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8 Estimation of contaminant losses 

Executive summary 
In collaboration with the community and stakeholders, Otago Regional Council (ORC) has established 

water quality objectives for the region.  In the case of Lake Hayes, persistently poor water quality led 

to development of a Lake Management strategy in 1995, with the objective of άΧƛƳǇǊƻǾƛƴƎ ǘƘŜ 

water quality of Lake Hayes, to achieve a standard suitable for contact recreation year round and to 

ǇǊŜǾŜƴǘ ŦǳǊǘƘŜǊ ŀƭƎŀƭ ōƭƻƻƳǎέ    

Subsequent investigations have identified several potential management actions, including reduction 

of nutrient inflow load, enhanced flushing of the lake using water sourced from the Arrow River 

(including a scenario involving hypolimnetic withdrawal of lake water), artificial aeration, and 

chemical dosing.  Model predictions have indicated that catchment load reduction was central to 

achieving positive lake water quality outcomes.   

In this report, we have estimated loads of key contaminants (nitrogen, phosphorus and suspended 

sediment) entering Lake Hayes over the period for which data exist.  Data exist for: 

Á the Mill Creek at Fish Trap site (continuous discharge, and water quality data derived 

from flow-related event sampling, as well as routine grab samples): 

Á the inflow to the lake (Mill Creek at Lake Hayes site) - grab samples including event-

related samples, as well as water quality surrogate measurements with a turbidity 

sensor, and a nitrate sensor: 

Á Mill Creek at Hunter Road, which represents contaminant loads entering the upper 

Mill Creek catchment, and which has a continuous turbidity sensor as well. 

In addition to our data, ORC has collected a set of water quality samples from sites located across the 

catchment in a series of comprehensive water quality surveys (henceforth referred to as synoptic 

surveys).   

Stream contaminant loads were estimated using several methods as follows: 

Á By relating measured concentration samples to discharge estimates, and using 

calibrated models to predict stream flow concentrations, and contaminant loads at 

daily, monthly and annual intervals.   

Á /ŀƭƛōǊŀǘŜŘ ǎǘŀǘƛǎǘƛŎŀƭ ƳƻŘŜƭǎ ǿŜǊŜ ŘŜǾŜƭƻǇŜŘ ƛƴ aƛŎǊƻǎƻŦǘ 9ȄŎŜƭ ǳǎƛƴƎ ǘƘŜ ά{ƻƭǾŜǊέ 

regression-fitting technique and in Python using an open-source regression modelling 

library (the Least Squares Optimisation tool). 

Á Using the LOADEST software modelling tool developed by the USGS.  The modelling 

ǘƻƻƭ ǎŜƭŜŎǘŜŘ ǘƘŜ άōŜǎǘέ ƳƻŘŜƭ ŦƻǊ ǘƘŜ ǇǳǊǇƻǎŜ ǳǎƛƴƎ ƛƴ-built processes based on 

several statistical criteria. 

Á Multiple load estimation techniques were applied to water quality data derived from 

routine grab samples, event-related grab samples, and surrogate data (which 

represented suspended sediment and nitrate-N). 

Data exist for total phosphorus (TP), dissolved reactive phosphate (DRP), nitrate plus nitrite N (NNN), 

total suspended sediment (TSS), as well as two surrogates:  nitrate-N (measured continuously using 



 

Estimation of contaminant losses  9 

an optical sensor), and turbidity (a measure of water cloudiness, which can be used as a surrogate for 

TSS concentration and visual clarity). 

Long term contaminant load estimates 
Key results derived from the Mill Creek at Fish Trap site include: 

Á a 20% reduction in the 1994 TP load has been achieved since 1996, and annual loads 

have been less than a third of the 1994 values consistently since 2002.   

Á The annual TP load was 3.0 t in 1994, and the annual average load over the three year 

period 2018-202 was 0.6 t (a 79% decrease). 

Á The decrease in TP load estimated over time is primarily related to rainfall and runoff. 

The period 1994-2000 was characterised by having five of the seven largest annual 

discharge estimates measured between 1984 and 2021, whereas more recently, 

ǊŀƛƴŦŀƭƭ Ƙŀǎ ōŜŜƴ ƳƻǊŜ άǘȅǇƛŎŀƭέ of the long term period. 

Á When the estimated TP load data were separated into pre-2003 and post 2003 groups, 

seasonal patterns in the magnitude of TP load were similar between the two periods, 

but loads were considerably lower in all months during the post-2003 period.  When 

estimated over the two periods, the median TP load/month decreased approximately 

50%, from approximately 73 kg TP/month in 1984-2002, to approximately 36 kg 

TP/month in the period 2003-2021.  During 2020, the estimated TP load varied from 

approximately 20 t TP in May to a maximum of 177 t TP in August. 

Á For NNN, annual loads decreased from more than 10 t/year in 1994 to an average of 

approximately 5 t/year over the period 2018-202 (a decrease of 51%).   

The estimated NNN load at the Fish Trap site has a strong seasonal pattern, with a minimum in 

February and a maximum in spring.  For the post-2002 period, the maximum monthly load occurred 

in September.  In 2020, the minimum estimated monthly NNN load (280 kg) occurred in June, and 

the maximum estimated NNN load was observed in September (738 kg). 

Predicted TSS loads were more variable in the pre-2002 period that other contaminants, and the 

magnitude of the estimated load was sensitive to the estimation technique.  Using the LOADEST 

estimations, pre-2002 annual load estimates ranged from 230 t/year (1990) through to 2,100 t/year 

(1994 and 1995).  Post 2002, seasonal loads have been generally lower and more consistent, ranging 

from 932 t in 2002 to a low of 120 t/year in 2017.  A strong seasonal pattern was evident in both 

periods, but with considerably fewer very high estimates of TSS load in the latter period.   

A substantial set of flow-related grab samples (representing dissolved and particulate forms of 

nitrogen and phosphorus) exist for the Mill Creek at Lake Hayes site.  The following annual 

contaminant loads were estimated at this site (Table i): 

Table i: Annual contaminant loads for the Mill Creek at Lake Hayes site.    

Year 
Load (kg/year) Load (t/year) 

DRP NNN TN TP TSS 

2018 29.88 5458.9 6126.5 642.1 396.8 

2019 89.69 5207.7 8909.7 743.7 409.7 
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Year 
Load (kg/year) Load (t/year) 

DRP NNN TN TP TSS 

2020 146.01 5683.9 10171.4 1371.3 850.1 

2021 62.64 5900.2 4128.0 913.4 480.0 

 

Use of surrogate measurements to estimate contaminant loads. 
Nitrate-N instantaneous load (flux) estimates were obtained for the Mill Creek at Lake Hayes site as 

the product of concentration derived from a TriOS sensor (measured at 15 minute intervals), and 

discharge measured at the same frequency; annual loads derived from these estimates are compared 

with those derived from modelling in Table ii.  Within the limitations imposed on the LOADEST 

method by available calibration data, there is reasonable concordance between these estimates. 

Table ii: Comparison of annual load estimates derived from two approaches. ,  

Year 

Annual load per estimation method  
(kg) 

TriOS-nitrate LOADEST NNN 

2019 6951 5126 

2020 8023 5841 

 

{ŜǾŜǊŀƭ ŀǇǇǊƻŀŎƘŜǎ ǿŜǊŜ ŜȄǇƭƻǊŜŘ ǘƻ ŜǎǘƛƳŀǘŜ ¢{{ ŀƴŘ ¢t ƭƻŀŘǎ ŀǘ ǘƘŜ άaƛƭƭ CǊŜŜƪ ŀǘ IǳƴǘŜǊ wƻŀŘέ 

and άaƛƭƭ /ǊŜŜƪ ŀǘ [ŀƪŜ IŀȅŜǎέ ǎƛǘŜǎ ǳǎƛƴƎ ǘǳǊōƛŘƛǘȅ ŀǎ ŀ ǎǳǊǊƻƎŀǘŜ ƳŜǘǊƛŎΦ  wŜƎǊŜǎǎƛƻƴ Ŝǉǳŀǘƛƻƴǎ ǿŜǊŜ 

derived, and model fit was evaluated using several performance metrics.  Monthly and annual loads 

were derived for both water quality variables at both sites.  The reliability of these estimates was 

influenced by several factors, including: amount of surrogate measurement record (proportion of 

theoretical total amount of data); the extent of extraneous record (e.g., interference with the optical 

method of measurement); the number of grab samples available for calibration of regression models; 

and the nature of grab sample data available for the Hunter Road site (regular monthly frequency vs. 

flow-proportional samples, collected during flood events). 

Synoptic survey results 
We were able to compare the DRP and TP concentrations and fluxes measured at seven sites in the 

Lake Hayes catchment at two time periods:  1997, and over the three year period 2018-2020.   

Median TP concentrations increased at three sites since 1997 (McMullan Ck at Malaghan Road, Mill 

Creek at Hunter Road, and at the inflow to Lake Hayes), and median DRP concentrations increased at 

ǘƘŜ ƭŀǘǘŜǊ ǘǿƻ ǎƛǘŜǎ ŀƴŘ ŀǘ ǘƘŜ άDan OΩConnell Ck 300 m u/sέ ǎƛǘŜ ƻǾŜǊ ǘƘƛǎ ǇŜǊƛƻŘΦ  At other sites, 

concentrations remained the same or decreased. 

The synoptic survey data collected from 2018-2020 show consistent spatial patterns in the 

magnitude of instantaneous load for several water quality variables: 

Á Relatively small contaminant loads were evident at all sites in the upper catchment 

compared to the loads from the lower catchment. 

Á A step-change in both concentration and flux of nitrogenous material was evident at 

the Hunter Road site, suggesting that nitrogen was entering Mill Creek in runoff or 

groundwater from adjacent land, or from unmonitored tributaries upstream of this 

site. 
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Á A similar step change was evident for DRP and particularly TP, which was accompanied 

by a significant step change in median TSS flux.  These results indicate that TSS 

entering Mill Creek upstream of Hunter Road is likely to contribute the bulk of the TP 

load. 

Á The DRP and TP flux increases slightly downstream of Hunter Road, suggesting that the 

bulk of phosphorus load enters Mill Creek upstream of Hunter Road. 

The bulk of nitrogenous material enters Mill Creek in the reach downstream of Hunter Road (as 

indicated by flux estimates).  Available information suggests that the bulk of the nitrogen load is 

derived from surface runoff or shallow groundwater that discharges to Mill Creek, and not to the 

deeper groundwater system that discharges to the lake via the spring. 

The results from the synoptic surveys represent both base and event sized flows, and should be used 

with caution because they are relatively few. 

Seasonality of contaminant loads 
Estimated loads demonstrate a consistent seasonal pattern, with smaller loads in late 

summer/autumn, and the bulk of the load transported in late winter/spring period.  The bulk of the 

contaminant load is therefore transported during high-flow conditions (either during rain events or 

during snowmelt).  From the data available, it is not possible to differentiate between rainfall or 

snowmelt events. 

Land use and catchment modelling 
Catchment modelling indicates that land use has remained relatively constant since 1996.  The 

dominant land cover classes may be considered pasture (ca. 55%), tussock (ca. 18%) and native and 

exotic forest (ca. 23%).  Collectively, these cover classes currently comprise ca. 95% of the 

catchment, with urban land cover comprising 5% of the Lake Hayes catchment (an increase from 66 

to 242 hectares between 1996 and 2018).  The spatial variations in nutrient loads predicted by 

catchment modelling is consistent with the synoptic survey results: 

Á The bulk of the TP load that subsequently reaches Lake Hayes enters Mill Creek 

upstream of the Hunter Road site (56%), an additional 25% in the reach between 

Hunter Road and Waterfall Park, and the remaining 19% in the reach between 

Waterfall Park and the lake. 

Á The CLUES model predicts that a smaller proportion of the total TN load enters Mill 

Creek upstream of the Hunter Road site (39%), with the balance entering upstream of 

Waterfall Park (40%) and the lake inflow (31%).  

Mitigation actions 
Assessment of land cover, catchment modelling and load estimation indicates that the bulk of N, P 

and sediment load enters Mill Creek in the reach downstream of Hunter Road.  The bulk of the 

contaminant loads enter the stream under elevated flow conditions.  Land cover types contributing 

both N and P are dominated by pasture, and soil P comprises approximately one third of the total P 

load at each of the Hunter Road, Waterfall Park and lake inflow reaches. 

We recommend that mitigation options identified in earlier investigations be reviewed. These 

included maintaining and restoring existing wetlands and riparian buffers, constructing sediment 

traps along the main stem of Mill Creek to capture total suspended solids and total phosphorus, and 
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which may also buffer storm- and snowmelt flows, establishing a constructed wetland, livestock 

exclusion (particularly in the upper catchment), and channel restoration in the lower catchment to 

slow movement of water and reduce bank erosion.  Buffer condition could be improved by re-

establishing riparian vegetation. 

1 LƴǘǊƻŘǳŎǘƛƻƴ 

1.1 Background to Lake Hayes and catchment 

In collaboration with the community and stakeholders, Otago Regional Council (ORC) has established 

water quality objectives for the region.  These are described in the Regional Plan: Water (2004). The 

regional plan has been through several iterations in response to community input and changes in 

national water resource management approaches.  Currently, ORC is incorporating the outcomes of a 

2018 review of the Water Plan into a Land and Water Regional Plan (LWRP), which is scheduled to be 

notified by 31 December 2023.1 In addition to giving effect to recent changes in national policy, 

specifically the National Policy Statement for Freshwater Management 2020 (New Zealand 

Government 2020a; 2023) and associated National Environmental Standards (e.g., New Zealand 

Government 2020b), the LWRP provide the legal framework for policy and regulatory tools άto 

promote the sustainable management of Otago's water resources. To achieve this, the plan has 

policies and methods (including rules) to address issues of use, development and protection of 

Otago's freshwater resources, including the beds and margins of water bodiesΦέ2   

Historical monitoring has identified that some catchments are subject to particular water quality 

issues.  This led to specific investigations and the development of management plans for individual 

catchments including the Lake Hayes and the Mill Creek catchment, which is the focus of this report.  

Lake Hayes was used as a case study in a report prepared for the Ministry for the Environment (MfE) 

concerning the impact of land use on freshwater (Larned et al. 2018).  Stressors to water quality 

outlined in Larned et al (2018) include historical deforestation, the introduction of exotic plant and 

fish species, the introduction and intensification of pastoral farming, land drainage and associated 

loss of wetlands, increasing use of fertilisers, and discharge of food processing waste to Mill Creek.  

Land use change across the catchment was accompanied by increased sediment and nutrient 

(particularly phosphorus) levels in the lake.  Citing earlier work, Caruso (2000) described the Lake 

Hayes ŎŀǘŎƘƳŜƴǘ ŀǎ άŀ ƎƻƻŘ ŜȄŀƳǇƭŜ ƻŦ ŀ ƘƛƎƘ-country agricultural/pastoral catchment in New 

Zealand where P is thought to be the primary cause of eutrophication of the lake in the pastέΦ  There 

have been a series of responses aimed at addressing the deterioration of water quality or condition 

in Lake Hayes, including:  

Á publication of a Lake Management strategy in 1995, with the objective of άΧƛƳǇǊƻǾƛƴƎ 

the water quality of Lake Hayes, to achieve a standard suitable for contact recreation 

ȅŜŀǊ ǊƻǳƴŘ ŀƴŘ ǘƻ ǇǊŜǾŜƴǘ ŦǳǊǘƘŜǊ ŀƭƎŀƭ ōƭƻƻƳǎέ (ORC and QLDC 1995) 

Á preparation of ŀ ά[ŀƪŜ IŀȅŜǎ wŜǎǘƻǊŀǘƛƻƴ ŀƴŘ aƻƴƛǘƻǊƛƴƎ tƭŀƴέ ŦƻǊ ǘƘŜ CǊƛŜƴŘǎ ƻŦ [ŀƪŜ 

Hayes Inc (Schallenberg and Schallenberg 2017) 

 
1 https://orc.govt.nz/plans-policies-reports/regional-plans-and-policies/water  
2 https://orc.govt.nz/plans-policies-reports/regional-plans-and-policies/water  

https://orc.govt.nz/plans-policies-reports/regional-plans-and-policies/water
https://orc.govt.nz/plans-policies-reports/regional-plans-and-policies/water
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Á review of the Schallenberg and Schallenberg (2017) report in 2018 for ORC, including a 

detailed review of four lake remediation options and recommendations (Gibbs 2018), 

and  

Á preparation of ǘƘŜ ǊŜǇƻǊǘ ά{ŎƻǇƛƴƎ ƻŦ ŘƛŦŦǳǎŜ Ǉƻƭƭǳǘƛƻƴ ƳƛǘƛƎŀǘƛƻƴ ƻǇǘƛƻƴǎ ŦƻǊ aƛƭƭ 

/ǊŜŜƪέ ŦƻǊ CǊƛŜƴŘǎ ƻŦ [ŀƪŜ IŀȅŜǎ {ƻŎƛŜǘȅΣ LƴŎΦΣ hǘŀƎƻ wŜƎƛƻƴŀƭ /ƻǳƴŎƛƭΣ vǳŜŜƴǎǘƻǿƴ 

Lakes District Council, Department of Conservation (Goeller et al. 2020). 

Potential mitigation strategies proposed to improve lake water quality include: 

Á food web manipulation to reduce the growth and prevalence of nuisance algae 

(Schallenberg and Schallenberg 2017), 

Á chemical dosing of the lake inflow or lake water surface to reduce mobilisation of 

phosphorus (P) from lake sediments (Gibbs 2018; Gibbs and Hickey 2018), 

Á increased flushing of the lake, using excess irrigation water from the Arrow River to 

remove nutrients from the lake water column (Gibbs 2018; Goldsmith and Hanan 

2019), 

Á preferential withdrawal of nutrient rich waters from the bottom of the lake 

(hypolimnetic withdrawal) (Schallenberg and Schallenberg 2017; Goldsmith and Hanan 

2019), and  

Á artificial destratification of the lake, to keep the lake fully mixed while also increasing 

oxygen concentrations in the lake, thereby reducing P release from sediments and 

decreasing algal biomass (Gibbs 2018). 

A consistent recommendation from these investigations was that inputs of nutrients to Lake Hayes 

from the surrounding catchment should be reduced as part of an overall lake management or 

restoration response.  Gibbs (2018) clearly linked the likely success of in-lake restoration actions to 

ŀŎŎƻƳǇŀƴȅƛƴƎ άcatchment management strategies reducing the external carbon, nutrient and 

suspended solids loads to the lakeέΦ   

McBride et al (2019) developed a physical-biogeochemical model (DYRESM-CAEDYM) for Lake Hayes 

that simulated the major in-lake physical and biogeochemical processes.  This model was used to 

assess the likely efficacy of four of five of the mitigation strategies listed above: reduction of nutrient 

inflow load, enhanced flushing of the lake using water sourced from the Arrow River (including a 

scenario involving hypolimnetic withdrawal of lake water), artificial aeration and chemical dosing.  

Although all candidate mitigation actions were predicted to have a beneficial impact on lake water 

quality, model predictions indicated that catchment load reduction was central to achieving positive 

lake water quality outcomes.   

To update their understanding of the current status of contaminant loading to the lake, ORC 

commissioned NIWA to repeat some of the work previously done, using more recent data and a 

range of methods for load estimation.  In particular, ORC wished to understand whether one of the 

key objectives of the 1994 strategy was being achieved, namely, were the policy, regulatory actions 

and mitigation action undertaken by agencies and stakeholders having measurable beneficial impacts 

on lake water quality and lake condition. 
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The strategy made provision for periodic review of its effectiveness at five yearly intervals or less. 

This review would include assessment of changes to the quantity of phosphorus entering Lake Hayes 

from the surrounding catchment, chemical composition of the lake and changes in lake trophic state. 

If algal blooms occurred in the lake after a 20% reduction in the total annual phosphorus load to Lake 

Hayes was achieved (relative to 1994 figures), and/or in-lake phosphorus concentration was 

consistent with a specified water quality class, ORC would (in consultation with the community) 

consider additional mitigation strategies, including the in-lake treatment methods listed above.  

1.2 wŜǇƻǊǘ ǎŎƻǇŜ 
NIWA was commissioned to characterise contaminant concentrations and long-term changes in 

those concentrations, and to quantify contaminant loads at multiple points in the Lake Hayes 

catchment, using existing data.  The contaminants of interest are total phosphorus (TP), dissolved 

reactive phosphorus (DRP), nitrate+nitrite-N (NNN), total N (TN), and total suspended solids (TSS). 

Subject to limitations of available data, specific tasks agreed with ORC included: 

A. Assessment of the use of continuous monitoring data when estimating N and P loads, 

including: 

ī correlating continuous turbidity records (Fish Trap and Hunter Road sites) to 

estimated loads of contaminants, 

ī use of proxy metrics such as turbidity to estimate the difference in loads between 

the upstream and downstream sites (where continuous sensors are deployed), for 

TSS, TN and TP, where a substantial proportion of the contaminant load is 

associated with particulate material, 

ī correlating the NNN load derived from the continuous nitrate sensor record (at 

the Fish Trap site) with the load estimated using conventional regression 

techniques.  

B. Comparison of estimated loads derived from continuous data against those estimated 

from:  

ī grab samples and continuous stream flow records (using regression modelling) 

that provide concentration vs discharge relationships, and 

ī grab samples and gauged flows obtained at the time of sampling (as undertaken 

by Caruso in 1999). 

C. Characterising contaminant loads entering the lake under specific conditions, such as: 

ī Ψ.Ŝƭƻǿ ƳŜŘƛŀƴΩ ŀƴŘ ΨƘƛƎƘŜǊ ŦƭƻǿΩ ŎƻƴŘƛǘƛƻƴǎ όƛƴŎƭǳŘƛƴƎ ŜǎǘƛƳŀǘƛƻƴ ƻŦ ǘƘŜ 

proportion of annual load entering the lake under these and other conditions, 

such as seasonally).  

ī Using this information to better understand when (and under which conditions) 

the majority of the P, N and suspended sediment load enter the lake, and using 

this information to identify mitigation actions that could reduce contaminant 

inputs to the lake. 



 

Estimation of contaminant losses  15 

D. Determining the likely source and magnitude of nutrient load from the catchment, i.e., 

apportion the total inflow load to identifiable sub-catchment reaches. 

E. Compare contemporary P loads with those estimated for 1994, to assess whether the 

20% reduction in P loadings to the lake has been achieved, an objective of the Lake 

Hayes Management Strategy (ORC and QLDC 1995).  

ī Options for estimating contaminant loads would be explored, and where possible, 

time-series of loads derived from these models would be used to compare loads 

estimated at annual, seasonal or over other periods of time. 

ī Ensure that sensitivity of load estimation to hydrological conditions and annual 

rainfall was recognised in load estimation processes. 

F. Use the Catchment Land Use for Environmental Sustainability (CLUES) model to assess 

land use impacts and the effects of land use change on annual TN and TP loads. 

It should be noted that the data used in the above tasks were ǳǎŜŘ άŀǎ ǊŜŎŜƛǾŜŘέ ς there was no 

expectation or allowance for undertaking data quality assurance or removal or editing of data that 

might be considered of poor quality or questionable.  These aspects are particularly important with 

regard to data derived from high frequency water quality sensors, which provide surrogate estimates 

of specific water quality variables. 

1.3 Report structure 

Section 2 overviews the methodology followed to estimate and model contaminant loads and gives a 

brief description of the catchment, land uses and historical and contemporary water quality 

monitoring.  Additional details of specific methods and processes applied in the assessment are also 

summarised in the appendices. 

Section 3 summarises the outcomes from CLUES modelling, historical and contemporary hydrology 

and the results from comprehensive water quality surveys, referred to here as synoptic surveys. This 

term was used by Caruso (2000; 2001) to describe a series of samples collected from multiple 

locations with the Mill Creek/Lake Hayes catchment within a short time period (i.e., all sites sampled 

on the same day).  Section 3 also presents the results derived from several load estimation 

approaches. 

Section 4 discusses the results from the different load assessment techniques, and seasonal 

characteristics of contaminant loads. 

Section 5 evaluates the results of this work against the requirements identified in Section 1.2.  
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2 aŜǘƘƻŘǎ 

2.1 Catchment description 

The Hayes Creek catchment is covers approximately 50 km2 northeast of Queenstown.  Hayes Creek 

is a tributary of the Kawarau River, and incorporates Lake Hayes and the principal inflow to Lake 

Hayes, Mill Creek.  There is also a perennial spring inflow to Lake Hayes which discharges 

groundwater near to the northwest shoreline of the lake. 

Lake Hayes is believed to have been formed following separation from the ancestral Lake Wakatipu 

by outwash from the Shotover River. The catchment has steep to moderately steep mountain slopes 

to the north, rising to Coronet Peak, the highest point (1600 m). The Lake lies within a floodplain that 

comprises fans and terraces with moderately steep rolling hills around the perimeters of the 

catchment, shown in Figure 2-1. 

 

Figure 2-1: Lake Hayes, Mill  Creek inflow and Hayes Creek discharge to the Kawerau River to the south. 
The surface water drainage network is detailed in Figure 2-2. 

The original native tussock vegetation in the catchment has been replaced on the lowlands by 

pasture and crops, with sward grass predominating on the poorer soils in the valley and on the low 

altitude steep faces.  The major land use classes are farming (46 %) and tussock (19%).  Urban land 

use accounts for around 3% of the catchment area. Change in land use since the mid-1990s is 

discussed in Section 4.1.   
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2.2 CLUES modelling 

The Catchment Land Use for Environmental Sustainability model (CLUES: Elliott et al. 2016) is a 

steady-state model that brings together three existing freshwater quality models and a national geo-

database consisting of publicly available spatial data within a geographic information system 

(ArcMap) to predict water quality at the catchment scale.  CLUES incorporates customised versions of 

SPARROW (Elliot et al. 2005; Schwarz et al. 2006); OVERSEER (Wheeler et al. 2014; latest release 

version 6.3, 2018), and the Soil Plant Atmosphere System Model (SPASMO; Rosen et al. 2004).  The 

current version of CLUES has been calibrated nationally (Semadeni-Davies et al. 2019; Semadeni-

Davies et al. 2020).   

Catchment modelling was undertaken using the River Environment Classification (REC; Snelder and 

Biggs 2002; Snelder et al. 2010) version 2.5 digital stream network.  In this network, the catchment 

consists of 105 river segments that have a combined length of 75 km.  Lake Hayes covers an area of 

2.74 km2.  CLUES is semi-distributed with the smallest spatial unit being the REC reach sub-

catchment.  Spatial data are lumped within each subcatchment. 

Land use3 is represented by the proportion of each sub-catchment covered by each of 19 land use 

classes and water (or diffuse sources) within the model, while the other spatial data (e.g., slope, soil 

drainage and climate) are represented by the spatially weighted average for the sub-catchment area.    

The baseline land use data in CLUES has the reference year 2018 and was derived from the Manaaki 

Whenua-Landcare Research Land Cover Database v5 (LCDB5) and the AsureQuality Agribase 

agricultural database.  Land use classes within the catchment are given in Section 3.2.1. 

The CLUES load calculation method has been described by Elliott et al. (2005) and Elliott et al. (2016).  

In brief, contaminant loads from diffuse sources (i.e., land use classes) are calculated for each reach 

sub-catchment as the product of the source area and associated source yield.  The phosphorus load 

includes soil erosion as an additional source.  The generated load is then reduced by a catchment 

attenuation factor that is a function of soil drainage class, and the mean annual rainfall and 

temperature for each subcatchment.  Where there are known point sources, these are added to the 

delivered load (there are no known point sources in the Lake Hayes catchment).  Once delivered to 

the stream network, the total loads for each contaminant are routed downstream such that the 

instream load for a reach is the total of the upstream load and the reach load, less stream 

attenuation (modelled as a function of stream length and estimated mean annual flow) and reservoir 

losses (modelled as a function of lake volume and estimated overflow rates) 

2.3 Water quality monitoring 

There are nine stream monitoring sites and one lake monitoring site in the Lake Hayes catchment 

(Table 2-1, Figure 2-2). Three of the stream monitoring sites, Hayes Creek at Lake Hayes Estate, Lake 

Hayes Spring at Lake Hayes and Mill Creek at Fish Trap, are located in the same REC stream 

subcatchment.  With the exception of Hayes Creek at Lake Hayes Estate, all of the stream sites are 

located upstream of Lake Hayes. 

Although turbidity is essentially a measure of the cloudiness of water, turbidity may be used as a 

surrogate of total suspended solids concentration on a site-specific basis by developing a relationship 

between turbidity and suspended sediments.   

 
3 Here land use refers to a specific enterprise or activity type (e.g., sheep and beef farming) while land cover refers to classes of land use 
(e.g., pasture, wooded). 
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Continuous or high frequency water quality data were provided by sensors deployed at specific sites.  

A TriOS4 hyperspectral sensor was deployed at the Mill Creek at Lake Hayes site. The TriOS is a 

spectroscopic sensor that utilises strong absorbance by nitrate-N of light in the UV region of the 

electromagnetic spectrum, with peak absorbance at 220 nm, to provide surrogate estimates of 

nitrate N concentrations. Further information and guidance regarding the use of high frequency 

sensors was provided in a review undertaken for regional councils by NIWA (Hudson and Baddock 

2019).  

Table 2-1: Monitoring sites in the Hayes Creek catchment ordered from upstream to downstream. The 
location of site numbers are shown in Figure 2-2.  Synoptic = sites used for spatial surveys.  Continuous = sites 
where high frequency water quality sensors are deployed.  Discharge = continuous flow monitoring.  

Site name Site 
no. 

REC 
segment 

Upstream  
catchment  
area (ha) 

Monitoring purpose 

Dan O'Connell Creek at Coronet 
Station 300m Upstream 

1 14218389 620 Synoptic  

Dan O'Connell Creek at Coronet 
Station 

2 14218146 328 Synoptic 

Station Creek at Coronet Station 3 14217895 342 Synoptic 

McMullan Creek at Malaghans Road 4 14217446 313 Synoptic 

Mill Creek at Hunter Road 5 14218014 2143 Routine grab samples, 
Event samples, 
Continuous discharge, 
continuous turbidity measurement 

Mill Creek at Waterfall Park 6 14217470 3062 Synoptic 

Mill Creek at Fish Trap 8 14218737 4144 Routine grab samples 
Discharge 

Mill Creek at Lake Hayes 7 14218737 4144 Routine grab samples 
Event samples, 
Continuous water quality 
measurements ς nitrate-N and 
turbidity 

Lake Hayes Spring at Lake Hayes 9 14218737 4144 Synoptic 

Lake Hayes    Routine grab samples 

Hayes Creek at Lake Hayes Estate 10 14220755 4890 Routine grab samples 

 

 
4 http://www.TriOS.de/en/products/sensors.html  

http://www.trios.de/en/products/sensors.html
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Figure 2-2: Monitoring site locations within the Hayes Creek catchment.   Headwater streams (first order) 
are not shown. 

2.4 Grab sample and discharge analysis  

Discrete water samples were collected manually and by automatic samplerǎΦ  !ƭƭ ŀǊŜ ǘŜǊƳŜŘ άǿŀǘŜǊ 

ǎŀƳǇƭŜǎέ ƻǊ άƎǊŀō ǎŀƳǇƭŜǎέΣ ŀƴŘ ǿŜǊŜ ǎǳōƳƛǘǘŜŘ ǘƻ ƭŀōƻǊŀǘƻǊƛŜǎ ŦƻǊ ǎǳōǎŜǉǳŜƴǘ ǿŀǘŜǊ ǉǳŀƭƛǘȅ 

analysis.   

Streamflow and concentration data were merged using date/time values and look-up functions in 

Excel or Python to align data from different files. For event-related water quality samples collected 

using automatic samplers, it was sometimes necessary to adjust the time of sample collection to the 

nearest time of discharge measurement.  The extent of these adjustments were limited to ± 60 

minutes maximum.  In most cases, adjustments were made within a window of ±5 minutes.  We 

checked for missing values and outliers in the data using the graphical analysis and statistical 

methods. Records with missing discharge values were patched using interpolation.  Negative values 

in surrogate time series records were omitted from the assessment. 

Annual discharge from 1983 to 2022 was derived from streamflow data collected by ORC at the 

gauging station located at the Fish Trap site.  Discharge was recorded at 15 minute intervals and was 

aggregated to hourly or daily average flows as required.  Discharge values were summed for each 

year to calculate total annual discharge in cubic metres for that year.  

Kilometres 
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2.5 Estimation of contaminant loads  

A review of methods for contaminant load estimation is given in Appendix A.  We used six 

approaches in this study, each chosen to best suit the available data: 

i. For sites and time periods when infrequent concentration and discharge estimates exist, 

instantaneous loads or flux estimates (mass/unit of time) were obtained as the product 

of concentration and discharge at the time of sampling, adjusting units as required.  This 

ŀǇǇǊƻŀŎƘ ǿŀǎ ǳǎŜŦǳƭ ǿƘŜƴ ŜǎǘƛƳŀǘƛƴƎ ŀƴŘ ŘƛǎŎǳǎǎƛƴƎ ǘƘŜ ǊŜǎǳƭǘǎ ƻŦ άǎȅƴƻǇǘƛŎ ǎǳǊǾŜȅǎέ as 

described by Caruso (2000; 2001).   

 

Instantaneous estimates were also made for sites where more extensive discharge or 

grab sample concentration measurements existed.  These estimates were unaffected by 

errors and uncertainties arising from statistical or process-based models.  However, 

instantaneous estimates are still subject to errors arising from sample collection and 

handling, laboratory test methods, as well as discharge measurements.  

ii. Application of rating table regression methods for several sites for which continuous 

discharge and moderately frequent grab sample concentration data existed.   

iii. Application of regression methods using the LOAD ESTimator (LOADEST) tool (Runkel et 

al. 2004; Gao et al. 2021)5, 6, for the sites where both continuous discharge and 

moderately frequent grab sample concentration data exist.  

iv. Where nitrate-N was continuously estimated using a TriOS hyperspectral sensor, nitrate-

N load was estimated as the product of the TriOS estimate and discharge at the time 

measurement, summed over the desired time period.  These estimates were compared 

with estimates derived from grab samples, as well as from the LOADEST model. 

v. Application of rating table regression methods for several sites for which continuous 

discharge and moderately frequent grab sample concentration data existed, as well 

where the concentration of one or more water quality variable or surrogate were 

measured at high frequency, typically at the timestep of discharge measurement.  The 

TriOS nitrate sensor provided estimates of nitrate-N concentrations at the Mill Creek at 

Lake Hayes site, and turbidity was measured at both the Mill Creek at Lake Hayes, and 

Mill Creek at Hunter Road sites.   

The methods used to estimate loads for the different contaminants are described in more detail in 

the following sections.  These apply specifically to fitted concentration vs. discharge regression 

methods, and methods that use surrogates to estimate TP or TSS loads, or continuous nitrate-N 

measurements. 

The data for three sites (Mill Creek at Fish Trap, Mill Creek at Lake Hayes and Mill Creek at Hunter 

Road) were sufficient for estimating contaminant loads using multiple approaches for comparison. 

Estimated contaminant loads were typically expressed as kg/d, kg/month or tonnes/year.   

 

  
 

5 https://github.com/USGS-R/rloadest - LOADEST implemented in the R modelling framework. 
6 In the Aqualinc (2014) report, NZ researchers mentioned use of LOADEST, ǿƘƛŎƘ ǿŀǎ ƛƴŎƻǊǊŜŎǘƭȅ ƴŀƳŜŘ ά[ƻǿ5ŜǎƪέΦ 

https://github.com/USGS-R/rloadest
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3 wŜǎǳƭǘǎ 

3.1 Historical nutrient inputs to Lake Hayes 

Caruso (2000; 2001) published a detailed assessment of the magnitude and sources of phosphorus in 

the Lake Hayes catchment.  During 1997, grab samples were collected from six sites across the lake 

catchment.  The location of these sites is shown in Figure 2-2, and the results of the 1997 sampling 

programme are summarised in Table 3-1. 

/ŀǊǳǎƻΩǎ analysis of data collected at sites in the Mill Creek catchment during 1997 revealed a strong 

correlation between hydrological events and TP concentrations, but no clear seasonal patterns in the 

magnitude of TP concentrations. At a site representing the inflow to Lake Hayes, he apportioned the 

annual load of TP entering the lake to baseflow (47%), snowmelt (30%), and a single 26-hour long 

flood event (23%).  Spatial analysis of the data suggested that the lower half of the catchment 

delivered 72% of the total annual total P load to the lake (Caruso 2000).   

Caruso also assessed the sources of TP concentrations and fluxes through the Mill Creek catchment, 

and suggested that a substantial proportion of the TP in Mill Creek (and therefore of P entering the 

lake) originated from a relatively small sub-catchment in the upper catchƳŜƴǘ ŎŀƭƭŜŘ hΩ/ƻƴƴŜƭƭ 

Creek, and from the lower catchment (Caruso 2001). After analysing critical source areas he 

ŎƻƴŎƭǳŘŜŘ ǘƘŀǘ άǘƘŜ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ ƛƴǘŜƴǎƛǘȅ ƻŦ ŎŀǘǘƭŜ ŀƴŘ ǎƘŜŜǇ ƎǊŀȊƛƴƎΣ ŦŜǊǘƛƭƛȊŜǊ ǳǎŀƎŜΣ ōŀƴƪ 

erosion and location in the worst subareas outweighed the fact that the worst farms [were farthest] 

ŦǊƻƳ ǘƘŜ ƭŀƪŜέ (Caruso 2001).   

Table 3-1: Summary of TP and DRP concentration statistics, Mill Creek catchment, 2000.  Median values 
highlighted.  From Table 2 of Caruso (2000). 

Variable Statistic 
Sample location, number of samples and concentration statistics (concentrations in mg/L). 

U/ S O'Connell  O'Connell  Station  McMullan  Hunter  Fish Trap  Hayes  

TP 

n 7 6 6 7 14 15 6 

Mean 0.051 0.061 0.011 0.017 0.03 0.065 0.041 

Median  0.036 0.064 0.009 0.014 0.03 0.026 0.047 

Minimum  0.015 0.015 0.005 0.009 0.012 0.013 0.01 

Maximum  0.18 0.098 0.018 0.035 0.047 0.614 0.056 

DRP 

n 7 6 6 7 14 14 6 

Mean 0.006 0.009 0.003 0.005 0.004 0.007 0.012 

Median  0.004 0.007 0.003 0.005 0.004 0.004 0.01 

Minimum  0.002 0.002 0.001 0.002 0.002 0.001 0.001 

Maximum  0.02 0.017 0.004 0.009 0.008 0.042 0.026 

 

When providing advice to local authorities and the community about where wetlands and other 

potential mitigation devices could be sited in the Lake Hayes catchment, Goeller et al (2020) 

estimated annual contaminant yields at the Fish Trap site for the period 1988 to 2019 (inclusive).  

They also used data derived from samples collected at the same sites sampled by Caruso in 1997 to 

characterise stream loads for several water quality variables.  In Table 3-2 we compare TP load 

estimates from Goeller et al (2020) with those of Caruso (2000).  The load estimates reported by 
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Caruso should be regarded as indicative ς they were derived from single grab samples and flow 

measured at each site on the sample day.  Despite limited data, the 1997 and 2019 data sets indicate 

consistent spatial pattern of TP loads ςrelatively small in the upper catchment (with the exception of 

hΩ/ƻƴƴŜƭƭ /ǊŜŜƪΣ ƛŘŜƴǘƛŦƛŜŘ ŀǎ ŀ ƳŀƧƻǊ ǎƻǳǊŎŜ ƻŦ t ōȅ /ŀǊǳǎƻύΣ ŀƴŘ ŎƻƴǎƛŘŜǊŀōƭȅ ƎǊŜŀǘŜǊ ƛƴ ǘƘŜ ƭƻǿŜǊ 

half of the catchment. 

Table 3-2: Comparison of TP load estimates, 1997 vs 2019. Results from 1997 derived from single 

sample and flow gauged at the time of sampling (Caruso 2000).  Results from 2019 derived from 8 or 

10 samples, with exception of the Hunter Road site (4 samples).  Results from 2019 from Goeller et al 

(2020). 

Sampling location 
Subcatchment area 

(km2) 

TP load 
(g/d) 

1997 2019 

Dan OΩConnell Creek at Coronet Station 300m upstream 1.7 18 20 

Dan OΩConnell Creek at Coronet Station 5.6 40 130 

Station Creek at Coronet Station 1.0 14 20 

McMullan Creek at Malaghans Road 3.7 53 170 

Mill Creek at Hunter Road 18.24 134 930 

Mill Creek at Fish Trap 48.7 474 660 

3.2 CLUES modelling 

3.2.1 Land use representativity 

Figure 3-1 shows the percentage cover of the CLUES land use classes in the sub-catchment upstream 

of each stream monitoring site.  Note that for clarity, wooded land uses have been aggregated into a 

single group, and minor land uses, such as crops, have also been grouped.   

 

Figure 3-1: Percentage area of CLUES land use classes upstream of each monitoring site for the baseline 
year of 2018.   Note that hill and high country sheep and beef (SB), forest and scrub (wooded) and minor land 
use classes (other) have been grouped in the chart. The sites are numbered with reference to Figure 2-2 and 
Table 2-1. 
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Table 3-3 gives the total and percentage area for each of the LCDB land cover classes in the Lake 

Hayes catchment, and Figure 3-2 shows the changes in land cover aggregated into broad classes.  

There has been very little change in land cover between 1996 for all land cover classes except urban 

land, which more than trebled in area between 1996 (66 ha) and 2018 (242 ha).  However, this 

represents a relatively minor increase in the percentage of the total catchment area covered by 

urban land (from about 1% to 5%).  Around half of the current urban area consists of parks and open 

space, and the urban land cover also includes the Coronet Peak Ski field amenities (e.g., carparks).  

For all time periods, just over half the catchment area is covered by pasture (high and low producing 

grassland, 54-58%), 18-19% by tussock and 23% by forest (exotic and native) and scrub for all the 

reference years.  The remaining land cover includes Lake Hayes, rivers, and land used for crops and 

horticulture.  The location of the different land cover classes is shown for LCDB5 in Figure 3-3. 

Given the limited change in land use over the past two decades (see Table 3-3 and Figure 3-2), we did 

not create an historic land use scenario under the assumption that all else being equal, changes in 

loads delivered to Lake Hayes and the Kawarau River would be minor.   

Table 3-3: Land cover area (ha) from Land Cover Database records. The proportion of total catchment area 
for each land cover class is given in parentheses.  Source https://lris.scinfo.org.nz/layer/104400-lcdb-v50-land-
cover-database-version-50-mainland-new-zealand/  

Land cover class 
Land cover area (ha) and proportion of total catchment area (%) 

LCDB5 2018 LCDB4 2012 LCDB3 2008 LCDB2 2001 LCDB1 1996 

Deciduous Hardwoods 131.4 (2%) 150.8 (3%) 150.8 (3%) 153 (3%) 153 (3%) 

Exotic Forest 241.6 (5%) 222.4 (4%) 211.8 (4%) 194.6 (4%) 167.9 (3%) 

Forest ς Harvested 9.5 (0%) 0 (0%) 0 (0%) 5.2 (0%) 0 (0%) 

Gorse and/or Broom 6.2 (0%) 6.2 (0%) 5.3 (0%) 5.3 (0%) 5.3 (0%) 

Herbaceous Freshwater Vegetation 2.1 (0%) 2.1 (0%) 2.1 (0%) 2.1 (0%) 2.1 (0%) 

High Producing Exotic Grassland 2207 (42%) 2222.4 (44%) 2283.5 (45%) 2356.2 (46%) 2367.8 (47%) 

Indigenous Forest 29.5 (1%) 29.5 (1%) 29.5 (1%) 29.5 (1%) 34.8 (1%) 

Lake or Pond 296.7 (6%) 296.7 (6%) 295.7 (6%) 295 (6%) 293.3 (6%) 

Low Producing Grassland 553.1 (10%) 553.1 (11%) 553.8 (11%) 551.1 (11%) 551.1 (11%) 

Manuka and/or Kanuka 9.1 (0%) 9.1 (0%) 9.1 (0%) 9.1 (0%) 9.1 (0%) 

Matagouri or Grey Scrub 8.3 (0%) 8.3 (0%) 8.3 (0%) 8.3 (0%) 8.3 (0%) 

Mixed Exotic Shrubland 335.6 (6%) 361.9 (7%) 373.4 (7%) 373.4 (7%) 373.4 (7%) 

Orchard, Vineyard or Other  
Perennial Crop 

16.9 (0%) 16.9 (0%) 16.9 (0%) 16.9 (0%) 5.6 (0%) 

River 4.9 (0%) 4.9 (0%) 4.9 (0%) 4.9 (0%) 4.9 (0%) 

Short-rotation Cropland 58.2 (1%) 58.2 (1%) 58.2 (1%) 58.2 (1%) 69.5 (1%) 

Tall Tussock Grassland 922.2 (17%) 924.6 (18%) 925.6 (18%) 942.8 (19%) 962 (19%) 

Built-up Area (settlement) 117.9 (2%) 102.4 (2%) 96.6 (2%) 19.8 (0%) 17.5 (0%) 

Urban Parkland/Open Space 124.1 (2%) 104.8 (2%) 48.9 (1%) 48.9 (1%) 48.9 (1%) 

 

https://lris.scinfo.org.nz/layer/104400-lcdb-v50-land-cover-database-version-50-mainland-new-zealand/
https://lris.scinfo.org.nz/layer/104400-lcdb-v50-land-cover-database-version-50-mainland-new-zealand/
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Figure 3-2: Proportion of land cover by broad class in each assessment period.   Source 
https://lris.scinfo.org.nz/layer/104400-lcdb-v50-land-cover-database-version-50-mainland-new-zealand/ 

 

https://lris.scinfo.org.nz/layer/104400-lcdb-v50-land-cover-database-version-50-mainland-new-zealand/
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Figure 3-3: Map showing distribution of broad land cover classes across the Hayes Creek at Hayes Estate 
site for the reference year 2018.  Source: LCDB5.  The monitoring site catchment areas are shown for 
reference. 

3.2.2 Nutrient load estimation 

CLUES was used to estimate the mean annual loads and area-specific yields of TN and TP for the 

reference year 2018.  The loads and yields estimated for the monitoring sites are given in Table 3-4 

and the load estimated by land use is plotted in Figure 3-4 for TN and Figure 3-5 for TP.  The highest 

nutrient loads from diffuse sources come from pastoral land uses, however, the predicted TP loads 

from soil erosion are also high.  This source is estimated in CLUES based on sediment loads modelled 

by the New Zealand Sediment Yield Estimator (Hicks et al. 2018)    

There is a substantial decrease in the magnitude of TN and TP loads downstream of Lake Hayes due 

to attenuation (e.g., sediment deposition) in the lake (Table 3-4).  

Kilometres 
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Table 3-4: Mean annual total nitrogen (TN) and total phosphorus (TP) loads and specific yields as 
determined by CLUES   

Site 

TN  TP 

Load 

(t/y)  

Specific 
yield 

(t/km 2/y)  

Load 

(t/y)  

Specific 
yield 

(t/km 2/y)  

McMullan Creek at Malaghans Road 0.67 0.21 0.15 0.05 

Station Creek at Coronet Station 0.62 0.18 0.17 0.05 

Dan O'Connell Creek at Coronet Station 0.42 0.13 0.18 0.06 

Dan O'Connell Creek at Coronet Station 300m 
Upstream 

1.93 0.31 0.24 0.04 

Mill Creek at Hunter Road 6.22 0.29 0.98 0.05 

Mill Creek at Waterfall Park 11.08 0.36 1.42 0.05 

Delivered to lake* 16.13 0.39 1.76 0.04 

Hayes Creek at Lake Hayes Estate 7.76 0.16 0.31 0.01 

Delivered to Kawarau River 8.81 0.17 0.41 0.01 

*Mill Creek at Lake Hayes, Mill Creek at Fish Trap, Lake Hayes Spring at Lake Hayes 

 

Figure 3-4: Estimated mean annual TN loads subdivided by land use for each monitoring site and for the 
whole Lake Hayes catchment.  
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Figure 3-5: Estimated mean annual TP loads subdivided by land use for each monitoring site and for the 
whole Lake Hayes catchment.  

3.3 Instantaneous and cumulative discharge ς Mill Creek at Fish Trap site 

The range of discharge values observed in each calendar year at the Fish Trap gauging station is 

shown in Figure 3-6 (A).  Although Figure 3-6 (A) does not suggest a strong trend in discharge over 

time, mean hourly discharge was elevated in 1994 and 2000. Figure 3-6 (B) indicates a moderate 

seasonal patten in discharge generally consistent with a previous assessment (Caruso 2000).  Annual 

discharge (Figure 3-7) confirms that discharge in 1994 was unusually high, and the period 1994 to 

2010 had five of the six largest annual discharges for the 38-year period of data shown.  

Flows at the Fish Trap site exceeded 228 L/s 95% of the time, and 300 L/s 75% of the time.  Stream 

discharge summary statistics and a flow duration curve are provided in Appendix C for the entire 

record.   

The distribution of flows observed in selected years are summarised in Figure 3-8. These distributions 

were used when comparing the annual TP mass load during selected assessment periods. 
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A 

 

B 

Figure 3-6: Variation in discharge at the Fish Trap gauging station by year (A) and by month for the entire 
record (B).  Note y-axes have log10 scale.  The red dot is the average hourly mean flow per aggregation period.  
Box plot components: horizonal lines are medians, boxes indicate interquartile ranges, whiskers indicate 1.5x 
the interquartile range, asterisks indicate values between 1.5 and 3x the interquartile range, open circles 
indicate values > 3x the interquartile range.  
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Figure 3-7: Total annual discharge at Fish Trap site between 1984 and 2021.  

 

Figure 3-8: Annual hourly discharge data for Mill Creek at Fish Trap for selected years.  Dotted lines 
indicsate long-term 10th percentile (253 L/s), median (285 L/s) and 75th percentile (501 L/s) values.  See Figure 
3-6 for explanation of box plot components. Red dots indicate annual average values. 

3.4 Spot flow gauging 

Table 3-5 shows selected summary statistics of the measured flow rates for nine different sites, 

where spot flow gaugings were carried out. Statistics derived from the long-term flow record at the 

Fish Trap site are included, as a comparison with the spot gauging values for this site suggest that the 

synoptic surveys undertaken during 2017/18 represented slightly higher than typical discharge 

conditions, which is consistent with data presented in Figure 3-7 and 3.8. 

3.5 Synoptic survey results 

The synoptic survey results were derived from sampling runs in 1997 (DRP and TP only), and 

additional sampling runs at the same locations in the period 2018-2020 (NNN, TN, DRP, TP, TSS).  

Details about sample numbers collected in the four assessment periods are in Appendix D and E.  

These synoptic surveys provided an indication of changes in DRP and TP concentrations across the 

Mill Creek catchment over time. Relatively few data are available for the 1997 period, which limits 

our ability to detect and be certain about possible changes in water quality since that year. Table 3-6 

ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ƳŜŘƛŀƴ 5wt ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƘŀǾŜ ƛƴŎǊŜŀǎŜŘ ŀǘ 5ŀƴ hΩ/ƻƴƴŜƭƭ /ǊŜŜƪ όǳǇǇŜǊ ŎŀǘŎƘƳŜƴǘύΣ 

and at the Hunter Road site in mid-catchment. Median and mean TP concentrations have also 

increased at the Hunter Road site over time, as indicated in Table 3-7.   

The data from the 2018-2020 synoptic surveys were used to plot distributions of contaminant 

concentrations and fluxes at each stream monitoring site (Fig. 3-9). These plots indicate that TN and 

NNN concentrations and fluxes were elevated at the Mill Creek sites relative to the sites further up 

the catchment, then decrease downstream of Lake Hayes. TSS concentrations and fluxes also 

decreased downstream of Lake Hayes. 
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Table 3-5: Summary statistics derived from flow gauging results. Site numbers are as shown in Figure 2-2. 
Values for Mill Creek at Lake Hayes include conditions during event sample collection. 

Site no. Site Name 
Flow statistic (L/s) 

25th percentile Median 75th percentile 

1 Dan O'Connell Creek at Coronet Station 47 59.5 76 

2 Dan O'Connell Creek at Coronet Station 300m 
Upstream 12 19.5 22 

3 Station Creek at Coronet Station 28 40 53 

4 McMullan Creek at Malaghans Road 64 75.5 104 

5 Mill Creek at Hunter Road 207 237 342 

6 Mill Creek at Waterfall Park 377 425 580 

8 

Mill Creek at Fish Trap 336  400  496  

Mill Creek at Fish Trap ς long term record 298 376.5 501.4 

Mill Creek at Lake Hayes (includes event samples) 859 1001 1165 

7 Lake Hayes Spring at Lake Hayes 31 37 40 

10 Hayes Creek at Lake Hayes Estate 467 533 619 

Table 3-6: Median DRP concentrations at synoptic survey sites over time.  Site locations are shown in 
Figure 2-2. Change in concentration relative to 1997 is indicated by cell shades. Green: decrease, orange: 
increase, unshaded: no change. 

Site name 
DRP concentration per assessment period (mg/L) 

1997 2018 2019 2020 

Dan OC Ck 300 m u/s 0.004 0.002 0.003 0.006 

Dan OC Ck at C. Station 0.007 0.002 0.003 0.007 

Station Ck at Coronet 0.003 0.001 0.001 0.002 

McMullan Ck at Malaghan 0.005 0.002 0.003 0.003 

Mill Ck at Hunter Rd 0.004 0.003 0.003 0.006 

Mill Ck at Fish Trap 0.004 0.002 0.002 0.004 

Hayes Ck at L. Hayes 0.010 0.009 0.009 0.014 

Table 3-7: Median TP concentrations at synoptic survey sites over time.  Cell shading as in Table 3.6. 

Site 
Median TP concentration per assessment period (mg/L) 

1997 2018 2019 2020 

Dan OC Ck 300 m u/s 0.036 0.028 0.025 0.020 

Dan OC Ck at C. Station 0.064 0.022 0.019 0.038 

Station Ck at Coronet 0.009 0.005 0.004 0.002 

McMullan Ck at Malaghan 0.014 0.039 0.013 0.010 

Mill Ck at Hunter Rd 0.030 0.034 0.016 0.032 

Mill Ck at Fish Trap 0.026 0.024 0.018 0.018 

Hayes Ck at L. Hayes 0.047 0.022 0.029 0.048 
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Figure 3-9: Comparison of concentration and instantaneous load (flux) estimates for 10 sites in the Mill 
Creek/Hayes Creek catchment .  Flux estimates not included for Waterfall Park site due to poor alignment 
between gauging and grab sample collection times.  Outlier removed from McMullan Creek TSS concentration 
and flux data for period 2018-2022. See Figure 3-6 for explanation of box plot components. 

Synoptic data for the 2018-2020 period indicate: 

Á the concentrations and fluxes of NNN and TN increase in the reach downstream of the 

Hunter Road site; 

Á TN and NNN concentrations and flux are lower in Hayes Creek downstream of Lake 

Hayes; 

Á DRP and TP concentrations were relatively low throughout the catchment during the 

synoptic surveys; an increase of TP flux was evident downstream of the Hunter Road 

site; 

Á DRP and TP concentrations in the lake outflow (represented by the Hayes Creek 

sample site) were greater than any upstream site, suggesting that the lake was a net 

source of phosphorus in both dissolved and particulate forms; 
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Á TSS concentrations were greatest in tributary and headwater streams, but the flux of 

particulate material increased downstream of the Hunter Road site;  

Á interpretation of the synoptic survey results requires care ς these samples were 

generally obtained under average-flow conditions, whereas samples collected during 

event conditions generally represent higher than typical flows, as indicated in Figure 3-

10; and 

Á samples collected to compare concentrations and the flux of contaminants at multiple 

sample points across a catchment should be collected within a suitably narrow time 

frame, or during similar flow conditions. 

The approximate flow conditions at sites used for synoptic surveys in the period 2018-2020 are 
summarised in Figure 3.10 and Table 3-8. Approximately half of the samples collected during the 
synoptic surveys were collected when discharge at the Fish Trap site was less than the median flow 
and approximately 30% of samples were collected when flows at the Fish Trap site exceeded the 75th 
percentile.  
 

 

Figure 3-10: Comparison of discharge conditions at Mill Creek at Fish Trap site at times of synoptic survey or 
event-related sample collection, 2018-2020.   

Table 3-8: Proportion of samples collected under general catchment discharge conditions, 2018-2020 
period.  Discharge conditions at each site determined according to flow in Mill Creek at Fish Trap site on day of 
collection.  If different to number of synoptic samples, total number of samples collected during this period in 
parentheses. 

Site name 
No of synoptic 

samples in 2018-
2020 period 

Proportion of samples collected when discharge was ƭŜǎǎ ǘƘŀƴΧΦΦ 

285 L/s 
(10th percentile) 

376 L/s 
(Median) 

501 L/s 
(75th percentile) 

Dan OC Ck 300 m u/s 21 

5 45 68 

Dan OC Ck at C. Station 21 

Station Ck at Coronet 21 

McMullan Ck at Malaghan 21 

Mill Ck at Hunter Rd 21 

Mill Ck at Fish Trap 10 (~44) 0 (7) 50 (26) 70 (55) 

Hayes Ck at L. Hayes 21 (~210 5 (1) 43 (5) 67 (7) 

3.6 Instantaneous and modelled contaminant loads at Fish Trap site 

Hourly and daily mass load estimates were derived from the LOADEST and rLOADEST software.  

Instantaneous flux estimates were also calculated using grab sample concentration data and flow at 
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the time of sampling.  Instantaneous flux estimates were the product of discharge and concentration, 

adjusting units as required.  Supplementary summary data are in Appendices E to I. 

3.6.1 Total phosphorus ς Fish Trap site 

Time-series of grab sample and model-derived TP flux estimates at the Fish Trap site are shown in 

Figure 3-11.  Annual mass load estimates for the period 1983 to 2021 are listed in Appendix G. The 

distributions of grab sample-based instantaneous TP loads and modelled TP loads for each month at 

the Fish Trap site are shown in Figure 3-12. 

 

Figure 3-11: Comparison of instantaneous and modelled daily total phosphorus (TP) loads for the Fish Trap 
site. Note that the Y axis of the plot has log10 scale. 

 

  

Figure 3-12: Comparison of grab sample-based instantaneous TP loads and modelled TP loads for the Fish 
Trap site.  Note that the Y axis of the plot has log10 scale. 
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Figure 3-13 shows the monthly estimate of mean daily TP load from 1983 through 2021, along with 

an upper and lower 95th percent confidence interval.  Figure 3-14 summarises annual TP loads over 

this period.  Annual loads of similar magnitude were reported by Goeller et al. (2020).   

Key features of these estimates include: 

Á During the eight-year period from 1993-2000, estimated annual TP loads were 

generally > 1 t/y. After 2002 and for the next 18 years, estimated annual TP loads were 

< 1 t/y. 

Á The temporal pattern in these estimates are consistent with the magnitude of runoff 

over the 38 complete years for which data were reviewed. 

 

Figure 3-13: Monthly estimates of mean daily TP load for the Fish Trap site. Modelled TP loads are shown 
with error bars representing a 95% CI around the mean.  

 

Figure 3-14: Annual estimates of TP load for the Fish Trap site, showing 1994 estimate and Management 
Plan target value. The upper broken line is the 1994 annual TP load (3 t), and the lower line represents a 20% 
reduction of the 1994 annual total (2.4 t).  The annual mass load estimate is incomplete for 2022. 
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Requirements of this report included: 

Á Indicating when a 20% reduction in TP load to Lake Hayes had been achieved, and 

Á Comparing contemporary TP loads with those measured in 1994. 

Figure 3-14 indicates that a 20% reduction in the 1994 TP load has occurred since 1996, and that 

annual loads have been less than a third of the 1994 values consistently since 2002.  In Table 3-9 we 

identify three periods that were used for comparison of loads over time.  We did this because as 

Figure 3-7 indicates, annual discharge was considerably larger in 1994, 1995, 1996 and 2000 than 

more recently.  To minimise bias because of unusual hydrological conditions in a key period selected 

for assessment and provide for assessment of more typical conditions, the periods chosen for 

assessment were: 

Á the 1994 calendar year (the baseline for the Management Plan) 

Á an additional assessment period (1996-1998 inclusive) 

Á a contemporary period against which values for the other two periods were compared 

ς 2018-2020 inclusive. 

The additional historical assessment period (the three calendar-year periods from 1996-1998 

inclusive) was selected because the 1994 annual load was considerably larger than most annual loads 

estimated before and after that period.  Data from the three-year period 1996-1998 provided a more 

typical estimate of annual average, but included two annual estimates that were considerably larger 

than contemporary values.   

The estimated TP load for these three periods are compared in Table 3-9 as a change in annual mass 

measured in the period 2018-2020 relative to 1994 or 1996-1998, and as a proportion of the 1994 

mass or the average load for the 1996-1998 period.  The difference between the 1994 load and loads 

in all years (including contemporary estimates) is shown in Figure 3-14. 

Table 3-9: Change in TP load ς 1994 vs 2018-2020 and 1996-98 vs 2018-2020.  Colours and shading indicate 
values being compared across time periods. 

Assessment period Annual load (t) Average load (t) Assessment 
period sum (t) 

1994 2.99    

1996-1998  1.41 4.24 

2018-2020  0.60 1.82 

     

Difference (mass) 2.38 (decrease) 0.8 (decrease) 2.42 (decrease) 

Difference (%)  79 (decrease) 56 (decrease) 43 (decrease) 

 

The data summarised in Table 3-9 and Figure 3-14 indicate that the Management Plan target of 20% 

reduction in 1994 load has been met in all years since 1994 except three (1995, 1999 and 2002), and 

that since 2002 the annual TP load has been approximately 25% of the 1994 load.  However, the 

annual load estimate appears sensitive to annual rainfall and resulting discharge, and from the 

information available, it is not possible to attribute the change in loads over time to specific 

management actions, changes in land use etc.  For example, annual mass loads were generally 
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smaller and confidence intervals narrower for the period 2003 ς 2016 and have increased slightly 

since 2016.  These values are closely related to discharge values, which have also increased since 

2016, with more high flow events (Figure 3-6).  

The magnitude and variability of seasonal (monthly) TP loads for two 19-year periods 1984-2002 and 

2003-2021 is summarised in Figure 3-15.   

  

Figure 3-15: Monthly estimates of TP load for the Fish Trap site for the 1984 to 2002 period and for the 2003 
to 2021 period. See Figure 3-6 for explanation of box plot components. 

Data summarised in Figure 3-15 confirms what was described in Figure 3-11; the TP load in the 

period prior to 2003 was considerably larger than post-2003, and a similar seasonal pattern exists for 

both periods (Figure 3-15). 

3.6.2 Nitrate + nitrite N loads (NNN loads) 

A time series of grab sample and model-derived NNN flux estimates is shown in Figure 3-16.  Annual 

mass load estimates are listed in Appendix G.  Both model-derived flux estimates, and those derived 

from instantaneous flux estimates as the product of concentration and discharge at the time of 

sampling show strong seasonality (Figure 3-16).  Median NNN flux estimates approximately double 

from ca. 10 kg/d in late summer to ca. 20 kg/d in September annually.   

 

Figure 3-16: Comparison of modelled NNN flux and grab sample NNN flux for the Fish Trap site. Note that 
the Y axis of the plot has log10 scale.  The symbology is described in Appendix A. 
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