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Executive summary
The majority of Waikato Shallow lakes are highly eutrophic and have ‘flipped’ from a clear water
state with submerged rooted plants that stabilise, aerate and sequester nutrients from the
sediments, to a turbid water phytoplankton dominated state without submerged rooted
macrophytes. The challenges to rehabilitate these lakes to an improved state include; high nutrient
loads, poor water clarity, lack of native seed resources, substrate suitability, herbivory and pest fish,
and stakeholder approvals. Science advances particularly in geo-engineering over the last decade
demonstrate significant gains that could now be utilised, alongside other methods, in an adaptive
management approach for lake rehabilitation.
Through the Waikato River Clean-up Trust, and with co-funding from NIWA, Waikato Regional
Council, University of Waikato and Dairy NZ, the Waikato River Authority has funded Phase One of a
project that aims to demonstrate, how to “flip” a lake back from the turbid, algae dominated state to
a clear water, vegetated state. The goal of Phase One was to reduce uncertainty in key areas of
sediment capping and revegetation thus separating research elements from the implementation
stage (Phase Two).
Phase One of the project, includes lake selection, baseline data collection, fish stock assessment,
testing the efficacy of candidate capping (including modified local soils (LMS)) and flocculating
products and validating a revegetation method.
Lake Milicich was selected for the project because it fulfilled most of the key criteria, such as
accessibility, landowner approval, likely suitable substrates and bathymetry for macrophytes. Lake
Milicich is a small (2 ha) peat lake that is situated on private farmland south of Hamilton, with several
inflows and one main outflow. Baseline data collection has demonstrated that the lake is polymictic,
super-trophic and has no submerged macrophytes, although the light climate and bathymetry
indicate it could potentially support submerged plant growth.
The fish stock assessment revealed that shortfin eels and catfish (a pest fish) were abundant. The
presence of catfish, in addition to the pest fish rudd and goldfish pose a significant barrier to
restoration that must be addressed before any rehabilitation measures (e.g., introducing
macrophytes) can be implemented at the lake.
Capping and flocculating products were tested in the laboratory (5 products; alum, Aqual-P,
allophane, anionic polyacrylamide (PAM) and LMS) and in lake limno-corrals (2 products; alum and
Aqual-P) to determine how effective they were at sequestering phosphorus and clearing suspended
particles from the water column. Due to a rapid reduction in their phosphorus binding ability to a
point, that under certain conditions, the product themselves became sources of phosphorus, the
products are currently unsuitable for use in peat lakes. It is likely that high organic matter content
found in Lake Milicich, which is not unusual for a peat lake, saturated the binding sites in the
sediment capping agents reducing their ability to retain phosphorus. However, allophane (a natural
clay) and PAM were effective flocculants.
Native macrophytes were cultivated in biodegradable pots in tanks, and subsequently transferred by
dropping or ‘bombing’ the plants in to the study tanks containing Lake Milicich sediment and 2
capping products. Half of the tanks were re-treated with the capping products once the plants were
present. Both the plant cultivation and transfer methods were successful. Minimal disturbance of
the capping layer was observed and plants continued to grow after capping products were applied.
6
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Recommendations for Phase Two of the project are focussed on:
1) Ascertaining landowner and stakeholder support for Phase Two.
2) Establishing pest plant and fish biosecurity risks, including a feasibility study for pest fish
reduction versus eradication.
3) Macrophyte establishment inside and outside cages in the lake is used to confirm habitat
suitability, and the barrier that pest fish currently pose to restoration.
4) A water balance and nutrient budget is constructed to quantify internal and external sources
of nutrients and the contributions of surface and groundwater to the lake.
Three research questions to inform potential allophane use and determine optimum macrophyte
planting densities were also identified.

Waikato Shallow Lake Rehabilitation
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1

Introduction

The majority of Waikato Shallow lakes are highly eutrophic and have switched ("flipped") from a
clear water state with submerged rooted plants, to a turbid water phytoplankton dominated state
without submerged rooted plants (macrophytes) (WRISS 2010 (Appendix 12), Dean-Speirs and
Neilson 2014).
The turbid water phytoplankton dominated state, regarded as a degraded condition, is perpetuated
by legacy effects of phosphorus (P) recycled from the lake sediments, resuspension of sediments,
and plant browsing by pest fish (e.g., Moss 1990, Scheffer et al. 1993, Kohler et al. 2005). These
legacy effects are expected to make flipped lakes resistant to recovery even with the reduced
nutrient and sediment inflows expected to occur as Healthy River Wai Ora (HRWO) initiatives are
made. In addition, these lakes are well below the National Objective Framework (NOF) C/D ‘bottomline’ threshold (NOF, Ministry for the Environment). The Waikato Regional Council (WRC) lakes
strategy has emphasised the need for action to reverse this situation and prioritise the rehabilitation
of these vulnerable lakes (Dean-Speirs and Neilson 2014).
The primary challenges, in particular for the shallow Waikato lakes, that need to be addressed for
rehabilitation of these lakes to a clear water state include:
High external and internal (legacy) nutrient loads that drive poor water quality
(Hamilton et al. 2010, Hamill 2006, Edwards et al. 2010), resulting in a turbid algal
dominated state (Dean-Speirs and Neilson 2014).
Pest fish that disturb sediments and consume and uproot plants (e.g., Champion et al.
2002, Collier and Grainger 2015).
Poor water clarity that limits light penetration and, consequently, the depth at which
plants can grow. This exacerbates the light reduction by high-tannin water from peat
(Champion et al. 1993).
Substrate suitability such as low density sediments (Barko and Smart 1986) as well as
high organic matter content can inhibit plant growth (Barko 1983).
Lack of available native plant seed resources (de Winton and Clayton 1996, de Winton
et al. 2000), which may require plants to be pre-established from seedlings and/or
vegetative propagules and planted immediately after improvements in water clarity.
Unexpected events (e.g., extreme storms or floods) that disturb sediments and cause
persistent increases in turbidity that impair plant growth and can lead to collapse of
plants.
Large waterfowl populations that can graze down and even remove plantings.
Obtaining stakeholder approval, e.g., from iwi, land owners and resource consents.
Science advances, particularly in geo-engineering techniques used in lake rehabilitation, over the last
decade have demonstrated significant gains toward lake rehabilitation. These techniques could now
be utilised, alongside other methods to remove pest fish impacts and re-establish vegetation, in an
adaptive management approach for lake rehabilitation.

8
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The goal of this project was to demonstrate, how to “flip” a lake back from the turbid, algae
dominated state to a desired clear water vegetated state, providing an alternative stable condition as
the submerged vegetation stabilises and aerates sediments, also sequestering nutrients.

Phased Approach
The project has two phases, designed to separate research elements (Phase One) from the
implementation stage (Phase Two). The purpose of Phase One was to reduce elements of
uncertainty therefore minimising risks to project success in Phase Two.
Phase One of the project includes:
Lake selection.
Baseline data collection.
Fish stock assessment.
Efficacy of candidate sediment capping and water column flocculating products.
Validating the revegetation method.
Phase One was funded by the Waikato River Authority (WRA) (through the Waikato River Clean-up
Trust) primarily, with co-funding and in-kind funding from NIWA, Waikato Regional Council (WRC)
University of Waikato (UoW) and Dairy NZ (DNZ). Throughout this report the aforementioned
organisations are collectively referred to as the Research Partners.

Waikato Shallow Lake Rehabilitation
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PHASE ONE
2

Lake selection

2.1

Background - Shallow Waikato peat lakes

Broadly, shallow lakes in the Waikato region once belonged to much larger wetland systems which
have now been lost due to flow regulation in the Waikato River and localised drainage. The lakes in
this area can be classified as either riverine or peat with this distinction being determined by the
proximity of a lake to a peat bog. Peat lakes have unique physical and chemical attributes.
Physically, in their natural state, peat lakes do not have inlet or outlets, they were filled by rainfall
and groundwater infiltration and lost water through evaporation. Their chemistry is acidic, due to
the high organic content of peat soils, which are often flooded by the high water tables associated
with peat soils. These high water tables reduce the penetration of oxygen into the soils and
sediments which restricts the breakdown of plant material to a point where, over time, there has
been a large build-up of organic materials.
Degradation of these lakes has occurred through both changes in their catchments and by the
introduction of exotic species. Many exotic fish that are now found in peat lakes consume native
plants and dig up the sediment increasing turbidity (Collier and Grainger 2015). Introduced plants
have also degraded these systems as they are able to out-compete native species, reducing
biodiversity in the lakes (de Winton and Champion 1993). Extensive drainage of wetland areas has
been undertaken to increase agricultural production resulting in lower groundwater levels and
greater rates of organic matter breakdown. This causes the peats to physically shrink while also
reducing the amount of water in peat lakes. The combination of drainage and agricultural
production in the land surrounding peat lakes has caused an increase in sediment and nutrient
inputs, which has “flipped” many of these lakes from macrophyte to algal dominated. In addition
some species of pest fish and pest plants are strongly positively correlated with regime shifts in
shallow lakes from a macrophyte dominated clear water state to an algal dominated turbid state
(Schallenberg and Sorrell 2009).

2.2

Selection process, lake criteria and consultation

The process of lake selection was initiated with the Research Partners before the project began (June
2016) when ideal criteria were first decided. These criteria were amended (November 2016) and
prioritised (WRC, NIWA) and a list of lakes was compiled (WRC) from which a short-list was
generated. The short-list (Lakes Milicich, Pikopiko and Pataka) was discussed amongst Research
Partners and with relevant landowners.
The lake characteristics or criteria for this restoration project included; access for vehicles and boats,
landowner approval, absence of pest fish (ideally), suitable substrates and bathymetry for
submerged macrophytes. In addition the existence of any historic datasets (e.g., water quality, fauna
or flora) was considered advantageous as this could minimise baseline data collection.
Consultation and engagement with landowners, iwi and other stakeholders (e.g., DOC) included the
level of activity and actions proposed at the lake, their timeframes and the outcomes that were
sought. Consultation in the form of phone conversations, email correspondence and meetings took
place during November and December 2016 (co-ordinated by P. Reeves, WRC).
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A visit to Lake Milicich organised by Landcare Trust (who have a catchment project at this lake) and
WRC was undertaken on December 13th 2016 to meet with landowners, view lake access sites (Figure
1) and discuss the project. The lake had several positive aspects compared with other lakes on the
shortlist including, existing catchment initiatives (e.g., sediment traps on the main lake inflow), a
riparian zone from which stock were excluded, positive landowner response and agreed access
through private property. The lake water appeared to be dark, both peat stained and highly nutrient
enriched. The lake riparian vegetation included both native and exotic species (Figure 2-1), no
submerged macrophytes were visible in the lake, although Nitella sp. aff. cristata was present in the
outflow from the lake.
An initial field trip to establish water and sediment chemistry and map the bathymetry (section 3)
was undertaken the following week (20 December 2016), confirming the suitability of Lake Milicich
for the project.

2.3

Lake Milicich

Lake Milicich is a shallow Waikato peat lake (ca 2.3m deep) that is situated on private farm land,
south of Hamilton (Waipa District) (Thompson and Greenwood 1997, Dean-Speirs and Neilson 2014).
The catchment area is an estimated 54ha, primarily in dairy and horticulture with a small area of
native vegetation (4.66%) (Dean-Speirs and Neilson 2014). The south and eastern sides of the lake
had very little peat around the margins, while the north and west sides, have significant peat depths
and on the west the peat extends for a considerable distance away from the lake (Thompson and
Greenwood 1997).
The marginal riparian vegetation was comprised of grey willow (Salix cinerea) with an understory
that includes native plants of Coprosma spp., Manuka (Leptospermum scoparium), kahikatea
(Dacrycarpus dacrydioides), flax (Phormium tenax) and Sphagnum cristatum (Thompson and
Greenwood 1997, Dean-Speirs and Neilson 2014). As part of the Landcare Trust catchment project
to eradicate willow, the grey willow was sprayed in April 2017 (Berry, pers. comm. May 2017). Raupo
(Typha orientalis) and kuta (Eleocharis sphacelata) beds occupy the margins and extend into the
water. Dean-Speirs and Neilson (2014) report the lake was surveyed for aquatic plants for the first
time in 2009. No submerged macrophytes were found, although floating fragments of the invasive
bladderwort Utricularia gibba were observed (Edwards et al. 2010). U. gibba is spread by waterfowl
from seed or possibly its fine entangling growths (de Winton et al. 2009).
Chapman and Boubee (1977) reported on phytoplankton, zooplankton and macroinvertebrates in
Lake Milicich and noted Gobiomorphus (bullies) in their sample. Wildland Consultants (2011) noted
that mosquito fish (Gambusia affinis) were present, and considered that Lake Milicich was “likely to
also contain catfish (Ameiurus nebulosus) and goldfish (Carassius auratus)”. Furthermore, the 2014
report by Dean-Speirs and Neilson stated that the fish populations of the lake were unknown,
although they noted that “a previous landowner recalled seeing catfish and goldfish in the lake”.
Waterfowl frequent the lake, which is used for duck hunting during the open season, with all three
landowners having maimais on the lake edge. Shags (Phalacrocorax spp.) were also seen roosting in
several locations around the lake in December 2016 (Authors obs. December 2016).
Lake Milicich receives water from four inflows that are located to the north, east and south east of
the lake (Dean-Speirs and Neilson 2014). Two of the inflows (north east) are spring fed and
ephemeral (Landowners, pers. comm. May 2017). Thompson and Greenwood (1997) consider that
spring flows are not important contributors to the water supply of the lake based on water
Waikato Shallow Lake Rehabilitation
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chemistry. The outlet flows from the southwestern side of the lake, splits in two (Reeves, pers.
comm. with landowners, May 2017)) and flows into a tributary of the Mangaotama Stream and then
to the Waipa River. The lake outlet is cut through a clay ridge (Thompson and Greenwood 1997)
approximately 40 m from the lake, which provides some control on the minimum lake water levels
(Dean-Speirs and Neilson 2014).
There is limited water quality information available, but the data that have previously been
summarized indicated that the lake was likely to be eutrophic (Wildlands Consultants 2011) to
hypertrophic (Table 2.1) (Dean-Speirs and Neilson 2014). Earliest records from 1977 recorded low
water clarity (Table 2-1) and low levels of dissolved oxygen (DO 68%) in the surface waters (Chapman
and Boubee 1977).

Figure 2-1: Map of Lake Milicich (left) and access to the lake (right). Inflows and outflow are indicated by
arrows (left). The access is along the southern shoreline (right) (Source: Google Earth (left), D Hofstra (right)).
Table 2-1:
Year

1977
1988
1997
2008/2009
2009/2010

12

Historic water quality data for Lake Milicich. (source: Dean-Speirs and Neilson 2014)
Mean TN
(mg m-3)

Mean TP
(mg m-3)

1490
2573
1156
2576

60
280
61.3
142

Mean Chl a
(mg m-3)

Estimated
TLI

16.4
57.9

Mean
Secchi Disc
(m)
0.5
0.63

25
192

1.2
0.7

5.42
6.65

pH

Turbidity
(NTU)

5.7
5.6
7.46
7.16

9.0
6.16
7.46

Waikato Shallow Lake Rehabilitation

3

Baseline data collection

Baseline data collection included bathymetry, biotic and abiotic parameters.

3.1

Bathymetry

Bathymetry is one of the key lake characteristics outlined for lake selection in this project, because
water depth and available light are correlated, limiting the depth to which submerged macrophytes
will grow. As water depth increases, the light penetration decreases. However, it is also likely that
water depths greater than 1 m will be targeted for revegetation as, within many of the Waikato peat
lakes, the water is ca 1 m deep outside the band of marginal emergent plants (de Winton and
Champion et al. 1993). In addition plants in deeper water are less likely to be impacted by waterfowl
(e.g., deeper than 1.5 m (Wells et al. 1988)). In essence this means the most likely water depth to be
targeted for revegetation would be from 1 to 3 m, with bottom depth limits being determined
primarily by water clarity.
Sonar was used to establish a lake bathymetric map, providing an indication of sediment slope, water
depth and the area of the lake that is likely to be suitable for macrophytes, particularly once water
clarity has improved.

3.1.1 Methods
Field survey
Two water level reference points were selected and GPS locations recorded (Appendix A, Figure A-1).
A Lowrance™ HDS12 depth sounder/GPS/chart plotter with one-point antenna was used for
navigation and hydro-acoustic survey. GIS referenced run lines were undertaken at intervals ≤50 m
to ensure as complete coverage of the waterbody as possible within navigation constraints. Digital
data as position and sonar signal return were simultaneously logged along each run line using a
transducer (LSS-2 HD) with a dual frequency of 200 and 455 kHz. During the survey the directional
‘structure scan’ (high-frequency/single beam) sonar was monitored as a check against 200 kHz
output. Sonar settings (offset, sensitivity and greyline) were calibrated for maximal bottom
definition. Ground-truthing of water depth was made using tape measure and pole at three
locations (see Appendix A, Figure A-1).

Data processing
Raw data files were processed using BioBase (CIBioBase.com), an automated GIS processing engine
for Lowrance™ HDS hydro-acoustic data. BioBase is the property of Navico, USA. A transducer depth
offset of 0.2 m was added to all files and a standard buffer width of 25 m selected. All files were
merged and processed using the BioBase automated algorithm process that interpolates lake bed
features at a 5 m grid resolution. Map graphics and GIS referenced grid data were exported from
BioBase. Estimates of lake area, lake proportion surveyed, lake volume, depth range and mean
depth from the interpolated (grid) data were extracted from BioBase ‘Vegetation Analysis Report’.

3.1.2 Results
The main features of the lake bathymetry are presented in Table 3-1, Figure 3-1 and 3-2. Because
the accuracy of hydro-acoustic data is reduced in shallow depths <0.37 m (CIBioBase), interpretation
at the shallow lake margins may not be accurate. Lake Milicich was recorded as 2.01 ha in size with
an average depth of 1.54 m and a maximum depth of 2.3 m (Table 3-1). Hydro-acoustic survey
showed the sides of the lake fall steeply over the first metre, with the deepest area in the centre of

Waikato Shallow Lake Rehabilitation

13

the lake (Figure 3-1). The lake bed was soft, with slightly firmer areas along the northern slope, with
further firm patches in the west and south (Figure 3-2).
The sonar survey confirmed water depths that are likely to be suitable for submerged macrophytes
once water clarity is improved (maximum depth 2.3 m, average depth 1.5 m). No submerged
macrophytes were evident on the sonar profiles.
Table 3-1:

Lake Milicich summary sonar survey information.
Area
Percent of the water body
surveyed
Estimated volume

2.01 ha
100% of waterbody
33,916.30 cu. M

Depth range

0.01-2.3 m

Mean depth

1.54 m

Figure 3-1: Lake Milicich showing depth contours. The CIBiobase map is produced in feet and has been
converted to metres, some rounding of numbers occurs hence this map shows a max depth of 2.4 m when the
processed data indicated 2.3 m.
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Hard

Soft

Figure 3-2:

Lake Milicich map showing relative sediment hardness.
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3.2

Biotic and abiotic characteristics of the lake

Biotic and abiotic aspects of the lake were characterised to provide a baseline of lake conditions
against which improvements could be measured in the future. The data collected included water
clarity and quality (TN, TP, DRP, NH4+-N, NO3--N and Chl a), zooplankton and fish species and
abundance (see section 4), algal species composition and abundance, and macrophytes species
distribution (see section 6).

3.2.1 Methods
Sediment analyses
To determine sediment chemistry in the lake, sediment samples were collected using a Jenkins corer
(Figure 3-3) on the 26th January 2017. These cores were collected from three different locations
within the lake in order to estimate sediment variability (Figure B-1, Appendix B). Site 1 was closest
the major lake inflow, while site 2 was in the deepest part of the lake and site 3 was located at the
opposite side to the main inflow in an area of firmer sediments. After the cores were extracted, they
were sectioned in 1 cm increments to a depth of 4 cm and bulked into a single sample from 4 to 10
cm. Each section was analysed for total aluminium, total iron, total arsenic, total lanthanum, total
zinc, total carbon, total nitrogen and total phosphorus. Sediment bulk density in the top 5 cm was
measured using separate sediment cores taken in the same locations. A syringe with the top cut off
was used to extract a known volume of sediment from the top of the core, from which both wet and
dry weights were obtained to estimate wet and dry bulk density.
Sediment samples were air dried at 35°C and only the fraction that passed through a 2 mm sieve was
analysed at R.J. Hills Laboratories. For analysis of total metal content, sieved sediments were
digested with nitric/hydrochloric acid and the digests analysed on an ICP mass spectrometer for total
aluminium, arsenic, iron, lanthanum, manganese, zinc and phosphorus. Total nitrogen and carbon
were determined using a thermal conductivity detector with the total carbon samples being pretreated with acid to remove inorganic carbonates.

16
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Figure 3-3:

Jenkins corer and cores.

Monthly monitoring
Selected water quality parameters and the algal and zooplankton community in the lake were
monitored monthly from December 2016 to May 2017. Water quality samples were taken from the
surface water in the middle of the lake. After collection they were stored on ice and transported
back to the laboratory. Chl a was immediately filtered on return to the NIWA laboratory and water
samples were stored at 1 °C pending transportation to R.J Hill Laboratories where they were analysed
for nitrogen (NO3--N, NH4+-N, TN) and phosphorus (TP, DRP). All samples, including dissolved and
total nutrients, taken in January and February were analysed at NIWA. Additionally, in May 2017 a
sample for suspended solids was also taken.
Chl a analysis used pigment extraction with 90% acetone and the concentration was measured on a
spectrofluorometer (APHA Standard Methods, 10200H). Total phosphorus was digested using acid
persulphate and analysed using ascorbic acid colorimetry on a discrete analyser. Total nitrogen was
calculated as the sum of ammoniacal nitrogen, oxidised nitrogen and total Kjeldahl nitrogen. Total
Kjeldahl nitrogen was determined using an acid persulphate digestion with a copper sulphate
catalyst. Analysis of dissolved reactive phosphorus (DRP) and ammoniacal nitrogen (reported here as
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NH4+-N) was completed colorimetrically using a discrete analyser and NO2--N + NO3--N (reported here
as NO3--N) were measured on a flow injection analyser after cadmium reduction.
Monthly in lake measurements of light (PAR, photosynthetically active radiation) in the centre of the
lake were made using a Licor 192 underwater sensor and recorded on a LI-1400 logger, from January
to May 2017.
Algal samples taken at the centre of the lake from surface waters, were preserved in lugols iodine
pending settling and counting in an Utermöhl tube. Zooplankton were collected in vertical hauls
using a 20 cm diameter, 90 μm mesh net from approximately 0.4 m above the sediments to the
water surface, in the middle of the lake. Zooplankton samples were preserved in ethanol. Both algal
and zooplankton identification and counts were undertaken by NIWA.

Continuous water quality monitoring
Two YSI EXO2 data sondes equipped with temperature (thermistor), conductivity (4 electrode nickel
cell), depth (stainless steel strain gauge), dissolved oxygen (optical, luminescence lifetime), pH (glass
combination electrode), turbidity (optical, 90° scatter), chlorophyll (optical, 525 ± 15 nm) sensors
were deployed 30 cm below the water surface and approximately 30 cm above the sediments in the
middle of the lake (Figure 3-4). Data were logged every 15 minutes from 26th of January 2016 until
17th of May 2017.

Figure 3-4: The positions of the EXO2 sondes in the lake. The red dot indicates the sonde 30 cm above the
sediments and the orange dot the sonde 30 cm below the waters’ surface.
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Macroinvertebrates
University of Waikato collected three benthic grab samples at each of four sites (Appendix A, Figure
A-2) as well as littoral net sweeps during March 2017 (Collier, corresp., March 2017).

3.2.2 Results
Sediment chemistry
The concentrations of metals, phosphorus and nitrogen are presented in Table 3-2. The average
sediment bulk density in the top 5 cm was 1.041 g cm-3 meaning every m3 of sediment contains 41 kg
of dry sediment. Given the phosphorus content of the top 4 cm averaged 1542.25 mg kg-1 dry
weight, the total treatable load of phosphorus (Cooke et al. 2005) found in the Lake Milicich was 2.49
mg m-2.
Table 3-2:
Lake Milicich sediment chemistry. Data represent the average of three replicates ± standard
-1
error (mg kg dry weight sediment).

Depth

TAl

TAs

TFe

TLa

TMn

TZn

TP

TN

TC

0-1 cm

30000 ± 2645

4.7 ± 0.2

35000 ± 3000

16.7 ± 0.3

303 ± 22

149 ± 9

1760 ± 200

16.8 ± 1.2

199 ± 0.5

1-2 cm

31666.7 ± 1452

4.3 ± 0.2

32333 ± 1666

15.9 ± 0.6

256 ± 38

147 ± 5

1523 ± 109

16.1 ± 0.2

168 ± 15

2-3 cm

30666 ± 2728

4.2 ± 0.4

30333 ± 3179

15.8 ± 0.5

213 ± 29

147 ± 6

1443 ± 105

15.8 ± 0.1

175 ± 6.3

3-4 cm

30333.4 ± 2027

4.1 ± 0.2

30000 ± 2886

15.7 ± 0.2

203 ± 39

148 ± 5

1443 ± 119

16.6 ± 0.4

180 ± 3.2

4-10 cm

33666.6 ± 1763

4.6 ± 0.1

29666 ± 3179

15.7 ± 0.2

191 ± 14

135 ± 3

1373 ± 115

13.8 ± 0.9

160 ± 7.2

Monthly monitoring
During the six months of water quality monitoring there was ca great deal of variation in the
concentrations of NO3--N and NH4+-N. With NO3--N concentrations ranging from 0.0005 to 0.98 mg l-1
and NH4+-N from 0.005 to 0.18 mg l-1, it is likely that the stratification of Lake Milicich creating anoxic
conditions above the sediment contributed to this variability. Chl a concentrations peaked at 0.06 mg
l-1 during a period that the lake was mixed and was lowest, at 0.006 mg l-1, during a period of
stratification. TP and TN were the least variable of all the water quality parameters monitored in the
lake with ranges of 0.032 to 0.066 and 0.98 to 2.7 mg l-1, respectively. The mean concentrations over
the entire monitoring period are presented in Table 3-3 (also Appendix B, Figure B-3). Using Burns et
al. (2000) method to calculate a lakes trophic index for these average concentration gives the lake a
TLI score of 5.56 which puts it into the super-trophic category.
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Table 3-3:
May 2017

Summary of monthly water quality data from the middle of Lake Milicich from Dec 2016 to
Mean concentration (mg l-1) ± standard

Range of concentrations during

deviation

the monitoring period (mg l-1)

DRP

0.03 ± 0.00

0.0005 - 0.008

NH4+-N

0.06 ± 0.07

0.005 - 0.18

NO3--N

0.43 ± 0.41

0.0005 - 0.98

TN
TP
Chl a

1.56 ± 0.56
0.05 ± 0.01
0.02 ± 0.02

0.98 - 2.5
0.032 - 0.066
0.006 - 0.06

Water quality variable

Over six monitoring events the light at the water surface ranged from 2600 µmol photons m-2s-1 on a
sunny day to 130 µmol photons m-2s-1 on an overcast day (Appendix B, Figure B-2). At water depths
beyond 1.25 m (outside the zone in which marginal emergent plants grow) light levels range from ca
16 to 1% of ambient light level (Table 3-4). These data indicate light levels are likely to support
submerged macrophytes.
Table 3-4:
Summary light measurements from the centre of Lake Milicich. (Data are means from the
individual light profiles, see Appendix B, Figure B-2).
Water depth
(m)
0
0.25
0.5
0.75
1.0
1.25
1.5
1.75
2.0
2.25

PAR
(μmol photons m-2 s-1)
886.8
534.8
371.0
283.7
208.7
144.6
82.2
38.4
16.5
9.3

PAR
(mol photons m-2 d-1)
38.3
23.1
16.0
12.3
9.0
6.2
3.5
1.7
0.7
0.4

Percent of surface
light (%)
100
60.3
41.8
32.0
23.5
16.3
9.3
4.3
1.9
1.1

The largest numbers of planktonic algae were collected in mid to late summer (January and
February) samples with substantial declines in March to below December levels. Numbers remained
comparatively low in April and May. Composition of taxa also changed during the monitoring period,
with increasing algal counts primarily due to increasing populations of green algae. While
cyanobacteria (blue-green algae) declined in numbers from December to January, green algae
(primarily Haematococcus sp.) more than tripled over the same period. Along with Botryococcus
braunii, numbers of these green algae continued to dominate in February. However, by March there
were sizeable declines in the abundance of these taxa (Figure 3-5).
The zooplankton samples were dominated by crustaceans (cladocerans and copepods). Peak
numbers occurred in March, with the reduced numbers in April/May approximating the
December/January counts. As with the phytoplankton there was also a shift in the relative
abundance of taxa. For example the number of Daphnia (North American species) decreased
markedly from December to January. The higher numbers of zooplankton in March were primarily
due to increases in the numbers of Bosmina meridionalis and cyclopoid copepods. Bosmina
meridionalis, however, was the most abundant taxa for the rest of the monitoring period (Figure 36).
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Figure 3-5:

Number and relative abundance of algal classes.
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Figure 3-6:

Number and relative abundance of zooplankton species.

Continuous water quality monitoring
The continuous monitoring of Lake Milicich revealed that it repeatedly stratified and mixed during
the monitoring period and that this had an overriding effect on many of its physiochemical
properties (Figure 3-7 and 3-8). Stratification periods were clearly evident in the temperature data
until approximately the 4th of April when a rain event resulted in the lake mixing and it remain mixed
thereafter. Stratification caused declines in the concentration of DO to near zero at the bottom of
the lake. During longer stratification events, declines in the concentration of chlorophyll at the
surface of the lake and increases at the bottom were also evident. During periods of stratification
the pH of the surface water was higher than in the bottom of the lake but these differences were not
evident during mixing events. Stratification also had an effect on turbidity but there were other
factors that likely also influenced the levels of turbidity in the lake. These affects can be seen as the
frequent increases in turbidity at the bottom of lake. The mixing events that end periods of
stratification were often aligned with periods of rainfall given the decreases in conductivity that
occur during these events. Conversely, during stratification and during periods of low rainfall the
increases in conductivity at the bottom of the lake is consistent with the influence of groundwater
inputs.
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Figure 3-7: Results from the continuous water quality monitoring at the top (light blue) and bottom (dark
blue) of the lake. a) Dissolved oxygen b) Chlorophyll a and c) Temperature.
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Figure 3-8: Results from the continuous water quality monitoring at the top (light blue) and bottom (dark
blue) of the lake. a) Turbidity b) Specific conductivity c) pH d) Relative lake depth (bottom sonde only)
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Macroinvertebrates
A total of 4 chironomids (probably C. zealandicus) were found in the benthic grab samples, all from
site 3. The littoral sweep sampling also produced low numbers of macroinvertebrates, including two
snails, two dragonfly nymphs, two flatworms (Platyhelminthes), one leech (Hirudinea) and six
dytiscid beetles (Collier, corresp. March 2017).

3.3

Discussion

The bathymetric map produced of Lake Milicich illustrates that the lake depths fall steeply over the
first 1.5 m where it is inhabited by marginal emergent vegetation. Outside of this zone the lake
bottom gently slopes, providing water depths and slopes that are likely to be suitable for submerged
macrophyte growth. Of note, the depth of the lake increases significantly after periods of heavy
rainfall. Changes in water level observed during the project include a maximum of 2.9 m at the
deepest point of the lake and a minimum at the same location in the lake of 2.05 m. The largest of
these events occurred in March when areas of the North Island received over 300% of their normal
March rainfall (https://www.niwa.co.nz/climate/summaries/monthly/climate-summary-for-march2017) due primarily to two large rainfall events. The first of these events deposited 148 mm in 6
days and the second 119 mm in 3 days (section 5.3.3, Figure 5-9). These rainfall events also caused
decreased conductivity at the bottom of the lake and interrupted an increasing pattern of
conductivity measured between these events. This pattern illustrates that during dry periods the
lake is fed by groundwater inputs but during rainfall events surface water inputs are the major
source of water feeding the lake. This aligns with the hydrology of Waikato peat lakes more
generally which, pre-European settlement, did not have inflows or outflows and were fed by
seasonal events causing surface runoff and groundwater infiltration (Faithfull et al. 2008). The
influence of groundwater inputs on lake chemistry and hydrology were outside the scope of this
project and their contribution to lake water levels and chemistry are unknown. To ensure effective
rehabilitation of Lake Milicich it recommended that any further investigation includes a nutrient
budget and water balance in order to quantify the contributions that groundwater inputs are making
to the lake.
As well as decreasing the conductivity of the lake, the large rainfall events also caused the lake to
mix, breaking-up periods of stratification. The stratification of shallow lakes in the Waikato, although
recognised, is infrequently documented. Boswell et al. (1985) have noted stratification in Lake
Rotomanuka during summer that caused anoxia at the bottom of the lake and Dean-Speirs and
Neilson (2014) document stratification in Lake Ngaroto during the summer months and note that
Forsyth & McColl (1975) observed weak stratification in Lake Ngāhewa. In Lake Milicich, there were
3 major stratification events during the approximately 5 months of data collection. These lasted
longer than 14 days. There were other times that the lake may have briefly mixed, with up to 11
minor stratification events. Stratification affected many physiochemical properties in the lake but
most importantly caused anoxic conditions at the bottom of the lake. Anoxic conditions are likely to
cause the release of DRP from the sediments into the water column (Søndergaard et al. 2003). Such
low dissolved oxygen and increases in concentrations of DRP were observed in a shallow German
Lake by Wilhelm and Adrian (2008) who noted a subsequent increase in algal production after mixing
events. The highest concentrations of Chl a found during this study were during mixing events and it
is possible that this productivity was fuelled by phosphorus released from the sediments.
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The total phosphorus concentration measured in December 2016 (38 mg m-3, TN:TP 25:1) is similar to
other peat lakes in the region, (18-34 mg m-3), which typically have high total nitrogen concentrations
and hence high TN:TP ratios (29:1-64:1) with the exception of Lake Mangahia (720 mg m-3, TN:TP 4:1;
Hamilton et al. 2010). High TN:TP ratios are likely to minimise the probability of nitrogen-fixing
cyanobacterial blooms as there is no need to fix N from the atmosphere. P limitation occurs at TN:TP
ratios greater than 15:1 (Abell et al. 2010) which implies that Lake Milicich is P limited and that P
releases from anoxic sediments could be fuelling algal production in areas of the lake where there is
sufficient light.
Green algae (Chlorophyta) were the most abundant group of algae and reached peak numbers in
February, followed by maximum zooplankton numbers in March dominated by crustaceans. Earlier
plankton records from Lake Milicich also report a dominance by crustaceans with some differences in
the relative abundance of cladocera and copepods, while reporting few rotifers (Chapman and
Boubee 1977). In contrast, Chapman and Boubee (1977) did not record the alien Daphnia, which
may be a relatively recent colonist since their study. Their algal samples were dominated by the
desmid Closterium acutum. Although variation in dominance of plankton taxa is observed over time
in lakes (Chapman and Green 1987), more recently the absence of rotifers has been linked to the
occurrence of non-native Daphnia (Balvert et al. 2009, Duggan 2016).
The light levels recorded in the lake were highly variable depending on the weather conditions on the
day of measurements. However, light levels (6.2 – 1.7 mol m-2 d-1) appear to be suitable for the
growth of submerged macrophytes in water shallower than 1.75 m. For example, de Winton et al.
(2004) report net biomass accrual for charophyte germlings (seedlings) when light was above 1.7 mol
m-2 d-1. Similarly, Schwarz and Hawes (1997) indicate a threshold of 0.5-1 mol m-2 d-1, below which
charophytes declined, a range later supported by a compensation point of 0.6 mol m-2 d-1 that was
calculated for Chara australis (Schwarz et al. 1999). Amongst other species of pondweed
compensation points have been calculated for two species Potamogeton gramineus (not present in
NZ) and Stuckenia pectinatus (previously known as Potamogeton pectinatus) at 0.86 mol m-2 d-1 and
3.87 mol m-2 d-1 respectively. These values were considered to reflect the minimum and maximum
range reported for pondweeds (Spencer and Ksander 2001).
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4

Fish stock assessment

One of the primary challenges, or barriers to lake rehabilitation, is the presence of pest fish whose
impacts range from increased turbidity, due to sediment disturbance, to uprooting and consuming
macrophytes (depending on the species of pest fish) (e.g., Rowe 2007, Champion et al. 2002, Collier
and Grainger 2015). Hence amongst the selection criteria for a research lake was the ideal that the
lake would be free of pest fish (section 2.2). Once the research lake was chosen, there was a need to
undertake a fish stock assessment to determine the presence and abundance of fish species, and if
pest fish were present a plan to manage them. Unfortunately, all otherwise suitable candidate lakes
appeared to support populations of one or more problematic pest fish species.
The University of Waikato (UoW) was contracted to undertake the fish component of the project.
The information contained in this section of the present report is summarised from the UoW fish
assessment report (Hicks et al. 2017) which is available on the University of Waikato website
(http://www.waikato.ac.nz/eri/research/publications/_nocache).

4.1

Mark and recapture methods

The fish stock assessment was undertaken in January 2017. Fyke nets (20) with 3 mm mesh and finemeshed minnow traps (10) were set overnight at locations along the lake edge or the outer edge of
the emergent plants. Seven gill nets were set in the deeper areas of the lake during the day to
minimise potential bird capture. For the recapture phase, 20 fyke nets were again set overnight and
6 gill nets were set during the day. The recapture phase was seven days after the marking phase.
Gill net mesh sizes were increased for the recapture phase because of the low catch rate of 18-mm
mesh gill nets during the marking phase. Fish were lightly anaesthetised prior to clipping the adipose
fin for catfish and the left pectoral fin for eels (Anguilla spp.) and rudd. Bullies and gambusia were
not marked because of their small size, and no goldfish were caught in the marking phase.

4.2

Results and discussion

A total of 960 fish comprising seven species were caught, including three native and four introduced
species (Table 4-1). Fyke nets were the most effective method for eels and catfish, and 25-mm mesh
gill nets were most effective for rudd. Within the limitations of the small sample size, fyke nets and
gill nets were equally effective for goldfish.
The biomass of catfish in Lake Milicich (84.1 kg ha-1) was very similar to the peat lake Mangahia (66
kg ha-1; Hicks et al. 2015). Shortfin eel (A. australis) biomass in Lake Milicich (74.0 kg ha-1) was
considerably greater than in Lake Mangahia (37 kg ha-1; Hicks et al. 2015). It should be noted that
the authors (Hicks et al. 2017) consider that the methods and capture locations used are likely to
have under-sampled juveniles of all species, especially catfish, which would add an additional age
class to the three observed for catfish.
Similarly the fishing under-sampled rudd and goldfish, which eventually proved most susceptible to
25-mm mist nets. Rudd are effectively caught by gill netting, as Neilson et al. (2004) showed in the
Rotopiko peat lakes. However, rudd abundance could not be estimated because none of the three
marked fish were recaptured, hence it was concluded that only a low biomass of rudd was present in
the lake. The abundance of goldfish remains unknown, with only two fish caught.
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Table 4-1:

Number and species of fish caught in Lake Milicich. (Source: Hicks et al. 2017).

Common name
Shortfin eel
Longfin eel
Common bullies
Brown bullhead catfish
Goldfish
Gambusia
Rudd

4.3

Scientific name
Anguilla australis
Anguilla dieffenbachii
Gobiomorphus cotidianus
Ameiurus nebulosus
Carassius auratus
Gambusia affinis
Scardinius erythrophthalmus

Number
532
4
54
359
2
1
8

Areal densities Kg ha-1
74
0.9
84.1

Pest fish implications for management

The implications of this survey are that the presence of catfish, rudd, and goldfish, pose significant
barriers to the restoration of Lake Milicich. In addition to the sediment disturbance by catfish (Collier
and Grainger 2015), rudd are primarily herbivorous as adults > 150 mm long (Kane 1995). Inspection
of the outlet drain and tributary to the Mangaotama Stream is required to investigate whether
invasive fish can migrate into Lake Milicich from the lower Waikato basin, which would frustrate pest
fish removal or eradication efforts.
With respect to the removal of rudd and catfish Hicks et al. (2017) consider that:
(1) with the low population of rudd, targeted gill netting could be used to “virtually eradicate” the
herbivorous adult rudd and allow macrophyte restoration to proceed, and
(2) given the current effort of one overnight set of 20 fyke nets removed 24% of the total biomass
of catfish, so targeted removal of catfish by fyke netting could also be worthwhile.
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5

Efficacy of sediment capping and flocculation products

5.1

Introduction

The amount of nutrients and sediment mobilised in the environment and entering freshwater bodies
has increased causing the eutrophication of many water bodies (Smith 2003, Oliveira and Machado
2013). In lakes, increased inputs of nutrients and sediment decreases water quality and increases
the frequency of nuisance algal blooms, reducing a lake’s aesthetic, recreational and ecological value.
Unsightly algal blooms reduce water clarity and, if toxin producing cyanobacteria species bloom, lake
water can become hazardous for recreation (Pearl and Otten 2013). Ecologically, eutrophication can
cause large fish kills and the loss of submerged macrophytes in the lake (Carpenter et al. 1998). The
increased algal biomass characteristic of eutrophic systems combined with high concentrations of
suspended sediments increase the shading of macrophytes, in turn reducing their productivity, and
may result in reduced macrophyte diversity (Sayer et al. 2010) or the complete loss of all submerged
macrophytes from a system (Sand-Jensen and Søndergaard 1981).
In lakes, the nutrients that fuel these algal blooms are sourced from the surrounding catchment as
well as from within the lake itself. Internal loads of nutrients include those that are cycled in the
water column in the “microbial loop” (Christoffersen et al. 1990) and those which are sourced from
the sediments (Burger et al. 2008). Lake sediments often containing large amounts of nutrients, and
legacy effects of environmental issues in the catchment are sources of ammonium and dissolved
reactive phosphorus to the water column (Søndergaard et al. 2003, Fisher et al. 2005). Given that
lake sediment can be a source of nutrients that fuel algal blooms, it is important that both internal
and external nutrients loads are managed when attempting lake rehabilitation (Cooke et al. 2005).
Neglecting to manage internal nutrient loading, and solely focusing on externally loads, can greatly
extend the duration of lake rehabilitation efforts (Jarvie et al. 2013).
Both nitrogen and phosphorus can stimulate algal growth, therefore it is best to diminish the internal
and external loading rates of both where possible. However, it has been suggested that algal
production in lakes can be managed by reducing phosphorus loading alone, as deficits in nitrogen can
be made up for by N fixing cyanobacteria (Schindler et al. 2008) and data from the lake (section 3.3)
suggests it is phosphorus limited. In lakes, the internal cycling of phosphorus largely occurs between
lake sediments and algae in the water column. This cycling is predominantly dependent on the
availability of oxygen in the water in contact with the sediments. In aerobic sediments phosphorus is
bound to insoluble Fe and Mn complexes, while under anoxic conditions Fe and Mn can be reduced
by bacterial metabolism releasing any bound phosphorus into the water column (Moore and Reddy
1994). Thus, when the water directly above lake sediments is aerobic, a fine layer of aerobic
sediment sits on the sediment surface containing Fe and Mn complexes that bind P mobilised from
deeper anoxic sediments. However, when the lake water above the sediments becomes anoxic the
oxygenated layer of sediment disappears and phosphorus moves into the water column. Periods of
anoxia above the sediments are most likely to occur during periods of stratification when the deeper
parts of the water column (hypolimnion) are isolated from the surface layers and the atmosphere. If
the phosphorus mobilised during these periods moves into the photic zone, either via mixing events
or by diffusion, it can fuel algal blooms. Turnover of algal biomass can, in turn, create anoxic
conditions on the sediments after the collapse of an algal bloom and thus an ongoing cycle of bloom
and collapse can be created.
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To reduce the internal cycling of phosphorus, and break this cycle, lakes have been “geo-engineered”
by the addition of substances which aim to clear the water column (flocculents) and/or reduce the
flux of phosphorus from the sediments (sediment capping agents) (Hickey and Gibbs 2009).
Generally, this process has two parts; the first involves cleaning the water column of existing algal
biomass and suspended sediments and the second is locking phosphorus into the sediments. The
cleaning of the water column, takes algae, sediments and phosphorus from the water column
through flocculation and sinks them to the sediments. The specific types of material taken out of the
water column in this process depends on the attributes of the flocculent. Mostly, algae cells and
sediments will be collected but some flocculants can also remove dissolved inorganic phosphorus if
they contain an anion exchange capacity. It is important to note that flocculants will clear the water
column but may not stop phosphorus release from the sediments. The second step of geoengineering is to lock the P into the sediment so that it is unlikely to be released under natural
conditions, this process is referred to as sediment capping. Some materials can be both flocculants
and reduce sediment phosphorus flux through actively capping the sediment, while other materials
may only be flocculants or cap the sediment.
Sediment cappers can be categorised depending on how they stop or reduce the release of
phosphorus from the sediments. Some simply form a physical barrier between lake sediment and
water, while others use active ingredients that bind phosphorus. Capping agents that rely on
creating a physical barrier can reduce the flux of P down to rates equivalent to molecular diffusion.
To achieve this, physical barriers need to be approximately 8 cm thick (Kim et al. 2007) but at this
thickness such layers can be harmful to benthic biota (Lohrer et al. 2004). Much thinner layers can
reduce P fluxes if capping materials include an active P binding agent rather than simply being a
physical barrier. However, most active binding agents are metals which, if released as a capping
agent in a bioavailable form are potentially toxic to aquatic biota. The most common binding agents
are Aluminium (Al), Lanthanum (La) and Iron (Fe) (Hickey and Gibbs 2009, Mackay et al. 2014).
Recently, modified local soils have also been used to clear the water column (e.g., Pan et al. 2006)
and reduce the flux of phosphorus coming from the sediments (Pan et al. 2006, Zou et al. 2006).
In this project five “geo-engineering” products were examined in a series of laboratory based
experiments and in-lake limno-corral trials to determine which products were best suited to aid in
the rehabilitation of degraded Waikato peat lakes. The conditions in these lakes, such as high
concentrations of organic matter, tannins and humic acids, and low pH and alkalinity have been
shown in previous studies to affect the performance of some products that have been used to geoengineer lakes (Omoike and VanLoon 1999, De Vicente et al. 2008). Whether these factors affect the
performance of the selected products in peat lakes has yet to be investigated. The five “geoengineering” products, herein referred to simply as ‘products’, were selected based on the initial
sediment and water chemistry data from Lake Milicich (section 3.2). The products tested were alum,
allophane, anionic polyacrylamide (PAM), locally modified soil (LMS) (Pan et al. 2006, Pan et al. 2016)
and Aqual-P. Below is a description of these products outlining their active phosphorus binding
agents and a brief discussion of where they have previously been used and known strengths and
weaknesses.

5.1.1 Product descriptions
Alum
Aluminium sulphate (Al2(SO4)3, alum) is a flocculent and a capping agent. It is most commonly used
as a flocculant in drinking and waste water treatment. It was one of the first products used to reduce
internal phosphorus loads in lakes. In water, alum forms aluminium hydroxide complexes and
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producers H+ ions. The aluminium hydroxide complexes bind phosphorus, but the production of H+
ions can decrease pH, potentially releasing toxic Al3+ ions.
Al3+ + H2O

Al(OH)2+ + 2H20 + H+
Al(OH)3 + 3H+

The production of H+ ions is of particular importance in soft, low alkalinity waters which are less
buffered to changes in pH. In these waters the likelihood of the release of toxic Al3+ ions is much
greater because of their low buffering capacity. High concentrations of tannins were shown by
Omoike and VanLoon (1999) to reduce the amount of phosphorus bound by alum. Thus, the high
concentrations of tannins in Waikato peat lakes may affect the ability of alum to bind phosphorus.
Aqual-P
Aqual-P or Z2G1, as it was previously called, is a zeolite based capping agent that has been modified
with aluminium salts to provide active P binding (Hickey and Gibbs 2009). It was developed by Scion,
Rotorua, and is manufactured by Blue Pacific Minerals Ltd., Matamata, New Zealand. Being an
aluminium modified zeolite, Aqual-P has the potential to bind both anions and cations giving it the
ability to bind both PO43- and NH4+. Previous work by Gibbs and Özkundakci (2011) illustrated this
ability, with Aqual-P (<2 mm grain size) able to sequester at least 53 mg P m-2 day-1 and 75 mg of
NH4+-N m-2 day-1 in Lake Rotorua sediments. Despite being developed in New Zealand, Aqual-P has
not been tested in a peat lake but, given that it is an Al based product, it is possible that the same
factors that affect alum, aging and tannins, may also affect Aqual-P.
Anionic Polyacrylamide
Polyacrylamides (PAM) are a broad class of compounds that are used as flocculents. The compounds
vary in polymer chain length, and the number and kind of functional groups. Broadly speaking PAMs
can be anionic, cationic or non-ionic. The cationic and non-ionic PAMs have been shown to be
potentially toxic to aquatic organisms and their use is generally restricted to wastewater disposal and
other areas where interactions with sensitive environments will be negligible. In contrast, anionic
PAM is relatively non-toxic and has been extensively used in the environment. Originally, PAMs were
used to help speed up the stabilisation of soils to allow for faster construction times during WWII.
Later, they were put into soils and diluted into irrigation water to decrease soil erosion and increase
infiltration. Their use in aquatic environments is limited, but in California Mason et al. (2005)
compared the ability of alum and anionic PAM to reduce concentrations of suspended sediments and
dissolved and total phosphorus in a number of rivers draining into the Salton Sea. They found that
PAM formed stronger flocs which had a greater ability to resist resuspension, took out more
particulate matter, but less dissolved phosphorus from the water column than did alum (Mason et al.
2005).
Local modified soils
Local modified soils (LMS) is a system designed by the Chinese researcher Gang Pan to describe his
patented method of geo-engineering lakes. He uses a range of modifications to soils to increase their
ability to flocculate algae, suspend sediment and dissolved phosphorus and/or its ability to reduce
sediment phosphorus release. Soils are generally prepared for modification by sieving and drying to
ensure a known weight and particle size of soil is used. The ability of a soil to form flocs is then
enhanced by the additions of chitosan or PAM and by altering the surface charge on soil particles
(Pan et al. 2006, Zou et al. 2006). The ability of a soil to supress phosphorus releases from anoxic
sediments can be enhanced with the addition of nano-bubbles of oxygen which form an oxic layer on
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top of the sediment preventing the release of phosphorus (Pan et al. 2016). In the present study, a
local soil was modified with chitosan and mixed with oxygen nano-bubbled zeolite.
Allophane
Allophane is a naturally occurring clay mineral that has a high aluminium and iron content, and as a
consequence a high affinity for phosphorus and is used as a capping agent. Its phosphorus binding
ability was tested by Yuan and Wu (2007) who documented its ability to bind phosphorus at water to
sediment ratios similar to those found in some lakes. In these tests, the ability of allophane to bind
phosphorus increased with increasing phosphorus concentrations. Similarly, Gibbs et al. (2011)
demonstrated that at environmentally relevant P concentrations allophane would bind 5 g P kg-1 but
could bind up to 17 g P kg-1 at higher concentrations of dissolved phosphorus. The major advantage
that allophane has over the other products it that it is completely natural and therefore may be
perceived by stakeholders as desirable and its use may therefore attract less restrictions that other
geo-engineered products.

5.2

Experimental design

Four experiments were carried out to gain a fuller understanding of how each of the products would
act as flocculants and/or sediment cappers and how they would interact with aquatic plants.
(1)

The first laboratory study was a sediment incubation (capping) experiment which had three
goals; firstly, to see which product was best able to bind P in the unique environment of a peat
lake and secondly, to investigate the effects of the products on NH4+-N and NO3--N fluxes from
the lake sediments and thirdly to investigate the longevity of the effects of the products.

(2)

The two best performing products were then applied to limno-corrals in Lake Milicich to assess
product performance at a larger scale with lake conditions.

(3)

A laboratory experiment was used to assess the ability of each of the products to flocculate
out suspended materials and dissolved phosphorus from the water column.

(4)

The fourth experimental component involved the application of the two best candidate
products to 120 L tanks planted with submerged native macrophytes in order to examine if the
application of the products would interfere with the growth of macrophytes (see Section 6.2
for details of this experiment).

5.2.1 Sediment incubation experiment - capping
This experiment used intact sediment cores from Lake Milicich and compared fluxes of DRP, NH4+-N
and NO3--N from these, to those of cores whose sediments had been capped with geo-engineering
products. To replicate the observed stratification and loss of oxygen at the bottom of Lake Milicich,
the water passing through the incubation tubes was rotated through two cycles of aerobic/anoxic
conditions. Samples of the water coming into and out of the incubation chamber were taken, to
investigate the changes in DRP, NH4+-N and NO3--N concentrations after interaction with the
sediments and product/sediments.

Water and sediment collection
On the 22nd February twenty four intact sediment cores were collected from Lake Milicich, using a
Jenkins corer (Figure 3-3), for use in the constant flow incubation system (Gibbs and Özkundakci
2011, Gibbs et al. 2011). All of these cores were sourced from the middle of the lake which at the
time of collection was approximately 2.5 m deep. The lake was in the process of thermally stratifying
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after a mixing event. Following collection, each core and its overlying water was transferred into an
incubation tube and the top and bottom of the tube sealed with a high density foam plug. Each
incubation tube was then placed into a milk crate to keep the core vertical and reduce disturbance
while they were transported back to the laboratory.
During the same trip lake water was collected, and continued to be collected on a weekly basis
throughout the experimental period, which lasted from the 14th February to the 15th March 2017. A
pump was used to take surface water from the lake edge. To reduce the amount of sediment
collected during this process, the pump inlet was placed inside an upright 20 L bucket while in the
lake. The water was pumped into wide neck black Alkathene tank that was fitted with two plastic bin
liners (one inside the other). After each tank was filled, the bin liners were tied at the top using zip
ties and the tank lid fitted to reduce spillage during transportation back to the laboratory.

Experimental setup
Following the collection of the sediment cores and lake water, they were transported back to NIWA
Hamilton and stored in a constant temperature room, set at 21°C, where the experiment took place.
The caps used for transportation of the cores were immediately removed to prevent artificially
creating anoxic conditions within the incubation tubes. During the incubation water flowed into all
of the chambers at a rate of 1.4 ml min-1 therefore, the volume of headspace above sediment
determined the period of incubation between the lake water, sediment and products. To ensure
valid comparison the headspaces above the sediments in all of the incubation tubes was adjusted to
100 mm which provided an hour of incubation. After headspace volume was created, the top bungs
were replaced and aerated lake water was run through the incubation cores for 4 days, while
allowing the sediment cores to equilibrate to conditions within the incubations tubes before the
application of the treatments.
To replicate stratification observed in Lake Milicich and common to other shallow lakes, the sediment
cores were subjected to two alternating cycles of aerobic/anoxic conditions. Aerobic conditions in
the lake water were created by bubbling air from outside the building into the tank of lake water,
which was feeding the incubation tubes, through aeration stones. Similarly, anoxic conditions were
created by bubbling pure N2 into the drum of lake water feeding the incubation tubes. When the
lake water was being made anoxic, pH in the drum was adjusted by intermittently bubbling CO2 into
the drum to maintain the pH between 5 and 7. To ensure that anoxic conditions were created in the
drum, the double layer of bin liner (lining every drum) was sealed around the gas inlet tubes and the
water extraction tubes using zip ties (Figure 5-1). This double plastic bin liner created an airlock
around the lake water as the nitrogen gas escaping from the inner bag fills the outer bag, which
insulates the lake water from the atmosphere. Before use in the incubations, all drums with anoxic
water were bubbled with N2 and CO2 for a minimum of 4 hours to ensure they were anoxic before
being run through the incubation chambers. Previous work using a similar method noted that anoxic
conditions were achieved within 2 hours (Gibbs and Özkundakci 2011, Gibbs et al. 2011).
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Figure 5-1: Sediment incubation experiment showing water tanks. The tanks containing anoxic lake water
can be seen on the left of this photo. Water from the tanks was pumped by the peristatic pump into the
headspace above the sediments in the incubation tubes.
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Product application
All cores were labelled prior to the application of products. The application of products took place
after the 4 day settling period. Where possible, slurries and liquids were used for application as they
allow for the most even distribution of the product across the top of the sediment cores, ensuring
the best performance of the products. After the addition of the products, 2 days with anoxic water
flowing over the cores were allowed before sampling commenced. This provide time for all of the
products to have settled on the sediment surface and an equilibrium between the water and
sediments achieved.
Dose rates of the products were calculated based the amount of phosphorus found in the top 4 cm
(see section 3.2.1) of lake sediments (Cooke et al. 2005) and previous finding of the phosphorus
binding ability of the product, where known. This was not possible for PAM as it is a flocculent, not a
phosphorus binding agent. Therefore, its dose rate was based on those found in the literature, at 5
mg l-1 in the water column above the sediments (Wong et al. 2006, Zou et al. 2006). The dose rate of
LMS was undertaken on the advice of Gang Pan and discussions with Prof David Hamilton. Alum,
Aqual-P and allophane have had their ability to bind phosphorus in lake sediment estimated by Gibbs
et al. (2011), thus their dose rates were calculated in order to be able to bind all of the phosphorus
found in the top 4 cm of sediments. The allophane treatment was separated into two treatments
based on grain size; fine (<100 μm) and coarse (between 100 and 400 µm), as Gibbs et al. (2011)
report that grain size had a significant effect of the P flux from sediments covered with different
grain sizes of Aqual-P and it is likely that such an affect will also occur with allophane. Alum was
added in a 2:1 ratio with sodium bicarbonate, as recommended by Cooke et al. (2005) to ensure that
alum flocs were formed in the slightly acidic and low alkalinity environment found in Waikato peat
lakes.
The LMS treatment was prepared in Gang Pan’s laboratory in China, and was brought into New
Zealand under permit (MPI). It is a combination of oxygen nano-bubbled zeolite and a chitosan
solution which is mixed with a local soil. As a geo-engineering solution, the oxygen nano-bubbled
zeolite oxygenates the surface of the sediments to reduce phosphorus fluxes and the chitosan-local
soil mixture as a flocculent aims to clear the water column. The method used to produce LMS is
patented and therefore not detailed in this report. The LMS was applied to the sediment cores as a 1
cm layer of oxygen nano-bubbled zeolite (Gang Pan pers. comm. February 2017) in combination with
a local soil that was mixed with the chitosan solution. The chitosan solution was mixed with the local
soil at a ratio of 1:1 10g l-1 soil solution to chitosan solution (300 mg l-1). This mixture was added at a
ratio of 1:3 (Gang Pan pers. comm. February 2017) to the overlying water column. The soil that was
used in this mixture was a composite garden soil, primarily Waikato farm soil/pasture without
fertiliser added and therefore representative of soil in the local region. Those cores treated with
product from China were held in a separate container and all waste was collected and disposed of in
accordance with permit and transitional facility conditions.
Each product treatment had three replicates and there were 3 controls (untreated cores). Two
peristaltic pumps, drawing from a single source of lake water, were used for the incubation as there
were 24 cores and a simple pump has the capacity for 20 cores.
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Figure 5-2:

Sediment incubation experiment. Post-application

Previous work using the continual flow incubation system (Gibbs and Özkundakci 2011, Gibbs et al.
2011) has shown that the sediment cores can rise within the incubation tubes due to gas production
in the sediments. This movement can disrupt the sediment and products on sediment surface as well
as altering the contact time between the water, sediments and products. Such a rising of the
sediment cores within the incubation tubes was observed over the 4 day settling period in some of
the cores. To hold the core in place, 2 cm plastic meshing was inserted in the top of the incubation
chambers (Figure 5-3) after the treatments had been applied. After the meshing had been placed
inside the chambers the top bungs were replaced and the continuous flow incubation system started
and let run for 2 days under anoxic conditions before sampling was started.
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Figure 5-3: Photo of the 2 cm2 plastic meshing placed over the sediment core to ensure that did not rise
within the incubation tubes.

Table 5-1:

Product application rates used in the incubations, limno-corrals and settling tube experiments.
Application rate g m-2

Product
Alum
Aqual-P
Allophane
PAM
LMS

62 g m-2
148 g m-2
172 g m-2
5 mg l-1 in the overlying water column
1 cm layer of nano-bubbled zeolite and 10 g l-1 of the chitosan-local soil mixture add at a ratio of
1:3 to the overlying water column in the incubation chambers

Sampling procedure
Samples were taken from the lake water both before entering the incubation tubes and after it
passed through the incubation tube. By comparing the differences in the concentration of NO3--N,
NH4+-N and DRP, the fluxes of these nutrients was calculated for each of the different treatments and
compared to that of the controls to evaluate the effect of each product. Water samples for dissolved
metals released by the products and sediments were taken at the start of the first aerobic and anoxic
phases. All water samples were filtered (2.5 cm Whatman GF/C glass fibre filter in a Swinnex filter
holder) directly into a sample bottle, at the time of sampling. The samples for metals were preserved
in nitric acid and stored at room temperature while the nutrient samples were frozen after each
sampling round.
The conditions in the incubation chambers were alternated twice through anoxic and oxic periods.
After each change in oxygen availability, sampling was not re-started for 2 days to ensure that an
equilibrium had been reached between the sediment and the lake water over the sediment cores.
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Each oxic and anoxic phase lasted approximately 4 days but some phases were extended to ensure
that conditions within incubations tubes were in equilibrium. Each phase was sampled 4 times with
water samples collected for analysis of dissolved nutrients.
After the completion of the incubation, the three control cores were used to evaluate the variability
in the sediment core chemistry. The control cores were extracted from the incubation tubes and
sectioned into 0-1, 1-2, 2-3, 3-4 and 4-10 cm depths which were individually placed into zip locked
bags. Each of these sections was analysed for total carbon, nitrogen and phosphorus.

5.2.2 In-lake limno-corrals
The limno-corrals were set up at the southern end of Lake Milicich in a water depth of approximately
1.8 m (ca 1.7 to 1.9 m deep). The limno-corrals were deployed in two parallel lines containing 5 and
4 limno-corrals each, and were supported by a “mussel-farm” type rope backbone between four
surface buoys (Figure 5-3). The limno-corral walls were made of black polyethylene (120 μm thick)
tubing. The top and bottom of the limno-corral had a diameter of 1.6 m, enclosing an area of 2 m2.
Each limno-corral plastic tube was attached to and tensioned between a weighted ring and a floating
ring that were made from 40 mm alkathene water pipe. The weighted ring was full of lead weights
(c.a. 30 kg) and had holes drilled into it to allow gas to escape.
A total of 9 limno-corrals were deployed; 3 were treated with alum, 3 with Aqual-P and 3 were used
as untreated controls. The treated limno-corrals were dosed by pouring a slurry of Aqual-P and
flocculated alum mixtures on the surface of the water inside each of the polythene tubes. At the
time of application, 10th March, these two products had been identified as being the best candidates
for the rehabilitation of Lake Milicich. The rates applied were, on an area basis, the same as those
used in the sediment incubation and settling tube experiments (Table 5-1). As in the previous
experiments, alum was mixed in a 2:1 ratio with sodium bicarbonate to buffer the mixture and
ensure that Al(OH) flocs were formed before application to the lake.
A water sample was taken from each of the limno-corrals on a weekly basis; one sample was taken
from below the water surface and another approximately 30 cm above the sediments. Samples from
the top of the limno-corral were taken by dipping the sampling containers in the water. The samples
from above the surface of the sediments were taken using a van-Dorn type water bottle sampler. A
weight was attached to a string suspended 30 cm below the van-Dorn sampler which allowed the
height above the sediments to be estimated during sample collection. Light was also measured at
the top and bottom of the limno-corrals every 15 minutes using Hobo pendant loggers (lux). The
surface loggers floated on the water, whilst the submerged loggers were weighted to a fixed depth of
0.25m above the sediment surface. Light as PAR was periodically measured at the top and bottom
(at 1.25m) of the limno-corrals using a Licor underwater sensor (LI-192 with a LI1400 logger).
Initially, the floating rings on the surface of the water were left open at the surface of the water,
however, multiple storm events that deposited over 334 mm rainfall in two large events between the
8th of March and the 6th of April caused the limno-corrals to be overtopped during this period. After
this event, floats were attached to 50 cm of excess plastic at the top of the limno-corrals, allowing
this plastic to rise as lake levels increased, keeping the limno-corral isolated from the surrounding
lake. These floats were attached with zip ties with additional zip ties added, with their tails pointed
up, to dissuade water fowl (water fowl were never seen on the limno-corral nor was any evidence of
their presence observed). However, even this proved insufficient as the limno-corrals were
overtopped again between the 4th and 6th of April when ex-cyclone Debbie caused 118 mm of
rainfall. These events can be seen in the water quality data from this experiment but exactly how
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they affect the limno-corrals is not clear as were changes in the bottom of the limno-corrals that
were not present in the top. Thus, it is not clear if the inputs that affected limno-corral water quality
entered from the top of the limno-corral due to overtopping or from the bottom as currents created
in the lake created fluxes of pore water which entered the bottom of the limno-corral. Regardless,
periods of increased lake levels and high levels of inflows are natural events that the products would
have to deal with when applied to a lake. Therefore, how the products performed under these
circumstances is of interest to future lake geo-engineering projects.

Figure 5-4:

Limno-corral installation.

5.2.3 Settling tube experiment
Setting tubes made from thin-walled PET (Polyethylene terephthalate) were used to measure the
ability of the products to clear the water column of a peat lake; they had a height of 1.2 m and an
area of 78.5 cm2, containing a water depth of 1 m. The water contained in the tubes was taken from
Lake Milicich with the method detailed in section 5.2.1. The water, stored in Alkathene barrels, was
agitated to re-suspend any materials that fell out of suspension during storage. The appropriate
amount of each of the sediment capping products (based on the aerial loading rates to neutralise the
top 4 cm of sediment P) was then mixed into 100 ml of lake water before being applied to the
surface of the lake water in the settling tube. The chitosan/local soils solution portion of the LMS
treatment, which is the flocculent component of LMS and the PAM treatment rates were applied to
maintain the concentrations used in the sediment incubation experiment in a water column depth of
1.5 m (the approximate average found in Lake Milicich) adjusted to the water volume in the settling
tube. Three tubes did not receive any products and their increase in water clarity served as the
control. A summary of the product application rates is provided in Table 5-2. Photos of the water in
the columns were regularly taken to monitor the ability of each of the products to clear the water
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column. Three days after the application of the products, the clarity in each of the settling tubes was
also assessed using a modified black disc method (Figure 5-5).

Figure 5-5: Photo of the settling tube experiment after the application of the products and the inserted
photo with the white arrow indicates the black disc used to assess water clarity.

5.2.4 Analytical analysis
Water samples from the sediment incubations, in-lake limno-corrals (section 5.2.2) were analysed at
Hills laboratories. At Hills laboratories samples for total nitrogen and total phosphorus digestions
were completed using sulphuric acid and acid persulphate digestions respectively. Total ammoniacal
nitrogen was determined by phenol/hypochlorite colorimetry on a discrete analyser. NO2--N + NO3-N concentrations (reported here as NO3--N) were colorimetry determined on a flow injection analyser
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after cadmium reduction. DRP was analysed using molybdenum blue colorimetry on a discrete
analyser. Total phosphorus was determined using ascorbic acid on a discrete analyser.

5.2.5 Statistical analysis
PERMANOVA function in Primer 7 (version 7.0.12) (Clarke and Gorley 2007) was used to explore
differences in NO3--N, NH4+-N and DRP concentration in the in-lake limno-corrals. A repeated
measure PERMANOVA design was used with product as a fixed variable and time as a random
variable. All data was normalised before a resemblance matrix based on Euclidian distances was
constructed. PERMANOVA was run using a minimum of 9000 permutations with differences
between the treatments examined using the pair-wise function. T-test performed in Microsoft Excel
2013 using the data analysis package to investigate differences in the effects of each of the products
compared to control sediment cores during the incubations. Significant relationships were defined
as those with a p-value <0.05. No statistical analysis was performed on the data from the settling
tubes due to the lack of variability in the results. T-tests were also used to assess differences in
fluxes between the first and second aerobic and anoxic phases.

5.3

Results

5.3.1 Sediment incubation
Results from the continuous flow incubation system are based on difference between the
concentrations of nutrients coming in to and out of an incubation tube. If concentrations coming out
of the incubation tubes increased compared to that which was entering then a positive flux was
produced. Likewise, a negative flux was produced if the concentration leaving an incubation
chamber was less than that which entered the chamber. All fluxes have been expressed in the units
of mg m-2 day-1 which is based on the period of time the lake water spent in the incubation tube and
the surface area of sediment in each core. To gauge how the products affected natural fluxes of DRP,
NH4+-N and NO3--N comparisons have been made between the sediment only controls and the
sediments to which products were applied. A product could create a negative flux, a positive flux or
when compared to the control cores, it may reduce or increase fluxes from the sediments.
DRP fluxes
During the first and second anoxic periods the control cores had a flux of phosphorus of 8.21 ± 2.52
and 10.10 ± 2.11 mg P m-2 day-1, respectively. Throughout the first anoxic phase all of the products
tested reduced the flux of phosphorus from the sediments (Figure 5-6) but due to a large amount of
variability in these fluxes across the replicate cores only alum was found to significantly reduce
sediment phosphorus fluxes (p>0.05). The most effective products at reducing phosphorus fluxes
were alum, fine allophane, LMS and coarse allophane, respectively. Aqual-P and PAM had fluxes that
were lower than the control but remained positive, suggesting that they were unable to completely
bind both the phosphorus coming in to the incubation chamber in the lake water and the flux coming
from the sediment. The second anoxic phase followed similar patterns to those found during the
first phase; with the controls, PAM and Aqual-P having positive fluxes of phosphorus while all other
treatments had negative fluxes (Figure 5-6). The same sequence of best performers was found in the
second anoxic period as in the first anoxic period. In addition, there was a significant increase in the
flux of phosphorus coming from all treatments and the control between the first and second anoxic
periods.
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Under aerobic conditions, the control treatments were a sink for phosphorus with fluxes of -1.12 ±
and -1.89 ± 1.08 mg P m-2 day-1, respectively, during the first and second oxic periods. During the
first aerobic period, coarse allophane, fine allophane and PAM all had negative P fluxes lower than
found in the controls, indicating the products were acting as phosphorus sinks. Comparatively, alum,
Aqual-P and LMS all had positive P fluxes which, given the negative fluxes in the controls, suggests
that the products themselves where sources of phosphorus to the water column. During the second
aerobic phase all of the products with the exception of LMS were sources of P to the water column
even though the controls (sediment only), was a sink. However, in neither the first nor the second
aerobic phase were any of the products found to be significantly different from the controls.
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Figure 5-6: Mean (± standard error) fluxes of DRP for each of the geo-engineering products and the
controls under aerobic and anoxic conditions.
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NH4+-N fluxes
The control cores in the both the first and second anoxic periods were sources of NH4+-N to the water
column releasing 389 ± 73 and 363 ± 114 mg of NH4+-N m-2 day-1, respectively. During the first
aerobic period all products with the exception of LMS increased the flux of NH4+-N from the
sediments compared to the control, suggesting an increase in the rate of N mineralisation was
occurring within the sediments (Figure 5-7). However, none of these fluxes were found to differ
significantly from the control cores. During the second anoxic phase a similar pattern occurred with
all of the products increasing the flux of NH4+-N from the sediment, with the exception of LMS. LMS
had a negative flux of NH4+-N showing that it was not only blocking the release of NH4+-N from the
sediment but also taking NH4+-N out of the incoming water (Figure 5-7). Similarly to the first anoxic
phase, no significant differences were found in NH4+-N fluxes in the second anoxic phase.
During the first and second aerobic phases the NH4+-N fluxes from the control cores were 222 ± 110
and 191 ± 47 mg of NH4+-N m-2 day-1, respectively. During the first phase, fluxes of NH4+-N were
greater than control in both the allophane treatments as well as in the alum treatment (Figure 5-7).
However, Aqual-P, PAM and LMS treatments reduced NH4+-N fluxes compared to the controls,
indicating they were absorbing some of the NH4+-N being released from the sediments. LMS was the
only product that significantly reduced the fluxes of NH4+-N compared to the control. In the second
aerobic phase LMS, PAM, coarse allophane and Aqual-P all reduced the flux of NH4+-N compared to
the control. PAM reduced the fluxes significantly. PAM was the only product that created a negative
flux during this final aerobic phase indicating that it retained both the NH4+-N entering the incubation
chambers in the lake water and that coming from the sediments.
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Figure 5-7: Mean (± standard error) fluxes of NH4+-N for each of the geo-engineering products and the
controls under aerobic and anoxic conditions.

NO3--N fluxes
The control sediments were sinks for NO3--N during the first and the second anoxic periods with
fluxes of -200.08 ± 189.95 and -319.33 ± 84.61 mg of NO3--N m-2 day-1, respectively. The negative
fluxes in the controls indicates NO3--N was diffusing out of the water column and into the sediments
were it was being denitrified. All of the products, with the exceptions of coarse and fine allophane,
had negative NO3--N fluxes during the first anoxic period (Figure 5-8). However, none of these fluxes
were as low as in the control cores, indicating that the application the products likely inhibited the
diffusion of NO3--N from the water column into the sediments, restricting denitrification. Both coarse
and fine allophane had positive fluxes of NO3--N, implying that the allophane itself was a source of
NO3--N. However, none of the products significantly affected NO3--N fluxes compared to the controls
during the first anoxic period. Similar results were found in the second anoxic period with the
application of all products reducing the loss of NO3--N from the water column (Figure 5-8), but no
product was significantly different to the control.
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The first aerobic phase the control cores were a sink for NO3--N with a flux of -293.30 ± 249.78 mg of
NO3--N m-2 day-1, but during the second aerobic phase the control cores became a source of NO3--N
with a flux of 142.09 ± 60.86 mg of NO3--N m-2 day-1. During the first aerobic phase, LMS, alum, PAM
and Aqual-P all had negative fluxes of NO3--N which were more negative than the controls, indicating
that they increased the retention of NO3--N (Figure 5-8). Comparatively, both coarse and fine
allophane had positive fluxes during this period illustrating that they released enough NO3--N to
exceed the loss of NO3--N occurring in the sediments. Coarse allophane had a significantly greater
flux compared to the controls, but no other product differed significantly from the controls. During
the second aerobic phase, all of the products, with the exception of LMS and alum released more
NO3--N than did the control cores (Figure 5-8) suggesting that nitrification had become enhanced.
Again, in this second aerobic phase, when the sediments had become a source of NO3--N, both alum
and LMS were sinks for NO3--N, reducing the loss from the sediments and that entering the chambers
in the lake water. Both alum and LMS were significantly different from the control cores in the
second aerobic period.
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Figure 5-8: Mean (± standard error) fluxes of NO3--N for each of the geo-engineering products and the
controls under aerobic and anoxic conditions.
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5.3.2 Settling tube experiment
Only PAM and allophane were able to increase the depth of light penetration into the water column
compared with the untreated lake water control. The black disc measurements, taken 3 days after
the application of the products to the settling tubes show that allophane and PAM had the greatest
effect on water clarity (Table 5-2). Alum was the next best performer, followed by LMS and Aqual-P,
respectively but when compared to the controls these products decrease light penetration.
Table 5-2:
Treatment

Water clarity in the settling tubes 3 days after treatment.
Black disc depth (cm)

Control

53

Alum

43

Aqual-P

50

LMS

49

PAM

>100

Allophane

>100

5.3.3 In-lake limno-corrals
The limno-corrals were twice disturbed by storm events (Figure 5-9) during the experiment and were
also influenced by a collapse of the phytoplanktonic community on one occasion. The effects of the
first storm event and the phytoplanktonic collapse were seen in the TP, TN, NH4+-N, and NO3--N data,
but the effects were less clear on DRP (Figures 5-10, 5-11). These disturbances were visible on the
2nd and 5th sampling points which was the first sampling points after the two applications of alum and
Aqual-P to the limno-corrals. These events provide us with an opportunity to investigate how these
two products were able to respond to an increase in the amount of suspended material deposited
onto the sediments, and a possible increase in the in-flux of groundwater into the lake due to an
increase in the height of local water table.
TP
At the top of the limno-corrals, concentrations of TP did not significantly vary between the limnocorrals, but there was a significant effect of time (p>0.001). A similar result was found at the bottom
of the limno-corrals, with no difference between the treatments, although there was a significant
effect of time (p<0.05). At the top, the concentration ranged from 0.05 to 0.1 mg l-1 except in the
controls where, following the first storm event the concentration was raised to 0.19 ± 0.01 mg l-1,
and over the next two weeks declined to levels found in the treated limno-corrals. At the bottom of
the limno-corrals, two clear peaks in concentrations occurred; the first of which was caused by a
storm event and the second coincided with an increase in Chl a at the bottom of the limno-corrals,
suggesting that it was caused by the collapse of a phytoplankton bloom. All the limno-corrals were
affected by this events suggesting that they were whole of lake events as opposed to a response to
the application of the products.
DRP
At the top of the limno-corrals, DRP concentrations were not significantly affected by the addition of
the products, but there was a significant effect over time (p>0.001). Whereas, at the bottom the
limno-corrals product addition had a significant effect on concentration (p>0.001). Pairwise testing
revealed that the alum treatment had significantly higher DRP concentrations than those found in
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the Aqual-P (p>0.001) and control limno-corrals (p>0.001). Concentrations of DRP also significantly
varied through time (p>0.05) in the bottom of the limno-corrals. At the bottom of the limno-corrals,
after the time zero sampling and the application of the products, a storm event resulted in an
increase in the concentrations of DRP in the control limno-corrals, but not in limno-corrals where
Aqual-P and alum had been applied. Following this event, DRP concentrations declined in all limnocorrals until the 31st of March when the second product application was made. After this second
application, concentrations in the bottom of the limno-corrals gradually increased over the
remainder of the experimental period, in all of the treatments. Surface concentrations of DRP were
largely unaffected by the first storm event and remained relatively consistent until after the second
storm event, when DRP concentrations gradually increased until the end of the sampling period.
TN
At the top of the limno-corrals, TN concentrations significantly varied with time (p<0.001) but no
difference was found between the limno-corrals treated with alum, Aqual-P or the controls. Similar
results were found at the bottom of the limno-corrals, with the addition of the products not having a
significant affect, although time did have an effect (p<0.05). At the top of the limno-corrals,
concentrations increased after the first storm event, but overall, the concentrations in the alum,
Aqual-P and control limno-corrals remained similar over the sampling period. At the bottom of the
limno-corrals, the first storm event was also followed by a small increase in TN concentration in the
control and alum treatments, and a larger increase in the Aqual-P treatment. Another spike in
concentration occurred after the re-application of products and this spike was larger in the alum
treatment than in the control or Aqual-P treated limno-corrals. The second storm event did not
affect concentrations of TN in the bottom of any of the limno-corrals.
NH4+-N
At the top of the limno-corrals, both time (p<0.001) and the addition of products (p<0.05) had a
significant effect on the NH4+-N concentrations, although pairwise testing was unable to separate
products and controls from one another. At the bottom of the limno-corrals, time (p<0.001) but not
product addition has a significant effect on NH4+-N concentrations. The significant variation in time
at both the top and bottom of the limno-corrals was likely influenced by the first storm events, the
collapse of an algal bloom and the sedimentation of algal biomass. The first storm event did not
affect concentrations at the top of the limno-corrals suggesting that NH4+-N may have been entering
the corrals through the sediments as an increase was evident in the bottom of all of the limnocorrals. Prior to the second storm event and post the re-application of the products, NH4+-N
concentration increased at the bottom of all limno-corrals. However, this happened across all limnocorrals suggesting that this event was not being influenced by the re-application of products. At this
time there was an increase in other solutes at the bottom of the limno-corrals indicating a possible
collapse of the phytoplankton community.
NO3--N
At the top and bottom of the limno-corrals, the addition of the products did not have a significant
effect on NO3--N concentrations, but concentration did vary significantly with time (p<0.001).
Concentrations of NO3--N at the top and the bottom of limno-corrals were similar, and were largely
influenced by the storm events, resulting in an increase in NO3--N concentrations. However, between
these events concentrations in both the top and bottom of the limno-corrals steadily declined in
conjunction with an increase in NH4+-N and Chl a concentrations. This pattern was not repeated
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after the second storm event when NO3--N concentrations remained high. This change in behaviour
of NO3--N after a mixing event is likely influenced by the lake remaining mixed after this event.
Chl a
Chl a at the top and bottom of the limno-corrals was not significantly affected by the addition of the
products but did vary significantly through time (p<0.001). At both the top and bottom of the limnocorrals, increases in Chl a concentrations indicate that the first storm event may have influenced
productivity. A few weeks after the second product application, Chl a in the top of the Aqual-P
treated limno-corrals increased while there were decreases in both the alum and control limnocorrals. However at this time, there was an increase in Chl a concentrations in the bottom of all of
the limno-corrals suggesting a collapse of the algal community.
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Figure 5-9: Storm events associated with high rainfall over the study period. (Source: NIWA National
Climate Database)

48

Waikato Shallow Lake Rehabilitation

0.25

0.5

a

0.4

NH4+-N (mg l-1)

TP (mg l-1)

0.2
0.15
0.1

0.2

0.05

0.1

0

0

0.02

0.8

Alum

0.7

AqP

0.6

Control

d

b
NO3--N (mg l-1)

0.016

DRP (mg l-1)

0.3

0.012
0.008

e

0.5
0.4
0.3
0.2

0.004

0.1
0

0
140

3

c

2.5

100

Chl a (μg l-1)

2

TN (mg l-1)

f

120

1.5
1
0.5

80
60
40
20

0

9-May

2-May

25-Apr

18-Apr

11-Apr

4-Apr

28-Mar

21-Mar

14-Mar

7-Mar

9-May

2-May

25-Apr

18-Apr

11-Apr

4-Apr

28-Mar

21-Mar

14-Mar

7-Mar

0
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Temperature
Surface water temperature in the limno-corrals dropped from a daily mean of ca 24°C in March to a
daily mean temperature of less than 20°C by May. As expected, bottom water temperatures were
less variable on a daily basis than surface temperatures, but similarly showed a decrease during the
course of the study from an average of 20°C to 13°C over the March to May period (Appendix D,
Figures D1-2).
Light
There was a general decrease in light from April onwards, compared with mid-March light levels.
This may be due in part to seasonal change but also to the accumulation and growth of biofilms on
logger surfaces that is expected to reduce light over time (Appendix D, Figure D-3). However the
maximum surface light in March was double the maximum values recorded in April and May.
Notable weather events (Figure 5-9) were also associated with reduced light levels (eg., Cyclones
Debbie 3-5th April and Cook 12-14th April). In addition, surface light in the alum tanks declined more
than in other tanks and may be attributed to the logger(s) being lodged into the side of the limnocorral.
The loggers recording sub-surface light levels show consistently lower light than at the surface, with
an estimated 0.1% of surface light reaching 1.5m water depth in the lino-corrals (Appendix D, Figures
D3-4). The proportion of surface light at 1.5m is less than that recorded in the middle of lake (as PAR
(section 3.2.2)) but the black walls of the limno-corrals would also reduce light (other than that which
is down-welling). Light was consistently low in the limno-corral treated with Aqual-P compared with
the alum treated and untreated control limno-corrals. Aqual-P was applied at over twice the aerial
rate of alum so it is likely that cover of Aqual-P was denser on the loggers than alum was, blocking
the light that could be recorded as it . As seen in the tanks based study at Ruakura (section 6.2) there
was variability in the way the product settled on the base on those tanks (including bare patches).
Therefore, it is reasonable that the same variability may have occurred in the limno-corrals. As
observed with the surface light loggers, there was a general decrease in light from April onwards with
maximum values in March more than three times the maximum light level recorded in April-May. In
addition at least two of the storm events (cyclone Debbie and Cook) observed as low light in the
surface loggers were aligned with reduced sub-surface light. Of note, several storm events over the
study period also resulted in high rainfall that raised the level of the lake, and hence the limnocorrals, leading to an increase in water height above the sub-surface loggers, confounding
interpretation of changing light levels related to product use versus other factors. However, based
on the logged data the use of alum or Aqual-P did not result in increased light level compared with
levels in the control limno-corrals. The apparent trend of decreasing sub-surface light after the
second treatment (31 March) is most likely associated with other factors (e.g., biofilms, season)
rather than the products as the decline was also observed in the control limno-corrals (i.e., no
product added).
Light recorded periodically with the PAR sensor was also highly variable between limno-corrals (e.g.,
from ca 1100 to 200 µmol photons m-2 s-1 on 22 March), and associated with changing cloud cover
that occurred to different extents on all monitoring days (Appendix D, Figures D-5, D-6). Both surface
and sub-surface (1.25 m) light levels were lower in early April compared with other monitoring
events, which was attributed to the high rainfall and persistent cloud associated with Cyclone
Debbie. Sub-surface light (1.25 m) was approximately 1% of the surface light, this is notably higher
than the light level at 1.5 m recorded by the loggers (notably these measure total light (Lux) and are
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not directly comparable with PAR). There were no clear trends in subsurface light relative to product
application, although these period measures of subsurface PAR in Aqual-P limno-corrals were
generally above the levels recorded from alum and un-treated control limno-corrals.

5.4

Discussion

5.4.1 Phosphorus
Although all the products reduced the flux of phosphorus coming from the sediments, only alum
resulted in significant reductions. This lack of significant effects was attributed to the high variability
in phosphorus fluxes coming from both control and treated sediment cores. The cause of this
variability is two-fold. Firstly, variability in the sediments with the cores, as illustrated by the P
content of the cores taken to assess sediment chemistry (Table 3-2), the post incubations total
nutrient content of the control cores (Table C-1) and P fluxes in this experiment, and secondly in
treatments, where variation could also be attributed to product coverage. The variability caused by
product coverage was related to the incompleteness of the coverage of the sediments which was
influenced by the grain size of particular products. Larger grain sizer had more incomplete coverage
and smaller grain sizer more complete coverage. However, LMS which was very coarse grained and
had a thicker layer (1 cm) over the sediment, was still the third most variable of the products tested.
Despite the variability in the P fluxes and lack of significance differences between the products and
the controls during the experiment, the magnitude of the P flux increased significantly from the first
to the second anoxic period, suggesting that the products were becoming less efficient at reducing
the sediment P flux through time. During the first anoxic phase the products reduced sedimentderived phosphorus fluxes by about 200%, while in the second anoxic phase this had declined to
approximately 20% of the sediment-derived fluxes. The efficiency of sediment capping agents is
known to reduce through time due to sedimentation and the saturation of all of the binding sites on
the products (Cooke et al. 2005). However, neither of these factors are likely to have been significant
during the incubation. Therefore other factors are implicated, such as humic acids in the lake
sediments that may be competing with phosphorus for binding sites on the products.
Humic acids and tannins are known to interfere with the adsorption of phosphorus to Al(OH)3 in lake
sediments (De Vicente et al. 2008), wastewater treatment plants (Omoike and VanLoon 1999, Guan
et al. 2006) and in soils (Gerke 1993, Bhatti et al. 1998). The high organic matter content found in
peat lakes, such as Milicich, may reduce the phosphorus binding capacity of alum and possibly the
other aluminium based products; Aqual-P and allophane. Given the dark yellow colour of Lake
Milicich water and peat surroundings, it is likely that there is a high concentration of tannins and
humic substances in the water column (Davies-Colley 1987). The efficiency of LMS also decreased
from the first to the second anaerobic period which may have been related to the consumption of
oxygen in the nano-oxygen bubbles by bacterial metabolism, and/or the loss of binding sites similarly
to the aluminium based products given the release of aluminium found in the LMS treatment.
Similarly to the decrease in efficiency of the aluminium based products between the anaerobic
phases of this experiment, the release of P during the oxygenated phase is likely to be related to the
availability of aluminium binding sites on the products. The presence of other elements competing
for these binding sites during the aerobic phases is suspected, as the products did not became
sources of P under anoxic condition. Therefore, it seems the presence of oxygen in the incubation
chambers was allowing the production of substances that were competing for binding sites,
additional to organic matter, on alum, Aqual-P, allophane and LMS. Hydroxyl ions, which Omoike
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and VanLoon (1999) note are competitive with orthophosphates and tannins for binding sites on
aluminium, are produced in dark, oxygenated conditions by the reduction of humic acids (Page et al.
2012). Dark oxygenated conditions, similar to those under which Page et al. (2012) observed the
production of hydroxyl ions, occurred during the aerobic phases of our experiment. Therefore, it is
likely that this production of hydroxyl ions was out-competing orthophosphate at aluminium binding
sites (Omoike and VanLoon 1999) and when combined with the already high concentration of organic
matter (competing for Al(OH)3 binding sites) caused the release of phosphorus observed from alum,
Aqual-P, LMS, and allophane during the aerobic phases of the incubations.
Regardless of the cause of these fluxes, the release of phosphorus found during the aerobic phases of
this incubation, illustrate that the application of these products to peat lakes negates one of the
fundamental principles of lake geo-engineering; that P binding agents should not release P under
natural conditions. The conditions under which these releases were observed during the incubation
occur every night during mixing events in a shallow peat lake such as Lake Milicich. During the
anaerobic phase the products reduced this flux, although the longevity of this reduction declined
with time. However, there may still be a use for these products as flocculants to increase the depth
of light penetration in degraded lakes.
The concentration of DRP during the deployment of the limno-corrals in Lake Milicich was
significantly higher in the alum treatment than in either the Aqual-P or control limno-corrals but
these also had higher levels prior to product application. The only exception to the alum limnocorrals having the highest DRP concentration occurred during on second sampling point after the
initial product application and the first storm event. At that time, concentrations of DRP in the
control limno-corrals were higher than all others, suggesting that the added products were reducing
the flux of DRP. However, this only occurred on this one sampling occasion. Thus, it seems that the
results from the limno-corrals are similar to the findings of the incubations; the products were, at
best, only able to reduce sediment fluxes for a short duration.

5.4.2 Nitrogen
During the anaerobic phases of the incubations the presence of most of the products increased the
fluxes of NH4+-N and NO3--N compared to the untreated controls. The increase in fluxes of NH4+-N
could be caused by two mechanisms; a suppression of nitrification or an increase in the rate of
organic matter mineralisation. As nitrification requires the presence of oxygen, but this increase
occurred under anaerobic conditions, it is likely that application of the products increased the rate of
organic matter mineralisation. A similar increase in fluxes of NH4+-N was observed by Gibbs et al.
(2011), under anaerobic conditions, when allophane and another capping agent Phoslock™ were
applied to the sediments of Lake Rotorua. Unlike the other products, the addition of LMS and AqualP did not increase fluxes of NH4+-4. This is due to the zeolite content if these products binding NH4+N (Gibbs and Özkundakci 2011, Gibbs et al. 2011).
During both anaerobic phases, the application of all products resulted in an increase in NO3--N
fluxes. As the sediments would not have been a source of NO3--N during the anaerobic phases (due
to the absence of oxygen inhibiting nitrification), the only NO3--N able to be denitrified had to be
entering the incubation chambers in the lake water. Hence, as previously observed by Vopel et al.
(2009), the presence of the products was inhibiting the penetration into the sediment of the lake
water, and the NO3--N it contained, and therefore reducing denitrification rates, which resulted in
increased NO3--N fluxes compared the control cores.
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With the presence of oxygen in the overlying water column, the factors most affecting the fluxes of
NH4+-N and NO3--N from the sediments are the depth that the oxygenated water penetrated into the
sediments, and whether the products contained zeolite, enabling them to bind NH4+. Generally, the
presence of a capping layer reduced the depth of oxygen penetration into the sediments (Vopel et al.
2009) which reduced rates of nitrification, resulting in higher fluxes of NH4+-N and lower fluxes NO3-N. However, the addition of coarse and fine allophane dramatically increased the flux of NO3--N
above that found in the controls. Given that at the same time these treatments also increased fluxes
of NH4+-N, implying that the generation of NO3--N via nitrification was not inhibited, allophane
appears to have been inhibiting denitrification. A similar, though smaller in magnitude, increase in
the flux of NO3--N was also found by Gibbs et al. (2011), although no explanation for the suppression
of denitrification in the presence of allophane was provided. LMS also reduced the NO3--N fluxes
which may have been due to a restriction of nitrification, due to a reduced amount of NH4+-N, given
the large amount of zeolite, which binds NH4+-N, in this treatment.
Neither the first nor the second application of alum and Aqual-P had any visible effect on the
dynamics of NO3--N and NH4+-N in the limno-corrals. The changes in concentrations that were visible
appear to be related to the storm events either introducing material into the limno-corrals or the
cycling between NH4+-N and NO3--N being affected by the stratification and mixing events occurring
in the lake during the same period.
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6

Validate the revegetation method

In general terms, there are a number of factors that may, either individually or in combination, be
barriers to establishing native vegetation. These include poor water clarity, pest fish disturbance,
herbivory, competition from invasive macrophytes, low density (sloppy) sediment and depauperate
seedbanks (section 1).
Assuming the habitat within a lake has been rehabilitated and is suitable for macrophyte growth, the
presence/recovery of macrophytes is then dependent on the propagules that are present in the
seedbank, or those that may arrive naturally (i.e., via connected waterways or by waterfowl) or can
be deliberately introduced. The challenge here is that seedbanks decline over time, especially in
algal dominated systems and those where sediments are frequently disturbed e.g., presence of pest
fish, or exposed shorelines (de Winton and Clayton 1996).
Peat lakes may have limited macrophyte diversity (associated with dystrophic peat staining) and
when Lake Milicich was surveyed in 2009 no native submerged macrophytes were present (Edwards
et al. 2010). While a large number of Waikato peat lakes have lost their vegetation, there are several
examples of peat lakes in which native submerged macrophytes persist (e.g., de Winton and
Champion 1993, Edwards et al. 2010). For example Potamogeton ochreatus, Potamogeton
cheesemanii and Nitella sp. aff. cristata were most frequently recorded in low clarity peat lakes by de
Winton and Champion (1993). Less frequently encountered species included milfoil (Myriophyllum)
and Chara species (de Winton and Champion 1993).
To assess the feasibility of establishing vegetation in Lake Milicich, baseline data was recorded
(macrophyte survey and seedbank assessment) and a method to introduce macrophytes
(revegetation study) was investigated in conjunction with the most suitable flocculating and/or
capping products (i.e., alum and Aqual-P) that might be used in the lake to improve water clarity
(section 5).

6.1

Macrophytes and seedbank in Lake Milicich

As part of the baseline data collection (section 3.2), a survey was undertaken to determine if
submerged macrophytes were present in the lake and sediment cores were also sampled for an
assessment of the native seedbank.

6.1.1 Methods
During the week of 16th January, five profile sites in Lake Milicich (Appendix A, Figure 3) were
assessed for submerged vegetation by SCUBA divers (Clayton 1983). Divers also recorded
observations on water clarity and biota.
A total of 30 sediment cores (8 cm diameter, 10 cm height) were removed from the lake by the
divers, with 10 cores at each of three different sites (Appendix A, Figure 3). The cores were placed in
a chilly-bin for transport back to the laboratory. Half of the cores, 15 in total (five from each of 3
sites), were placed in a tank of water (ca 70 cm deep) under shade cloth (95%) at NIWA’s Ruakura
facility. These cores were observed monthly for signs of macrophyte germination. The remaining 15
cores, were sieved (500 and 250 µm aperture mesh) for enumeration of seeds or oospores
(charophyte seed) (de Winton et al. 2000).
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6.1.2 Results
No submerged macrophytes (native or alien species) or seeds were observed in the lake or in the
sediment cores. The intact cores in the cultivation tank were last observed on 30 May 2017 at which
time no seedlings were present.
The divers reported the marginal emergent species Typha orientalis from the shoreline to 1.3 m and
Eleocharis sphacelata from the shoreline to 1.2 -1.4 m water depth. Firmer sediments were located
along the north and north eastern side of the lake (Appendix A, Figure 2 (sites A, C, D)), compared
with the southern end of the lake where sediments were reported as soft and flocculent. These
observations corroborate the sediment hardness image generated from the sonar imaging (section
3.1, Figure3-2). No mussels were observed at any of the sites. Of note, there was sufficient light at
1.7 m for divers to read their depth gauges.

6.2

Revegetation study

Along with sufficient light (water clarity), aquatic macrophytes also require suitable substrates (e.g.,
nutrients, texture and density) to support growth (Barko 1983, Barko et al. 1986, Barko and Smart
1986). Naturally, as the water depth increases the light penetration decreases, which may be further
reduced by humic staining in peat lakes. As marginal emergent plants usually occupy the first 1 m of
water depth, water deeper than 1 m is likely to be targeted for revegetation, informed by
bathymetry and water clarity in the selected lake. The plant cultivation method needs to consider
plant size, such that plants are sufficiently tall and robust to overcome initial suboptimal light and/or
substrate conditions.
The planting methodology needs to consider water depth constraints, and that if a capping product
has been applied it is desirable that there is minimal sediment disturbance so that the capping
remains effective in retaining nutrients. In addition, the impacts of the flocculating agent on native
plants needs consideration. For example, if leaves are covered in a capping product during reapplication, will this have an impact on plant growth?
The suitability of the lake substrate to support plant growth after treatment with the candidate
product (section 5) will be validated by introducing native plants to capped lake sediment in tanks at
NIWAs Ruakura culture facility. Plant cultivation and planting methodology that could be used to
introduce macrophytes to a lake from the lakes surface, will be validated for use. In addition, the
impacts of the flocculating agent on native plants will be assessed.

6.2.1 Methods
Plants of Myriophyllum triphyllum, Potamogeton ochreatus, P. cheesemanii and Nitella sp. aff.
cristata were collected from the Waikato River and grown in culture tanks at NIWA’s Ruakura facility
until the end of November 2016. Biodegradable wood-pulp pots (10 cm diameter, 10 cm deep
(Fertilpots)) were prepared by adding topsoil so that the pots were ¾ full, and then a ca 1 cm layer of
washed sand was placed on top. The pots were then planted with one shoot (ca 15 cm long) of
either M. triphyllum, P. ochreatus, P. cheesemanii or a small clump (ca. 1 cm diam.) of N. sp. aff.
cristata. After planting the pots were submerged in an outdoor tank 70 cm deep that was covered
with 95% shade cloth. The plants were left to grow for the next three months.
Lake sediment was collected from Milicich by divers in January 2017 and transported to NIWA’s
Ruakura campus and apportioned into 15 tanks (ca 200 L). Each tank had ca 15 cm of homogenised
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lake sediment in the bottom, before filling with water (ca 80 cm deep) and covering in 95% shade
cloth.
On the 10th of March, alum and Aqual-P were added to 12 of the tanks, 6 with each product, at the
same rates as had been applied to the limno-corrals in Lake Milicich (section 5.2.2). The greenhouse
roof above the tanks was covered in 30% shade cloth. Loggers (Hobo pendant) were added to the
tanks to record water temperature (every 15 min) at the top of the sediment and at the water
surface.
A week after applying the capping products (17 March), the aquatic macrophytes that had been
cultivated were ‘bombed’ into the tanks. From amongst the trays of plants that had been in
cultivation since November 31st, healthy robust individuals were selected for introduction to the
experimental tanks (Figure 6-1). ‘Bombing’ entailed holding the plant pot just below the water
surface, so the pot was flooded with tank water, and then releasing the pot. Four pots, one
containing each plant species, were added to each tank. Three additional plants of each species
were washed and oven dried (80°C) to provide an estimate of the initial weight of plants bombed
into the tanks.
Regular assessments of light (PAR, Licor LI-1400) at the water surface and midway down the tank,
and plant response were recorded. Re-application of half of the treated tanks (3 alum, 3 Aqual-P)
occurred on the 3rd of April several days after the limno-corrals in Lake Milicich were retreated.
Additional shade cloth (80%) was added to the top of the tanks 5 weeks after bombing (21 April) to
reduce the light in the tanks. This light reduction was based on monitoring data that indicated the
tank water was more clear than in-lake conditions (Section 2.2.2, Table 3-3), and hence the plants
were receiving higher light than they would likely encounter in the lake.
A destructive harvest was carried out from the 19th to 21st May. Each plant was extracted (by hand)
from the tanks. Notes were made describing the state of the pots (e.g., fragmented, torn, intact) and
whether plant roots had penetrated the pot. Plants were washed, blotted dry and oven dried (80 °C)
until constant dry weight was achieved.

6.2.2 Results
After three months in cultivation, at the time of ‘bombing’, plants ranged in height from up to 70 cm
tall (P. cheesemanii) and surface reaching, to ca. 30 cm tall (N. sp. aff. cristata), with P. ochreatus and
M. triphyllum plants within this range (Figure 6-1). At this time the plant pots where intact, but tore
readily.
Bombing plants into the tanks created clouds of sediment that cleared over the following 24-48
hours. Photographic records show that the majority of the pots landed upright (as opposed to side
on) and were embedded ca. 8 cm into the sediment, with little obvious disturbance in the
surrounding capping layer (Figure 6-2, 6-3). However, holes were observed in the capping layer in
some tanks (Figure 6-2), most likely attributed to initial uneven application.
Re-application of products to a subset of tanks resulted in product residue on plant surfaces (Figure
6-2, 6-3), however observations over the successive weeks did not indicate any deterioration or
change in plant condition. In general, plants remained healthy and green over the ca. 10 weeks and
the area of the tank occupied by plants increased over time (Figure 6-4). In particular photos indicate
that the N. sp. aff. cristata expanded in area, colonising sediments outside of the pot in 13 of the 15
tanks, during the study (Figure 6-4). By contrast it was only during the harvest that there was
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evidence of the pondweeds and milfoils growing outside of their plant pots at the root zone in the
majority of tanks (13/15 for milfoil and 14/15 for the pondweeds).
All plants that were bombed into the tanks were present at harvest (ca. 10 weeks later). There was a
general trend of increased plant biomass over time i.e., dry weights in the untreated control tanks
(Lake Milicich sediment only) were greater than the initial plant weights for each species. However,
plant growth and biomass was variable between tanks (Figure 6-5). Amongst the treatment tanks,
this large variation limits comparison of products, although N. sp. aff. cristata and M. triphyllum both
had lower biomass in Aqual-P treatments compared with the biomass in untreated tanks. There
were no clear trends in alum treated tanks. For example, P. ochreatus and M. triphyllum had little or
no growth in alum treated tanks compared with estimates of initial plant mass and control plants
respectively, while N. sp. aff. cristata had higher biomass in the alum tanks compared with biomass
attained in tanks re-treated alum (Figure 6-6).
Average water temperature ranged from daily maxima above 25°C for the majority of days until the
20th of April (when additional shade cloth was placed on the tanks), after which temperature
dropped by about 5°C. There were three days in May where surface waters were as cool as 10°C.
Surface water was usually warmer than the bottom of the tanks (Appendix E, Figure E1 –E2).
Light levels (PAR) were primarily influenced by the weather with changes in cloud cover reflected in
the apparent variation between light level in tanks during a single monitoring event (Appendix E,
Figure E3-E4). For example, based on the light measurements, there was no evidence that retreating influenced the water clarity in the tanks. At 1 and 8 days following re-treatment, light
penetration in the treated tanks was no different from that in untreated control tanks. In general
terms, all tanks were sufficiently clear that the bottom of the tank was visible, hence light was not
limiting to plant growth, so much so that light levels were reduced to provide conditions that more
closely approximated the in-lake climate (section 2.2.2, Table 3-3). Light level was reduced to below
ca 10 µmol photons m-2 s-1 from mid-April until the end of the study.

Figure 6-1: Cultivated plants prior to introduction into an experimental tank. From the top left in a
clockwise direction the plants are M. triphyllum, N. sp. aff cristata, P. ochreatus and P. cheesemanii.
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Figure 6-2: Macrophytes in tanks treated with alum. Pots containing Potamogeton ochreatus (top left) and
Nitella sp. aff. cristata (top right) can be seen sitting several centimetres above the sediment surface. Retreated alum tanks (bottom) show plants with product residue on their leaves (3 weeks after re-treat, 26 April)
and holes or gaps in the capping product on the sediment (bottom left). Photos by D. Rendle.
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Figure 6-3: Macrophytes in tanks treated with Aqual-P. Pots containing Potamogeton cheesemanii (left) and
Nitella sp. aff. cristata (right) can be seen sitting several centimetres above the sediment surface. The two
bottom images represent re-treated Aqual-P tanks, where the plants on the left in particular have residual
product (3 weeks after re-treat, 26 April). Photos by D. Rendle.
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Figure 6-4: Macrophytes in an untreated control tank. The plants in the image a mainly Nitella with a few
brighter green pondweed leaves. Six weeks after plants were introduced to the tank. Photo by D. Rendle.

Figure 6-5: Macrophyte biomass at harvest. Bars represent the average biomass per tank (n=3) for each
treatment (± standard deviation). Macrophyte names are abbreviated as follows: Pc (Potamogeton
cheesemanii), Po (Potamogeton ochreatus), Mt (Myriophyllum triphyllum), N aff c (Nitella sp. aff. cristata).
Product names with the suffix “R” indicate re-treatment.
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6.3

Discussion

The absence of submerged macrophytes or a seedbank within Lake Milicich means there is a lack of
local propagules from which the lake can revegetate, following removal of other barriers to
restoration (e.g., pest fish). Examples from the literature demonstrate that the re-establishing of
vegetation following improved in-lake conditions can be limited by seedbanks (e.g., Mejier and
Hosper 1997, de Winton et al. 2000). In Lake Milicich, both observations by divers and the baseline
measurements (section 3.3) indicate that the water clarity is not likely to be the primary factor the
limiting the establishment of macrophytes. However, the only submerged plants observed were in
the outflow from the lake (Nitella sp. aff. cristata (section 2.3)). This species is recognised as
dioecious and populations in the Waikato are not known to fruit (Wood and Mason 1977). Only
female plants have been found in the Waikato, compared with populations of male plants in the
South Island (Wood and Mason 1977) while mixed populations are reported from Hunua (de Winton
pers. obs.). Although fruiting is not expected, N. sp. aff. cristata could provide a valuable nurse
community, stabilising sediments and thus enabling other macrophyte species to establish. Chara
australis is a native charophyte, known from Waikato peat lakes (e.g., Serpentine North, de Winton
and Champion 1993) that does fruit and could be used in addition to N. sp. aff. cristata. The
advantage of seedbearing species is that should a period of unfavourable conditions lead to a
vegetation collapse, seedbanks provide natural re-vegetation potential (de Winton et al. 2000). The
comparatively taller native macrophytes, milfoils and pondweeds also set seed, although there
capacity to do so is determined by the water depth as flowering occurs at the water surface. Stems
of P. cheesemanii for example, can be 2m in length (Johnson and Brooke 1989). All of these groups
of plants expand vegetatively in the sediments from initial points of colonisation, as evident over the
nine weeks of the tank study. This natural expansion, in the absence of herbivory or uprooting by
pest fish, could lead to further colonisation within the lake beyond planted zones, given that over the
experimental period all species had expanded outside of their pots.
The purpose of investigating this particular plant cultivation and planting method was to address the
feasibility of introducing plants into a lake where the water was too deep to wade and where a
capping layer may be present, necessitating minimal disturbance. Even though the capping products
used are unlikely to be suitable for widespread use in peat lakes (section 5.4), this study has
demonstrated the feasibility of the planting method. In addition, timeframes have been established
for plant growth in these biodegradable pots (3 months), and the period within which they would
need to be transferred to the lake before the pots lose their integrity as they start to degrade. If a
longer cultivation period was required the pots could be doubled (one inside the other) to provide a
longer breakdown period (de Winton pers. comm.). Within the three month cultivation period the
plants already had sufficient growth (30 to 70 cm tall), indicating that they would be within the
photic zone of Lake Milicich over a large portion of the lake bed, based on monitored light level
during this past summer and autumn (sections 2.2.2, and 3). Additional plant growth, and associated
reserves, would provide the means for plants to sustain shorter periods with less light (Schwarz et al.
1999), such as those that may be encountered over winter or during high rainfall events.
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Phase One Discussion and Conclusions

7.1

Discussion

Along with ninety-five percent of the monitored shallow lakes in the Waikato region (Dean-Speirs
and Neilson 2014), Lake Milicich is eutrophic and does not have submerged aquatic plants. The
challenges to rehabilitate these lakes to an improved state include, high nutrient loads, poor water
clarity, lack of native seed resources, substrate suitability, herbivory and pest fish and stakeholder
approvals. Based on Lake Milicich, this project has addressed several of these challenges with the
immediate goal of testing the use of select flocculating and capping products to improve P retention
and water clarity, and validating a method for introducing vegetation (with minimal disturbance to a
potential capping layer).
The flocculating and capping products tested are currently unsuitable for use in peat lakes due the
rapid reduction in their phosphorus binding ability which, under some conditions, causes the
products themselves become sources of phosphorus. The specific mechanisms that inhibited the
ability of these product to bind phosphorus was not identified, however, it is likely related to the high
concentrations of organic matter found in Lake Milicich. Importantly, the concentration of dissolved
organic matter found in Lake Milicich was not unusual for a peat lake and similar result could be
expected in other peat lakes.
Improved water clarity in Lake Milicich would benefit any future initiative to introduce macrophytes.
Although external and internal nutrient budgets have not been developed for the lake, it is expected
that catchment projects such as retiring further riparian land, and the installation of a sediment trap
in the main inflow into the lake would have a positive effect on the lake.
However in Lake Milicich, the bathymetric survey and light levels indicate the lake could currently
support macrophytes, suggesting that factors other than its super-trophic status have inhibited the
establishment of submerged macrophytes in the recent past. The absence of a native seedbank
impedes natural large scale vegetation establishment, although native plants arriving via waterfowl
dispersal could be expected. However, even the alien plant U. gibba recorded in Lake Milicich in
2009 during the lakes first known submerged vegetation survey, was not observed in 2017. Lake
conditions (biotic and abiotic) determined by the collection of baseline data indicate that pest fish
are most likely the primary factor preventing establishment of submerged macrophytes in Lake
Milicich.
The role of pest fish in the decline of lakes, ‘flipping’ to a turbid water algal dominated state
(Schallenberg and Sorrell 2009) and the absence of macrophytes in lakes with high densities of pest
fish (including catfish, rudd) is well documented (e.g., Rowe 2007), as is the need to reduce pest fish
abundance to rehabilitate these lakes (e.g., Meijer and Hosper 1997). The biosecurity aspects of pest
fish also need careful consideration. There are essentially few pathways by which pest fish can enter
a lake; that is either on their own via connected watersheds or they are moved by people,
accidentally or deliberately. Accidental transfer of aquatic pest can occur through contaminated
fishing equipment (e.g., eel fishing nets) (Champion et al. 2002). The landowners are unsure as to
how the pest fish entered the lake as access is only through private land. At this time the outflow
from the Lake Milicich has yet to be investigated to determine the potential for pest fish transfer,
and more importantly the potential for a barrier to additional pest fish entering the lake.
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7.2

Conclusions

Lake Milicich is a shallow super-trophic lake without submerged macrophytes. The challenges to
rehabilitate lakes such as Milicich to an improved state include, high nutrient loads, poor water
clarity, lack of native seed resources, substrate suitability, herbivory and pest fish, and stakeholder
approvals. This project has addressed several of these challenges with the immediate goal of
reducing uncertainty in key areas (capping and revegetation, Phase One), supporting the longer term
goal (Phase Two) to demonstrate, how to “flip” a lake back from the turbid, algae dominated state to
a clear water, vegetated state.
From Phase One of this project it can be concluded that:
Lake selection. Lake Milicich is suitable for the project fulfilling most of the desirable
criteria, (the presence of pest fish a notable exception).
Baseline data collection. Lake Milicich is a polymictic, super-trophic peat lake, with
bathymetry and current light climate indicating it could support submerged macrophytes.
Fish stock assessment. Shortfin eels and catfish were the most abundant fish. The
presence of pest fish (catfish, rudd, goldfish) must be addressed before in-lake
rehabilitation proceeds.
Testing the efficacy of sediment capping and flocculating products. It is likely the high
organic content of Lake Milicich inhibited the efficacy of sediment capping agents.
However, allophane, a natural clay, preformed best as a capping agent and was an effective
flocculent.
Validating the revegetation method. Use of both the cultivation and planting methods
were validated.
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PHASE TWO
8

Recommendations for Phase Two

Based on the findings in Phase One the following recommendations are made for Phase Two of the
project.
Adaptive management actions:
1.

Landowner and stakeholder continued support for the project should be ascertained,
before additional funding is sought.

2.

The main outflow from the lake must be assessed for its biosecurity risk for pest plants
and fish, and for the potential to install a pest fish barrier.

3.

Any farm dams that may periodically be linked to the lake should be assessed for pest
fish presence.

4.

A feasibility study for pest fish removal versus eradication should be undertaken.

5.

Caged and uncaged native plants should be used to validate habitat suitability and
confirm whether or not pest fish are the primary barrier to macrophyte establishment
in Lake Milicich.

6.

Construct a water balance and nutrient budget to quantify internal and external
sources of nutrients and the contributions of surface and groundwater to the lake.

Research questions:
1.

What loading rate of allophane is needed to increase the depth of light penetration in
lakes and does this vary under a range of environmental conditions?

2.

Does a dose of allophane sufficient to clear the water column, alter the fractionation
of where phosphorus is bound in the sediments once that allophane has been
deposited on the sediments?

3.

Determine planting densities of desirable native species that are sufficient to
oxygenate sediments and minimise P release.
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Appendix A

Lake Milicich maps

Figure A-1. Lake Milicich showing water level reference points (A and B) and water depth ground-truthing
locations (1 – 3). (A) 37° 53.159'S, 175° 14.928'E and (B) 37° 53.110'S, 175° 14.904'E). Location 1. 37° 53.122'S,
175 14.933'E, 2.05m; Location 2. 37° 53.160'S, 175° 14.922'E, 0.9m and Location 3. 37° 53.082'S, 175° 14.915'E,
1.5m). (Section 3, Bathymetry)

Figure A-2. Macroinvertebrate sampling sites. Map provided by Kevin Collier, University of Waikato (see
section 3).
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Figure A-3. Macrophyte and seedbank survey sites.
Dive profiles are marked A-E, sediment cores for seedbank assessment were taken at sites A, C and D (section
6.1). Sediment for the revegetation study was collected adjacent to site E (Section 6.2)
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Appendix B

Baseline data

Figure B-1: The sampling locations (marked with white numbers 1-3) of the sediment cores that were used
to characterise the sediment nutrients and bulk density.
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Figure B-2:
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Light level recorded from the centre of Lake Milicich.

Waikato Shallow Lake Rehabilitation

0.2

0.08

a

d
NH4+ (mg l-1)

TP (mg l-1)

0.06

0.04

0.05

0

0
1.2

b

e

1

NO3--N (mg l-1)

0.008

DRP (mg l-1)

0.1

0.02

0.01

0.006
0.004

0.8
0.6
0.4
0.2

0.002

0

0

0.08

3

c

f

2.5

0.06

Chl a (mg l-1)

TN (mg l-1)

0.15

2
1.5

0.04

1

0.02
0.5
0

0

19/05/2017

19/04/2017

20/03/2017

18/02/2017

19/01/2017

20/12/2016

19/05/2017

19/04/2017

20/03/2017

18/02/2017

19/01/2017

20/12/2016

Figure B-3: Mean concentration of selected water quality variables from the monthly water sampling of
the middle of Lake Milicich (± standard error).
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Appendix C

Incubations data
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Figure C-1: The mean concentration of aluminium in the lake water above each of the treatments during
the first aerobic (a) and anoxic (b) phases (± standard error).
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Figure C-2: The mean concentration of iron in the lake water above each of the treatments during the first
aerobic (a) and anoxic (b) phases (± standard error).
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Figure C-3: The mean concentration of lanthanum in the lake water above each of the treatments during
the first aerobic (a) and anoxic (b) phases (± standard error).
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Figure C-4: The mean concentration of manganese in the lake water above each of the treatments during
the first aerobic (a) and anoxic (b) phases (± standard error).

Table C-1:
Mean concentrations (± standard error) of total nutrients in the control cores after the
completion of the incubations.
Depth (cm)

Total Recoverable
Phosphorus
(mg/kg dry wt)

Total Nitrogen
(g/100g dry wt)

Total Carbon
(g/100g dry wt)

0-1

1,910 ± 85

1.54 ± 0.04

16.97 ± 0.22

1 to 2

1,740 ± 15

1.49 ± 0.05

17.43 ± 0.5

2 to 3

1,633 ± 96

1.44 ± 0.08

16.7 ± 0.36

3 to 4

1,640 ± 120

1.4 ± 0.06

16.73 ± 0.46

4 to 10

1,617 ± 49

1.39 ± 0.03

16.6 ± 0.2
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Appendix D

Limno-corral data
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Figure D-1: Surface water temperature in the limno-corrals. Lines represent the average from three limnocorrals treated with the same product, and three untreated controls. Data were recorded by Hobo pendant
loggers floating on the water surface.
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Figure D-2: Sub-surface water temperature in the limno-corrals. Lines represent the average from three
limno-corrals treated with the same product, or three untreated controls. The loggers (Hobo pendant) were
secured at ca 0.25m off the lake bed (ca 1.78m).
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Figure D-3: Surface light in the limno-corrals. Lines represent the average from three limno-corrals treated
with the same product, or three untreated controls. The loggers (Hobo pendant) were floating on the water
surface.
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Figure D-4: Sub-surface light recorded in the limno-corrals. Lines represent the average from three limnocorrals treated with the same product, or three untreated controls. The loggers (Hobo pendant) were secured
at ca 0.25m off the lake bed (ca 1.78m).
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Average surface light in limno-corrals
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Figure D-5: Surface light (PAR) recorded in the limno-corrals. Bars represent the average from three limnocorrals treated with the same product, or three untreated controls (± standard deviation).
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Figure D-6: Light level (PAR) recorded at 1.25m water depth in the limno-corrals. Bars represent the average
from three limno-corrals treated with the same product, or three untreated controls (± standard deviation).
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Appendix E
Revegetation study
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Figure E-1. Surface water temperature in the experimental revegetation tanks. Data are means from
replicate experimental tanks of the same treatments.
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Figure E-2. Bottom water temperature in the experimental revegetation tanks. Data are means from
replicate experimental tanks of the same treatments.
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Midtank light level (µmol PAR/m/s)
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Figure E-3. Light level (PAR) in the middle of the water column in the tanks. Data are means from replicate
experimental tanks of the same treatments. Treatments are represented as follows: Al (alum), Al+ (re-treated
alum), AqP (Aqual-P), AqP+ (re-treated Aqual-P) and Cntrl (Control). Note, the scale on the vertical axis (µmol
PAR/m/s) differs between graphs.
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Difference (%) surface to midtank light
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Figure E-4. Percent difference in light level at the water surface and midtank. Data are means from replicate
experimental tanks of the same treatments. Treatments are represented as follows: Al (alum), Al+ (re-treated
alum), AqP (Aqual-P), AqP+ (re-treated Aqual-P) and Cntrl (Control).
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