phosphorus is considered a limiting nutrient because its naturally occurring 

concentrations are generally low; and phosphorus is not readily soluble in water equalling 

low primary production. Anthropogenic sources of phosphorus include domestic 

wastewaters, runoff from fertilisers, and industrial effluents, which has assisted in excessive 

concentrations of phosphorus in riverine systems and is concomitantly contributing to 

eutrophication and the alterations of species compositions (Ermens, 2007).  

Organic and inorganic phosphorus is available in both dissolved and particulate forms, 

however, the cycling of phosphorus is much slower than that of the nitrogen cycle due to no 

gaseous forms being present within the cycle (Boyd, 2007; Figure 2.6). Phosphorous, is 

however, commonly attributed to two natural sources, the weathering of soils and regolith, all 

of which are linked to topography, geology, soil type, and organic matter (Boyd, 2015). In 

particulate form, phosphorus is associated and measurable with suspended sediment as 
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phosphorus attaches to colloidal particles. The latter attachment/absorptions of phosphorus to 

soil particles mean that erosional processes are a key transporting mechanism of phosphorus 

to waterways in association with stormwater runoff and leaching (Boyd, 2015; Chapman, 

1996). In dissolved form, inorganic phosphorus strongly persists in soils and is readily 

available for plant uptake as a result of precipitation and weathering. Comparatively, the 

organic fragment of phosphorus is attributed to humic and organic materials, such as nucleic 

acids and enzymes (Chapman, 1996; Boyd, 2015). Organic phosphorus can subsequently be 

transformed by plant uptake or can be transported into riverine systems where cycling into 

the inorganic fragment occurs via plant decomposition and enzyme breakdowns. In the 

context of New Zealand, dissolved reactive phosphorus concentrations were three times 

higher in the urban class between the period of 2009 and 2013, where general trends were 

improving even within minimal study sites (Ministry for the Environment, 2017). 

 

 

Figure 2.6: Qualitative model of the phosphorus cycle in an aquatic ecosystem (Boyd, 2010). 

 

2.2.2 Toxic Contaminants 

Toxicants are associated with urban stormwater quality and include both minor dissolved 

solids (e.g. heavy metals) and organic pollutants (e.g. petroleum hydrocarbons and 

pesticides) (Liu et al., 2015; Kennedy and Sutherland, 2008). Whilst toxic contaminants are 

required in trace amounts for the bodily function of humans and other living organisms, 

excess levels of minor dissolved solids can impair ecosystems and be detrimental to human 

health (Arval et al., 2010). Heavy metals usually refer to toxic contaminants of anthropogenic 



 34 

origin, however concentrations are also viable throughout the vast majority of the biosphere 

(Ministry for the Environment, 2017). Atmospheric sources of heavy metals include gases, 

aerosols, and particulates that are acquired through a variety of constituents including mineral 

dust, sea-salt particles, extra-terrestrial matter, volcanic aerosols, forest fires, and industrial 

sources such as transport and coal combustion (Bradl et al., 2005). A second source of 

importance includes rocks and soils whose chemical composition largely mirrors the 

chemistry of parent rocks (Bradl et al., 2005).  Rocks and soils are noted as the principle 

sources of heavy metals in the environment, where magmatic rocks incorporate a large 

variety of trace elements into their crystal lattice of primary minerals which form during the 

cooling of residual magma (Bradl et al., 2005). Sedimentary and metamorphic rocks, on the 

other hand, differ as their chemical composition is largely attributable to ore-bearing 

hydrothermal fluids and ore-bearing deposits. In terms of the urban environment, toxicants 

are essentially attributed to vehicular activities and their subsequent emissions, where 

lubricant leakages, general wear and tear of tyres, and engine oils have been identified as the 

main variables influencing toxicant concentrations in urban riverine systems (Novotny, 

2003). The most common natural and anthropogenic heavy metals of concern include Lead 

(Pb), Chromium (Cr), Zinc (Zn), Nickel (Ni), Copper (Cu), and Cadmium (Cd) (Arval et al., 

2010) as well as arsenic (As), Iron (Fe), Boron (B), Cobalt (Co), Silver (Ag), Strontium (Sr), 

Rubidium (Rb), Antimony (Sb), Scandium (Sc), Molybdenum (Mo), Lithium (Li), and Tin 

(Sn) which are frequently elevated in urban stream sediments (Paul and Mayer, 2008; Table 

2.2). Metal concentrations can vary as a result of: the intensity and duration of rainfall within 

a catchment contributing to a flushing effect; bedrock mineralisation and weathering; metal 

sorption to suspended sediments both in soil and water profiles; and the intensification of 

urbanisation present within the urban system (Kennedy and Sutherland, 2008). 

Kennedy and Sutherland (2008) stated that lead, copper, and zinc are three heavy metals 

commonly associated with urban riverine systems in New Zealand. Mosley and Peake (2001) 

noted that lead (Pb) is a frequent contaminant attributed to brake and tyre wear. Prior to 1996, 

gasoline-powered vehicles also contributed large (if not the most significant) proportions of 

lead into New Zealand’s urban environments, however, due to rising toxicity levels gasoline-

powered vehicles were banned with their legacy effects and concentrations from the past 

remaining today (Mosley and Peake, 2001). In addition, zinc (Zn) associated with tyre wear, 

paint, and roofing materials is a further heavy metal contributing to toxicant loads in urban 

runoff (Boyd, 2015).  
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Table 2.2: Anthropogenic sources and uses of heavy metals through which they can be 

introduced to the environment (Bradl et al., 2005). 

Heavy Metal Anthropogenic Source 

Arsenic (As) Wood preservative, glasses and ceramics, pesticides, sheep dip, electronic components, 

smelting and metallurgy, coal-fired and geothermal electrical generation, textile and 

tanning, pigments and anti-fouling paints, light filters, fireworks 

Beryllium (Be) Alloy (with Cu), electrical insulators in power transistors, moderator or neutron 

deflectors in nuclear reactors 

Cadmium (Cd) Ni/Cd batteries, pigments, anti-corrosive metal coatings, plastic stabilisers, alloys, coal 

combustion, neutron absorbers in nuclear reactors 

Cobalt (Co) Metallurgy (in superalloys), ceramics, glasses, paints 

Chromium (Cr) Manufacturing of ferro-alloys, plating, pigments, textiles and tanning, passivation of 

corrosion of cooling circuits, wood treatment, audio, video, and data storage 

Copper (Cu) Good conductor of heat and electricity, water pipes, roofing, kitchenware, chemicals 

and pharmaceutical equipment, pigments, alloys 

Iron (Fe) Cast and wrought iron, steel, alloys, construction, machine-manufacturing 

Mercury (Hg) Metal extraction, electrical and measuring apparatus, fungicides, catalysts, 

pharmaceuticals, dental fillings, rectifiers, oscillators, electrodes, mecury vapour lamps, 

X-ray tubes, solders 

Manganese (Mn) Production of ferromanganese steels, electrolytic manganese dioxide for use in 

batteries, alloys, catalysts, fungicides, antiknock agents, pigments, dryers, wood 

preservatives, coating welding rods 

Molybdenum (Mo) Alloying element in steel, cast irons, non-ferrous metals, catalysts, dyes, lubricants, 

corrosive inhibitors, flame retardants, smoke repressants, electroplating 

Nickel (Ni) As an alloy in the steel industry, electroplating, Ni/Cd batteries, arc-welding, rods, 

pigments for paints and ceramics, surgical and dental protheses, molds for ceramic and 

glass containers, computer components, catalysts 

Lead (Pb) Antiknock agents, tetramethyllead, lead-acid batteries, pigments, glassware, ceramics, 

plastic, in alloys, sheets, cable sheathings, solder, ordinance, pipes or tubing 

Antimony (Sb) Metal alloys, electrical appliances, Sterline, in primers and tracer cells in munition 

manufacture, semiconductors, flameproof pigments and glass, medicines for parasitic 

diseases, as a nauseant, as an expectorant, combustion of fossil fuels 

Selenium (Se) In the glass industry, semiconductors, thermoelements, photoelectric and photo cells, 

and xerographic materials, inorganic pigments, rubber production, stainless steel, 

lubricants, dandruff treatment 

Tin (Sn) Tin-plating, brasses, bronzes, pewter, dental amalgam, stabilisers, catalysts, pesticides 

Titanium (Ti) For white pigments (TiO2), as a UV-filtering agent (sunscreen), nucleation agent for 

glass ceramics, as Ti alloy in aeronautics 

Thallium (TI) Used in alloys (with Pb, Ag, or Au) with special properties, in the electronics industry, 

for infrared optical systems, as a catalyst, deep temperature thermometers, low melting 

glasses, semiconductors, supraconductors 

Vanadium (V) Steel production, in alloys, catalysts 

Zinc (Zn) Zinc alloys (bronze, brass), anti-corrosion coating, batteries, cans, PVC stabilisers, 

precipitating Au from cyanide solution, in medicines and chemicals, rubber industry, 

paints, soldering and welding fluxes 

 

Brown and Peake (2006) stated that galvanised roofing iron in New Zealand contributes the 

largest proportion of zinc within urban environments (i.e., industrial land uses) which is 

increasingly prevalent during storm events and their subsequent roof runoff (Kennedy and 

Sutherland, 2008). A third heavy metal linked to urban environments and stormwater 

contamination in New Zealand is that of copper (Cu) (Ermens, 2007). Kennedy and 

Sutherland (2008) discussed sources of copper and their increasing concentrations in urban 

environments, largely linking them to the wear of brake pads in vehicles, catchments soils, 
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copper roofing treatments, and garden products. An increase in copper between urban and 

rural transitions was described in a case study in Christchurch, New Zealand. Copper ranged 

from 51.5 to 305 mg/kg in sediments in the urban streams of St Albans, Waimari, and 

Curletts, in comparison to the rural site Silverstream whose copper concentration was 6.3 

mg/kg (Harding, 2004). 

2.2.3 Bacteriological Contaminants 

The most common form of bacteriological contamination in urban waterbodies are faecal 

coliform bacteria (Novotny, 2003). Faecal coliform bacteria indicate the presence of 

pathogenic organisms in streams, rivers, and lakes (Ermens, 2007). Bacteriological 

contamination is often associated with the sub-grouping of Escherichia coli (E. coli), which is 

a product of faecal matter from warm blooded species and increasing temperatures (Sanders 

et al., 2013; Figure 2.7). Bacteriological contaminants enter hydrological systems through 

varying pathways, however, in urban areas runoff transports the majority of these pathogenic 

organisms (Chapman, 1996). Pathogenic organisms are introduced to urban environments via 

seepages in septic tanks and/or sewerage systems, excrement from animals, domestic 

stormwater discharges from impervious surfaces such as roofs, runoff, driveways, and 

footpaths, and via percolation to sub-surfaces (Ministry for the Environment, 2017). Once 

faecal coliform bacteria enter riverine systems they can often be absorbed, transported, and 

deposited by sediments, both suspended and settled in combination with heavy metals and 

nutrients (Boyd, 2015). If absorbed by sediments, pathogens may accumulate at the bed of a 

waterbody and/or be transported downstream via velocity and turbulence (Boyd, 2015). 

Coliforms are noted to be viable in freshwater for up to six weeks comparative to their lives 

in sediments which can persist for months (Perry, 2007) 

Increasing concentrations of faecal coliforms and their subset of Escherichia Coli bacteria (E. 

coli) have detrimental effects on both aquatic ecosystems and human health. Detrimental 

effects are a result of pathogens producing disease and viruses which can implicate health, 

water supplies, personal hygiene, and water quality for recreational uses (Boyd, 2015). As a 

result of such threats, the adoption of faecal coliform bacterial testing has been implemented 

into water monitoring paradigms due to its simplicity and low costs and its ability to be used 

as a tracer for Escherichia Coli bacteria (Chapman, 1996). 
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Figure 2.7: Schematic diagram of the lifecycle of E. coli (Ishii and Sadowsky, 2008). 

 

2.2.4 Suspended Sediment and Turbidity 

Suspended sediment concentration (SSC) is a water quality parameter that influences light 

penetration and nutrient, heavy metal, and bacteriological availability in riverine systems 

(Davies-Colley et al., 2014). Suspended sediment comprises organic and inorganic fractions 

including silt, (in)organic materials, and contaminants and is the product of physical, 

biological, and chemical weathering in combination with rain, wind, and flow velocity 

mobilisation (Bright and Mager, 2016, Ji, 2008; Taylor et al., 2008). Suspended sediment is a 

result of three natural sources which include atmospheric dust deposition and wind erosion, 

mass movement events such as landslides and debris flow, and erosion of soils by water 

(Taylor et al., 2008). In excess, suspended sediment can impair surface water quality and 

associated biological and chemical activity, can have significant implications for water 

temperature through reductions in light penetration in the water profile, and can disturb 

ecosystems by clogging fish gills (Arval et al., 2010; Davies-Colley et al., 2014). 

From a chemical perspective, suspended sediment has an influential role in terms of water 

quality variation as increasing concentrations contribute to, and encourage pollution through 

the absorption, storage, and transportation of toxicants and organic and inorganic pollutants 

over spatial and temporal scales (Rugner et al., 2013; Chapman, 1996; Liu et al., 2015; Table 
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2.3). Suspended sediment for instance, has a significant correlation with heavy metals in 

which the sorption process contributes to increases and/or decreases in chemical ion mobility 

in accordance with physical and chemical speciation (Dube et al., 2001). Paul and Mayer 

(2008 pg. 344) discussed the latter relationship noting that “organic matter has a high binding 

capacity for metals, and both bed and suspended sediment with high organic matter content 

frequently exhibit 50 to 7500 times higher concentrations of Zn, Pb, Cr, Cu, Hg, and Cd than 

sediments with low organic content”. The sorption and/or desorption process of heavy metal 

ions has concurrently been attributed to a number of physiochemical properties including pH, 

soil organic matter, clay content, temperature of soil, and the mineralogy of soil fractions 

(Dube et al., 2001; Covelo et al., 2007). However, the main control of sorption and 

desorption processes is that of soil composition which determines the latter physiochemical 

properties (Covelo et al., 2007). As a result, large proportions of heavy metals are absorbed 

to soil particles and may transform from one form to another (i.e., dissolved), or may degrade 

(Alumaa et al., 2002; Arval et al., 2010).  

Table 2.3: Examples of sources of sediment and associated contaminants in river basins 

(Arval et al., 2010). 

Material Sources 

Organic and Inorganic Sediment Erosion from rural, agricultural and forested land, 

channel banks, urban road dust and construction, 

atmospheric deposition, inputs from tidal areas and 

coastal zone 

 

Metals and metalloids 

(Ag, Cd, Cu, Co, Cr, Hg, Ni, Pb, Sn, Zn, As) 
Geology, mining, industry, acid rock drainage, 

sewage treatment, urban runoff 

Nutrients 

(P, N) 
Agricultural and urban runoff, wastewater and 

sewage treatment 

Organic compounds 

(pesticides, hydrocarbonsm PCBs, PAHs) 
Agriculture, industry, sewage, landfill, urban runoff, 

combustion 

Xenobiotica and antibiotics Sewage treatment works, industry, agriculture 

Radionuclides 

(137Cs, 129I, 239Pu, 230Th, 99Tc) 
Nuclear power industry, military, geology, 

agriculture (secondary source) 

 

Suspended sediments, particularly in urban environments, are largely derived from a variety 

of anthropogenic sources and their interaction with the first flush effect and/or entrainment 

processes (Ermens, 2007; Taylor et al., 2008). Anthropogenic sources of suspended sediment 

can include, but are not limited to: erosion of soils, changes in land use practices or land 

cover disturbance, dust, industry vehicles, mechanical and physical weathering of rocks, and 

airborne particulates (Ermens, 2007; Novotny, 2003).  
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A study based in Issaquah Creek, a highly urbanised catchment in Western Washington, 

USA, for instance, estimated an increase of almost 50% in annual sediment yield. The main 

factors contributing to this yield included landslides (50%), channel-bank erosion (20%), and 

road-surface erosion (15%) (Arval et al., 2010). Whilst anthropogenic activity is the main 

factor contributing to increased sediment loads in urban environments, a second factor known 

as ‘seasons’ exhibits large fluctuations in these concentrations also. A case study 

investigating road runoff in Lulea, Sweden, stated that the concentration of suspended 

sediment in combination with toxic contaminants were significantly higher during snowmelt 

compared to rain (without snow) generated runoff in catchments. During snowmelt periods, 

metals had a higher percentage bound in particulate form compared to transitional rain 

periods which were comprised by a higher percentage in the dissolved fraction (Arval et al., 

2010). 

Suspended sediment varies significantly in size (i.e., 1 to 100+ μm) and resultantly have 

different densities which are attributed to the composition of sediment (Boyd, 2015). Larger 

particles (i.e., coarse silt and sand at approximately 1.5 mm in diameter), in association with 

stream competency generally fall out of suspension quicker in urban runoff, accumulating at 

the bed of a waterbody leading to sedimentation. Comparatively, finer particles (i.e., silt and 

clay at approximately < 0.00195 mm in diameter) remain in suspension for longer periods of 

time and do not settle readily in moving water. Arval et al. (2010) note that the vast majority 

of stormwater contaminants, however, are found in particulate form attached to finer particles 

and/or are affiliated with organic matter. Suspended particles in combination with dissolved 

ions therefore contribute to a subsequent rise in turbidity, a measure of water clarity or 

cloudiness (Boyd, 2015; Bright and Mager, 2016). Cloudiness results from the scattering of 

light due to increasing concentrations of suspended sediment which ultimately contribute to 

low water clarity conditions (Davies-Colley and Smith, 2001). Thus, turbidity is often used as 

a surrogate for suspended sediment due to the interrelatedness of these variables (Boyd, 

2015). 

2.3 Freshwater Management in New Zealand 

Sustainable water management has been implemented in recent years to monitor water 

quality and quantity dynamics, particularly through the re-use of stormwater via treatment, 

surface ponding techniques, and green infrastructure (Geiger, 1992). The latter forms of 

sustainable freshwater management have been issued due to freshwater providing a range of 
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essential services to both the natural and anthropogenic  environments where freshwater, for 

instance, can support economic development through varying land uses, support health and 

general well-being through aesthetics and spiritual meaning of a waterbody, support 

ecosystem health and structure, and can facilitate recreational activities (Ministry for the 

Environment, 2017). With such a large reliance on freshwater in New Zealand, it is therefore 

essential to maintain high-purity water quality levels and to maximise water quantity which 

can be established through the sustainable freshwater management techniques outlined 

above. Table 2.4 outlines the characteristics indicative of good freshwater quality.  

Table 2.4: Schedule for good quality water in Otago’s lakes and rivers including clarity, 

colour, sediment, smell, algal, and bed appearance characteristics (Otago Regional Council, 

2013). 

Characteristic Description Contaminant Effect 

Clarity When standing in knee-deep water, the 

bed is easily and clearly seen. 

Sediment reduces the clarity of water, and has 

an adverse effect on aquatic habitats. 

 

Colour Water-colour is not altered by 

contamination. Some rivers have 

natural colour, such as tannin-stain. 

A change in colour can be indicative of 

contamination by seidment or organic matter, 

linked to potentially high concentrations of 

dissolved phosphorus, nitrate-nitrogen, 

ammoniacal nitrogen or E. coli. 

 

Sediment Riffles and runs are free of obvious 

clay and silt deposits. Walking across 

a riffle or run should not produce an 

obvious plume. 

Sediment affects the colour of water and has an 

adverse effect on aquatic habitats, and can rsult 

in high concentrations of phosphorus, and allow 

E. coli to persist. 

 

Smell Water is odourless. Smell can be indicative of contamination from a 

source high in ammoniacal nitrogen or E. coli or 

the decay of excessive amounts of algae which 

limits people’s opportunity to appreciate water. 

 

Algae Healthy levels of algae do not cover 

more than 30% of the bed, strands are 

less than 20 mm in length, no slime on 

the surface of the water. 

Excessive nitrogen and phosphorus contribute to 

algal growth which has an adverse effect on 

native fish habitat, amenity and recreation 

values, and angling opportunities. 

 

Bank 

appearance 

Functioning riparian margins include 

helathy vegetation, stable banks, and 

no obvious livestock disturbance. 

Healthy riparian margins mitigate sediment and 

nutrient discharges. 

 

2.3.1 Current Legislation and Water Quality Summaries 

The Resource Management Act 1991 (RMA) and its concurrent 2017 Amendment is the key 

statutory framework used in New Zealand to assess water quality as it “ensures that natural 

and physical resources are sustainably managed for present and future generations” (RMA, 
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1991; Auckland City Council, 2015). The RMA provides a framework for the management 

of New Zealand’s environment, with specific focusses on air, soil, freshwater, and coastal 

marine areas (Ministry for the Environment, 2017). The legislative tool establishes both 

national and local guidance on environmental variables, such as water quality, while 

maintaining and recognising the Treaty of Waitangi in subsequent decision-making processes 

(Harding, 2004). In the case of stormwater management, Schedule 15 of the RMA sets up the 

statutory framework for stormwater discharge permits (i.e., contaminants or water discharged 

into water). At present, the discharge of water to any land or waterbody is permitted from any 

development which has an impervious surface area < 1000 m2. Specifically, Section 17 notes 

that “every person has the duty to avoid, remedy, or mitigate any adverse effect on the 

environment arising from an activity” (RMA, 1991). 

A second framework ‘The Australian and New Zealand Environment and Conservation 

Council’ (ANZECC, 2000) is the former guideline that defines trigger values and associated 

toxicity levels for New Zealand (and Australian) waterbodies. The ANZECC guidelines 

provide values/thresholds for water, sediment, and biological indicators through a variety of 

physical and chemical stressors (i.e., suspended sediment, toxicants, nutrients, and 

bacteriological contaminants) (ANZECC, 2000). The ANZECC (2000) guidelines have 

recently been revised in 2018 and are now available for public use. New Draft Guideline 

Values (DGV’s), also known as ‘trigger values’ for PC stressors in freshwater have been 

developed for the second-level River Environment Classification classes (i.e., climate and 

topography) using reference conditions. The latter DGV’s were derived from detailed 

methods classified by McDowell, Snelder & Cox (2013) and are based on two percentiles 

(i.e., the 20th and 80th percentiles for stressors) (ANZG, 2018) (Table 2.5).  

Furthermore, ‘Our Freshwaters 2020’ is a nationally based, and most current guidance 

document that works in combination with National Policy Statements and its subgroup 

National Objectives Frameworks (NOF) for Freshwater Management in New Zealand. Our 

Freshwater 2020 was reported by the Ministry for the Environment and Stats NZ and outlines 

four key issues which place significant pressures on the freshwater environment. The latter 

issues were established around four main criteria including: 

1. spatial extent and scale (i.e., how much of New Zealand is affected by this issue?) 

2. magnitude of change (i.e., is the issue increasing in scale and/or distribution, or 

accelerating?) 

3. irreversibility and lasting effects of change (i.e., how hard is it to fix?) 
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4. scale of effect on culture, recreation, health, and economy (i.e., how much does it 

affect the things we value? 

The four key issues include: 

▪ Issue 1: Our native freshwater species and ecosystems are under threat 

▪ Issue 2: Water is polluted in urban, farming, and forestry areas 

▪ Issue 3: Changing water flows affect our freshwater 

▪ Issue 4: Climate change is affecting freshwater in Aotearoa New Zealand 

‘Action for Healthy Waterways 2020’ has also been established to discuss the national 

direction for essential freshwater in New Zealand. Key themes include widespread support 

for the concept of ‘Te Mana o te Wai’ which indicates a mutual relationship between 

freshwater and New Zealanders. For instance, if we look after the water, the water will look 

after us in return. Further themes include equity between urban and rural land uses, as well as 

support for stronger regulations and voluntary action, and improved council resourcing and 

performance by Māori and Environmental groups (Ministry for the Environment, 2020). In 

particular, Action for Healthy Waterways (2020), specifies further direction for stormwater 

management and acknowledges that: 

▪ Councils note significant costs associated with implementing Water Sensitive Urban 

Design (WSUD) and related best practices (i.e., government should provide guidance 

and funding to support its uptake) 

▪ There is a need to strengthen obligations and accountability for the design and 

operation of stormwater systems 

▪ Several submitters also noted that Government and councils need to educate people 

on how daily activities can affect stormwater quality and adverse effects on the 

environment (i.e., education on litter, heavy metals, and emerging contaminants) 

▪ There was support for risk management plans (RMP’s) for waste and stormwater 

In the case of stormwater pollution in New Zealand, the concentrations of key water 

quality indicators are highly variable under flow conditions, and the regulatory thresholds 

normally hold for discharges of permanent water courses under baseflow.  These 

regulations are specified in the Otago Regional Council Water Plan (6a) and have specific 

targets for different regions in Otago such as Wānaka (Table 2.5).  There are no specified 

thresholds specifically for stormwater; however, as guidance thresholds for natural water 

courses and discharge as specified by the ANZG (2018) and Schedule 15  and 16 of the 
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ORC Water Plan (2014) are provided below as thresholds to indicate whether the 

discharges observed through the stormwater network under base flow would meet these 

requirements for discharged water into Lake Wānaka (Table 2.5).  These thresholds are 

used here with the caveat that concentrations are always highest in the first flush, and do 

not represent the mean concentration discharge that would be observed over an entire 

event. 

 

Table 2.5: Concentrations of water quality variables for natural water courses and 

stormwater drains discharging into Lake Wanaka.  

Variable ANZECC 

(2000) 

ANZG (2018) ORC Plan Change 6a - 

Schedule 15 

ORC Plan 

Change 6a - 

Schedule 16 

Previous 

Guidelines 

Stoney 

Creek Sites 

Bullock 

Creek and 

Water 

Race Sites 

Receiving 

Group 3 

Receiving 

Group 5 

Area 2 

Catchments 

Turbidity  

(in NTU) 

5.0 0.6 0.6 3.0 3.0 Not 

specified 

Suspended 

Sediment 

Concentration 

(SCC) (in mg L-1) 

4.0 1.8 1.3 Not specified 

 

Nitrate (NO3-N)  

(µg L-1) 

167.0 25.0 12.0 Not specified 

 

Total Nitrogen (TN) 

(µg L-1) 

295.0 139.0 37.0 100.0 100.0  

Dissolved Reactive 

Phosphorus (DRP) 

(µg L-1) 

6.0 Not specified 

 

5.0 5.0 35.0 

Total Phosphorus 

(TP) (µg L-1) 

24.0 11.0 6.0 33.0 5.0 Not 

specified 

Aluminium (Al3+) 

(µg L-1) 

LOP (80%) 

– 150.0 

Not specified 

Copper (Cu2+)  

(µg L-1) 

LOP (80%) 

– 9.4 

Not specified 

Zinc (Zn2+) 

 (µg L-1) 

LOP (80%) 

– 31.0 

Not specified 

E. coli  

(in CFU/100 mL) 

260.0 134.0 108.0 50.0 10.0 550.0 

 

Note: ANZECC (2000), ANZG (2018) and ORC Schedule 15 – Receiving Group 3 (2014) guidelines are used 

for tributaries such as Stoney Creek Urban and Stoney Creek Headwaters; Lower and Middle Water 

Race/Control; and Bullock Creek Lower, Middle, and Headwaters. ORC Schedule 15 – Receiving Group 5 

(2014) used for Lake Wānaka where the drain connect directly to the Lake and ORC Schedule 16 – Area 2 

Catchments (2014) are used for the expected quality of a discharge of stormwater from drains, including 

McDougall Street Drain, Old Wharf Drain, Bremner Drain, Beacon Point Drain, and Kirimoko Subdivision. 

LOP represents trigger values for toxicants at alternate levels of protection as total particulate heavy metals 

(Table A1.1-A1.3; Table A2.1) 
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2.4 Water Sensitive Urban Design and Stormwater Attenuation 

Sustainable water management is a crucial issue due to intensifications in population 

densities and land use changes around the globe (Ministry for the Environment, 2017; Yang 

and Li, 2013). As a result, Low Impact Development (LID) and/or Water Sensitive Urban 

Design (WSUD) have been implemented both nationally and internationally to reduce water 

pollution, particularly in urban environments such as those seen in this study (Roy et al., 

2008). Low impact development (LID) can reduce hydrological responses and water 

contamination associated with urban practices (Elliot and Trowsdale, 2007). LID’s purpose is 

to reduce urban stormwater runoff through the detention and storage or water in combination 

with infiltration and filtration processes (Stagge, 2012). Similarly, water sensitive urban 

design (WSUD), a multifaceted design approach, incorporates land development and/or 

urban design with the conservation of water, and ecological and community values 

(Auckland City Council, 2015; Chandran et al., 2014).  

LID and/or WSUD both interact with the hydrological cycle at watershed and/or catchment 

scales to remediate water quality and quantity issues in riverine systems through green 

infrastructure, however Auckland Regional Council (2003) note that prevention is better than 

cure. LID retains stormwater through infiltration and harvesting in rain barrels, swales, and 

raingardens; promotes evapotranspiration; recharges groundwater; reduces flood frequencies 

by altering hydrograph distribution in urban environments; and reduces health risks to both 

aquatic and human populations (Auckland City Council, 2015; Roy et al., 2008; Carpenter et 

al., 2016). Roy et al (2008) note that the implementation of LID and WSUD in urban 

environments is a sufficient management strategy in terms of water quality mitigation as it 

reduces both runoff volume and associated pollutant loads. The Auckland City Council 

(2015) and Elliot and Trowsdale (2007) have stated that WSUD has proven to be beneficial 

as it incorporates, regulates, and aims to protect ecosystem services and/or functions (i.e. 

vegetations and water yields), encourages community involvement and a sense of place, 

reduces impervious surfaces by replacing them with green infrastructure, and enhances 

natural processes opposed to anthropogenically influenced ones. Table 2.6 summarises LID 

and WSUD features that are currently being used in New Zealand. 
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Table 2.6: Low impact development (LID) and water sensitive urban design (WSUD) and 

subsequent design features, uses and functions, benefits, and associated references 

 

Design Feature Uses and Functions Benefits References and Case 

Studies 

Rain Gardens Absorbs, filters, and 

returns stormwater to the 

watershed 

 

Natural resources (i.e. 

native plants, trees, and 

shrubs) have long roots 

which provide greater 

pore space for 

infiltration 

 

Recharges aquifers 

Uses natural resources 

 

Little to no irrigations 

required 

 

Cost effective 

 

Environmentally friendly 

 

Aesthetic (i.e. colourful) 

 

Easy and is relatively 

self-maintained 

 

Provides homes and 

shelter for other 

organisms (i.e. insects, 

birds, and butterflies) 

 

Navarra (2012) 

 

Ishimatsu et al (2017) 

Swales Convey stormwater 

runoff from highways 

due to their shallow 

depth and flat structure 

 

Reduces runoff volumes 

 

Encourages infiltration 

and sedimentation 

Reduces suspended 

sediment 

 

Reduces heavy metals 

concentrations that are 

associated with 

highways (i.e. Zn, Cu, 

and Pb). Zn 

concentrations were 

reduced the most. 

Treatment option for 

highway pollution 

 

Stagge (2012) 

Green Roofs Reduce discharge 

 

Delay hydrograph peaks 

(i.e. by approximately 30 

minutes in Syracuse, 

New York) 

 

Retain water 

Retains nutrients 

associated with rain 

events (i.e. nitrogen and 

phosphorus) 

Carpenter et al (2016) 

 

2.5 Knowledge Deficits and Research Questions 

The national-level water quality summaries such as ‘Environment Aotearoa 2019’ and ‘Our 

Freshwaters 2020’ document recognise several knowledge deficits in New Zealand, 

particularly relevant urban settings. Current research gaps include, but are not limited to the 

following: 
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▪ Assessing and monitoring the extent, condition, trends, and ecological integrity 

(completeness) of freshwater habitats; 

▪ Understand and quantify the benefits of freshwater, including on wellbeing; 

▪ Understanding the rates of change and tipping points in freshwater so research and 

response work can be priorities according to urgency (i.e., short-term vs. cumulative 

effects); 

▪ Improving understanding of the pressures on freshwater and their causes, including 

interactions and intensification in places and over time (i.e., there is a lack knowledge 

of the current extent of urban freshwater deterioration and their direction of change); 

▪ Characterisation of the connections between the health of the freshwater environment 

and past, current, and future land uses in the short and long term; 

▪ Investigation into how matauranga and tikanga Māori can facilitate change (i.e., listen 

to the voice of Te Ao Māori); and 

▪ Understanding how to build social cohesion and readiness for change. 

These knowledge gaps present enormous challenges to managing freshwater resources in 

New Zealand, and in part are likely to be improved using innovative and holistic 

solutions such as new technologies, smart sensing, and the incorporation of citizen 

science (i.e., environmental education for the community). The intent of this thesis is to 

expand understanding of one specific case study investigating the spatial and temporal 

trends in urban stormwater, in a culturally valuable landscape undergoing sustained 

pressure from urban development.  To this end, this research in liasion with local 

community groups has identified three research questions: 

1. Are urban developments in Wānaka affecting stormwater discharges into Lake 

Wānaka? 

▪ Do the concentrations of these discharges change between baseflow and event 

flows? 

2. Are there variations in stormwater contaminant concentrations over an event?  

▪ Are these best characterised by a first flush response? 

3. Are there temporal variations in stormflow? (i.e., inter-event fluctuations) 
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Chapter 3  

Methods                 

3.1 Research Strategy 

Urbanisation is one of the leading stressors on freshwater bodies around the globe, 

influencing natural and anthropogenic environments and associated physical, 

physiochemical, and morphological characteristics within urban hydrological systems 

(Ermens, 2007; Walsh et al., 2005). Changes to urban hydrological systems are attributable 

to post-urbanisation phenomena, where a specific focus has been placed on the increase in 

impervious surfaces over the spatiotemporal scale (Mosley and Peake, 2001). Impervious 

surfaces promote stormwater runoff and its consequent impact on receiving waterbodies, in 

which contamination is a highly likely phenomena (Mosley and Peake, 2001). As a result of 

various knowledge deficits and/or gaps that exist regarding stormwater and the first flush 

phenomena, stormwater monitoring is required to understand current, ongoing and emerging 

problems in regions of New Zealand, such as Lake Wānaka. 

Assessment of water quality is often evident in the form of empirical data which allows a 

qualitative method to be adopted (i.e., a field-research approach) enabling understanding and 

observations to be achieved whilst interacting with the natural environment (Williams, 2007). 

Pavlowsky (2016) stated that to build an effective stormwater monitoring plan, several 

factors need to be considered, including:  

1. the determination of project objectives and goals 

2. the establishment of geographical boundaries and temporal time frames  

3. the consideration of monitoring data including field sites, events, and sample data  

4. the identification of project constraints  

5. an understanding of performance criteria requirements and/or water quality 

guidelines; and 

6. the appropriate data analysis approach and/or statistical procedure  

The strategy of this research consists with a field-research approach, with periodic sampling 

through single rain events to capture the variation in contaminant concentrations during the 

rising, peak, and receding limbs of storm hydrographs. The sampling scheme integrates 
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existing water quality data collected by Touchstone1, using grab sampling methods to gain an 

understanding of baseflow conditions, stormflows and the urban sourced water quality in the 

Wānaka township.  

Water quality samples were subject to laboratory and/or chemical analysis explained in 

Section 3.5, which determined the difference in contaminant concentrations between 

baseflow and stormflow conditions. Statistical techniques and the use of Geographic 

Information Systems (GIS) were used to complement field-based data and inform an 

approach to solving the research questions associated with this study as outlined in Figure 

3.1. 

  

 
1 The Touchstone Project is a direct-action initiative to support those concerned about the Lake Wānaka water catchment, 

raise awareness of impacts around the lake, and how you can have a positive influence on the water in the lake. 
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Figure 3.1: Conceptual diagram showing the research aim, research questions, and research 

methods associated with this study. For further details on research methods see Section 3.4 

to 3.6. 

3.2 Regional Setting: Climate and Hydrology 

Wānaka is located in the Queenstown Lakes District of Central Otago, New Zealand on the 

shoreline of Lake Wānaka, an oligotrophic lake, that is characterised as a ‘sensitive receiving 

environment’. Lake Wānaka is fed by rainwater, natural springs, and melting snow and is 

characterised as one of the ‘Southern Great Lakes of New Zealand’ and is the fourth largest 

in the country (The Guardians of Lake Wānaka, 2013). Wānaka is dominated by semi-arid 

conditions generally attributed to the Southern Alps mountain ridges in the South Island of 
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New Zealand. The headwaters of the Clutha/Mata-Au and Lake Wānaka are situated in 

Mount Aspiring National Park, with its highest peak, Mount Aspiring Tititea (3033 m asl in 

elevation) in the Matukituki valley that flows directly into Lake Wānaka. The Southern Alps 

lie to the west and north of Lake Wanaka, providing inflows into Lake Wānaka from its 

principal tributaries, the Matukituki and Makarora rivers. The local climate of Wānaka is 

vulnerable to prevailing westerly winds as moist air is drawn from the Southern Ocean, 

where orographic rain falls principally on the west coast, however, there is spill-over of 

orographic rain up to 20 km eastward over the main divide, and into the Clutha Mata-Au 

catchment (Jobst et al., 2018). Dry conditions persist as a result of the Southern Alps rain 

shadow (Weaver et al., 2017). As the latter two conditions merge, Wānaka’s catchment is 

generally susceptible to dry conditions in the south/east and moist conditions in the 

north/west. Daily temperature ranges are relatively large in the region as nocturnal radiation 

cooling in combination with cold air draining downslope cause night time temperatures to be 

comparatively lower than temperatures during the day which reach a daily annual average of 

16° C (NIWA, 2020). 

Annual rainfall in Wānaka is relatively low with a mean annual normal precipitation of 594 

mm a-1 (NIWA, 2015). Rainfall is less in the south/east at less than 400 mm a-1, compared to 

the north/west which increases to approximately 1000 mm a-1 as a result of high elevation in 

the far west ranges of Otago (NIWA, 2015). Future climate change risks in the region 

include: 

▪ An increase in mean annual air temperatures by ca. 1ºC on average by 2040, and 2ºC 

by 2090 

▪ An increase in rainfall and westerly winds in spring and winter, but a decrease (or no 

change) in summer/autumn 

▪ An increase in strong westerly winds, decreased seasonal snow cover, and an 

increased frequency of high temperatures and extreme daily rainfalls 

▪ More frequent intense winter rainfalls expected to increase the likelihood of rivers 

flooding and flash flooding when urban drainage systems become overwhelmed (see 

Otago Regions Future, Ministry for the Environment, 2018). 

As such, the increase in extreme events, and longer drought periods potentially combine to 

exacerbate stormwater runoff because of longer dry periods which will result in greater build-

up of contaminants on the land surface, and may result in higher contaminant loads during 

rain events. 
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3.3 Sampling Locations 

Urban stormwater runoff from the township can considerably influence nutrient inputs, toxic 

and bacteriological contaminants, and suspended sediment concentrations into receiving 

waterbodies. The natural watercourses and stormwater drains that discharge directly into 

Lake Wānaka within the Wānaka township were monitored in this study to quantify the 

potential discharges that were occurring through the stormwater network. Twelve sampling 

locations were selected and included seven location previously used to determine baseflow 

conditions by Touchstone/Aspiring Environmental (Figure 3.2). Most sites are downstream 

of culverts, or areas that can be easily accessed, and many have nuisance plant growth within 

the channel, and little to no tree cover or riparian shading (Tables 3.1 and 3.2; and Figure 3.3 

and 3.4). 
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Figure 3.2: Sampling sites including a combination of Touchstones past sites (Stoney Creek 

Headwaters, Stoney Creek Urban, Lower Water Race, McDougall Street Drain, Bullock 

Creek Headwaters, Bullock Creek Lower) and Wai Wānaka new sites (Middle Water 

Race/Control, Bullock Creek Middle, Old Wharf Drain, Beacon Point Drain, Kirimoko 

Subdivision). 
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Figure 3.3: Stormwater Drain Sites including 1) McDougall Street Drain 2) Bremner Drain 

3) Old Wharf Drain 4) Kiromoko Subdivision and 5) Beacon Point Drain. 

 

 

Figure 3.4: Natural Watercourse and/or Tributary Sites including: 6) Middle Water 

Race/Control 7) Lower Water Race/Urban 8) Bullock Creek Middle 9) Bullock Creek 

Head/Control 10) Bullock Creek Lower 11) Stoney Creek Urban and 12) Stoney Creek 

Head/Control. 
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Table 3.1: Physical description, human use, and distinguishing factors of the natural 

watercourses and/or tributaries that receive stormwater inflows that discharge directly into 

Lake Wānaka. 

Site Physical Description of 

Catchment 

Human Use Distinguishing Factors 

Stoney Creek 

Headwaters 

Tussock grassland – 

livestock and rabbits present 

Outer creek erosion and 

loose sediment 

Stormwater discharge feeds 

into true left of site, 

possibly from Holiday Park 

or road 

Private road on true left of 

site as well as over the creek 

Dry under fair conditions 

Stoney Creek 

Urban 

Large stormwater drain 

feeding into site (concrete 

stabilised) 

Busy car park in close 

proximity to the true right of 

site 

Main road, busy vehicular 

traffic over site where lots 

of stormwater collects 

Bridge directly over site 

Flows directly into Lake 

Wanaka 

Popular swimming site 

Lots of loose sediment from 

Meadowstone Development 

during sampling timeframe 

in 2017-2020. 

Middle Water 

Race/Control 

Historical sediment fluxes 

 

Heavy vegetation in stream 

which can cause stagnant 

water 

Residential subdivision – 

drains feed directly into 

stream 

Upstream land uses include 

sheep, beef, and deer 

farming in the lower 

Cardrona Catchment 

Lower Water 

Race 

Historic sediment fluxes Main road, busy vehicular 

traffic over site – 

stormwater flows into site 

as a result of aspect/slope 

Flows directly into Lake 

Wanaka 

Upstream land uses include 

sheep, beef, and deer 

farming in the lower 

Cardrona Catchment 

Bullock Creek 

Headwaters 

Natural spring 

Lots of newly planted 

riparian vegetation around 

walking track 

Walking track through site Impacts of Alpha Series 

Development during 

sampling timeframe 2018-

2020. Issues including loose 

sediment, stormwater and 

sediment overflows during 

heavy rainfall events 

Metal stabilisers in ground 

(shows potential erosion 

risk of site) 

Bullock Creek 

Middle 

Natural spring Drains feeding into true left 

of site from residential area 

above site 

Potential nutrient influence 

from the golf course 

Bullock Creek 

Lower 

Natural spring 

Lots of small stormwater 

inflows merging directly 

into site 

Nested in residential and 

commercial land uses 

Bridge upstream of site and 

busy car park on true right 

Flows directly into Lake 

Wanaka 
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Table 3.2: Physical description, human use, and distinguishing factors of the stormwater 

outflows that discharge directly into Lake Wānaka.  

Site Physical Description of 

Catchment 

Human Use Distinguishing Factors 

McDougall Street 

Drain 

Stormwater drain 

High impervious surface 

area draining into catchment 

Relatively stagnant flows 

during baseflow and 

stormflow 

 

Drains through residential 

subdivision 

Main road, busy vehicular 

traffic through site 

Potential influence of 

Pembroke Park and the 

rugby grounds 

Flows directly into Lake 

Wānaka 

New carpark built in close 

proximity to site in 2019 

Old Wharf Drain ‘Smelly Drain’ 

Little to no discharge under 

fair conditions, however site 

pumps under heavy rainfall 

Drains residential area 

above – lots of manholes 

and roadside stormwater 

drains, including natural 

swale 

Concrete and gravel 

walkway directly over site 

 

Flows directly into Lake 

Wānaka 

Bremner Drain Large concrete enforced 

drain 

Lots of ducks, rabbits, and 

dogs 

Popular recreational site for 

walking, biking, and 

swimming 

Flows directly into Bremner 

Bay, Lake Wānaka 

New developments 

consistently being built 

 

Beacon Point 

Drain 

Large concrete enforced 

drain with algal growth and 

slime in it 

Lots of ducks, rabbits, and 

dogs 

Drains residential area 

above – lots of manholes 

and roadside stormwater 

drains 

 

Popular recreational site for 

walking and biking 

 

Flows directly into Lake 

Wānaka 

Kirimoko 

Subdivision 

Natural swale High density building – 

still a lot of concrete 

‘Water Sensitive Urban 

Design’ (WSUD) and ‘Low 

Impact Development’ (LID) 

subdivision 

 

3.3.1 Sampling dates 

Three baseline data sets have been sampled through the citizen science group 

Touchstone/Aspiring Environmental and provided to this study. Baseline data sets are 

defined as those which had a minimum holding period of two weeks with no rain before 

sample collection. Baselines samples were measured for sediment concentration, E. coli, 

nitrate, and dissolved reactive phosphorus for 7 of the 12 sites in this study (Table 4.1). 

Baseflow samples were collected on three occasions: 31 July 2017, 28 August 2017, and 2 

October 2017. 
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Ten storm events were sampled that held the minimum holding period of 72 hours without 

significant rain (Table 3.3).  The holding period is important as this provides time for 

contaminants to accumulate on land surfaces, and then be washed into the stormwater 

network.  Events where there is continued and frequent rain events will also wash these 

contaminants into the environment; however, repeated high frequency events displace the 

contaminants so that they may not be at detectable levels over multiple cycles. Figure 3.5 

notes that the highest frequency rain events in Wānaka during this studies time frame ranged 

between 0.5 to 1.5 mm hr–1, and that rain events became less frequent as storm intensities 

increased (i.e., up to 7.5 mm hr–1). All rainfall events captured in this study were within the 

limits suggested in Figure 3.5, however ranged between low, medium, and high frequency 

events – capturing a broad variety of storm intensities. 

Table 3.3: Stormwater sampling campaigns in Wānaka township, with details of rainfall 

amount, intensity, and holding period (in hours) that describes the time between significant 

rain events (i.e., > 1 mm hr−1) as recorded at the NIWA CWS Station in Wānaka. Datasource: 

NIWA Cliflo (2020). 

Sampling Campaign 

Total 

Rainfall 

(mm d −1) 

Rainfall 

Intensity 

(mm hr−1) 

Holding 

period 
Notes 

Mean Max 

5/6 November 2017 10.8 1.5 2.4 51  with no rain within a 2-month 

period of little rainfall samples 

collected 4 hours into storm 

17/18 January 2018 2.4  0.4 1.0 837 samples collected 2 hours 

1/2 February 2018 96.8 3.5 10.0 348 samples collected 14 hours into 

storm event  

17/18 September 2018 45.2 2.5 5.8 74 1-day lag between storm event 

and sampling  

29/30 September 2018 35.8 2.0 5.0 124 collected over two days from 

initiation of storm event 

25 October 2018 

 

19.6 2.0 4.4 343 first flush sampling plus hourly 

sampling at Bremner Drain and 

Old Wharf Drain 

19 January 2019 

 

9.2  1.3 4.0 146 one-hour sampling from first 

flush event 

19/20 February 2019 

 

4.2 1.4 2.8 172 first flush sampling 

24/25 March 2019 

 

10.6 

45.8* 

0.8 

1.5* 

2.8 

4.6* 

214 first flush sampling. 10.5 mm in 

first pulse of rain, with several 

hours until second pulse of rain.  

18 October 2019 

 

8.8 1.1 2.2 192 first flush sampling of all sites 

plus temporal sampling of 

Bremner Drain over 3.5 hours 

in 15-minute intervals 
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Figure 3.5: Distribution of hourly rainfall intensity as measured in Wānaka at the CWS 

weather station for the period November 2017–December 2019. Data source: Cliflo (NIWA, 

2020).  

3.4 Field Methods 

Field samples were collected between July 2017 and October 2019 when appropriate 

conditions were met for baseflow and stormflow samples (see Sections 3.4.1 and 3.4.2). To 

cover spatial and temporal variability of surface water samples, samples were taken at twelve 

sampling sites and incorporated baseflow samples from Touchstone/Aspiring Environment in 

2017 and stormflow samples collected by the University of Otago and Wāi Wānaka (Upper 

Clutha Lakes Trust) volunteers between 2018 and 2019. 

3.4.1 Baseflow Collection and Storage 

Measuring baseflow is important in stormwater monitoring regimes as it gives a baseline 

indication of low flows in waterbodies during dry and fair-weather conditions. As a result, 

measuring baseflow was an integral part of this study as it allowed a distinction in water 

quality to be defined between baseflows and stormflow conditions which were influenced 

through major storm events. All baseflow samples were collected by Touchstone/Aspiring 

Environmental where results were integrated into this study. 

Baseflow sampling only occurred 72 hours after a storm event (i.e., 2.5 mm in a 24-hour 

period) as samples were unable to be influenced by stormwater runoff and/or overland flow. 
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At each site, a grab sample was collected from the thalweg, or as close as possible where it 

was safe to do so. To reduce contamination, sample containers were rinsed 3 times with 

tributary or stormwater drain water and were lowered into the thalweg (unless specified 

otherwise by Hills Laboratories), 200 mm below the water surface and filled to the desired 

level (USGS, 2006). The latter methods allowed the water samples to be well-mixed and a 

reliable representation of the reaches overall water quality. Whilst removing the samples the 

bottle opening was tilted in an upward direction and 2.5 to 5 cm of headspace was left to 

allow for proper mixing of samples and for expansion when frozen. Samples were stored in 

chiller boxes with ice to keep samples cool and dark (i.e., < 4° C) during field collection and 

were either frozen and thawed at the University of Otago, or sent directly to Hills 

Laboratories, in Christchurch where analysis took place. Volatile analytes (e.g. NO3 and 

DRP) were analysed within 12 hours of being thawed. Samples that were collected were 

measured for suspended sediment; nutrients (i.e., nitrogen and phosphorus); toxic substances 

(i.e., heavy metals); and bacteriological contaminants such as faecal coliforms and E. coli.  

Table 3.4: Contaminant bottle type for the grab water sampling method. 

Contaminant Bottle Type 

Suspended Sediment HDPE 1 L Bottle 

Toxicants 120 mL HDPE or PP Bottle 

Nutrients (Nitrogen and Phosphorus) 120 mL HDPE or PP Bottle 

Bacteriological Contaminants Sterile 100 mL PE Bottle 

 

3.4.2 Storm-Event Selection 

An important focus of this investigation was to differentiate stormflow from baseflow. The 

USGS (2008) note that there are certain criteria that enable stormwater sampling to proceed 

which include 1) sampling events with a range of rainfall depths greater than 2.5mm in a 24 

hour period; 2) the storm must be preceded by at least 72 hours of no measurable 

precipitation; and 3) sampling within the first 30 minutes of the storm discharge to obtain 

maximum concentrations of a pollutant (i.e., the first flush). The latter criteria was 

implemented in this study and its design. Sample collection and storage methods were the 

same as those used under baseflow conditions. Rainfall data was obtained from the NIWA 

climate database (NIWA, 2020)  to enable an understanding of rainfall intensity and duration, 

antecedent dry periods, and the first flush composition and its dynamics. 
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3.5 Laboratory Analysis 

Laboratory analysis was undertaken the University of Otago, Dunedin campus for much of 

this investigation, however two sample campaigns (i.e., 25th October 2018 and 18th October 

2019) were analysed by Hills Laboratories in Christchurch, New Zealand to be directly 

comparable to the baseflow samples collected by Touchstone/Aspiring Environmental at an 

IANZ accredited laboratory. All samples at the University of Otago were removed from cold 

storage the evening prior to analysis to ensure that all samples were thawed and analysed at 

room temperature. Laboratory blanks were used to account for any potential contamination 

during handling and the mean blank concentrations were deducted from the raw 

concentration datasets. Where these values equalled zero, or were negative, the data was 

recorded as being ‘below detection limit’, rather than a zero concentration. 

3.5.1 Nutrients 

Total Nitrogen (TN) was analysed using the Lachet QuickChem 8000 with pre-treatment that 

converts all forms of nitrogen into nitrate by implementing an alkaline and acidic persulfate 

digestion. During the latter digestion, the potassium persulfate (under alkaline conditions) 

converted all forms of nitrogen containing compounds to the nitrate form. Samples exceeding 

the highest standard were diluted and reanalysed (Tucker and Jones, 2008; Table 3.2). 

Nitrate (NO3) was quantitatively reduced to nitrite by passage of the sample through a 

copperised cadmium column. The nitrate (reduced nitrate plus original nitrite) was then 

determined by diazatising with sulphanilamide followed by coupling with N- (1-naphthyl) 

ethylenediamine dihydrochloride. The resulting water-soluble dye produced a magenta colour 

which is read at 520 nm. An alternate method to calculate nitrate alone, however, is by 

removing the cadmium column. (Tucker and Jones, 2008). 

Total and Dissolved Phosphorus were analysed using the Lachet QuickChem 8000 which 

utilised an off-line digestion to convert all forms of phosphorus into orthophosphate by 

implementing a alkaline and acidic persulfate digestion. The orthophosphate ion (PO4
3-) 

produced reacted with ammonium molybdate and antimony potassium tartrate under acidic 

conditions to form a complex.  This complex was reduced with ascorbic acid to form a blue 

complex, absorbing light at 880 nm. The absorbance was proportional to the concentration of 

orthophosphate in the sample. The method was then calibrated using digestion standards and 

was based upon Standard Methods 4500 – PJ. Samples exceeding the highest standard were 

diluted and reanalysed (Tucker and Jones, 2008; Table 3.2). 
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Table 3.5: Accuracy, precision, and detection limit for nutrient species. 

 Nitrogen (mg L-1) Phosphorus (mg L-1) 

NO3-N TN DRP TP 

Accuracy 0.002 0.020 0.001 0.005 

Precision 0.001 0.004 0.003 0.003 

Detection Limit 0.001 0.007 0.004 0.004 

 

3.5.2 Toxicant Contaminants/Minor Dissolved Solids 

Toxic contaminants were analysed using elemental analysis via inductively coupled plasma 

Optical Emission Spectrometry (ICP-OES). The determination of total recoverable and 

dissolved metals (Ag, Al, As, B, Ba, Be, Cd, Co, Cr, Cu, Fe, Ga, Li, Mn, Ni, Pb, S, Sr, V, Zn, 

and P) in this study required water samples to be acidified and digested preceding analysis. 

Both filtered and unfiltered samples were measured by decanting 9.9 mL of the sample into 

polypropylene test tubes that had been washed in 5% nitric acid solution. 100 µL of ultrapure 

70% concentrated nitric acid were added to the samples and the total recoverable fraction 

were covered in laboratory-grade plastic wrap to limit aerosol contamination. The dissolved 

fraction of samples however, required a digestive phase which occurred by placing the 

samples on a hot plate where they were concentrated by being sub-boiled and/or evaporated 

at 95ºC for a two-hour period. The dissolved metal samples were then topped up to 9.9 mL 

with distilled water and were left to cool until the ISO procedure began operation.  

The latter solutions (i.e., total recoverable and dissolved heavy metals) were then pumped 

into a glass nebulizer incorporating caesium nitrate solution which supresses ionization. The 

nebulizer created a fine mist of water vapour that was transported by an argon gas stream and 

is magnetically stimulated for plasma. The plasma in combination with emitted radiation 

were directed through a spectrometer where samples were dispersed into component 

wavelengths, indicating the specific elements present in the plasma. The following tables 

were limited to three elements, a result of Al, Cu, and Pb being the only elements that 

exceeded recommended ANZECC (2000) guidelines and/or detection limits (i.e., > 0.002 

mg/L) (Table 3.6). 
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Table 3.6: Accuracy, precision, and detection limit for total recoverable and dissolved heavy 

metals that exceeded recommended guidelines. Total recoverable metals only used in data 

analysis. 

 Total Recoverable Heavy Metals (mg L-1) 

Al Cu Pb 

Accuracy 0.148 0.150 0.150 

Precision 0.006 0.001 0.002 

Detection Limit 0.006 0.002 0.003 

 

3.5.3 Bacteriological Contaminants 

Bacteriological contaminants were analysed using the ‘most probable number’ (MPN) also 

known as the Colilert Method. Samples were collected directly from the site using sterilised 

100 mL polypropylene containers and were stored in cool, dark conditions for a maximum of 

24 hours before analysis proceeded. Samples were decanted into a quanti-tray with a reagent, 

sealed, and then incubated at 36ºC for 18 hours. To examine the concentration of E. coli 

within the sample, the quanti-tray was examined for fluorescent colour changes via the use of 

a UV light. Comparatively, to analyse the concentration of total coliform bacteria the quanti-

tray was simply tested by counting positive wells (i.e., ones that are yellow) and comparing 

them to the MPN conversion table to identify the total CFU per 100 mL. 

3.5.4 Turbidity and Suspended Sediment Concentration 

Nephelometric turbidity was determined from the grab samples using a Hach 2100p-iq 

portable turbidimeter, following the EPA 170.1 and ISO7870 methods. Suspended sediment 

on the other hand, was analysed by filtering water samples of a known volume and weighing 

the sediment that was trapped on the filter paper after the samples had been dried in an oven 

at 105ºC for 12 hours three times. The filter papers that were used in the analysis included 

pre-weighed 47 mm glass fibre filters with a pore size of 1.5 µm. Filter papers were initially 

prepared by oven drying, followed by being rinsed in distilled water overnight, and then 

being re-dried and re-weighed. 

3.6 Data Management and Manipulation 

3.6.1 Statistical Analysis 

Microsoft Excel (v. Office 365 MSO) and Minitab Statistical Software Package (v. 16) were 

used to analyse the collected baseflow and stormflow data at the combination of natural 

watercourses and stormwater drains. Preliminary data analysis was established through 
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descriptive statistics in Minitab which obtained the mean, median, and standard deviation of 

collected data. By collecting the latter statistics, major characteristics of the data were 

summarised allowing relationships, dispersion factors (i.e., similar or unequal distributions), 

and outliers to be established in the graphical representation of a dot plot. The statistical 

method of correlation was used to establish the strength of the association between 

impervious surface coverage (%) and stormwater contaminants in the software package IBM 

SPSS (v. 23), as was the regression analysis between storm event characteristics and 

stormwater contaminants. The selected monotonic correlation method was Kendall’s tau as it 

is a rank procedure that is adopted for non-parametric and non-linear data that can handle 

outliers such as those present in this investigation.  

3.6.2 Geospatial Analysis 

An impervious surface map of Wānaka was digitised using an aerial photograph of the 

township provided by the Queenstown Lakes District Council (dated March 2018), with a 

spatial resolution of 10cm. The impervious surface layer was digitised by drawing polygons 

around all impervious surfaces that drained into Lake Wānaka (i.e., roads, rooftops, 

sidewalks, parking lots, patios, and compacted soils) at a consistent scale of 1:3:000.  

Impervious surface maps were also drawn for the years 1956, 1968, 1976, 1984, and 2016 

from aerial photographs to quantify the changes in impervious surface coverage over the 

spatiotemporal scale (i.e., per decade). Aerial images were available as open sources 

data.linz.govt.nz and retrolens.nz. 

A map of the stormwater sub-catchments of Wānaka was provided by Landpro Ltd, 

Cromwell, as was the Wānaka stormwater main and a 15m DEM (Digitised Elevation Map) 

(Figure 3.5 to 3.7; Columbus et al., 2011; Queenstown Lakes District Council, 2019). The 

percentage of impervious surfaces within each sub-catchment was calculated using ArcGIS 

(v. 15) and determined for each of the 12 stormwater outfall sites. 
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Figure 3.6: Individual sub-catchment map including the Wānaka stormwater main and the 12 

sampling sites associated with this study (Landpro, 2019; Queenstown Lakes District 

Council, 2019). 

1 km 
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Figure 3.7: Individual sub-catchment map including aspect and the 12 sampling sites 

associated with this study (Columbus et al., 2011; Landpro, 2019). 

 

1 km 
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Figure 3.8: Combined sub-catchment map and the 12 sampling sites associated with this 

study (Columbus et al., 2011; Landpro, 2019; Queenstown Lakes District Council, 2019). 
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Chapter 4   

Results           

The key data and general trends of the three research questions associated with this 

investigation are described in this chapter. Sections 4.1 through 4.3 discuss the spatial 

variation of surface water quality between study site where Section 4.1 outlines historical 

land use intensification and imperviousness, Section 4.2 discusses imperviousness and its 

correlation to water quality contaminants, and Section 4.3 outlines the difference between 

baseflow and stormflow contaminants at seven out of twelve sites. Sections 4.4 and 4.5 

discuss the temporal variation of surface water quality including the first flush composition 

(i.e., intra-event variability) and inter-event variations in stormwater quality between 2018 

and 2019 (i.e., between stormwater drain sites and natural watercourses and/or tributaries). A 

summary of research findings is provided in Section 4.6.  

4.1 Historical Land Use Intensification and Imperviousness 

Urban development in Wānaka was mapped using aerial photographs to assess the change in 

impervious area from 1956 - 2018 (Figure 4.1; Figure 4.2). Over the past 60 years there has 

been considerable growth in imperviousness land cover, with a notable acceleration in the 

increasing areas of imperviousness since 1984 (Figure 4.1). From the earliest aerial imagery 

in 1956, only 44.2 ha of Wānaka was covered in impervious surfaces, but this continued to 

grow over the following six decades. In 1968 impervious surface area was estimated to be 

65.3 ha, 89.3 ha in 1976, 115.8 ha in 1984, 206.7 ha in 1999, 288.8 ha in 2006, and 384.4 ha 

in March of 2018, and shows an exponential increase in imperviousness (Figure 4.3). As 

such, there has been a rapid expansion in housing developments and suburban sprawl, 

especially to the south eastern flank of Lake Wānaka, including areas of Bremner Bay 

(Figure 4.1). Subsequently, increases in developments such as the latter are adding pressure 

to the stormwater networks of Wānaka and are actively deteriorating associated water 

quality. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

Figure 4.1: Sixty years of changing impervious surface coverage of the Wānaka township – 

a) 1956 b) 1968 c) 1976 d) 1984 e) 1999 and f) 2006.  
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Figure 4.2: Impervious surface coverage of Wānaka at 03/2018. 

 

 

Figure 4.3: Impervious surface coverage (ha) for Wānaka for the sixty-two-year period 

(1956-2018) derived from aerial and satellite imagery.  
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4.2 Imperviousness and Water Quality 

4.2.1 Per Site Impervious Surface Coverage 

 The percentage of impervious surface coverage associated with the 12 sampling sites in this 

study varied significantly, a result of the various sub-catchments that drain into each of the 

twelve locations (Figure 4.4). The site with the highest percent of impervious surface 

coverage was Old Wharf Drain at 40.4%, followed by McDougall Street Drain (36.6%), 

Stoney Creek Urban (35.9%), Bremner Drain (including Kirimoko Subdivision) (34.4%), and 

Bullock Creek Headwaters (34%) (Figure 4.12). Bullock Creek Lower (29.7%), Middle 

Water Race/Control (29.4%), Beacon Point Drain (25.7%), Lower Water Race (23.7%), and 

Stoney Creek Headwaters (22%) had impervious surface percentages less than 30%. The site 

with the lowest impervious percentage was Bullock Creek Middle sitting at 10%. A large 

variation in imperviousness was seen along Bullock Creek, a result of significant 

developments occurring in the upper and lower catchments (i.e., Bullock Creek Headwaters 

and Bullock Creek Lower). Bullock Creek Middle was predominantly covered by the local 

golf course and had the smallest watershed and/or catchment of the sites located along 

Bullock Creek. 

 

Figure 4.4: Total impervious surface coverage percent associated with sub-catchments that 

drain the 12 study sites (highest impervious to lowest). Kirimoko Subdivision had an 

impervious surface coverage of 51% alone, however was combined with Bremner Drain as 

that is where its stormwater flows into. 
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Figure 4.5: Total pipe length (in meters) for each sub-catchment of the study. 

4.2.2 Correlation between impervious surface percentage and stormwater 

contaminants 

Three stormwater contaminants had statistically significant Kendall’s tau correlations with 

impervious surface coverage (Table 4.1; Figure A3.1-A3.4). These contaminants included 

turbidity, suspended sediment, and total phosphorus which had respective p-values of 0.024, 

0.024, and 0.042. Total recoverable zinc was also on the cusp of obtaining a significant 

correlation with impervious surface coverage and had a p-value of 0.052. The remaining 

contaminants sampled in this investigation such as E. coli, dissolved reactive phosphorus, 

total nitrogen, and nitrate did not indicate statistically significant correlations with 

impervious surface coverage at the 95% confidence intervals, all obtaining p-values > 0.05 as 

seen in Table 4.1. All contaminants had positive tau correlation coefficients (i.e., both 

variables moved in a positive direction), with the exclusion on nitrate which had a negative 

tau correlation coefficient of -.164 which indicates that there is an inverse relationship 

between nitrate and imperviousness and that when one variable increases, the other variable 

decreases (i.e., as imperviousness increases, nitrate concentrations decrease). 
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Table 4.1: Kendall’s Tau correlation between impervious surface coverage percentage and 

contaminant concentration for a variety of contaminants sampled in this study. P-values ≤ 

0.05 indicate a significant correlation between the two variables at the 0.05 level (Figure 

A3.1-A3.4). 

 

Contaminant Correlation Coefficient 

(tau) 

Significance at the 0.05 level (2 

tailed) 

Turbidity (NTU) .527 0.024 

Suspended Sediment (mg/L) .527 0.024 

E. coli (CFU/100ml) .204 0.389 

Total Nitrogen (µg/L) .418 0.073 

Total Phosphorus (µg/L) .477 0.042 

Nitrate (µg/L) -.164 0.484 

Dissolved Reactive Phosphorus (µg/L) .404 0.086 

Aluminium (µg/L) .418 0.073 

Copper (µg/L) .418 0.073 

Zinc (µg/L) .455 0.052 

 

Table 4.2: Median baseflow and stormflow concentrations for 7 stormwater contaminants 

including: turbidity, suspended sediment, E. coli, total phosphorus, dissolved reactive 

phosphorus, total nitrogen, and nitrate. Baseflow concentrations were available for 7 sites 

whilst stormflow concentrations were available for all 12 sites. Values that exceed both the 

ANZECC/ANCG Guidelines and Schedule 15 thresholds are highlighted in blue below.  

 Turbidity 

Median 

(NTU) 

SSC 

Median 

(mg/L) 

E. coli 

(CFU/ 

100ml) 

TP  

(µg L-1) 

DRP  

(µg L-1) 

TN  

(µg L-1) 

NO3  

(µg L-1) 

Bremner Drain Baseflow - < 3.0 27.0 - 3.5 - 530.0 

Stormflow 37.6 51.6 960.6 282.0 60.0 1880.0 432.0 

Bullock Creek 

Lower 

Baseflow - < 3.0 210.0 - < 1.0 - 660.0 

Stormflow 3.2 3.5 540.0 7.5 4.0 696.5 661.5 

Bullock Creek 

Headwaters 

Baseflow - 5.0 19.0 - < 1.0 - 920.0 

Stormflow 3.2 7.5 60.0 5.0 4.0 1163.5 1115.5 

McDougall St 

Drain 

Baseflow - 34.0 5.0 - 16.1 - 380.0 

Stormflow 23.9 40.9 4210.0 374.0 90.0 2911.5 208.5 

Lower Water Race Baseflow - < 3.0 26.0 - < 1.0 - 2500.0 

Stormflow 14.1 17.0 3210.0 185.5 43.0 2097.0 1120.0 

Stoney Creek 

Urban 

Baseflow - < 3.0 310.0 - 8.6 - < 1.0 

Stormflow 16.2 26.7 4210.0 220.0 68.0 2038.0 415.0 

Stoney Creek 

Headwaters 

Baseflow - 3.0 2.0 - 30.4 - 1700.0 

Stormflow 7.1 12.0 1643.0 70.0 29.0 542.0 18.0 

Beacon Point Drain Stormflow 14.3 13.1 2419.6 234.0 101.5 2346.0 338.0 

Old Wharf Drain Stormflow 37.3 43.4 2419.6 319.5 136.0 2258.0 410.0 

Kirimoko 

Subdivision 

Stormflow 43.2 30.2 2893.0 331.0 144.0 693.5 255.0 

Bullock Creek 

Middle 

Stormflow 1.9 3.4 180.0 7.5 5.5 700.5 679.0 

Middle Water 

Race/Control 

Stormflow 18.4 13.7 1296.2 194.0 86.5 1690.5 250.5 
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Table 4.3: Median stormflow concentrations for total recoverable and dissolved metals for 

the 12 monitored sites. Values that exceed both the ANZECC (2000) Guidelines thresholds 

are highlighted in blue. (ND –below the method detection). 

80% ANZECC 

Guideline 

Al Ag B Ba 

Total Diss % Total Diss % Total Diss % Total Diss % 

150 µg/L   1300 µg/L   

Stoney Creek 

Headwaters 
208.9 11.2 5.4 1.4 ND 0 3 4.2 71.4 8.7 ND 0 

Stoney Creek 

Urban 
207.7 5 2.4 5 ND 0 6.5 8.2 79.3 7.5 ND 0 

Middle Water 

Race/Control 
267.2 ND 0 2.2 ND 0 8.9 9.9 89.9 7.8 ND 0 

Lower Water 

Race 
148 3.3 2.2 3.2 0.8 25 10.3 8.7 84.5 8.8 ND 0 

McDougall Street 

Drain 
457.3 30 6.6 2.3 ND 0 8.5 8.9 95.6 22.2 ND 0 

Bullock Creek 

Headwaters 
33.3 ND 0 1.4 ND 0 2.5 3.5 71.4 4 ND 0 

Bullock Creek 

Middle 
27.8 ND 0 1.5 ND 0 1.9 2.6 73.1 4.3 ND 0 

Bullock Creek 

Lower 
33.6 ND 0 1.3 ND 0 1.9 3.6 52.8 4.1 ND 0 

Old Wharf Drain 1253.2 32.9 2.6 1.6 0.6 37.5 14.4 17.8 80.9 15.9 ND 0 

Bremner Drain 1246.3 16.9 1.4 1.2 ND 0 17.9 19.8 90.4 14.3 ND 0 

Beacon Point 

Drain 
378.4 20.5 5.4 1.5 ND 0 18.4 19.9 92.5 6.1 ND 0 

Kirimoko 

Subdivision 
787.4 61.8 7.8 5.5 7 78.6 21 15.2 71.4 12.3 ND 0 

 

80% ANZECC 

Guideline 

Cu Fe Mn Pb 

Tot Dis % Tot Dis % Tot Dis % Tot Dis % 

2.5 µg/L  3600 µg/L 9.4 µg/L 

Stoney Creek 

Headwaters 
1.5 ND 0 411 37.4 9.1 17.5 6.8 38.9 1.6 ND 0 

Stoney Creek 

Urban 
9.6 ND 0 345 26.4 7.6 28.3 1.1 3.9 1.3 ND 0 

Middle Water 

Race/Control 
1.5 ND 0 424 18.9 4.5 18.6 3.7 19.9 0.4 ND 0 

Lower Water Race 4.8 1.2 25 455 33.7 7.4 25.8 12.1 46.9 0.7 ND 0 

McDougall Street 

Drain 
4.4 ND 0 1223 97.3 7.9 163.1 9.3 5.7 2.0 ND 0 

Bullock Creek 

Headwaters 
0.4 ND 0 52 ND 0 2.3 0.7 30.4 ND ND 0 

Bullock Creek 

Middle 
0.4 ND 0 42 7.1 16.6 2.5 1.3 52 ND ND 0 

Bullock Creek 

Lower 
0.5 ND 0 45 9.8 21.4 3.1 1.7 54.8 ND ND 0 

Old Wharf Drain 10.6 4.6 43.4 2226 49.3 2.2 74.9 8.6 11.5 4.9 ND 0 

Bremner Drain 8.7 2.8 32.2 1947 35.8 1.8 69.3 8.8 12.7 1.9 ND 0 

Beacon Point 

Drain 
2.4 1.1 45.8 654 39.5 6 37.8 5.1 13.5 1.5 ND 0 

Kirimoko 

Subdivision 
3.9 0.3 7.7 1301 55.8 4.3 32.2 4.8 14.9 1.2 ND 0 
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Table 4.3: Continued… 

80% ANZECC 

Guideline 

S Sr Zn 

Total Diss % Total Diss % Total Diss % 

  31 µg/L 

Stoney Creek 

Headwaters 
2158.9 ND 0 132.9 0.1 < 0 9.3 ND 0 

Stoney Creek Urban 2490.7 ND 0 60.6 0.06 < 0 23.9 6.7 28 

Middle Water 

Race/Control 
1533.9 ND 0 77.9 0.09 < 0 24.8 7.1 28.6 

Lower Water Race 2364.7 ND 0 125.1 0.1 < 0 13.5 7.6 56.3 

McDougall Street 

Drain 
1032.9 ND 0 48.4 0.05 < 0 45.2 18.4 40.7 

Bullock Creek 

Headwaters 
1771.4 ND 0 149.7 0.1 < 0 2.2 ND 0 

Bullock Creek Middle 1702.9 ND 0 141.7 0.1 < 0 4.2 ND 0 

Bullock Creek Lower 1760.7 ND 0 136.7 0.1 < 0 4.6 ND 0 

Old Wharf Drain 1991.9 ND 0 43.5 0.05 < 0 199.7 111.7 55.9 

Bremner Drain 3217.0 ND 0 44.6 0.04 < 0 99.2 28.9 29.1 

Beacon Point Drain 1269.9 ND 0 35.2 0.04 < 0 26.7 18.9 70.8 

Kirimoko Subdivision 266.8 ND 0 17.7 0.02 < 0 8.1 0.4 4.9 

 

4.3 Comparison between baseflow and stormflow contaminant 

concentrations 

A limited amount of baseflow data exists for the creeks and drains that flow into Lake 

Wānaka, as most drains flow is ephemeral. Base line information about discharged water 

quality of these watercourses and drains was sampled through the citizen science group 

Touchstone/Aspiring Environmental. Base flow samples had a minimum holding period of 

two weeks with no rain before sample collection and were measured for suspended sediment 

concentration (SSC), E. coli, nitrate (NO3), and dissolved reactive phosphorus (DRP) for 7 of 

the 12 sites in this study, and provide an opportunity to examine what contaminants are 

discharged only under storm events, and also the magnitude of scale of contaminant 

concentrations discharged during storm flow first flush (Table 4.4). 

There is considerable variation in median contaminant concentrations between baseflow and 

stormflow sampling runs at Bremner Drain, Lower Bullock Creek, Bullock Creek 

Headwaters, McDougall Street Drain, Lower Water Race, Stoney Creek Urban, and Stoney 

Creek Headwaters (Figure 4.6 to 4.9; Table 4.4). As expected, all baseflow samples had 

lower concentrations than stormflow samples for all contaminants, excluding nitrate in 

Bremner Drain, Lower Water Race and Stoney Creek Headwaters which were higher under 

baseflow. 
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Median suspended sediment stormflow concentrations fluctuated significantly between sites, 

with Bremner Drain recording the highest median concentration of 51.6 mg L-1, followed by 

McDougall Street Drain at 40.9 mg L-1. 4 other sites including Lower Water Race, Stoney 

Creek Urban, Stoney Creek Headwaters, and Bullock Creek Headwaters had median 

stormflow concentrations that exceeded recommended suspended sediment, ranging from 7.5 

to 30.2 mg L-1. In comparison, Bullock Creek Lower was significantly lower in suspended 

sediment concentration, with a median stormflow concentration of 3.5 mg L-1. Table 4.4 

indicates that whilst four sites median baseflow concentrations were within ANZG and 

Schedule 15/16 guidelines for suspended sediment concentration (i.e., Bremner Drain, 

Bullock Creek Lower, Lower Water Race, and Stoney Creek Urban), the remaining baseflow 

and all stormflow medians for suspended sediment exceeded guidelines for entering a 

sensitive environment (Figure 4.6; Table 4.4) 

Additionally, a significant difference in median E. coli concentrations was also identified 

between baseflow and stormflow samples at the 7 selected sites (Figure 4.7). 4 median 

baseflow concentrations were lower than ANZG and Schedule 15/16 guidelines, the 

exceptions being Stoney Creek Urban whose median concentration was 310 CFU/100mL, 

and Bullock Creek Lower (210 CFU/100mL), and Bremner Drain which (27 CFU/100mL). 

Furthermore, 6 out of the 7 sites exceeded recommended guidelines during stormflow, the 

only exception being Bullock Headwaters with a median of 60 CFU/100mL. During 

stormflow the site Stoney Creek Urban reported the highest median concentration for E. coli 

at 4210 CFU/100ml, making it the only site with consistently high E. coli under baseflow and 

stormflow (Figure 4.7; Table 4.4).  

Median baseflow and stormflow concentrations for nitrate were highly variable and appeared 

to be site specific (Figure 4.8). In 4 locations, nitrate was higher under baseflow including 

Lower Water Race (2500 µg L-1), Stoney Creek Headwaters (1700 µg L-1), Bremner Drain 

(530 µg L-1), and McDougall Street Drain (380 µg L-1) suggesting that these 4 locations 

storm flow dilutes background nitrate conditions, and there may not be a strong ‘first flush’ 

response in nitrate (Table 4.1). Lower Water Race had the highest stormflow median for 

nitrate (1120 µg L-1), followed by Bullock Creek Headwaters (1115.5 µg L-1) and Bullock 

Creek Lower (661.5 µg L-1). Table 4.1 shows that all sites exceeded recommended ANZG 

and Schedule 15/16 guidelines during baseflow and stormflow for nitrate, excluding Stoney 

Creek Urban which had a baseflow median of < 1 µg L-1and Stoney Creek Headwaters which 

had a stormflow median of 18 µg L-1 (Table 4.4). 
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Median dissolved reactive phosphorus concentrations similarly varied between baseflow and 

stormflow samples, where 3 sites exceeded recommended ANZG and Schedule 15/16 

guidelines for dissolved reactive phosphorous during baseflow (Figure 4.9; Table 4.4). Sites 

that exceeded recommended baseflow guidelines included Stoney Creek Headwaters, 

McDougall Street Drain, and Stoney Creek Urban with medians of 30.4 µg L-1, 16.1 µg L-1, 

and 8.6 µg L-1, respectively. For the remaining locations baseflow concentrations were below 

the regulatory limits for dissolved reactive phosphorous and ranged between 1 to 3.5 µg L-1. 

During stormflow, 5 out of 7 sites exceeded recommended guidelines for dissolved reactive 

phosphorus including: McDougall Street Drain, Stoney Creek Urban, Bremner Drain, Lower 

Water Race, and Stoney Creek Headwaters, with median concentrations ranging between 29 

and 90 µg L-1. Conversely, 2 sites were below the recommended guidelines during stormflow 

conditions with a median concentration of 4 µg L-1, both of which occurred in Bullock Creek 

(Lower and Headwaters) (Table 4.9; Table 4.4). 
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Figure 4.6: Median baseflow and stormflow concentrations for suspended sediment at 7 

study sites. Median baseflow concentrations were calculated for sample run dates: 31-07-17; 

28-08-17; 02-10-18 and stormflow concentrations were calculated for storm events: 05-11-

17; 17-01-18; 01-02-18; 19-09-18; 29/30-09-18; 25-10-18; 19-01-19; 19-02-19; 24-03-19; 

and 18-10-19. 
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Figure 4.7: Median baseflow and stormflow concentrations for E. coli at 7 study sites. 

Median baseflow concentrations were calculated for sample run dates: 31-07-17; 28-08-17; 

02-10-18 and stormflow concentrations were calculated for storm events: 05-11-17; 17-01-

18; 01-02-18; 19-09-18; 29/30-09-18; 25-10-18; 19-01-19; 19-02-19; 24-03-19; and 18-10-

19. 
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Figure 4.8: Median baseflow and stormflow concentrations for nitrate at 7 study sites. 

Median baseflow concentrations were calculated for sample run dates: 31-07-17; 28-08-17; 

02-10-18 and stormflow concentrations were calculated for storm events: 05-11-17; 17-01-

18; 01-02-18; 19-09-18; 29/30-09-18; 25-10-18; 19-01-19; 19-02-19; 24-03-19; and 18-10-

19. 
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Figure 4.9: Median baseflow and stormflow concentrations for dissolved reactive 

phosphorus at 7 study sites. Median baseflow concentrations were calculated for sample run 

dates: 31-07-17; 28-08-17; 02-10-18 and stormflow concentrations were calculated for 

storm events: 05-11-17; 17-01-18; 01-02-18; 19-09-18; 29/30-09-18; 25-10-18; 19-01-19; 

19-02-19; 24-03-19; and 18-10-19. 

Table 4.4: Median baseflow and stormflow concentrations for suspended sediment (mg L-1), 

E. coli (CFU/100ml), dissolved reactive phosphorus (µg L-1), and nitrate (µg L-1) between the 

7 study sites. Table includes magnitude of scale (i.e., the percentage change (%) in 

contaminants between baseflow (BF) and stormflow (SF)). Note: Blue cells represent sites 

that have exceeded recommended guidelines from ANZECC (2000), ANZG (2018) and Otago 

Regional Council (2014). 

 SSC E. coli DRP NO3 

(median) BF SF %  BF SF %  BF SF %  BF SF %  

Bremner 

Drain 
< 3.0 51.6 1620% 27 960.6 3458% 3.5 60 1614% 530 432 -18% 

Bullock 

Creek 

Lower 

< 3.0 3.5 17% 210 540 157% 1 4 300% 660 661.5 0% 

Bullock 

Creek 

Headwaters 

5 7.5 50% 19 60 216% 1 4 300% 920 1115.5 21% 

McDougall 

Street 

Drain 

34 40.9 20% 5 4210 84100% 16.1 90 459% 380 208.5 -45% 

Lower 

Water Race 
< 3.0 17 467% 26 3210 12246% 1 43 4200% 2500 1120 -55% 

Stoney 

Creek 

Urban 

< 3.0 26.7 790% 310 4210 1258% 8.6 68 691% 1 415 41400% 

Stoney 

Creek 

Headwaters 

3 12 300% 2 1643 82050% 30.4 29 -5% 1700 18 -99% 

5

0

30

60

90

120

Bremner Drain McDougall
Street Drain

Bullock Creek
Lower

Bullock Creek
Headwaters

Lower Water
Race

Stoney Creek
Urban

Stoney Creek
Headwaters

D
is

so
lv

ed
 R

ea
ct

iv
e 

P
h

o
sp

h
o

ru
s 

(µ
g 

L-1
)

Baseflow Stormflow Recommended Guideline



 81 

4.4 First Flush Composition 

The hydrochemistry of stormwater discharge is often characterised as a ‘first flush’. Such 

behaviour assumes there is sufficient momentum to initiate contaminant mobilisation and that 

sufficient ground saturation occurs within the first 30–60 minutes of an event to generate a 

‘first flush’. This section examines stormwater contaminant concentrations at the time of 

collection, which were often within the first hour of an event, but sampling was timed relative 

to the onset of rainfall and may not have always captured the specific timing of a ‘first flush’ 

effect at each site.  Preliminary analysis was also undertaken using stepwise regression to 

determine whether stormwater quality was related to storm characteristics (mean and max 

rainfall intensity, holding period, total event rain) (Table 4.5). All site data was combined so 

that for the regression model n = 66. Unfortunately, the datasets were too small to run for an 

individual response at each site, so there is aggregation of the effect within the analysis that 

may not describe all responses at all sites. Both suspended sediment and turbidity were 

weakly related (0.2 > r < 0.3) to the maximum rain intensity of the storm (p < 0.03). Total 

nitrogen was related to mean rainfall intensity and the holding period (r = 0.55, p = 0.000), 

whereas nitrate was related to both mean and maximum event rainfall intensity (r = 0.51, p = 

0.002). There was insufficient data to determine any relationships between storm 

characteristics and dissolved reactive phosphorus and E. coli.  However, the metals Al, Fe, 

Cu, and Zn were all weakly related to holding period (0.24 > r < 0.34, p < 0.05). On the basis 

of this data, it appears that different variables may respond differently to storm events, and to 

explore this in further, more detailed analysis was undertaken at Bremner Drain to investigate 

a ‘first flush’ effect. 

4.4.1 Bremner Drain 

The flushing behaviour over an event was observed on three occasions at Bremner Bay. The 

first of these events collected samples on the 29/30-09-18 during the first flush ( < 1 hour), 

and then 14 and 17 hours afterwards to assess whether the first flush was coincident with 

mobilisation of different contaminants from within the sub-catchments. Maximum 

contaminant concentrations varied during the progression of the storm event, where 

maximum concentrations occurred 14 hours after the first flush for suspended sediment (54.9 

mg L-1) and total phosphorus (332 µg L-1), and 17 hours for turbidity (61.4 NTU), total 

nitrogen (613 µg L-1) and total recoverable heavy metals. For the total recoverable heavy 
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metal’s aluminium had a maximum concentration of 1286.9 µg L-1and copper had a 

maximum concentration of 5.5 µg L-1 (Figure 4.10). The highest concentration of zinc 

however, occurred during the initial first flush and reached 53.6 µg L-1. As expected, many 

contaminant concentrations exceeded recommended guidelines. Copper and zinc, however, 

generally did not exceed the regulatory thresholds (Figure 4.8). Total recoverable copper was 

below recommended guidelines (i.e., 2.5 µg L-1) during the first flush with 0.6 µg L-1, and 

zinc was below recommended guidelines (i.e., 31 µg L-1) at the first flush + 14 hours with 

18.7 µg L-1and the first flush + 17 hours with 21.7 µg L-1. 

Table 4.5: Correlation analysis between storm characteristics and stormwater contaminants. 

Coeff. Indicates the correlation coefficient (Kendall’s tau), and sig. is the statistical 

significance of the correlation test, where p < 0.05 is considered statistically significant.** 

indicates a statistically significant association. 

  SSC 
 

NTU TN NO3 DRP E. coli Al Fe Cu Zn 

Total 

Rainfall 

Coeff 

(tau) 

-.235** -2.54** -.263** -0.035 -0.139 -0.133 -.297** -.251** -.304** -.295** 

Sig. (2-

tailed) 

0.0006 0.005 0.004 0.688 0.117 0.305 0.001 0.005 0.001 0.001 

Mean 

Rainfall 

Coeff 

(tau) 

-0.125 -0.101 -.408** -.296 -0.02 -0.156 -0.118 -0.157 -.276** -0.126 

Sig. (2-

tailed) 

0.146 0.258 0 0.001 0.826 0.231 0.192 0.081 0.002 0.163 

Max 

Rainfall 

Coeff 

(tau) 

-.236** -.185 -.326** -.108 -0.024 -0.17 -.260** -.255** -.306** -.210 

Sig. (2-

tailed) 

0.007 0.043 0 0.231 0.79 0.19 0.005 0.006 0.001 0.022 

Holding 

Period in 

Hours 

Coeff 

(tau) 

.189 0.158 -.344 .262 0.047 0.107 -.198 .233 .303 0.154 

Sig. (2-

tailed) 

0.027 0.079 0 0.003 0.599 0.409 0.028 0.01 0.001 0.087 

 

Maximum contaminant concentrations were usually observed during the initial first flush, 

specifically for turbidity (53.2 NTU), total phosphorus (352 µg L-1), total nitrogen (180.1 µg 

L-1) and total recoverable heavy metals (aluminium – 1999.5 µg L-1L; copper – 20.9 µg L-1; 

and zinc – 189.5 µg L-1) (Figure 4.11). Comparatively, sampling of a second storm on 19-02-

19 at Bremner Bay showed that 1-hour post first flush was where maximum contaminant 

concentrations occurred for suspended sediment (51.0 mg L-1), dissolved reactive phosphorus 

(60 µg L-1), and nitrate (324 µg L-1). All contaminant concentrations during the storm event 

exceeded recommended ANZECC/ANZG and Schedule 15/16 guidelines except for 

aluminium during the first flush which did not exceed recommended guidelines (i.e., 150 µg 

L-1) and measured at 70.3 µg L-1 (Figure 4.11). 
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Figure 4.10: First flush analysis of turbidity, suspended sediment, total nitrogen, and total 

phosphorus at Bremner Drain during the storm event 29/30-09-18.  
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Figure 4.10 (continued): First flush analysis of total recoverable heavy metals (aluminium, 

copper, and zinc) for storm event 29/30-09-18.  
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Figure 4.11: First flush analysis of turbidity, suspended sediment, total nitrogen, nitrate, 

total phosphorus, and dissolved reactive phosphorus at Bremner Drain during the storm 

event 19-02-19.  
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Figure 4.11 (continued): First flush analysis of dissolved heavy metals (aluminium, copper, 

and zinc) for storm event 19-02-19.  
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The third storm event that was sampled on the 18-10-19, was sampled every 15-minutes over 

the first part of the storm, to investigate the first flush effect in greater detail. The third storm 

sampling at Bremner Bay indicated that maximum contaminant concentrations varied during 

the progression of the storm event. The initial first flush for suspended sediment, total 

phosphorus, total nitrogen, nitrate, and copper occurred within the first 30 minutes of the 

storm event (Figure 4.12). Maximum contaminant concentrations included 230 mg L-1 for 

suspended sediment (followed by a second flush 1 hour and 15 minutes into the event at 154 

mg L-1), 450 µg L-1 for total phosphorus, 2000 µg L-1 for total nitrogen (first flush was 

relatively steady 15 minutes to 1 hour into the storm event), 800 µg L-1 for nitrate (which 

slowly began to increase towards to end of the storm event), and 10.5 µg L-1for total 

recoverable copper. The first flush effect generally occurred around 0 to 30 minutes into the 

storm event on the 18-10-2019, but this was not the case for E. coli, dissolved reactive 

phosphorus, aluminium, and zinc. The maximum contaminant concentration for E.coli 

occurred 1 hour from the initiation of the storm event and peaked at 21,000 CFU/100ml, 

compared to dissolved reactive phosphorus which occurred 15 minutes into the storm event 

and again 3.5 hours after the initiation of the storm event at 40 µg L-1, and exhibited two 

distinct flushes of phosphorus (Figure 4.12). The maximum contaminant concentration for 

aluminium and zinc also occurred 1 hour and 1 hour and 15 minutes into the storm event with 

respective concentrations of 55 µg L-1and 51.9 µg L-1 (Figure 4.12). All contaminants 

concentrations exceeded recommended guidelines during all intervals during the storm event, 

with the exception of total recoverable copper and zinc where seven sampling intervals were 

within recommended guidelines. 
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Figure 4.12: Bremner Drain first flush analysis for the storm event 18-10-19. Event was 

sampled in 15-minute intervals, 13 times, for a duration of 3.5 hours starting at 2.51pm and 

ending at 6.22pm. Sample 13 however, was collected 30 minutes after the previous sample. 

Analysis includes suspended sediment, E. coli, total phosphorus, total nitrogen, dissolved 

reactive phosphorus, and nitrate.  
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Figure 4.12 (continued): Bremner Drain first flush analysis for the storm event 18-10-19. 

Event was sampled in 15-minute intervals, 13 times, for a duration of 3.5 hours starting at 

2.51pm and ending at 6.22pm. Sample 13 was however, collected 30 minutes after the 

previous sample. Analysis included total recoverable aluminium, copper, and zinc.  
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4.4.2 E. coli behaviour in Bremner Drain and Old Wharf Drain 

For the rain event that took place on the 25-10-18, a first flush effect and sampling 1 and 2 

hours after the first flush were also analysed to consider the timing of peak E. coli 

concentrations through Bremner and Old Wharf Drains (Figure 4.13). The maximum E. coli 

concentration occurred during the initial first flush at Old Wharf Drain (5800 CFU/100mL), 

whereas Bremner Drain’s maximum concentration experienced a delayed first flush (i.e., at 

the first flush + 1 hour) of 3000 CFU/100mL, which is consistent with the delayed response 

of peak E. coli concentration that was observed in the 18-10-19 event, where the peak 

occurred 45 minutes into the event.  

 

 

Figure 4.13: First flush analysis of E. coli at Bremner Drain and Old Wharf Drain during the 

storm event 25-10-18.  
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4.5 Inter-event and/or temporal variation in stormflow quality: 

stormwater drains vs natural watercourses and/or tributaries 

Median contaminant concentrations were consistently higher in discharges from stormwater 

drain sites when compared to natural watercourses and/or tributaries, suggesting that 

discharging stormwater into perennial water courses provides a consistent dilution effect. 

Suspended sediment, total nitrogen, total phosphorus, dissolved reactive phosphorus, and 

total recoverable aluminium and zinc were all higher in stormwater drain sites, unlike nitrate, 

which had higher medians in natural watercourses and/or tributaries. Median copper 

concentrations varied over the temporal scale and were event specific. 

4.5.1 Stormwater Drains 

Suspended sediment was highly variable between events and followed the same pattern as 

many other contaminants including total phosphorus, dissolved reactive phosphorus, and the 

total recoverable heavy metals aluminium and zinc (Table 4.5). The latter contaminants all 

peaked between summer, early autumn, or spring (February, March, and October), 

particularly busy periods of the year for tourism in the Wānaka township. The highest median 

concentrations included 105 mg L-1 for suspended sediment on the 18-10-19, 520 µg L-1for 

total phosphorus on the 24-03-19, 2089.8 µg L-1for aluminium on the 18-10-19, and 153.2 µg 

L-1for zinc on the 19-02-19 (Table 4.5). As a result of stormwater drain medians being 

significantly higher over the temporal scale, there is a clear link between sources such as 

suspended sediment, total phosphorus, aluminium, and zinc, and urban developments.  

Median total nitrogen concentrations were also generally higher in stormwater drain sites 

over the events sampled during this study, with the exception of the on the 19-09-18 and the 

29/30-09-18 (Table 4.5). Whilst natural waterway and/or tributary sites obtained the highest 

median concentrations during these two events of 666 µg L-1and 821 µg L-1, they were also 

two of the largest events in terms of total rainfall (i.e., 30mm total on the 19-09-18 and 

17.5mm total on the 29/30-09-18) and were sampled one to two days lag of the event (Table 

4.5; see: Chapter 3 – Research Methods). Comparatively, the highest median concentration of 

total nitrogen in stormwater drains was sampled on the 24-03-19 at 2415.5 µg L-1, similar to 

that of total recoverable aluminium (Table 4.5). 
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4.5.2 Natural Watercourses and/or Tributaries 

Nitrate concentrations were significantly higher in natural watercourse and/or tributaries sites 

over the study period when compared to the concentrations observed in stormwater drains 

(Table 4.6). Median concentrations were highly variable between storm events, however, 

sites such as Lower Water Race and Bullock Creek Headwaters evidently had nitrate 

concentrations well above those of the stormwater drain sites. The highest median 

concentration of nitrate (1387.5 µg L-1) occurred during the storm event that took place on 

the 24-03-19, which also had one of the longest antecedent dry periods of 8 days before 

sampling occurred (see: Chapter 3 – Research Methods). 

Table 4.6: Median stormflow concentrations for drains versus natural watercourses and/or 

tributaries over the temporal scale. Units for all analytes is µg L-1 except SSC, which is in 

mg L-1. Temporal analysis included suspended sediment, total nitrogen, total phosphorus, 

nitrate, dissolved reactive phosphorus, and total recoverable aluminium, copper, and zinc.  

Date  SSC  TN TP NO3 DRP Al Cu Zn 

19-09-19 Drains 3.8 389.0 44.5 232.0 37.0 72.7 0.6 15.3 

Watercourses 7.1 666.0 9.0 656.0 7.0 66.2 0.6 3.5 

29/30-09-

18 

Drains 40.3 565.5 310.5 113.0 114.0 563.9 2.1 26.5 

Watercourses 8.3 821.0 70.0 415.0 28.0 108.8 1.8 5.8 

19-01-19 Drains 12.2 2796.0 360.5 824.5 134.5 368.2 7.1 107.4 

Watercourses 8.0 2207.0 171.0 903.5 66.5 88.1 13.6 2.5 

19-02-19 Drains 59.7 2914.5 340.5 237.5 98.0 1636.7 11.6 153.2 

Watercourses 23.2 816.0 163.0 532.0 52.0 799.7 13.6 7.6 

24-03-19 Drains 17.9 2415.5 520.0 831.0 83.0 1067.4 11.9 100.1 

Watercourses 12.7 1665.5 18.5 1387.5 4.0 39.8 0.7 4.8 

18-10-19 Drains 105.0 2700.0 310.0 410.0 62.0 2089.8 10.5 126.6 

Watercourses 12.0 1400.0 135.0 640.0 15.0 208.9 2.2 6.4 

 

4.6 Summary 

The results presented in this chapter correspond with the studies research aim and research 

questions and help achieve an understanding of the dynamic nature of stormflow discharges 

into Lake Wānaka. The spatial variation of contaminants was outlined in Sections 4.1 to 4.3 

and temporal variation of contaminants was outlined in Sections 4.4 and 4.5.  
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Section 4.1 notes that over the past 60 years there has been considerable growth in 

impervious land cover in the Wānaka township, with a notable acceleration in the increasing 

areas of imperviousness since 1984. There has also been a rapid expansion in housing 

developments and suburban sprawl, especially to the south eastern flank of Lake Wānaka, 

including areas of Bremner Bay. Generally, there is a statistically significant correlation 

between increases in impervious surface coverage and higher contaminant concentrations for 

turbidity, suspended sediment, and total phosphorus, however no correlation was present with 

the remaining contaminants tested in this study as seen in Section 4.2. Section 4.3 indicated 

that all baseflow samples had lower concentrations than stormflow samples for all 

contaminants when comparing seven of the twelve study sites, excluding NO3 baselines for 

Bremner Drain, Lower Water Race, McDougall Street Drain, and Stoney Creek Headwaters 

which exceeded baseflow counterparts.  

Maximum stormwater concentrations varied between storm events and sites, with most 

occurring during the first flush (0 to 30 minutes into the storm event). Some sites maximum 

concentrations, however, occurred later into the procession of the storm (i.e., 14 to 17 hours 

post first flush) indicating that the first flush phenomena may be sporadic and at times, non-

existent in the first 0 to 30 minutes of a storm event. Both suspended and turbidity were 

weakly related (0.2 > r < 0.3) to the maximum rain intensity of the storm (p < 0.03). Total 

nitrogen was related to mean rainfall intensity and the holding period (r = 0.55, p = 0.000), 

whereas nitrate was related to both mean and maximum event rainfall intensity (r = 0.51, p = 

0.002). Furthermore, when comparing median contaminant concentrations between natural 

watercourses and/or tributaries and stormwater drains, medians were consistently higher for 

stormwater drain sites over the temporal scale. Medians for suspended sediment, total 

nitrogen, total phosphorus, dissolved reactive phosphorus, and total recoverable aluminium 

and zinc were all higher for stormwater drain sites, comparative to nitrate which had higher 

medians over the temporal scale at natural watercourses and/or tributaries. 

The latter conclusions will be developed further in the Discussion (Section 5) and will 

acknowledge why the findings are important and what they mean, followed by limitations of 

the study as well as recommendations for future research. 
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Chapter 5  

Discussion               

The quality, quantity, and variability of urban runoff generated in the township of Wānaka 

was investigated, alongside the movement and processing of urban runoff using analysis of 

sediments, trace metals, pathogens, and nutrients. This chapter discusses the spatial 

variability of baseflow versus stormflow at 7 study sites (Section 5.1, 5.2, 5.3), followed by 

temporal variability (including inter and intra event variability) of stormflow between natural 

watercourses and/or tributaries and stormwater drains (Section 5.4, 5.5). Implications and 

limitations of the study are examined in Section 5.6 and 5.7 followed by recommendations 

for future research in Section 5.8. 

5.1 Spatial variability of baseflow and stormflow into Lake 

Wānaka 

Water quality fluctuates considerably between different urban streams and/or stormwater 

drains and is controlled by differences in catchment geology, climate, land use cover, and 

land disturbances (NIWA, 2019). For many contaminants, a large variation in concentrations 

are measured between baseflow and stormflow discharges (Ermens, 2007). Fluctuations in 

suspended sediment, E. coli, dissolved reactive phosphorus (DRP), and nitrate (NO3) 

concentrations for example, were observed between baseflow and stormflow concentrations 

flowing into Lake Wānaka in this study. All baseflow samples had lower concentrations 

when compared to stormflow samples for all contaminants, excluding nitrate concentrations 

at Bremner Drain, Lower Water Race and Stoney Creek Headwaters which exceeded their 

baseflow counterparts. The following sections describe baseflow and stormflow conditions of 

perennially flowing watercourses and/or tributaries as well as perennially flowing stormwater 

outfalls. 

5.1.1 Baseflow conditions of perennially flowing watercourses and/or 

tributaries 

Median baseflow concentrations were generally an issue at 4 natural watercourse sites (i.e., 

Stoney Creek Headwaters, Stoney Creek Urban, Bullock Creek Lower, and Bullock Creek 

Headwaters) and 2 stormwater drain sites (i.e., McDougall Street Drain and Bremner Drain) 
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over the spatial scale. The latter is likely a result of stormwater drains being less active during 

baseflow and why they generally had lower concentrations of contaminants. Of the 

stormwater network in Wānaka, a few of the drains flow year-round. Such flows usually 

indicate that groundwater is making its way into the drain network (for example, through 

poorly fitted pipe junctions and cracked pipes), or from crossed connections and/or municipal 

supply being routed through the stormwater network. Of the numerous stormwater outfalls 

around Wānaka perennial outfalls include Bremner Drain and McDougall Street Drain and 

may be a reason for high contaminant concentrations at these sites under baseflow conditions. 

Analysis of the baseflow water chemistry of the headwaters of Bullock Creek revealed high 

nitrogen concentrations (> 12 µg L-1), indicating that storm events are not necessarily the 

only factor enhancing nitrate concentrations in the freshwater systems surrounding Wānaka. 

Instead, Bullock Creek is hydrologically connected to water discharging from the Cardrona 

River into the Wānaka Basin aquifer. Concentrations of nitrate are generally low in the 

Cardrona River (< 60 µg L-1), however, nitrate concentrations are significantly higher in the 

groundwater likely accumulating over time from agricultural land uses (ranging between 

1400 – 2200 µg L-1) (Heller, 2001; Ozanne, 2012). This is largely a result of nitrate being a 

negatively charged ion which is repelled by cation exchange, making it susceptible to 

leaching (McLaren and Cameron, 1996). High concentrations of nitrate at the remaining sites 

are likely a result of urbanisation intensification, perhaps through fertiliser use or other 

household sources of nitrate. When compared to Bullock Creek, Stoney Creek Headwaters 

(above the Wānaka township) is entirely fed from hillslope runoff and has nitrate 

concentrations that did not show any influence from agriculture, or exchange with 

groundwater. 

The other key indicators, including suspended sediment, dissolved reactive phosphorus, and 

E. coli were usually at, or below detection limit for Stoney and Bullock creeks, however, 

there were a number of outliers observed during the studies timeframe which elevated 

contaminant concentrations. For instance, phosphorus concentrations in the Cardrona River 

(7 µg L-1) and the Wānaka Basin aquifer (3 µg L-1) are usually very low and are likely 

attenuated via phosphorus sorption in the aquifer (Domagalski and Johnson, 2012). However, 

Stoney Creek Urban, and Stoney Creek Headwaters may have been influenced by 

anthropogenic sources such as domestic runoff, industrial effluents, and runoff from 

fertilisers that promote plant growth (Ermens, 2007). In turn, erosion from upstream land 

uses, animal activity, or an isolated phenomenon may have contributed to slightly elevated 
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dissolved reactive phosphorus concentrations during baseflow if influenced by irrigation 

(Otago Regional Council, 2016). Suspended sediment was less of an issue at perennial 

watercourses and was only elevated at two sites during baseflow discharges. The latter sites 

included Stoney Creek Headwaters and Bullock Creek Headwaters which were likely 

affected by a combination of natural and anthropogenic characteristics during the sampling 

period (i.e., residual sediment which was transported by erosion of nearby banks and 

channels).  

One notable outlier in this study was found at the Stoney Creek Urban site in July 2017, 

which had unusually high E. coli compared to previous data collected (> 5800 CFU per 100 

mL), and was 10 times over contact recreation guidelines (Stuff, 2017). It was later found that 

sewerage from a private property was being directly fed into Stoney Creek Urban and in turn 

into Roy’s Bay, a popular swimming and recreational site in Lake Wānaka (Figure 5.1; Stuff, 

2017). The Ministry for the Environment (2017) stated that seepages in septic tanks and/or 

sewerage systems are a common source of E. coli and faecal coliform bacteria in urban 

environments. Sewerage pipes from private properties for example, can be incorrectly fitted 

to the stormwater network during plumbing practices, and as a result directly flush human 

waste into sensitive receiving environments such as tributaries and lakes as seen at Stoney 

Creek Urban (Ministry for the Environment, 2017; Stuff, 2017).  It is also likely that the 

remaining perennial watercourses and Stoney Creek Urban were influenced by animal 

excrement (i.e. from ducks, birds, and rabbits) which dwell in the vicinity of each site, as well 

as warmer temperatures and sufficient nutrients that sustain E. coli colonies. 
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Figure 5.1: E. coli bacteria present at Stoney Creek Urban on July 31st 2017 (Image: 

Marjorie Cook/Stuff, 2017). 

 

5.1.2 Baseflow conditions of perennially flowing stormwater drains 

Analysis of baseflow water chemistry indicated that McDougall Street Drain (a perennial 

drain) had elevated levels of phosphate (i.e. > 5 µg L-1). Phosphorus is generally sourced 

from agricultural fertilisers, organic debris, animal excreta, household cleaning products, and 

industrial surfactants; and is naturally very low in New Zealand soils and lithology on schist 

and semi-schist landscapes (i.e., Wānaka) (Fertiliser Association, 2020). Evidently, elevated 

concentrations of phosphorus from drains such as McDougall Street or Bremner Drain 

suggest an anthropogenic source: either poorly handled domestic waste is being captured by 

the stormwater network (e.g., grey water from washing cars, clothes, dishes etc.); or 

breakdown from garden fertilisers and decomposition of leaves and organic matter. The 

generally low concentrations of E. coli across the perennial drains (usually < 60 

CFU/100mL) also suggest that sewage is not being discharged directly into stormwater pipes, 

and that background E. coli levels are from soil leaching and domestic animal excreta.  

Of the perennial flowing drains all (except for Beacon Point) discharged degraded water: 

usually with elevated nitrate concentrations. If the drains are dewatering local groundwater, 

then these nitrate concentrations are similar to the nitrate reported in the Wānaka aquifer, 
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where nitrate has accumulated over time, but does not explain the unusually high nitrate 

concentrations from Water Race. The discharge of sediment through McDougall Street Drain 

is much higher than that observed in other drains and suggests that land disturbance, either 

through poorly protected drain banks, or soil erosion associated with recent building and 

development is making its way through the drain network (Figure 5.2). Outfall of sediment 

even under baseflow conditions from this drain is much higher than observed in natural 

watercourses and is depositing fine material into Lake Wānaka that may also carry other 

nuisance contaminants and produce a visible sediment plume. Elevated sediment 

concentrations at McDougall Street Drain are likely why dissolved reactive phosphorus 

concentrations are also elevated during stormflow as both contaminants are easily bonded 

(Domagalski and Johnson, 2012). Pembroke Park and the local rugby grounds are also in 

close vicinity to the site which are both irrigated and fertilised for optimal growth. The 

amount of sediment moved through this low competence drain system is small but is 

indicative of poor sediment management and bank armouring within this sub-catchment 

(Figure 5.2). 

 

   

Figure 5.2: Suspended sediment concentration (i.e. water cloudiness) on the 3 baseflow 

sampling dates: 31st July 2017, 28th August 2017, and 2nd October 2017. 
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5.2 Stormwater outfalls and watercourses during rain events 

The highest concentrations of stormwater were generally found at 4 stormwater drain sites 

(i.e., Bremner Drain, McDougall Street Drain, Kirimoko Subdivision, and Beacon Point 

Drain) and 1 natural watercourse (i.e., Stoney Creek Urban) in the township of Lake Wānaka 

(Table 4.2). The latter sites had the poorest concentrations of turbidity, suspended sediment, 

E. coli, and total and dissolved reactive phosphorus (TP and DRP) and were generally over 

recommended water quality guidelines for pristine receiving environments in New Zealand. It 

is likely that a combination of imperviousness, old versus new piped networks, densely 

drained land, and upstream land uses played an integral role in the degradation of water 

quality at these sites (Ermens, 2007). 

5.2.1 Stormwater hotspots in Lake Wānaka 

Analysis of stormflow water chemistry of natural watercourses and/or tributaries and 

stormwater outfalls indicated that median suspended sediment concentration was an issue at 

all sites during stormflow, all of which exceeded recommended ANZG (2018) and Plan 

Change 6a - Schedule 15 guidelines (2014). Dhakal and Chevalier (2016) note that higher 

imperviousness alters hydrological functions within urban catchments, affecting the 

channelization of precipitation flows from infrastructural facilities to receiving waterbodies. 

As a result, increased flood flows and/or runoff volumes are a likely phenomenon during 

stormflow as well as an increase in erosional processes, as seen in this study (Elliot and 

Trowsdale, 2007). In turn, increased volumes of runoff at sites such as the latter encouraged 

entrainment of particles allowing them to be mobilised, transported, and deposited 

downstream when sediment sources were not protected (i.e., by riparian planting or channel 

support) (Taylor et al., 2008). 

The township of Wānaka has long been regarded as a popular tourism destination because of 

its idyllic setting and varying recreational opportunities (Queenstown Lakes District Council, 

2011). As a result, the desire to live and/or holiday in Wānaka continues to increase and so 

does the land to cater for growing population densities. Commercial and residential land uses 

for example, have increased exponentially since 1956 as seen in Figures 4.1 and 4.2. Changes 

in land use (i.e. developments) may contribute to the exceedance of suspended sediment at a 

variety of sites during stormflow, including Bremner Drain, Stoney Creek Urban, Bullock 

Creek Headwaters and Bullock Creek Lower all of which continue to experience new 
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developments in their sub-catchments. These developments often cause loose sediment to be 

mobilised, transported, and deposited during stormflow, however, it is likely that high 

suspended sediment concentrations in new developments are transitory and not permanent 

(Ermens, 2007; Novotny, 2003). The Meadowstone and Alpha Series Developments 

associated with Stoney Creek Urban and Bullock Creek Headwaters for example, are prime 

examples of how land use can impact receiving environments and how sediment can act in 

combination with machinery and air-borne particulates to degrade water quality (Figure 5.3). 

 

  

Figure 5.3: Impact of the Alpha Series Development’s stormwater pond on Bullock Creek 

Headwaters. First image shows a sediment spill on February 1 2018 captured by local 

resident Majorie Cook and second images shows the stormwater pond before it overflowed 

on 30 May 2018 before it discharged untreated stormwater into Bullock Creek Headwaters 

captured by Andrew Waterworth (Images: Stuff, 2018; Friends of Bullock Creek, 2018). 

 

It is important to note that natural contributions of sediment may also have played a role in 

variations experienced at each site during stormflow. Suspended sediment, for example, is 

generally a result of three natural sources including: atmospheric dust and wind erosion 

(likely low in Wānaka’s sub-catchments), mass movement events such as landslides and 

debris flow, and erosion of soils by water (Taylor et al., 2008). Albeit 5 sites had strong 

anthropogenic influences that may have instigated high suspended sediment concentrations 

during stormflow (i.e., new developments), natural contributions may also have affected 

suspended sediment concentrations at all sites. It is likely that creek erosion and bank 

instability, in combination with grazing animals and previous rainfall may well have 

triggered high suspended sediment concentrations through detachment and redistribution of 

soil particles within the channel by surface water, particularly at sites such as the Lower 
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Water Race which had lower imperviousness compared to other sites (Taylor et al., 2008). 

Banks such as those associated with the Lower Water Race sites are also unarmoured, 

providing little bank protection. 

Stormwater analysis also indicated that median E. coli concentrations were a problem at all 

sites in this investigation during stormflow, with the exclusion of Bullock Creek Headwaters 

whose median concentration were below recommended ANZG (2018) guidelines of 108 

CFU/100mL. The remaining 6 sites exceeded guidelines (i.e. for tributaries and stormwater 

drain discharges) ranging between 540 and 4210 CFU/100mL. There are a variety of 

anthropogenic sources which may have contributed to high E. coli concentrations observed in 

this study. Two anthropogenic sources likely impacted E. coli concentrations during 

stormflow including, 1) sewerage in septic tanks and/or sewerage systems being re-suspended 

and 2) increases in domestic stormwater discharges from roofs, driveways, and footpaths 

adsorbing, transported, and depositing E .coli in surface waters and sediments (Chapman, 

1996; Ministry for the Environment, 2017). The long stormwater network associated with 

Bremner Drain for example (i.e. 11.6km), may re-suspend a larger capacity of E. coli that 

have accumulated in cracks in the piped system or that have pooled during dry to fair weather 

conditions in combination with warmer temperatures and increased nutrient sources (i.e. 

baseflow) (Perry, 2007). 

Whilst 6 sites exceeded recommended guidelines during stormflow, there was a variation in 

median E. coli concentrations between sites (i.e. spatial variation). 2 sites which had the 

highest concentrations of E. coli for example, included McDougall Street Drain and Stoney 

Creek Urban with respective concentrations of 4210 CFU/100mL. Freshwater research 

commonly notes that E. coli can be absorbed, transported, and deposited in sediments, 

particularly through rainfall and/or runoff events (Boyd, 2015; Perry, 2007). The latter 2 sites 

obtained some of the highest suspended sediment concentrations during stormflow indicating 

a possible connection between the two contaminants. It is likely that McDougall Street Drain, 

Stoney Creek Urban, and the remaining sites were also influenced by excrement from 

domesticated and wild animals (Novotny, 2003; Sanders et al., 2013).  

Median dissolved reactive phosphorus concentrations appeared to be an issue at 5 sites during 

stormflow, with the exclusion of Bullock Creek Headwaters and Bullock Creek Lower whose 

median stormflow concentrations were below recommended ANZG (2018) guidelines of 5 

µg L-1. Similar to baseflow discharges, it is likely that dissolved reactive phosphorus was 
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absorbed by sediments at these sites and that loose sediment as a result of erosional processes 

transported and deposited phosphorus into waterways (Boyd, 2015; Chapman, 1996). Many 

of the sites, however, are also assumedly influenced by gardening and landscaping as 

phosphorus is commonly used to stimulate plant growth (Novotny, 2003). High dissolved 

reactive phosphorus at McDougall Street and Bremner Drains is also likely from people 

washing their cars and it being flushed into the stormwater network or because of land 

disturbance and it being lost from soils 

Whilst 4 sites had higher median nitrate concentrations during baseflow, 6 out of 7 sites still 

exceeded recommended guidelines during stormflow. All the sites that exceeded ANZG 

(2018) and Plan Change 6a - Schedule 15 (2014) guidelines during baseflow also exceeded 

guidelines during stormflow, with the exclusion of Stoney Creek Headwaters whose median 

was < 25 µg L-1. It is likely that anthropogenic influences such as land use had an influential 

role on nitrate concentrations over the spatial scale in Wānaka. Bullock Creek Headwaters, 

Bullock Creek Lower, and Stoney Creek Urban for instance, were experiencing land use 

changes and/or disturbances during stormflow sampling. The latter sites are a part of the 

Meadowstone and Alpha Series Developments which are residential developments occurring 

in Wānaka at present. With the increase in residential developments that are occurring at 

these sites, an increase in fertiliser use is also likely to promote plant growth in residential 

gardens (Abu Hanipah, 2012). The same could be assumed at McDougall Street Drain where 

fertilisers are used to enhance recreational land such as Pembroke Park and the local rugby 

ground. Bremner Drain, on the other hand, is largely influenced by animal activity and is also 

undergoing significant land use disturbances (Boyd, 2015). 

This studies data also suggests that there is a direct source of nitrate that is discharging into 

Stoney Creek as a result of the expansion of the suburban fringe. Urban sources of nitrate 

usually include fertilisers associated with lawn maintenance, or mismanagement of effluent 

(sewerage). The rapid increase in nitrate could indicate household water is making its way 

through the stormwater network into Stoney Creek, either as grey water that may be 

contaminated with detergents (e.g. car wash, showers, etc.), or black water (e.g. crossed 

sewerage connections). Alternatively, Stoney Creek could also accumulate nitrate from 

groundwater gains as it flows towards Lake Wānaka; although it is deemed less likely since 

nitrate drops through Bullock Creek.  
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5.3 Wānaka’s stormwater quality when compared throughout 

Australasia 

This investigation was compared to a variety of Australasian case studies (i.e., Ermens, 2007; 

Freshwaters of New Zealand, 2004). The latter studies indicated that the spatial variability of 

stormwater contaminants is large, and that both natural and anthropogenic factors can play a 

significant role on what contaminants are derived in a specific location throughout 

Australasia. At present, Wānaka has a problem, however, it is commensurate with its size and 

the experience of other locations. Metals are not of a scale to warrant intervention and 

generally do not pose a risk to health or ecosystems, however E. coli is a problem variable in 

Wānaka (Table 5.1; Table 5.2; Table 5.3). 

Table 5.1: Spatial variability of stormwater contaminants in national and international 

studies including dissolved reactive phosphorus, and nitrate. 1 Lowest and highest stormflow 

medians, 2 Stormflow medians. 

Case Study DRP (µg L-1) NO3 (µg L-1) 

Wānaka (2017 – 2019) 4 – 144 (1)  18 – 1120 (1)  

Wigram, Christchurch (Brown et al., 1996) 1850 (2) – 

18 Stormwater Outfalls, Dunedin (Otago Regional Council, 2005) – > 100 (2) 

Kaikorai Valley, Dunedin (Mosley and Peake, 2001) 38 (2)  833 (2)  

Table 5.2: Spatial variability of stormwater contaminants in national and international 

studies including suspended sediment and E. coli. 1 Lowest and highest stormflow medians, 2 

Stormflow medians, 3 Highest concentrations. 

Case Study SSC (mg L-1) E. coli (CFU/100 mL) 
Wānaka (2017 – 2019) 3.4 – 51.6 (1) 60 – 4210 (1)  

Avon River, Christchurch 

(Gilson, 1996) 

1 - 4 (2) N/A 

Heathcote River, Christchurch 

(Environmental Services, 1993) 

N/A FC varied between 11 and 55 times 

the standard for contact recreation 

18 Stormwater Outfalls, 

Dunedin (Otago Regional 

Council, 2005) 

N/A Leith = 9200 (3) 

Kaikorai Stream = 2900 (3) 

Owhiro Stream = 48,000 (3) 

Silverstream = 1800 (3) 

Kaikorai Valley, Dunedin 

(Mosley and Peake, 2001) 

40.5 (2) 

250 (3) 

N/A 

16 streams, Auckland (Auckland 

Regional Council, 2000, 2003) 

> 100 (2) N/A 

Sydney, Australia  

(Chiew et al., 1997) 

130 – 3120 (2)  N/A 

5 Urban Streams across NZ 

(Suren and Elliot, 2004) 

St Albans (Christchurch) = 5.8 (2) 

Pakuranga Stream (Auckland) = 8.6 (2) 

Botany Downs (Auckland) = 8.7 (2) 

Addington Stream (Christchurch) = 

2.3 (2) 

Waitawhiriwhiri Stream (Hamilton) = 

28 (2) 

N/A 
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Table 5.3: Spatial variability of stormwater contaminants in national and international 

studies including copper, lead, and zinc. 1 Lowest and highest stormflow medians, 2 

Stormflow medians, 3 Highest concentrations. 

 Cu (µg L-1) Pb (µg L-1) Zn (µg L-1) 

Wānaka (2017 – 2019) 0.4 – 10.6 (1) 0.4 – 4.9 (1) 2.2 – 199.7 (1) 

Wigram, Christchurch 

(Brown et al., 1996) 

Haytons Drain = 7 (2) 

Wigram Retention Basin 

= 2 (2) 

Haytons Drain = 330 (2) 

Wigram Retention Basin 

= 6 (2) 

Haytons Drain = 412 (2) 

Wigram Retention Basin 

= 148 (2) 

Okeover Stream, 

Christchurch (Farrant, 

2006; Tafts, 2007) 

7.7 – 30.1 (1) 17.3 – 32.4 (1) 274 – 300 (1) 

Kaikorai Valley, Dunedin 

(Mosley and Peake, 2001) 

21.9 (2) 

55 (3) 

34 (2) 

80 (3) 

233 (2) 

500 (3)  

Waters of Leith and 

Portobello SW Drain, 

Dunedin (Brown and 

Peake, 2006) 

Waters of Leith = 1079 (2) 

Portobello = 5901 (2) 

Waters of Leith = 208 (2) 

Portobello = 670 (2) 

Waters of Leith = 146 (2) 

Portobello = 560 (2) 

5 Urban Streams across 

NZ (Suren and Elliot, 

2004) 

St Albans (Christchurch) 

= 0.9 (2) 

Pakuranga Stream 

(Auckland) = 2.2 (2) 

Botany Downs 

(Auckland) = 2.5 (2) 

Addington Stream 

(Christchurch) = 1.4 (2) 

Waitawhiriwhiri Stream 

(Hamilton) = 1 (2) 

  St Albans (Christchurch) 

= 12 (2) 

Pakuranga Stream 

(Auckland) = 38 (2) 

Botany Downs 

(Auckland) = 13 (2) 

Addington Stream 

(Christchurch) = 18 (2) 

Waitawhiriwhiri Stream 

(Hamilton) = 20 (2) 

 

There were a variety of suggestions as to why stormwater concentrations were higher in other 

Australasian studies than those derived in the Lake Wānaka catchment, including: 1) the 

increased gradient of the Port Hills in Christchurch can result in increased entrainment and 

transportation of soil particles due to higher runoff velocity (Gilson, 1996); 2) similar to 

Bullock Creek, the Avon and Heathcote Rivers contain naturally elevated concentrations of 

nitrates, however drainage from farmland (particularly market gardens) and fertiliser 

company discharges into the Wigram Retention Pond increased nitrate concentrations even 

higher (Environmental Services, 1993 Brown et al., 1996); and 3) dissimilar to Wānaka, wind 

conditions also played an influential role in the Avon-Heathcote Estuary where data 

suggested that when there is no wind or during periods of strong, persistent southerlies, the 

levels of bacteria such as E. coli are such that it is rendered unsuitable for contact recreation 

(i.e., water sports) (Environmental Services, 1993). It is also likely that the scale of 

settlements and the age of development have substantial effects on water quality 

concentrations. 
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5.3.1 Evidence of a first flush response in stormwater 

The hydrochemistry of stormwater discharge is often characterised depending on its 

behaviour at the onset of significant rainfall, as a ‘first flush’. Such behaviour assumes that 

the initiation of a rainfall event has sufficient momentum to initiate contaminant mobilisation 

and that sufficient ground saturation occurs within the first 30 - 60 minutes of a rainfall event 

to generate a ‘first flush’. Experimental work explored the occurrence of flushing behaviour 

examining Bremner Bay as a case study on three occasions. 

The first flush has been noted as a complex and very site-specific phenomena, and has been 

the object of criticism by some authors, specifically on how it is defined, and its relevance for 

different pollutant types (Bertrand-Krajewski and Sager, 1998; Chow et al., 2011; Ekanayake 

et al., 2019; Kang et al., 2008; Verdaguer et al., 2014). For example, many studies have 

observed a first flush phenomena (i.e. when the initial period of stormwater runoff is said to 

have a greater discharge rate of pollutant mass or concentration as compared with later in the 

storm) whereas other studies did not (Bertrand-Krajewski and Sager, 1993; Kang et al., 2008; 

Perera et al., 2019). Verdaguer et al (2014) and Ekanayake et al (2019) both outlined the 

importance of identifying the latter relationship as it provides the opportunity to predict, 

manage, and treat stormwater according to end user requirements. Such strategies, however, 

may be insufficient as the first flush of stormwater contaminants is not always observed and 

is often reported as sporadic or only present in a small proportion of analysed events (e.g., 

McCarthy, 2009 and Bach et al., 2010).  

Typically, previous research on stormwater discharges have identified that the first flush 

phenomenon is related to weather and site conditions and likely includes variations in rainfall 

intensities, antecedent climate parameters, and watershed and impervious areas in which 

there was great variation in this study (Lee and Yu, 2002; Göbel and Coldeway, 2007; Kang 

et al., 2008). The latter variables in particular, have the greatest impact on the first flush 

variation of contaminants of concern such as turbidity and suspended sediment, nutrients 

such as nitrogen and phosphorus, and toxic contaminants such as heavy metals (Ekanayake et 

al., 2019). One intra-event study by Perera et al (2019), attempted to rank first flush variables 

from most important to the least by using machine learning algorithms based on rainfall and 

site characteristics over 63 rainfall-runoff events. Complete data sets included water quality 

records that obtained at least one water quality measurement during the initial, middle, and 

later part of a rainfall-runoff event (Perera et al., 2019). The latter study identified that the 
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most important variables influencing the first flush were rainfall depth, maximum density, 

rain duration, runoff depths and peaks, and average intensity; and the least important were 

antecedent dry periods, effective impervious area, event mean concentration, and time of 

concentration. The outcomes of this study showed that land cover and physical characteristics 

of a catchment are important when predicting first flush occurrence, and that more robust 

predictions can be obtained if multiple variables are integrated into a study rather than an 

individual parameter (Perera et al., 2019). 

When compared to previous research, this study indicates that rainfall events were related to 

storm characteristics such as mean and maximum rainfall intensity, holding period, and the 

total rain event – similar to the findings of Perera et al’s (2019) study, and that multiple 

parameters affected individual contaminants. Contaminants in this investigation, for instance, 

indicated that suspended sediment and turbidity were weakly related to maximum rainfall 

intensity of the storm; total nitrogen was related to mean rainfall intensity and the holding 

period; nitrate was related to mean and maximum rainfall intensity; and total recoverable 

heavy metals were weakly related to the holding period. Whilst the latter characteristics were 

related, the first flush at Bremner Drain varied and was sporadic in nature as witnessed in 

previous stormwater research. First flushes between contaminants were likely assumed weak 

due to the small number of events studies sampled (i.e., 10) in conjunction with being 

relatively insignificant rainfalls and/or low intensity events (i.e., rainfall intensities in 

Wānaka are usually low and may not be sufficient to transport sediment-bound 

contaminants). Heavy metals and total nitrogen were quickly flushed through stormwater and 

peaked within the first hour of a rain event and were greatest when there are long periods 

between rain events for their accumulation. Suspended sediment and turbidity, on the other 

hand, usually peaked within the first hour, but also responded to increased rainfall intensity 

throughout an event. The latter contaminant has frequently been noted as a surrogate for 

many contaminants such as E. coli and heavy metals and may explain why the remaining 

contaminants did not experience a consistent first flush and were instead sporadic in nature 

(Table 5.4; Göbel and Coldeway, 2007; Lee et al., 2004). Overall, most contaminants during 

intra-event sampling exceeded freshwater regulatory thresholds during an event (but such 

guidelines usually exclude stormflows).  
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Table 5.4: Factors that influenced contaminants during the first flush phenomena as outlined 

in previous stormwater research and whether they were observed in this investigation. 

 Previous First Flush Research Y/N  

Suspended 

Sediment 

Most influenced by hydrologic and rainfall variables (McCarthy et al., 2012) 

 

Suspended sediment peaks occur before or near the peak flow rate and is governed by 

rainfall kinetic energy (Hathaway et al., 2012) 

 

Suspended solids used as surrogate for other pollutants in stormwater runoff (Perera et 

al., 2019) 

✓ 

 
✓ 

 

 
✓ 

E. coli No correlations exist between microorganisms and both discharge and suspended 

solids for stormwater runoff (Davis et al., 1997; McCarthy et al., 2007) 

 

Factors such as temperature, pH, moisture, nutrient supply, and solar radiation seem to 

have the greatest effect on enteric bacterial survival (Crane and Moore, 1986) 

 

E. coli significantly correlated with total phosphorus and turbidity (p values = 0.01) 

(Duncan, 1999) 

 

Antecedent climate conditions help explain the variation of microorganism levels 

between wet weather events as they build-up microorganisms in catchments 

(McCarthy et al., 2007) 

 

Relationship between flow magnitude (i.e., incidence of rainfall and rainfall intensity) 

and microorganism transport (McCarthy et al., 2012) 

 

“The first flush of E. coli is sporadic in nature and peak concentrations are most likely 

driven by antecedent climate conditions and not rainfall or catchment depletion 

processes” (McCarthy et al., 2012) 

✓ 

 

 
✓ 

 

 
 

 

 
 

 

 

 
✓ 

 

 

– 

Nutrients 

(N and P) 

Little research documented regarding the first flush and its relationship with nutrients. 

Conclusions are conflicting (Hathaway et al., 2012) 

 

N and P in stormwater runoff influenced by surrounding land use, connectivity of 

urban impervious surfaces, climate variables such as the frequency and intensity of 

storms, antecedent dry periods, and particle size (Yang and Lusk, 2018) 

 

After a period of build-up, N and P are subject to wash-off through kinetic energy of 

stormwater runoff. Build-up depends on nutrient form, particle size and antecedent dry 

periods (Yang and Lusk. 2018) 

 

In dissolved form nitrogen is easily washed off by low-intensity events. Phosphorus is 

transport limited so as antecedent dry periods increase, so does phosphorus (Yang and 

Lusk, 2018) 

 

Dissolved nutrient concentrations negatively correlated with first flush. Lower 

concentrations occur during the flood peak compared to before or after the flood peak 

(NIWA, 2019) 

✓ 

 

 

 
✓ 

 

 

– 

 

 

 
✓ 

 

 

 
✓ 

Heavy 

Metals 

Dissolved organic carbon (DOC) and pH enhance desorption of heavy metals from 

suspended solids (Hengren et al., 2005) 

 

Rainfall intensity and rainfall volume important factors influencing heavy metals 

(Hengren et al., 2005) 

 

Metals concentrations generally increase with decreasing particle size (Hengren et al., 

2005; Gunawardana et al., 2013) 

 

Zn susceptible to bioavailability compared to particulate Cu. Cu, Pb, and Zn absorbed 

to suspended solids will generally follow the same trends (Beck and Birch, 2012; 

Gunawardana et al., 2013) 

 

– 

 
 

 

 

– 

 

 
✓ 

 

 



 109 

5.3.2 Inflow sources and their impact on inter-event variability 

12 sites were categorised into two main groups that included natural watercourses and/or 

tributaries and stormwater outfalls/drains which were compared against the appropriate Otago 

Water Plan Change 6a Schedule 15 Group (2014) and ANZG (2018) Guidelines. The latter 

categories indicated that median contaminant concentrations were consistently higher for 

stormwater drain sites when compared to rivers natural watercourses and/or tributaries over 

the temporal scale which included higher concentrations of the following contaminants: 

suspended sediment, total nitrogen, total phosphorus, dissolved reactive phosphorus, and total 

recoverable heavy metals such as aluminium, zinc, and copper. In contrast, median nitrate 

concentrations were significantly higher at natural watercourse sites over the temporal scale. 

The latter indicates that natural watercourse had a greater capacity to flush contaminants over 

the temporal scale (excluding nitrate) when compared to stormwater drain sites which are 

generally activated during stormflow events (Figure 5.4).  

 

   

 

Figure 5.4: Old Wharf Drain on the 18th September 2018 (one-day lag of storm event) and 

the 25th October 2018 (during stormflow event at 6.02am and 10.23am). Images portray the 

impact of rainfall events on the stormwater network. The middle image was reported to 

Queenstown Lakes District Council as an indication of contamination in Lake Wānaka. 

 

All contaminants concentrations that were higher at stormwater drains for example, peaked 

between summer, early autumn, and spring (i.e. February, March, and October) all of which 

have been noted as busy periods of the year for tourism in the Wānaka Township 
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(Queenstown Lake District Council, 2011). Increased population densities are likely to have 

exerted various influences on stormwater contaminants, a result of increased usage of 

automotive vehicles, increased recreation around sites, as well as increased waste. The 

highest median concentrations for example, included 105 mg L-1 for suspended sediment on 

the 18-10-19, 520 µg L-1for total phosphorus on the 24-03-19, 2089.8 µg L-1for aluminium on 

the 18-10-19, and 153.2 µg L-1for zinc on the 19-02-19, all of which exceeded recommended 

guidelines for entering a sensitive environment like Lake Wānaka. As a result, stormwater 

drain sites are likely to have greater effects on the environment, especially to water quantity 

and quality dynamics and aquatic resources. Figure 4.12 and Figure 4.13 also indicated that 

the stormwater drain category covers a larger total catchment area (383.7 ha) with a longer 

piped network (80.5 km) when compared to the natural waterways category which had a total 

catchment area of 185.5 ha and piped network that is 12.5 km in length. The latter graphs 

suggest that the stormwater drain category is a more complex system with a larger area for 

contaminants to be derived and may be why temporal variations in contaminants were 

significantly different between sites.  

The highest concentrations of temporal nitrate on the other hand, were observed at the natural 

watercourses category which were likely a result of land use practices (Ministry for the 

Environment, 2020). Median nitrate concentrations were highly variable between storm 

events; however, two sites played a vital role in driving nitrate concentrations above those in 

the stormwater drain category (i.e. Lower Water Race and Bullock Creek Headwaters). It is 

likely that land uses associated with each of these sites played an influential role in high 

nitrate concentrations during stormflow, where the Lower Water Race is often influenced by 

irrigational waters associated with upstream land uses in the Cardona Catchment (i.e. pastoral 

and agricultural land uses), comparative to Bullock Creek Headwaters which is influenced by 

the Alpha-Series Development and elevated groundwater concentrations of nitrate (Otago 

Regional Council, 2016; Figure 5.3). Nitrate concentrations also have a strong seasonality, 

and in urban streams a variety of factors, such as differing nutrient inputs, stream flow 

variations, and nutrient uptake by primary producers affects its concentration over the year 

(NIWA, 2019). Higher nitrate concentrations also occur in winter due to lower nitrogen 

uptake and increased leaching through higher soil moisture and reduced evapotranspiration. 
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5.4 Implications of this study  

The findings of this study are consistent with many other regional and international studies 

where stormflow events actively degrade water quality inflows. The spatial and temporal 

analysis of stormwater quality in this study has identified a variety of discharge hotspots in 

Wānaka, however five sites had particularly degraded water quality (i.e., Bremner Drain, 

McDougall Street Drain, Kirimoko Subdivision, Beacon Point Drain, and Stoney Creek 

Urban). As a result, there is a specific need for guidelines to be developed for stormwater 

discharges that discharge into sensitive receiving environments, such as Lake Wānaka. The 

stormwater drain sites had consistently higher contaminant concentrations compared to 

natural watercourses. Most contaminants in this study exceeded recommended guidelines 

(i.e., ANZECC (2000), ANZQ (2018), and ORC Plan Change 6a (2014), however, during the 

observation period of this study there does not appear to be discharges of total recoverable 

and dissolved heavy metals that are of concern. Suspended sediment, on the other hand, 

continues to be high, indicating significant sub-catchment disturbance and has potentially 

deleterious co-migrants, with correlations to E. coli, total phosphorus, dissolved reactive 

phosphorus, and total recoverable aluminium, copper, and zinc. This study also documented 

the effect of increased imperviousness from urban land uses on water quality, where 

increased imperviousness was correlated to increased turbidity, suspended sediment, and total 

phosphorus. On the basis of these observations there is concern that the stormwater network 

acts as a conduit for contaminants into Lake Wānaka, and concentrations of sediment, E. coli, 

and nutrients (nitrogen and phosphorus) warrant investigation into effective attenuation 

techniques to protect Lake Wānaka. As a result, this assessment has provided new findings on 

a local scale (i.e., the Queenstown Lakes District) and therefore may have important 

implications for local authorities in managing urban waterways in New Zealand. 

Mitigation of stormwater in Wānaka is challenging, as there are differences in runoff 

characteristics and contaminant loads between different sub-catchments. It is evident, 

however, that techniques that can slow down stormwater release and attenuate nutrients and 

sediment during flushing events would be significant developments towards protecting Lake 

Wānaka. A detailed study of Bremner Drain, for example, provides observations of the first 

flush phenomena into Lake Wānaka, and illustrated considerable variations in both intra and 

inter-event discharges in a dominant stormwater drain that flows directly into Lake Wānaka. 

The characteristics, including travel time to peak contaminant load, was sporadic at Bremner 

Drain, meaning that any monitoring programme cannot assume maximum contaminant 
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concentrations occur simply within the first hour after rainfall. Thus, to understand the 

contaminant load that is potentially discharged into Lake Wānaka, it cannot simply be 

characterised by first hour flush behaviour. Rather, future work needs to observe entire storm 

events to derive maximum contaminant concentrations, and flux of discharged contaminants, 

which is often site-specific. Such efforts are time and resource intensive, and give high 

variation in flush effects, and contaminants of concern, and as a result a more directed effort 

is needed at reducing non-point source contaminants in each sub-catchment either through 

future sensitive design being a by-law requirement for any future development; but also 

considering retro-fitting attenuation ponds, bank protection, and regular surveys for crossed 

connections for all stormwater discharge outfalls. A prominent Australian case study, for 

example, includes the site of the Sydney 2000 Olympic Games in Homebush Bay. This site 

had previously been contaminated by a variety of land uses (i.e., landfill, abattoirs, and a 

navy armament depot) and was transformed and/or regenerated over 7 years through the use 

of innovative water treatment and conservation measures (Laginestra, 2002). Homebush Bay 

achieved on-site treatment, storage, and reuse of storm and wastewater through the use of 

gross pollutant traps, swales, and wetlands (Lloyd, 2001). There was also a water reclamation 

plant which treated water on-site which allowed for alternate water supplies at the site (i.e., 

irrigation, flushing of toilets, and firefighting purposes). The alternative water supplies at this 

site have resultantly been noted to reduce potable water consumption by approximately 50% 

on an annual basis (Lloyd, 2001). If the residents of Wānaka want to protect the sensitive 

receiving environment of Lake Wānaka, then new developments must consider sensitive 

urban design features to mitigate against loss and disturbance of sediment, as well as careful 

consideration of techniques to remediate high nitrate concentrations. Additionally, retrofitting 

solutions to existing known hot spots of outfalls as described in this thesis should be targeted 

to reduce sediment losses into the stormwater network, as well as address possible sources of 

E. coli that are present within the stormwater network. 

5.4.1 Recommendations for Environmental Management of Stormwater 

Discharges into Lake Wānaka 

The local Wānaka community are passionate about their local environment, and keen to 

ensure that the growth in the region is managed in an environmentally responsible way. 

Ongoing development in the region continues to present the greatest threat to the pristine 

water quality of Lake Wānaka and local planning authorities much engage with developers to 

ensure environmentally sensitive design during all phases of development. The Kirimoko 
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development is held as an example of the potential for sensitive urban development, but there 

is no evidence to date of the effectiveness of the different attenuation measures. There is 

opportunity for local government to engage with the local community to collect stormwater 

samples in different suburbs to assess the innovations in Kirimoko and compare those to 

more traditional suburban developments. Evidently more work is needed, however, this 

project has also shown that contaminant discharges across Wānaka are of concern and local 

authorities should immediately focus on regulating the main contaminants of concerns: 

suspended sediment, E. coli, and nutrients such as total nitrogen, total phosphorus, nitrate, 

and dissolved reactive phosphorus. In particular, a greater understanding of the first flush 

phenomena is still required. Specific Water Sensitive Urban Design (WSUD) and/or Low 

Impact Development (LID) measures should be implemented, and open drains should have 

bank protection through the likes riparian planting to reduce sediment incursion as seen in 

recent months at Bullock Creek Headwaters. Filters (i.e., the Enviropod LittaTrap and Filter) 

should also be installed on pipes that are areas of concern to help reduce the amount of litter, 

suspended solids, and other gross pollutants reaching the stormwater network and beyond 

(i.e. waterways and/or oceans) (Stormwater360, 2020). 

There are several factors that also require further understanding during stormflow and may be 

notable areas of interest for future research. Further investigations, especially in the 

Queenstown Lakes District should consider: 

▪ Stormwater guidelines need to be developed for both urban waterways and/or 

tributaries, as well as stormwater drains as guidelines at present are confusing and 

only compatible with baseflow discharges 

▪ Taking water quality samples during baseflow and stormflow at confluences to see if 

contaminants dilute fast or slow once they have entered Lake Wānaka 

▪ More research on Kirimoko Subdivision as it is a site that utilises Low Impact 

Development (LID) and Water Sensitive Urban Design (WSUD) but contaminant 

concentrations are still relatively high 

▪ Further analyses are needed to determine what intra-event physical characteristics 

influence microbial concentration changes, and to determine how antecedent climate 

influences various intra-event characteristics (McCarthy et al., 2012) 

▪ Investigate sources of sediment and land disturbance occurring in McDougall Street 

Drain sub-catchment, as it has high sediment discharges under baseflow 
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▪ Investigate sources of E. coli in Stoney Creek to confirm if bacteria is associated with 

local bird populations 

▪ Remediate high nitrate concentrations in Stoney Creek and the Water Race; possibly 

by considering installing local wetlands, and riparian planting to uptake nitrogen 

▪ Investigate sources of elevated phosphorus concentrations in Bremner Bay, 

McDougall Street Drain, and Old Wharf Drain that may be associated with household 

wastewater 

5.5 Limitations of this study 

Although a widely used concept, the first flush phenomena, has been criticised by some 

researchers, through uneven definition, and its general lack of applicability in catchments 

with long transport pathways or catchment areas exceeding 10 ha (Al Mamun et al., 2020). 

For the purpose of this study, the first flush was defined as the initial period of stormwater 

runoff (i.e. 0 to 30 minutes into the rainfall event) where rates of pollutant mass or 

concentration are expected to be higher compared to those in later stages of a rainfall event. 

One of the challenges of capturing a first flush, particularly, if it is to be sampled within the 

first 30 minutes is that the first flush may have been missed in some events, as outlined in the 

methods section. This was simply a result of there being too many sites for one person to 

monitor in a short time frame. The latter issue was resolved when volunteers were 

implemented into the monitoring regime and had three to four sites to sample each in the 

associated time frame. Furthermore, as inter-event results in this study showed, no defined 

first flush occurred, and maximum contaminant concentrations were sporadic. The latter 

indicates that either the first flush phenomena may not occur in these sub-catchments in the 

initial period of stormwater events, either by occurring later in the event, or that no specific 

flushing peak occurred, and as a result maximum contaminant concentrations may not have 

been captured during sampling. The difficulty is, that without high frequency sampling over 

multiple events (e.g., continuous monitoring devices) it cannot be resolved as to whether the 

first flush occurs episodically, and what the trigger thresholds might be, or whether the 

generally low intensity of rain events are not conductive to producing a distinct first flush 

peak. Given the type of rainfall events observed in this study, it is the latter that potentially 

explains the inconsistent contaminant load over events; and more work needs to be done 

exploring what rainfall intensity thresholds are required to mobilise different types of 

contaminants to yield a first flush. It is likely that the first flush may be contingent on a 
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threshold of rainfall intensity. If it is raining very lightly then your first flush will be delayed 

so a time offset may not be the most effective definition of it. 

The real challenge to understanding the effects of stormwater discharge into Lake Wānaka 

continues to be a lack of a coherent environmental management framework that applies to 

discharges of stormwater into watercourses, and an understanding of what the tolerances of 

discharges into the receiving environment of Lake Wānaka. Navigating the current guidelines 

for stormwater discharge was challenging for this study, as there are no dedicated guidelines 

specified for stormwater flows in the current Otago Water Plan, meaning that trigger values 

in this study were compared to baseflow discharges in both ANZECC (2000), ANZG (2018), 

and Otago Regional Council Plan Change 6a Schedules (2014). This is a significant 

limitation because baseflow guidelines are contaminant concentrations that are expected 

under fair and dry conditions and are completely different to stormflow discharges, which are 

often observed as having an increase in contaminant loads during rainfall events – 

particularly those co-migrants associated with suspended sediment. If the intent is to protect 

the ‘pristine’ lakes of the central South Island, like Wānaka, then discharges under storm 

outfall need to be effectively regulated and monitored to understand the effects of discharges, 

determine total contaminant loads, and how effectively these contaminants may be mixed in 

the near shore zone, or diluted throughout the lake system. Any legal protections need to 

consider the transition from the terrestrial zone, through the piped and river network, into the 

near shore zone as well as the impacts of discharges on the entire lake system. Another 

difficulty that was encountered was that the new ANZG (2018) guidelines do not include 

trigger values for the protection of natural springs, such as Bullock Creek, and as a result the 

Bullock Creek sites were measured to the same guidelines as Middle Water Race/Control and 

Lower Water Race due to their similar underlying geology and drainage catchments. The 

latter meant that Bullock Creeks recommended guidelines may be unsuitable for the type of 

waterbody. The same issue is found in the Otago Regional Council’s (2014) Plan Change 6a 

which do not include nitrate thresholds under Schedules 15 & 16. This meant that the 

recommended guideline used (i.e., 12 µg L-1) may have been unsuitable for the stormwater 

outfalls and/or drains in the ANZG (2018) framework which amended previous baseflow 

ANZECC (2018) guidelines which had significantly higher nitrate concentrations (i.e., 167 

µg L-1)  . 

Mapping the stormwater network, and areas of imperviousness were undertaken in ArcGIS 

(v. 15) and the determination of sub-catchment inputs, was challenging as determining the 
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flow direction of some drains was difficult, as they appeared to flow in multiple directions, 

and some of the stormwater mains stopped suddenly or were randomly placed (i.e., the 

mapped GIS network appears incomplete). This study used the drainage network as provided 

by the local authority, and uncertainties in the mapped network were apparent, so there may 

be errors in how sub-catchments were delineated. As a result, it was hard to differentiate what 

direction the digital elevation map (DEM) and stormwater networks were situated (as seen in 

Figure 3.1.6 and 3.6.2). Consequently, when determining total imperviousness for each sub-

catchment, certain portions of land that contained impervious surfaces were not included 

within catchments. Consequently, some uncertainties are propagated in the calculation on 

sub-catchment imperviousness, in particular, Middle Water Race/Control was expected to 

have higher percent of imperviousness than reported in this study. In line with uncertainties 

in calculating imperviousness, it is also important to note that there are ongoing changes in 

land development and/or impervious surface area since the latest aerial image was taken in 

2018. 
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Chapter 6  

Conclusions              

The aim of this study was to address a recognised knowledge gap regarding regional research 

into stormwater quality, particularly regarding the first flush of stormwater into the receiving 

environment of Lake Wānaka. This study addressed the dearth in current knowledge of urban 

water quality in Wānaka by acknowledging three key research questions: 

 

Question 1: What is the effect of urban developments in Wānaka on stormwater discharges to 

Lake Wānaka? 

Over the past 60 years there has been considerable growth in impervious land cover in the 

Wānaka township, with an exponential growth in imperviousness, growing from 44.2 ha in 

1956, to 384.4 ha by 2018. The effect of land use change in the catchment has been a 

substantial increase in the stormwater network adding pressure to stormwater discharges into 

Lake Wānaka. An examination of the different sub-catchments in the Wānaka township 

revealed correlations between increased imperviousness and turbidity, suspended sediment, 

and total phosphorus – suggesting that as urban development continues to increase, so too 

will the discharge of these contaminants to Lake Wānaka. Contaminant concentrations varied 

considerably between stormwater sub-catchments in the Wānaka township and were 

consistent with Australasian case studies when comparing stormflow observations (i.e., 

contaminant concentrations were within the same thresholds and were not significantly 

different). As expected under baseflow conditions, contaminant concentrations were lower 

than observed during stormflow supporting that most of the contaminants associated with 

urban land uses were only mobilised during event flow. Contaminants associated with urban 

land uses, like nitrate were observed to be higher under baseflow at a few locations (i.e., 

Bremner Drain, Lower Water Race, McDougall Street Drain, and Stoney Creek Headwaters). 

The McDougall Street Drain site, for example, may be elevated due to runoff generated from 

the recreational reserve, a large grass reserve used for agricultural shows, and other public 

gatherings. Evidently, even under baseflow conditions these four locations show evidence of 

nitrate loss that should be examined in future research. 
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Contaminant concentrations were consistently higher for stormwater drain sites compared to 

natural watercourses and/or tributaries. Suspended sediment, total nitrogen, total phosphorus, 

dissolved reactive phosphorus, and total recoverable aluminium and zinc concentrations for 

example, were higher at stormwater drains, however, nitrate concentrations were significantly 

higher at natural watercourses and/or tributaries, again suggesting that nitrate may be linked 

to other land uses and hydrological pathways not explicitly linked to urbanisation. 

 

Questions 2 and 3: What is the character in the variations in stormwater contaminant 

concentrations over an event, including its intra-event variability, and the role 

of ‘first flush’ phenomena; and are there temporal variations in stormflow? 

(i.e., inter-event fluctuations) 

Numerous studies have stated that the first flush phenomena (i.e., inter-event variability) is a 

complex and site-specific phenomenon (Bertrand-Krajewski and Sager, 1998; Chow et al., 

2011). In this study, maximum stormwater concentrations varied between storm events and 

sites, with most occurring during the first flush (0 to 60 minutes into the storm event), 

however, some maximum concentrations occurred later into the procession of storm events 

(i.e., 14 to 17 hours post first flush). As a result, the first flush phenomenon in Wānaka is 

very sporadic and, in some cases, non-existent. The irregularity of observing a first flush, 

creates two concerns, firstly, it makes characterising and understanding the flux of material 

under storm events difficult to monitor, as it may not be readily observable in every event, or 

every location. Secondly, the highly specific holding periods, rainfall intensities, or land use 

intensification, and as such makes it difficult to generate a numerical model to determine the 

load of contaminants that may be being discharged into the sensitive receiving environment 

of Lake Wānaka. Such observations of irregular first flush behaviour is not unique to this 

study and coincides with the tenacious debates that surround the phenomena in the 

hydrological field (Bertrand-Krajewski and Sager, 1993; Kang et al., 2008). Rainfall 

intensities, antecedent climate parameters, and watershed and impervious area were noted as 

influential factors when it comes to the first flush and were correlated to several contaminants 

in this investigation. Contaminants in this investigation, for instance, indicated that suspended 

sediment and turbidity were weakly related to maximum rainfall intensity of the storm; total 

nitrogen was related to mean rainfall intensity and the holding period; nitrate was related to 

mean and maximum rainfall intensity; and total recoverable heavy metals were weakly 

related to the holding period. 
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6.1 Directions for future work, community engagement, and 

effective environmental management 

This investigation assessed the spatial and temporal variations of stormflow discharges into 

the sensitive receiving environment of Lake Wānaka and determined a correlation between 

turbidity, suspended sediment, and total phosphorus and the imperviousness of the urban 

environment. Suspended sediment was identified as a co-migrant contaminant with E. coli, 

total phosphorus, dissolved reactive phosphorus, and total recoverable heavy metals (such as 

aluminium, copper, and zinc), noting that it is a valuable indicator constituent when 

measuring stormwater discharges. At present, heavy metals which do not appear to be a 

concern at this stage; however, nutrient, sediment, and bacteriological indicators are of 

concern and may require specific mitigation measures to protect discharges into Lake 

Wānaka. Specifically, there should be a focus on suspended sediment, nutrients, and E. coli 

as they are problem variables specific to Wānaka. National stormwater guidelines also need 

to be derived for urban land uses and require a particular reference to sensitive receiving 

environments such as pristine lakes located in the Otago Region as present guidelines are 

confusing and primarily for baseflow discharges.  

Community awareness, education, and engagement of local residents is also essential in 

alleviating the impacts of urban developments and stormwater discharges and requires further 

intervention from local councils and/or authorities such as the Queenstown Lakes District 

Council and the Otago Regional Council. Local authorities, could for instance, educate 

children in schools from an early age about sustainable water use and their impacts on the 

environment (i.e., similar to Touchstones initiative). Resources should also be made available 

for each household throughout neighbourhoods describing where stormwater goes (i.e., when 

washing a car or discarding paint) and its impact on their local watercourses, as well as the 

best ways to conserve water (i.e., through rain tanks which reuse grey water to irrigate 

gardens for instance). It is important that effective environmental management measures are 

specified for the general public, as well as new developments so better sediment controls can 

be implemented and impacts of stormflows on receiving environments can be reduced. The 

latter may be achieved through low impact developments (LID) and water sensitive urban 

design (WSUD) measures. 
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Appendix 1 

 

Table A1.1: Receiving Water Group 3 numerical limits and targets for achieving good water 

quality in Plan Change 6a – Schedule 15. 

 

 

Table A1.2: Receiving Water Group 5 numerical limits and targets for achieving good water 

quality in Plan Change 6a – Schedule 15. 
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Table A1.3: Catchment Area 2 contaminant discharge thresholds and targets for achieving 

good water quality in Plan Change 6a – Schedule 16. Discharges leaving open or tile drains 

or paddocks must meet these thresholds when the representative monitoring site for the area 

is at or below median flow (Applying from April 1st, 2020). 
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Appendix 2 

Table A2.1: Establishment of reference conditions and trigger values for chemical, physical, 

and microbiological indicators in New Zealand streams and rivers – median and 80th 

percentile values of the estimates at the 3rd level (i.e. climate by topography by geology) of 

the REC (McDowell et al., 2013; ANZG, 2018). CDH / HS classification used at Stoney 

Creek Sites (i.e., Stoney Creek Headwaters and Stoney Creek Lower) and CDH / AL 

classification used at Bullock Creek and Water Race Sites (i.e., Bullock Creek Headwaters, 

Bullock Creek Middle, Bullock Creek Lower, Middle Water Race/Control, and Lower Water 

Race). Classifications were determined through the New Zealand River Environment 

Classification User Guide (Snelder et al., 2010). 

Contaminant Geology Land Use of Sites Median 80th Percentile (%) 

Turbidity CDH / HS Tussock 0.6 1.2 

CDH / AL Pastoral 0.3 0.6 

Suspended 

Sediment 

CDH / HS Tussock 0.9 1.8 

CDH / AL Pastoral 0.7 1.3 

E. coli CDH / HS Tussock 21.0 134.0 

CDH / AL Pastoral 22.0 108.0 

Total Phosphorus CDH / HS Tussock 6.0 11.0 

CDH / AL Pastoral 5.0 6.0 

Total Nitrogen CDH / HS Tussock 88.0 139.0 

CDH / AL Pastoral 46.0 37.0 

Nitrate CDH / HS Tussock 10.0 25.0 

CDH / AL Pastoral 7.0 12.0 

Notes: 

 

CDH = Cool-Dry Hill 

▪ Strong seasonal pattern of flows: low flows in winter, high flows in spring due to rainfall and snow 

melt. High to medium sediment loads depending on catchment geology and land use. Where the valley 

is broad so that the river channel is unconstrained, the channel morphology is characterised by unstable 

substrate and wide, active gravel bed flood plains. 

 

HS = Hard Sedimentary Rocks (i.e., Greywacke and Schist) 

▪ Infiltration of rain is variable. Where geology is fractured, infiltration is high, resulting in infrequent 

floods but sustained baseflow. Low nutrient concentration. Low suspended sediment. Relatively coarse 

substrate depending on local morphology. 

 

AL = Alluvium 

▪ Rainfall infiltration high which reduced flood frequency. There tends to be a high degree of surface 

water and groundwater interaction. Water chemistry reflects the nature of the parent material. 

 

Tussock 

▪ Flood peaks are attenuated by vegetation, and low flows are generally more sustained than pastoral or 

bare ground land cover categories. Nutrient concentrations tend to be low. Suspended sediment 

concentrations tend to be low resulting in high water clarity. 

 

Pastoral 

▪ Flood peaks tend to be higher and recede faster. Low flows generally more extreme relative to 

catchments with natural land cover. Nutrient concentrations are high relative to natural land cover 

categories. Erosion rates tend to be high, resulting in low water clarity and fine substrates (silts and 

mud) compared to natural land cover 
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Appendix 3 

 

 

 

 

Figure A3.1: Kendall’s Tau Correlation between Turbidity (NTU), Suspended Sediment – 

SSC (mg/L), and E. coli (CFU/100mL) and Impervious Surface Cover at the 12 study sites. 
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Figure A3.2: Kendall’s Tau Correlation between Total Phosphorus – TP (µg/L) and 

Dissolved Reactive Phosphorus – DRP (µg/L) and Impervious Surface Cover at the 12 study 

sites. 
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Figure A3.3: Kendall’s Tau Correlation between Total Nitrogen -TN (µg/L) and Nitrate – 

NO3 (µg/L) and Impervious Surface Cover at the 12 study sites. 
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Figure A3.4: Kendall’s Tau Correlation between total recoverable Aluminium – Al (µg/L), 

Copper – Cu (µg/L), and Zinc (µg/L) – Zn and Impervious Surface Cover at the 12 study 

sites. 
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Appendix 4 

Table A4.1: Kendall’s Tau correlation between stormwater contaminants sampled in this 

study. P-values ≤ 0.05 indicate a significant correlation between the two variables at the 0.05 

level. 

Correlated Variables Correlation Coefficients (tau) Significance at the 0.05 level (2-

tailed) 

Suspended Sediment and E. coli .431 0.054 

Suspended Sediment and Total 

Phosphorus 

.657 0.003 

Suspended Sediment and 

Dissolved Reactive Phosphorus 

.504 0.025 

Suspended Sediment and Total 

Nitrogen 

.333 .131 

Suspended Sediment and Nitrate -.152 .493 

Suspended Sediment and 

Aluminium 

.626 0.005 

Suspended Sediment and Iron .727 0.001 

Suspended Sediment and Zinc .606 0.006 

E. coli and Total Phosphorus .574 0.011 

E. coli and Turbidity .400 0.073 
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Appendix 5 
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Figure A5.1-4: Inter-event variation of stormwater contaminants between stormwater drains 

and natural waterways and/or rivers on the 19-09-2018; 29/30-09-2018; 19-01-2019; 19-02-

2019; 24-03-2019; and 18-10-2019. 
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