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EXECUTIVE SUMMARY 

1 Lake Pauri and Lake Wiritoa have poor ecological condition and poor 

water with high nutrient concentrations, regular cyanobacteria blooms 

and bottom water anoxia during periods of stratification. The lakes 

appear to not meet the NPS-FM bottom-line value for multiple lake 

attributes. Improving the water quality in Lake Pauri and Lake Wiritoa 

will likely require reducing loads of both nitrogen (N) and phosphorus 

(P), but reducing P is particularly important as it drives cyanobacteria 

growth.  

2 There are large external and internal loads of N and P to Lake Pauri and 

Lake Wiritoa. The prison stormwater discharge contributes only a small 

proportion of the P load (and very little N load). Improvements in the 

stormwater system done to date (e.g. lining of pipes) and proposed with 

the consent (e.g. treatment of stormwater) has and will reduce the P load 

compared to in the past. However even with this work the stormwater 

will contribute a load of nitrogen and phosphorus to Lake Wiritoa. 

3 It would be very difficult for monitoring in Lake Wiritoa to detect the 

effects of nutrients in the prison stormwater because of the relatively 

small contribution of the stormwater to nutrient loads relative to the rest 

of the catchment. Nevertheless the stormwater contributes to the 

cumulative load of phosphorus (and to a lesser extent nitrogen) to Lake 

Wiritoa. I have calculated the nitrogen and phosphors load in the 

stormwater if it were to discharge with concentrations equal to One Plan 

targets for Lake Wiritoa. This would require further reducing the 

nitrogen load by 5.9 kg N/yr and further reduce the phosphorus load by 

3.63 kg P/yr.   

4 The contribution of the prison stormwater to the nutrient load entering 

the lake can be mitigated by either reducing the nutrient load from other 

sources to the lake or by direct removal of nutrients from the lake 

system. 
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5 There are multiple ways to reduce internal and external N and P loads 

that can be implemented in-lake or in-catchment. Catchment mitigations 

to reduce P load include: riparian retirement/planting and Detainment 

Bunds. In-lake mitigations to reduce P include macrophyte removal and 

alum dosing to immobilise P in the sediments. Implementing nutrient 

reduction mitigations are feasible but may require the Department to 

work with other partners (e.g. landowners, regional council) and some 

would need additional resource consents. 

INTRODUCTION 

Qualifications and Experience 

6 My full name is Keith David Hamill.  I am a Principal Environmental 

Scientist and Director at River Lake Limited.  River Lake Limited is a 

consultancy that provides research and environmental science advice for 

understanding and managing rivers, lakes and estuaries.  My technical 

speciality is in water quality and aquatic ecology.  

7 I hold a Bachelor of Science degree (Geography) from the University of 

Auckland (1992) and a Master of Science (1st Class Hons) in Ecology 

and Resource & Environmental Planning from the University of 

Waikato (1995).  

8 I have 25 years' experience in the area of resource management and 

environmental science.  I have previously worked as a Principal 

Environmental Scientist at Opus International Consultants Limited, a 

Senior Environmental Scientist for a consultancy called WRc (in the 

United Kingdom), and as an Environmental Scientist at Southland 

Regional Council. 

9 My previous experience relevant to this assessment includes: 

(a) Member of Rotorua Lakes Technical Advisor Group (TAG) 

for Bay of Plenty Regional Council (2017-present). 
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(b) Rotorua Te Arawa Lakes State and Trend reporting for 

BOPRC (2015 and 2018). 

(c) Kaituna River re-diversion and wetland creation project.  Led 

ecological and water quality monitoring of the river and 

estuary to assess effects before, during and after project 

implementation (2014 – present).   

(d) Member of expert science panel for developing attributes 

relevant to lakes for the National Objectives Framework as 

part of the National Policy Statement for Freshwater (NPS-

FM). 

(e) Co-ordinator of expert science panel for developing attributes 

for brackish lakes and intermittently open lagoons (ICOLLS) 

for NPS-FM. 

(f) Contributing author of the ecological guidelines for Waituna 

Lagoon as a member of Waituna Lagoon Technical Advisory 

Group (Environment Southland, 2011-2013). 

(g) National Environmental Monitoring and Reporting project 

(NEMaR). This contributed to the development of a single 

index for reporting river, lake and recreational water quality 

and consistent national freshwater monitoring programme for 

NZ (MfE, 2011 - 2012). 

Code of Conduct 

10 I confirm that I have read the Code of Conduct for Expert Witnesses 

contained in the Environment Court Practice Note 2014 and to the extent 

that I am giving expert evidence, have complied with it in preparing this 

evidence.  I confirm that the issues addressed in this evidence are within 

my area of expertise and I have not omitted to consider material facts 

known to me that might alter or detract from the opinions expressed in 

my evidence. 
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Scope of Evidence 

11 I have been engaged with the Whanganui Prison Stormwater Consent 

Application (the Application) since September 2020.  My role in the 

Project has been to provide an internal peer review of previous evidence 

prepared relating to the effect of the Application on lake water quality 

and to provide advice on potential options to mitigate the effects of 

stormwater on lake water quality. In particular I have focused on the role 

of nitrogen (N) and phosphorus (P) on lake eutrophication.  

12 I have been asked to provide evidence in relation to potential options to 

mitigate the effects of Whanganui Prison stormwater on lake water 

quality. My evidence will cover the following matters: 

(a) Summary of current water quality in Lake Wiritoa and Lake 

Pauri. 

(b) Summary of effects of the application on water quality in 

Lake Wiritoa. 

(c) Options to mitigate the effects of nutrients in the stormwater 

on Lake Wiritoa. 

13 In preparing this assessment, I have relied on contributions from: 

(a) Mr Peter Cochrane with respect to stormwater quality, lake 

water quality and nutrient loads to the lake and relative 

contribution of the prison stormwater to the nutrient loads to 

Lake Wiritoa;  

(b) Dr Vaughan Keesing with respect to ecological values and 

ecological effects on the lakes and wider system;  

(c) Mr Peter Hall with respect to planning matters.  
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BACKGROUND 

14 Ara Poutama Aotearoa - The Department of Corrections (the 

Department) is seeking to renew their existing resource consent for the 

discharge of treatment stormwater from Whanganui Prison to a channel 

carrying the outflow of Lake Pauri to Lake Wiritoa (Figure 1). I 

understand that the Department has recently undertaken substantial work 

to improve the quality of stormwater discharged by, among other things, 

reducing potential contaminants at source, and relining and/or replacing 

stormwater pipes to prevent infiltration of groundwater into the 

stormwater network. The Department is also proposing that future 

stormwater discharges are treated prior to discharging using a filter 

system with the ability to remove sediment, metals and nutrients.  This 

work is described in evidence provided by Dr Fisher.  

 

Figure 1: The location of Whanganui Prison stormwater discharge in relation to 

Lake Wiritoa (reproduced from evidence by Dr Vaughan Kessing). 
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Lake Water Quality 

15 Lake Pauri and Lake Wiritoa are shallow dune lakes with a catchment 

dominated by agricultural landuse. Lake Pauri is about 19 ha and has a 

mean and maximum depth of 6.1m and 13.8m respectively, Lake 

Wiritoa is about 22ha in size and has a mean and maximum depth of 

5.2m and 17.7m respectively (Waters et al 2018). 

16 The Trophic Level Index (TLI) is used to indicate lake trophic state, it 

integrates four key measures of lake trophic state - total nitrogen, total 

phosphorus, chlorophyll-a and Secchi depth. The overall score is 

categorised into seven trophic states indicative of accelerated 

eutrophication as evidence more nutrients, more algal productivity and 

reduced water clarity (Burns et al. 2000). The TLI value on the 

boundary between ‘mesotrophic’ and ‘eutrophic’ conditions (i.e. TLI 4) 

corresponds to One Plan targets set for ‘deep’ lakes. The TLI value on 

the boundary between ‘eutrophic’ and ‘supertrophic’ conditions (i.e. TLI 

5) approximately corresponds to the NPS-FM1 bottom-line median 

values. 

17 Lake Pauri and Lake Wiritoa are both classed as ‘supertrophic’ with 

average (TLI) scores of 5.6 and 5.2 respectively (period 2017-2019) 

(Table 1)2. The better TLI scores for Wiritoa compared to Pauri is due 

to better water clarity and slightly better Total Nitrogen (TN).  

18 I have compared water quality in Lake Pauri and Lake Wiritoa with One 

Plan Targets and the NPS-FM bottom-line values (attachment 2). The 

comparison is approximate because the sample criteria set in the NPS-

FM is not fully met. Data is used for the period 2014-2018 from the 

LAWA website, more recent data is available but the dataset available to 

me was incomplete for several key variables.  

 

1 Updated in 2020 
2 TLI scores vary from year to year. Occasionally both Wiritoa and Pauri have dropped into 
the upper ‘eutrophic’ band. 
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19 In the period analysed Lake Pauri and Lake Wiritoa exceeded the NPS-

FM bottom-lines for total nitrogen (TN) and total phosphorus (TP) and 

chlorophyll-a (Chl-a) (maximum value only). The occasional high 

chlorophyll-a values indicate seasonal phytoplankton blooms; these 

were usually associated with very high pH (> pH 9) and super-saturation 

of dissolved oxygen during the day when samples were taken. Often the 

phytoplankton causing the blooms were potentially toxic cyanobacteria 

and biovolumes exceed the guideline values (MfE & MoH 2009) and the 

equivalent bottom line values in the NPS-FM (Waters et al. 2018). 

20 Dissolved oxygen profiles indicated that seasonal stratification and 

hypolimnetic deoxygenation occurs in both Lake Pauri and Lake 

Wiritoa, although the strength of stratification and degree of 

deoxygenation was stronger in Lake Wiritoa. Anoxic bottom water were 

commonly observed in Lake Wiritoa (e.g. from below about 8m to 12m 

depth) and coincided with peak concentrations of TP and TN – 

consistent with release of phosphorus from sediment (for P) and the 

fixation of nitrogen by cyanobacteria blooms. The low dissolved oxygen 

is below the NPS-FM bottom lines in Appendix 2B – “Attributes 

requiring action plans” for Hypolimnetic Dissolved Oxygen and Bottom 

Water Dissolved Oxygen. 

21 Surveys of aquatic macrophytes using the LakeSPI method has found 

that Lake Wiritoa is in ‘poor’ ecological condition. The most recent 

results from 2015 show a LakeSPI score of 14%, a Native Condition 

score of 20% and an Invasive Impact score of 96% (Burton 2017). The 

Invasive Impact Score is below the NPS-FM bottom lines in Appendix 

2B – “Attributes requiring action plans” for “Submerged Plants 

(invasive species)”. 

 Table 1: Summary water quality statistics for Lake Pauri and Lake 

Wiritoa compared to One Plan targets and NPS-FM bottom-line values.  
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External and Internal Nutrient Loads in Lakes 

22 Lake eutrophication is an increase in nutrients associated with increased 

nutrient loading. Generally lake eutrophication is driven by an increase 

in external nutrient loads (primarily nitrogen and phosphorus) from the 

catchment. Shallow lakes are particularly sensitive to eutrophication 

because they have less ability to attenuate the nutrient inputs. Much of 

the external load of nitrogen and phosphorus that enters a lake 

accumulates in lake sediments. Burial within sediments is an important 

sink that removes nutrients from the water, but the nutrients in the 

sediments can also be recycled and provide a long term internal load to 

the lake. The internal nutrient loads of phosphorus can be substantial 

and may exceed external loads on a seasonal or annual basis (Burger et 

al 2007, Søndergaard et al 2003). 

23 There are multiple mechanisms for internal release of nitrogen or 

phosphorus from lakes including: sediment resuspension in shallow 

lakes /bay during windy conditions; release of phosphorus bound to iron 

in sediments when bottom waters turn anoxic (typically when lakes 

stratify); release of phosphorus bound to sediment iron or aluminium 

during periods of high pH (e.g. during cyanobacteria blooms); nutrient 

release with macrophyte senescence; or bioturbation from introduction 

of exotic fish. Gibbs and Champion (2013) identified sediment 

Variable Statistic
Pauri Wiritoa

TLI (2017-2019) Average 5.6 5.2
Median 1100 945 750
Average 1173 1007 337
Median 59 63 50
Average 61 79 20
Median 4.3 12 12
Average 16.9 22 5
Max 172 98 15 60
Median 30 15 240
max 100 140 400 400

Note: One Plan Target applicable to Deep Dune Lakes >5m deep.
NH4-N One Plan target applies to surface water or whne pH exceeds 8.5.
Data from LAWA, 2014-2018 ca . quarterly composite samples

Lake One Plan 
target

NPS-FM 
bottom line

NH4-N, mg/m3

Chl-a,  mg/m3

TN, mg/m3

TP, mg/m3
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resuspension as a likely mechanism for internal nutrient loads to Lake 

Pauri due to wind-induced internal waves (seiches) disturbing the 

sediment. In Lake Wiritoa the bottom waters regularly become anoxic 

during periods of lake stratification, and this will drive an internal loads 

of phosphorus and (to a lesser extent) ammonium.  

Summary 

24 Lake Pauri and Lake Wiritoa have poor ecological condition and poor 

water with high nutrient concentrations, regular cyanobacteria blooms 

and bottom water anoxia during periods of stratification. The lakes 

appear to not meet the NPS-FM bottom-line value for multiple lake 

attributes. 

25 Improving the lakes will likely require reducing loads of both N and P, 

but reducing P is particularly important as it drives cyanobacteria 

growth. 

STORMWATER QUALITY AND NUTRIENT LOAD 

Stormwater nutrient quality and loads 

26 Mr Peter Cochrane has, in his evidence, estimated catchment based 

nutrient loads to Lake Wiritoa and compared them to nutrient loads from 

the Prison stormwater before and after the proposed treatment. He has 

utilised recent stormwater monitoring data with event-mean 

concentrations to allow a realistic estimate of nitrogen and phosphorus 

loads from the prison stormwater that might influence lake 

eutrophication. The average TN and TP concentrations and loads in 

prison stormwater before and after proposed treatment is shown in 

Table 2.  

27 Stormwater entering the lake system will have a high hydraulic dilution. 

There will also be a large amount of dilution for stormwater 

contaminants that have low background concentrations in the receiving 

waters (e.g. metals). However, there will likely be little if any actual 

dilution of nitrogen and phosphorus from the discharge because the 
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background concentrations of TN and TP are already high in Lake 

Wiritoa. On average the stormwater will be diluting the TN 

concentration in Lake Wiritoa. Similarly, average TP concentration in 

the stormwater after treatment will be very similar to the median 

concentration in the lake and less than average concentrations. 

Stormwater discharges will more often than not be diluting the TP 

concentration in the lake and particularly during periods when there is 

internal P release from bottom sediments due to stratification, bottom 

water anoxia and subsequent turnover (i.e. mixing) (Table 2).   

28 Mr Peter Cochrane has estimated the current TN and TP load to Lake 

Wiritoa from the prison stormwater and via the Lake Pauri catchment. 

He estimated that the prison stormwater (after treatment) may contribute 

about 2% to 6% of the TN load and 5% to 13 % of the TP load from the 

catchment to Lake Wiritoa. These relative contributions are likely over-

estimated because the catchment loads were under-estimated because 

they did not include catchment inputs from the north-west of Lake 

Wiritoa. Also, the relative contribution will be much less if comparing to 

total loads, i.e. from the catchment and internal loading.  

29 It will be very difficult to directly detect the effect of the prison 

stormwater on nutrient concentrations in Lake Wiritoa. This is because 

the contribution of the prison stormwater to overall TN and TP loads to 

Lake Wiritoa are small and the concentration of TN and TP in the 

stormwater after treatment will be better (TN) or similar (TP) than 

current lake nutrient concentrations. Also nitrogen and phosphorus are 

rapidly cycled in the lakes system, with a portion of the external loads 

contributing to the pool of nutrients that is later released by 

biogeochemical processes.   

30 Although the average concentration of N and P in the stormwater is 

similar or less than that in Lake Wiritoa, the stormwater is still 

contributing to the cumulative nutrient load to the lake that ultimately 

contributes to the lake staying in its current high nutrient, supertropic 

state. The current lake water quality does not appear to meet either the 

One Plan targets or the NPS-FM bottom-lines relevant to trophic state. 

To achieve these targets will require action to reduce nutrient loads from 
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the catchment and this would be assisted by action to reduce the extent 

of internal nutrient cycling from legacy nutrient loads in the lake 

sediments. Calculating the extent of catchment wide nutrient reductions 

required for Lake Wiritoa to achieve One Plan targets or NPS-FM 

bottom-line values for TN, TP or Chl-a will require further 

investigations and modelling.  

31 The question for this assessment is what is an acceptable load of TN and 

TP from the prison stormwater to contribute to the lake achieving lake 

water quality targets in the future. To address this question I have 

calculated stormwater loads using the same method as Mr Cochrane and 

assuming that the average TN and TP in the discharge will be the same 

as the One Plan targets for lake water quality. This is a conservative 

assumption because lakes naturally attenuate and/or remove nitrogen 

and phosphorus so that the concentration in lake water is generally less 

than the long-term average concentration of catchment inflows. The 

calculations also assume that the responsibility for long-term 

improvements in lake water quality are fairly distributed around the 

catchment, i.e. the reductions are proportional to the prison’s stormwater 

discharge and mass load reductions required from the whole catchment 

will be considerably higher.  

32 Table 2 shows the N and P load from prison stormwater after treatment 

and the theoretical N and P load of the stormwater if it were to discharge 

with a concentration equal to the One Plan targets. The calculations 

indicates that for the prison stormwater to contribute to Lake Wiritoa 

achieving One Plan targets will need to further reduce the nitrogen load 

by 5.9 kg N/yr (35.3 – 29.4 kg N/yr) and further reduce the phosphorus 

load by 3.63 kg P/yr (5.38 – 1.75 kg P/yr).  

33 In my view it would be reasonable to achieve this additional load 

reduction either by additional stormwater treatment, or by reducing the 

nutrient loads to the lake from other parts of the catchment, or by 

reducing internal nutrient loads. I understand from evidence provided by 

Dr Fisher that considerable work has been done to reduce contaminants 

in the stormwater and that the proposed treatment is the best practicable 
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option, thus I have focused my discussion below on mitigations that 

might be done to reduce the residual nutrient load.  

34 In particular, I have focused on mitigations to reduce the phosphorus 

load. This is because the nitrogen concentrations in the treated 

stormwater is already much better than current lake water quality, better 

than NPS-FM bottom-lines and close to the One Plan targets. The 

stormwater effectively dilutes the lake water nitrogen concentrations and 

will continue doing this until lake water quality considerably improves. 

Furthermore, most of the mitigations discussed are also effective at 

reducing nitrogen.   

 Table 2: Concentration and load of nitrogen and phosphorus in the 

stormwater (SW) under different scenarios of it being ‘untreated’, 

‘treated’ with 30% removal, with concentrations equivalent to the One 

Plan target, and with concentrations equivalent to current lake water 

quality.3  

 

 

3  Slight differences in concentrations compared to those presented in evidence by Mr 
Cochrane are due to different time periods used to estimate current concentration of TN 
and TP in Lake Wiritoa. The median values presented for the lake are less than the average 
values or TN and TP so provide a conservative comparison. 

Mean Conc. Mean Load
SW quality scenario Variable mg/L kg/year

TN 0.578 50.4
TP 0.088 7.68
TN 0.404 35.3
TP 0.062 5.38
TN 0.337 29.4
TP 0.02 1.75
TN * 0.945 82.5
TP * 0.063 5.50

Load assumes 87,300 m3 of discharge per year
Current state are median for period 2014-2018 (LAWA).

SW untreated

SW Treated 30%

If discharge at One 
Plan Target
If discharge at Lake 
Wiritoa current state



 

20201102 evidence of Keith Hamill - FINAL(6682168.1).docx13 

Summary 

35 The stormwater contributes to the cumulative load of phosphorus (and to 

a lesser extent nitrogen) to Lake Wiritoa. I have calculated the nitrogen 

and phosphors load in the stormwater if it were to discharge with 

concentrations equal to One Plan targets for Lake Wiritoa. This would 

require further reducing the nitrogen load by 5.9 kg N/yr and further 

reduce the phosphorus load by 3.63 kg P/yr.   

OPTIONS TO MITIGATE THE NUTRIENT LOADS 

Options to manage phosphorus loads to lakes 

36 There are many options for restoring lake water quality and reducing the 

load of nitrogen and phosphorus to lakes, with many included in recent 

reviews for New Zealand lakes (e.g. Hamilton 2019, Abell 2018, Hill 

2018).  Restoration options can be grouped as: a) controlling external 

loads, b) controlling internal loads, c) biomanipulation and d) hydraulic 

manipulation.  

37 I describe below some of the key methods for managing nutrients by 

controlling external loads, controlling internal loads and lake 

manipulations. The opportunity and effectiveness of different mitigation 

strategies will differ between and within catchments and lakes. I start by 

discussing the potential benefits and risks of diverting the stormwater 

discharge. I then discuss specific strategies that might be practically 

implemented or funded by the Department to reduce nutrient loads to the 

Wiritoa catchment. Many of these strategies have previously been 

identified as opportunities to reduce nutrient loads to the lake by Gibbs 

and Champion (2018). 

Diverting the discharge to the outlet of Lake Wiritoa 

38 Diverting the prison stormwater discharge to the Lake Wiritoa outflow 

stream was identified as an opportunity to reduce nutrient loads to Lake 

Wiritoa by Gibbs and Champion (2013).  The Department investigated 

this as an option for the stormwater but found it had significant practical 
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challenges (see evidence by Dr Fisher) and potential ecological effects 

on the stream (see evidence by Dr Keesing). Further, I have concerns 

that diverting the stormwater flow to the outflow stream would have 

adverse effects on the water quality in Lake Wiritoa. While it would 

reduce a nutrient load it could also increase nutrient concentrations and 

reduce flushing.  

39 Considerably more water quality data has been collected since 2013 so 

as to provide a much more robust and reliable characterisation of both 

the prison stormwater quality and lake water quality. Nutrient 

concentrations in the prison stormwater is considerably lower (better)4 

and nutrient concentrations in Lake Wiritoa are considerably higher 

(worse) than assumed by Gibbs and Champion (2013) (Water et al. 

2018). This means that the current stormwater quality (after proposed 

treatment) is better than the current lake water quality. In particular the 

stormwater is diluting TN in the lake. Furthermore, diverting the prison 

stormwater away from the lake catchment will reduce flushing and 

increase the already very long hydraulic residence time. This reduces the 

export of nutrients from the lake.  

Controlling external loads 

40 Controlling external nutrient loads is fundamental for sustainable lake 

restoration as these ultimately drive the internal nutrient load. Methods 

to control external loads include reducing nutrient inputs at source and 

reducing nutrient export from the land (e.g. use of Detainment Bunds), 

treating or diverting point source discharges, treatment of diffuse source 

discharges (e.g. conventional wetlands, floating wetlands, chemicals for 

phosphorus inactivation/flocculation).   

 

4  Gibbs and Champion (2013) assumed stormwater quality based on a single grab sample 
(4 Feb 2013) which has high concentration of suspended sediment (95 mg/L), TN (3.97 
mg/L) and TP (0.35 mg/L). Considerably more stormwater sampling has occurred since 
2013 and shown that the event mean concentrations are considerably lower (0.57 mg N/L 
and 0.088 mg P/L) as discussed in evidence by Mr Cochrane. 
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41 McDowell (2010) and McDowell and Nash (2012) discussed a range of 

phosphorus control measures, including expected effectiveness (% TP 

decrease) and approximate costs. The land-based phosphorus mitigation 

strategies can be grouped as ‘management’ measures, ‘amendment’ 

measures and ‘edge of field’ measures. On a catchment scale the best 

opportunity to reduced P loss is by adopting multiple strategies between 

different groups. ‘Management measures’ tend to be most cost-effective 

and ‘edge of field’ measures tend to be least cost-effective (see Table 
3).   

42 More recently, Hill (2018) summarised mitigation strategies to control 

phosphorus losses from land. The most cost-effective phosphorus 

mitigation strategies that have minimal or positive impact on farm profit 

include optimising soil Olsen P, improving farm dairy effluent 

management and using low-solubility phosphorus fertilisers. In addition, 

other phosphorus mitigation strategies with high potential included 

detainment bunds and focused management of critical source areas.  

Detainment bunds 

43 Detainment Bunds are low earth berms placed across ephemeral storm 

water flow paths on farms to temporarily detain storm water run-off. 

The detained water allows the settling of sediment and associated 

phosphorus and microbial contaminants within the paddock and reduces 

export to waterways. They also increase water infiltration and this 

enhances their effectiveness at contaminant removal. The infrequent and 

short term inundation does not compromise pasture production. Standard 

criteria have been developed for detainment bund design referred to as 

“Detainment BundPS120”, which incorporates a key design element of 

having a minimum water storage of 120 m3 per hectare of contributing 

catchment (Paterson et al. 2020). 

44 Detainment bunds are very effective at preventing the export of 

sediment and phosphorus and retaining it on the paddock. Studies have 

found that they retain 47% - 68% of the TP in stormwater run-off, 57-

72% of the TN and 51% - 59% of suspended sediments. Average 

removal rates were 0.72 kg TP per ha of catchment per year and about 
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2.0 kg TN/ha/yr. In the Rotorua catchments, the detainment bunds allow 

about 50% of the runoff to infiltrate back into soils, and this is likely to 

be similar in the sandy soils around Lake Wiritoa. The detainment bunds 

also reduce peak storm flows that can accelerate stream bank erosion 

(Levin et al 2020). 

45 Detainment bunds are relatively cheap to construct which makes them a 

very cost-effective way to reduce the export of phosphorus. Levin 

(2020) estimated their cost-effectiveness as $120 - $140 /kg of 

phosphorus retained (based on an average cost of $20,000 per 

detainment bund and annualised). The costs depend on the permitted 

activity rules in a region. Resources may also need to be assigned to 

identifying suitable locations within a catchment to locate detainment 

bunds and to liaise with landowners.  

Wetlands 

46 Constructed treatment wetlands are commonly used to remove sediment, 

nitrogen (N) and phosphorus (P) from surface water. Wetland remove 

nutrients by multiple mechanisms including:  

(a) Uptake and storage in wetland biota (N & P);  

(b) Burial of plant material and accretion of new sediments (N & 

P);  

(c) Particular precipitation and settling (N & P); 

(d) Sorption to substances (P); and 

(e) Denitrification (N only). 

47 Of these mechanisms, only denitrification, particulate setline and 

accretion to sediments are long term sustainable processes for nutrient 

removal. In contrast, sorption is a reversible process, and most nutrients 

taken up by wetland plants are eventually cycled back into the system 

unless they are harvested. The effectiveness of wetlands for nutrient 
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removal depends on a range of factors including, design, hydraulic 

loading, incoming nutrient concentrations and seasonal temperatures. 

Misch et al. (2000) estimated sustainable annual removal rates for non-

point source nitrogen and phosphorus of respectively 100 – 400 kg N/ha 

and 5 – 50 kg P/ha. Hamill et al (2010) used empirical relationships 

developed by Kadlec and Wallis (2009) to calculate average annual 

removal rates for constructed wetlands to treat water in the Rotorua 

catchment of 368 kg N/ha and 11 kg P/ha of wetland.  

48 While constructed wetlands can be a cost-effective way of removing 

nitrogen (estimated as $79 / kg N /yr), they are less cost-effective at 

removal of phosphorus (estimated at $2550 kg P/yr). These estimates 

(from Hamill et al. 2010) are more expensive than those quoted in 

McDowell (2010) (Table 3) because they are whole-of-life costs 

(including land acquisition, maintenance and rejuvenation) and relate to 

the long-term sustainable removal rates rather than short-term removal 

rates that can be achieve from initial plant uptake and sorption to 

wetland sediments. 

49 Phosphorus removal rates in constructed wetlands can be highly variable 

depending on design and past land use. If the underlying soil is high in 

phosphorus then the wetlands can desorb phosphorus and be a net source 

of phosphorus. The risk of this occurring can be mitigated, and the 

ability of wetlands to retain phosphorus enhanced, by augmenting the 

sediment with phosphorus binding material. 

 Table 3: Summary of phosphorus mitigation strategies efficiency and 

cost-effectiveness (McDowell 2010) 
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Controlling Internal loads 

50 Controlling internal loads are often required in addition to external load 

reductions to overcome the nutrient legacy in the lake sediments, 

particularly in highly enriched lakes like Lake Wiritoa. Methods to 

control internal loads include phosphorus locking using material to 

adsorb and flocculate phosphorus, sediment capping, dredging and lake 

aeration. The applicability of options to control internal loads is lake 

specific and some methods can pose their own ecological risks or be 

culturally sensitive.  

Phosphorus locking / flocculation (PAM) 

51 Phosphorus locking and flocculation is commonly used for lake 

restoration around the world. It can be applied over the lake surface or 

continually drip dosed into a stream inlet. A number of materials can be 

used to adsorb dissolved phosphorus from lake water or inflows and thus 
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reduce the bioavailability of phosphorus within the lake. The materials 

often also cause the flocculation of suspended sediments from the water 

column. Many products can be used to bind dissolved phosphorus but 

the most commonly used and/or effective for lakes are aluminium 

sulphate (‘alum’), Aqual-P (an aluminium zeolite combination product), 

Phoslock (bentonite clay modified with lanthanum). Flocculation can be 

enhanced by adding a separate flocculant; commonly used flocculants 

include polyaluminium chloride (PAC) and polyacrylamide (PAM). 

PAM is promising as a flocculant in turbid freshwater systems because 

they are very efficient and can have low eco-toxicity when formulated in 

the anionic form (Gibbs and Hickey 2017). Products such as Phoslock 

and Aqual-P both settle rapidly, so they can perform a duel function of 

adsorbing dissolved phosphorus and physically capping the sediment.  

52 It is important to consider site-specific constraints when identifying 

appropriate products and application strategies (Lürling et al. 2016). In 

particular, pH is an important consideration due to potential metal 

toxicity issues. Also consideration of ecotoxicological effects of 

materials being used to avoid acute or chronic effects on lake ecology 

(Hamilton 2019). 

53 The effectiveness of phosphorus locking for lake restoration is very lake 

specific depending on water chemistry, hydraulics, timing and the 

presence of macrophyte beds. It has been highly effective in Lake 

Rotorua but has had very limited effect in Lake Rotoehu. A decision 

support framework of relevant considerations for geoengineering such 

as phosphorus locking is provided in Hickey and Gibbs (2009).   

Biomanipulation 

54 Biomanipulation methods include macrophyte harvesting (e.g. as done 

in Lake Rotoehu), pest fish harvesting (e.g. Lake Ohinewa) or use of 

floating wetlands in the lake system itself. They can remove part of the 

nutrients recycled within the lake as internal load. 
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Lake plant harvesting 

55 Aquatic macrophytes (‘lake weeds’) take nutrients from sediments and 

the water column for growth. The harvesting and removal of macrophyte 

biomass can remove these nutrients from the lake system (attachment 3).  

This prevents the nutrients being cycled back into the lake water column 

during periods of pant senescence or die-off. To achieve the benefits of 

macrophyte harvesting it is important that the material is removed from 

the lake catchments. Macrophyte harvesting can have the added benefits 

of controlling excessive macrophyte cover especially for exotic invasive 

macrophytes.   

56 Macrophyte harvesting is done by a custom made boat-operated 

harvester that can typically harvest plants up to 2m below the water 

surface. Weed beds often extend deeper than this and the harvester 

mows off the top of surface reaching weed beds. One risk of harvesting 

invasive exotic weeds is that it creates fragments that can re-establish in 

other parts of the system, so it may not be a good option if trying to 

eradicate weeds or prevent invasions in downstream locations. 

57 The macrophyte community in Lake Wiritoa is dominated by hornwort 

(Certatophyllum demersum) beds; these grow at depths of between 

about 2m to 6.3m, are often surface reaching and sometimes grow as 

unrooted drifting clumps. Vallisneria australis forms a dense narrow 

fringe around the lake margin at depths around 0.5m to 1.5m, 

Potamogeton sp. also occur in this zone (Waters et al. 2018, Gibbs and 

Champion 2013, NIWA LakeSPI database). Any lake weed harvesting 

operation is likely to focus on the hornwort beds, in which case 

operations are best timed to occur during mid to late summer. However, 

if Potamogeton sp. is being harvested, then the operation should occur 

during spring, prior to any mid-summer die-off. The introduced floating 

fern Azolla pinnata also has potential for weed harvesting. Azolla sp. 

have a symbiotic relationship with a cyanobacteria that fixes 

atmospheric nitrogen, so harvesting Azolla sp. would have an added 

benefit of also reducing an external nitrogen loading.  
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58 The Whanganui District Council uses herbicide spraying to manage 

hornwort near public boat ramps and water skiing areas. Spraying of 

aquatic plants can result in the rapid cycling of nutrients back into the 

water column. Replacing spraying with weed harvesting would have 

avoid this risk of enhanced nutrient cycling as well as removing 

nutrients from the lake system. 

59 Lake weed harvesting of hornwort from Lake Rotoehu (Bay of Plenty) 

removes about 1.2 kg N and 0.16 kg P per tonne of wet weed (Gibbs 

2015). The harvesting from Lake Rotoehu is estimated to cost about 

$53,000 per year and remove about 320 kg P/yr and 2,400 kg N /yr 

(Hamilton and Dada 2016), i.e. a cost-effectiveness of $166 /kg P and 

$22 / kg N. However, the cost of small scale operations is considerably 

more. Recent weed harvesting from an oxbow lake in Whakatāne cost 

$35,000 for 200 tonnes of weed which would have removed about 240 

kg of N and 32kg of P with a cost-effectiveness of $146 /kg N and 

$1095 / kg P. This cost included consenting, establishment, harvesting, 

dewatering and disposal. It may be higher if the weed harvester has to be 

transported further.  

60 The success of weed harvesting in Lake Wiritoa will depend on the 

biomass of plants present. It has good potential to manage the hornwort 

beds but because macrophyte beds help maintain a clear water state in 

lakes, harvesting operations should be done in a way to ensure weed 

beds to not collapse without any native communities to replace them. 

Good biosecurity practices also need to be observed to avoid the spread 

of pest plants such as hornwort or Vallisneria sp. However, weed 

harvesting is considerably more benign and beneficial than the current 

practice of herbicide spraying, in addition it has co-benefits of reducing 

the invasive impact of hornwort and Egeria in the lake and so improving 

both biodiversity values and recreational values.   

Floating wetlands 

61 Floating wetlands consist of buoyant mats that are mass planted with 

emergent wetland plants, and are anchored on the surface of treatment 

ponds, waterways or nutrient rich lakes. The plant roots grow through 



 

20201102 evidence of Keith Hamill - FINAL(6682168.1).docx22 

the mats and down into the water column forming large, dense mats. 

Floating wetlands are generally used where the plant root systems 

cannot reach the sediment; as a consequence they develop larger roots 

systems than normal to take all of their nutrient requirements from the 

water column. Biofilms develop over the extensive root surface area and 

serve to increase organic matter breakdown, nutrient adsorption and 

trapping of fine particulates (James Sukias 2010). The shade provided 

by the plant mats reduces algal growth and results in increased settling 

of suspended solids onto the pond/lake bottom. Localised anaerobic 

zones are created beneath the floating mats where the process of 

denitrification is favoured. 

62 Floating wetlands have similar removal mechanisms to conventional 

wetlands but are about twice as effective at removing nitrogen and 

phosphorus as conventional constructed wetlands. Nitrogen removal 

rates for floating wetlands are about 584 – 876 kg/ha/yr while 

phosphorus removal rates are about 7.3 – 18 kg/ha/yr (Tanner et al. 

2011). However floating wetlands are relatively expensive to install so 

are best used in in situations with high nutrient concentrations to take 

advantage of their good removal rates, or in situations which utilises 

their co-benefits in providing for shading the water and providing 

habitat for birds and fish.  Hamill et al (2010) estimated the average 

cost-effectiveness of floating wetlands5 as $473 / kg N and $24,000/kg 

P, however these costs may now be lower with availability of new 

floating wetland products.  

63 The harvesting of plant material is important for long-term sustainable 

nutrient removal by floating wetlands, and this is particularly important 

for phosphorus removal (Pavlineri et al. 2017).  

Potential mitigation toolbox 

64 There are many options available to mitigate nutrient loads from the 

prison stormwater in order to contribute towards future improvement in 

 

5 This is an annualised cost, i.e. when the total cost is spread over the life of the wetland.  
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the water quality of Lake Wiritoa. Several options that would be feasible 

in Lake Wiritoa and have low risk are shown in Table 4. In particular, 

lake weed harvesting and detainment bunds are likely to be easily and 

effectively applied in the lake catchment to more than mitigate the load 

of N and P in the prison stormwater discharge so as to contribute to 

Lake Wiritoa achieving the One Plan targets. 

65 Reducing the load of nitrogen and phosphorus to the lake by 5.9 kg N/yr 

and 3.63 kg P/yr would result in nutrient concentrations consistent with 

achieving the One Plan lake nutrient targets. This could be achieved, for 

example, by harvesting and out of catchment disposal of about 185 

tonnes of lake weed every eight years (estimated cost of about $35,000 

per operation) or a smaller amount more frequently. All of the 

stormwater P load to the lake could be mitigated and a net P load 

reduction to the lake achieved by reducing in-lake or catchment loads by 

5.3 kg P/yr. This would equate to harvesting the equivalent of 200 

tonnes of lake weed (wet weight) every six years from either Lake 

Wiritoa or Lake Pauri. Note that an overall net benefit to the lake can be 

achieved before achieving a net load reduction if the average nutrient 

concentrations in the discharge are less than concentrations in the lake.  

66 Implementing detainment bunds in the catchment would be a more cost-

effective way to reduce overall phosphorus load from the catchment 

than lake weed harvesting. Installing one Detainment BundPS120 in the 

catchment with contributing catchment of greater than about 10 ha 

would be sufficient to mitigate all of the stormwater P load and provide 

a net benefit for the lake. Installing a larger detainment bund or two 

detainment bunds would give high certainty achieving the estimated P 

reduction for this catchment.    

67 Implementing nutrient reduction mitigations may require the 

Department to work with other partners (e.g. landowners, regional 

council) and some would need additional resource consents. One option 

for incorporating catchment or in-lake mitigation may be to establish a 

separate entity (e.g. a Trust) with a clear charter to reduce catchment 

and/or in-lake P loads. Corrections could then contribute to funding at a 

value consistent with its P contributions. This could be calculated based 
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on the cost of implementing a feasible long term mitigation approach 

(e.g. installing Detainment Bunds or undertaking macrophyte 

harvesting). Under this scenario, a funding package should also consider 

setup of the entity, management to liaise with landowners /regional 

council, monitoring to confirm removal and risk.  

 Table 4: Summary of potential options for mitigation nutrient loads to 

Lake Wiritoa. The cost-effectiveness is annualised. 

 

CONCLUSION 

68 The effects of the prison stormwater after treatment on eutrophication in 

Lake Wiritoa will be small and difficult to detect. However, Lake 

Wiritoa currently has high nutrient concentrations, is in super-trophic 

What 
technology How much P How much N Cost 

($/kg P)
Cost 

($/kg N) Other benefits Risks

Detainment 
Bunds PS120

12 - 44 kg 
P/yr
(47% - 68%)
0.72 kg/ha/yr

50 - 86 kg 
N/yr 
(57% - 72%)
2.0 kg/ha/yr

$140/kg P 

Improved water 
infiltration, soil 
retention and 
pasture fertility. 
Removal of sediment 
and bacteria. 

Install on surrounding farmland. 
Needs proper instilation to avoid risk 
of failure. Need landowner approval 
required, but most positive. 

Lake weed 
harvesting

0.16 kg P/t 
(wet wt)
ca. 51 kg 
P/day 

1.2 kg N/t 
(wet wt)
ca. 384 kg 
N/day

$1095 /kg P 
(based on 
$175/tonne 
wet wt.)

$146 /kg N 
Provides more open 
water for users of 
lake. 

Contingent on availability of exotic 
macrophytes, this can vary between 
years. May need to limit the amount 
harvested to avoid collapse. Need to 
safely dispose/compost, requires MPI 
permit to transport hornwort. Risk of 
fragments spreading. 

Constructed 
wetland 11 kg/ha/yr 368 kg/ha/yr $2948 /kg P $79 /kg N

Habitat, biodiversity, 
other contmainants. 
Seasonal uptake.

finding suitable land and location. 
Large variation in ability of wetlands 
at removing P, careful design is 
needed. 

Floating 
wetlands

7.3 - 18 
kg/ha/yr

584 - 876 
kg/ha/yr $24,000/kg $473/kg N

Shading, habitat for 
fish and 
zooplankton, other 
contaminant 
removal. Seasonal 
uptake.

Long-term effectiveness requires 
removal of biomass. Mass removal 
will be less with lower concentration 
or flow. Quoted figures assume 
influent TP and TN of 67 ppb and 2000 
ppb respectively. Range indicates 
hydraulic residence times of 2.6 and 
9.4 m3/day respectively. 

1. Specific removal rates for detainment bunds are per hectare of contributing catchment, while specific removal rates for 
wetlands are per hectare of wetland. 
2. Cost effectiveness ($/kg) are annualised costs. 
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condition and does not meet One Plan targets. If One Plan targets for the 

lake are to be achieved then the cumulative nutrient load to the lake will 

need to reduce.  

69 I have calculated the load of nitrogen and phosphorus to the lake that 

would need to be reduced from the prison stormwater that is 

proportional to lake water quality achieving the One Plan targets in the 

long term. There a multiple actions that can mitigate the nutrient load 

from the stormwater and ensure that the overall cumulative effect on 

eutrophication in Lake Wiritoa is either negligible or a net positive.  

 

Date: 2 November 2020 
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Keith Hamill 
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ATTACHMENT 1: LAND BASED MITIGATION STRATEGIES 

Table A1: Summary of efficacy and cost of phosphorus mitigation strategies 

including detainment bunds (adapted from Levin 2020). 
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ATTACHMENT 2: NPS-FM ATTRIBUTES RELEVANT TO LAKES 
REQUIRING LIMITS ON RESOURCE USE (APPENDIX 2A OF THE NPS-
FM)  

Attributes Requiring Limits on Resource Use (Appendix 2A of the NPS-FM 
2020) relevant to lakes 
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Attributes Requiring Action Plans (Appendix 2B of the NPS-FM 2020) 
relevant to lakes 
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ATTACHMENT 3 – PHOTOS OF LAKEWEED HARVESTING 

 

 

 

Courtesy Lakeweed Harvesters and Contractors 
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APPENDIX 1 – TERMS OF REFERENCE FOR WHANGANUI PRISON 
TANGATA WHENUA ENGAGEMENT GROUP 
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APPENDIX 2 – SCHEDULE OF MEETINGS 

Date Venue Topics discussed 

18 February 2018  Stormwater options under 
investigation 

CCTV work 

Future programme for onsite 
improvements 

Tuesday 27 February 
2018 

 Consents lodged 

Stormwater sampling 

Remedial works on-site 

Stormwater treatment options 

Interconnection of lakes and 
history 

Stormwater quality monitoring 

Thursday 8 August 
2019 

W Prison Relationship 

CIA 

Emergency consents 

Information on testing and 
repair work 

Stormwater consents 

Engagement group 

Actions 

Thursday 31 October 
2019 

W Prison Update of ToR amendments 

Update on works on site 

Friday 22 November 
2019 

W Prison Terms of Reference 

CIA 

Actions 

Friday 13 March 2020 W Prison Terms of Reference 

CIA 
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Date Venue Topics discussed 

Dates for next hui 

Actions 

Thursday 6th August 
2020 

W Prison Relationship and 
Communications 

BOP Report and CIA 

Hearing matters 

Mauri of the lakes 

Consent process 

Dates for next hui 

Actions 

20 August 2020 Zoom T & T presentation of 
exploratory work 

General updates 

CIA 

Notes of Meetings 

Relationships 

10 September 2020 W Prison Draft consent conditions 

Actions 

22 September 2020 W Prison Matauranga Māori Report 

CIA 

Draft consent conditions 

6 October 2020 W Prison Matauranga Māori Report 

T+T Memo 

CIA 
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APPENDIX 3 – R22/480 SITE RECORD FORMS 
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