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Executive summary
The Waikato has a large variety of lake types, including peat and riverine, most of which are highly
eutrophic, have turbid water and are phytoplankton dominated without submerged rooted plants
(macrophytes). The challenges to rehabilitate these lakes are many and include; high external and
internal nutrient loading, poor water clarity, lack of native seed resources, substrate suitability,
herbivory and pest fish, and stakeholder approvals. However, science advances in geo-engineering,
particularly “floccing and capping” methods, 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 and Dairy NZ, the Waikato River Authority has funded Phase One and Two of a project that
aims to demonstrate, how to “flip” a lake back from the turbid, algae dominated state to an
ecological state with clearer water that could support submerged macrophytes. Phase One of the
project was completed in Lake Milicich, a peat lake, where the performance of 6 different floccing
and capping products was tested. None of these products performed as expected and it was
hypothesised that humic materials were limiting their effectiveness. The main goal of Phase Two was
to identify in what lake types, across a peat to riverine gradient, would “floccing and capping”, with
alum and allophane, likely be effective at reducing sediment phosphorus (P) fluxes. In addition,
Phase Two investigated the effectiveness of allophane as a flocculant in water from the same
gradient of lake types, and the extent to which native macrophytes oxygenate lake sediments.
The lakes included in this study were Areare, Cameron, Milicich, Okowhao, Rotomanuka, Waahi and
Waikare. These lakes range from being heavily peat influenced, Cameron and Milicich, to riverine
lakes, Waahi and Waikare. The study lakes were initially characterised in terms of their water and
sediment chemistry to estimate the relative scale of peat influence and the potential effect of humic
materials on alum and allophane. The specific order of peat influence in the lakes depended on the
metric used.
Two methods, continuous flow incubation, followed by P fractionation extractions, were used to
investigate the ability of alum and allophane to reduce sediment P fluxes. For use in the incubations,
all sediment was homogenised and used as sediments only or sediments capped with a dose of
either alum or allophane (sufficient to sequester the amount of total phosphorus (TP) found in the
top 4 cm) were incubated for 2 weeks with P fluxes measured regularly. After the incubations were
complete, the top 2 cm of the incubated sediment was sampled and sequential P fractionation
extractions undertaken to investigate how alum and allophane dosing altered sediment P fractions.
Together, these analyses indicated that the products were less effective at reducing sediment in less
dense sediments. It likely that in less dense sediments both the alum and allophane sunk into the
sediments, preventing a cohesive capping layer (to intercept P) from forming. The effect of humic
materials on products was variable, in some lakes (e.g., Lake Milicich), no significant effect on overall
P fluxes or on the amount of mobile or non-mobile P was found. While in other peat lakes, (e.g.,
Lake Areare), the products significantly reduced P fluxes and/or altered sediment P fractions. This
suggests that the affinity of humic materials to compete for binding sites (with P) on alum and
allophane is variable across lakes.
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Similar variability was found with the effectiveness of allophane as a flocculant. Allophane
performance increased with dose in Lakes Milicich and Rotomanuka, but was not effective in any of
the other lakes tested. It is likely that there is an interaction between the humic materials found in
Lakes Milicich and Rotomanuka and allophane which is causing the observed dose dependent
flocculation, highlighting the heterogeneity of humic materials found in the investigated lakes.
Amongst the macrophytes tested only Isoëtes kirkii showed clear evidence of an ability to aerate the
sediments. I. kirkii was found to oxygenate the sediments close to its root system (locally), indicating
the potential for I. kirkii to be investigated further for its use as an eco-engineering tool, alongside
other methods.
Overall recommendations:
Alum reduced sediment P fluxes in a greater number of lakes than did allophane. The
efficiency of both of these products was best in lakes with low peat influence and
dense sediments.
Allophane cannot be recommended as a flocculant until its variable efficacy amongst
the lakes is better understood.
Once in-lake conditions are suitable for macrophytes, I. kirkii in particular is likely to
have a positive influence on sediment aeration and consequently reduce P fluxes.
Recommendation for further study:
Further research is required to understand the specific mechanics that cause humic
materials to interact with ability of alum and allophane to bind P and why this
interaction is variable across lakes.
Wind driven wave re-suspension will likely disrupt any products that may be applied,
research is required to understand what flow velocities re-suspend sediment and
products, and to identify effective means to mitigate this re-suspension.
The potential of submerged macrophytes to lower sediment oxygen demand over the
longer-term (as opposed to local and short term) should also be investigated to
identify their potential roles in lake rehabilitation.
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1

Introduction

The Waikato is home to a large diversity of lake types (Dean-Speirs et al. 2014). This diversity in lakes
is related to the range of different regions and environments in which these lakes form; peat and
riverine lakes are found in the lower Waikato region due to the influence of peat soils and the
Waikato river, with dune lakes on the west coast and volcanic lakes in the Taupō volcanic region
(Figure 2-1). Lake type influences many aspects of a lake including morphology, organic matter
content, water quality characteristics and the biota that live in the lake. One aspect that most of the
Waikato peat and riverine lakes have in common is that many 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) (Dean-Speirs et al.
2014).
This turbid, algal dominated state is considered to be a degraded ecological state, with the loss of
submerged macrophytes and the associated habitat that they provide aquatic fauna (Moss et al.
1996). Degraded lakes are also more likely to experience an increased frequency of algal blooms
which are potentially harmful to both ecological and human health (Moss et al. 1996). The
degradation of the ecological state of a lake is, in part, influenced by rates of external nutrient and
sediment loading (Moss et al. 1996). However, persistence of this degraded state is perpetuated by
the internal cycling of phosphorus (P) (Scheffer et al. 1993, Köhler et al. 2005). This internal cycling
of P can make lakes that are degraded, less likely to respond to reduced external inputs of sediment
and nutrients, which are expected to occur as a result of regulation changes, such as the Healthy
River Wai Ora (HRWO).
A method commonly used around the world to aid in the rehabilitation of degraded lakes by
reducing the internal cycling of P in lakes is the geo-engineering process of “floccing and capping”
(Mackay et al. 2014, Spears et al. 2014). Flocculation, the first step in “floccing and capping”, clears
the water column of algal cells and suspended sediments by flocculating these particles together to
form larger particles that fall to the lake bottom. Some flocculants, also reduce concentrations of
dissolved reactive phosphorus (DRP) by sequestering it from the water column. The capping part of
the “floccing and capping” process involves the binding of DRP, but rather than in the water column,
this binding process occurs on the sediment surface, intercepting and sequestering P moving from
the sediments to the water column. To be able to bind P, the materials used in the “floccing and
capping” process generally contain metals whose ability to bind P is regulated by their oxidation state
which is in-turn affected by changes in dissolved oxygen concentration and pH.
The metals lanthanum (La), aluminium (Al) and iron (Fe) are most commonly used to bind P in the
“floccing and capping” process (Hickey and Gibbs 2009). Iron, unlike aluminium and lanthanum,
releases P at low redox potentials and is therefore not ideal for use in lakes where lake sediments
generally have low redox potentials. Lanthanum is stable at binding P below a pH of 9.5 and is not
affected by redox. However, Phoslock®, a La modified bentonite clay, and the only La based product
on the market, has been observed to leak small amounts of highly toxic, tri-valent La (Geurts et al.
2011, Gibbs et al. 2011, Lürling et al. 2014). Aluminium based products include Alum (aluminium
sulphate) and Aqual-P® (previously known as Z2G1). P bound to aluminium is not affected by redox
potentials but will release P at high and low pH. One environmental factor that has been observed to
reduce the effectiveness of La and Al based products is the presence of high concentrations of humic
substances (Omoike and VanLoon 1999, De Vicente et al. 2008, Lürling et al. 2014). This means that

12

Shallow lake rehabilitation: phase two

the effectiveness of Al and La based products as a lake rehabilitation tool may be reduced in
environments such as peat lakes that have high humic contents.
Humic acids form complexes with metals (Van Dijk 1971, Rashid 1974) and the basis for the
formation of these complexes affects whether P is co-complexed into or competitively bound in the
complexing process (Cheng et al. 2004). Using laboratory based experiments with artificial humic
acids this complexing has been shown to decrease the ability of alum and Phoslock® to bind DRP
(Omoike and VanLoon 1999, Lürling et al. 2014). Lürling et al. (2014) used a jar experiment to test
the effectiveness of Phoslock® across a gradient of humic acid concentrations. It was found the
presence of humic acids reduced the ability of phoslock® to bind P and this effect increased with
humic acid concentration. Similar results, illustrating a strong decrease in the P binding ability of
alum in the presence of humic acids, were presented by Omoike and VanLoon (1999). Cheng et al.
(2004) examined interactions between P, humic acids and aluminium sulphate floc at different pH
using fluorescence intensity. They found that at low pH (4-6) humic acid and Al complex together
due to charge neutralisation, while at higher pH (7-9) complexes form due to accelerated hydrolysis
of the Al. In this later process, at higher pH, humic acid and phosphate ions are competitively
adsorbed onto the alum flocs while in the former, low pH process, P co-complexed with the Al and
humic acids (Cheng et al. 2004).
In New Zealand, some of these geo-engineering products have been used to aid in lake rehabilitation.
Alum was applied to Lake Okaro, with the aim of reducing water column DRP concentrations rather
than reducing sediment P fluxes. Given this aim, it was applied using an unusually low dose which
eliminated the need to buffer the application (Paul et al. 2008). Lake Okaro, like most North Island
freshwaters, has low alkalinity and alum dosing without buffering in such waters decreases the water
column pH inhibiting the formation of alum flocs, releases tri-valent Al ions and reduces DRP binding
capacity. The application to Lake Okaro reduced epilimnion phosphorus concentrations from 40 to 4
mg m-3 but the water column pH decreased and soluble Al concentration exceeded recommended
guidelines (Paul et al. 2008). Alum is also being continually dosed into two in-flows to Lake Rotorua.
The dosing of lake Rotorua is aimed at reducing external P loading rather than reducing sediment P
fluxes (Smith et al. 2016).
Aqual-P® and Phoslock® have also been applied to New Zealand Lakes to reduce both internal
phosphorus loading for the sediments and concentration of DRP in the water column. Aqual-P® was
twice applied to Lake Okaro, once as a coarser grain size and then as a finer grain size. The first
application of the coarser grain size was found to sunk into the sediment, thus did not form a
cohesive capping layer. This was suggested to be the reason why after a period of 2 years in the
sediments the applied Aqual-P® has not reached its potential P binding capacity (Gibbs 2010). The
application of the finer grained Aqual-P® was more successful, leading to a 50% reduction of DRP in
the upper water column (Gibbs 2010). Phoslock® was applied three times to Lake Okareka and
McIntosh (2006) found that it reduced sediment P fluxes by 100 kg year-1, over a three year period.
An alternative aluminium based product that has not been extensively trailed in lakes is the clay
mineral allophane (Yuan and Wu 2007, Gibbs et al. 2011). Allophane has a P binding ability that is
not expected to be affected by redox or pH nor is it expected to leak potentially toxic materials
(Hickey and Gibbs 2009). However, on a comparative weight to weight basis, allophane is less able to
bind P than some other materials. Thus, a higher dose rate of allophane will be needed when
compared to other products such as alum or Phoslock® (Hickey and Gibbs 2009). Another potential
advantage of allophane is that it was shown to be a very effective flocculant in Lake Milicich, a
Waikato peak lake (Woodward et al. 2017).
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The effects of “floccing and capping” are short term and recent research on these processes
recommends that lakes are dosed with small amounts that are applied often (Lewandowski et al.
2003, Meis et al. 2013). However, such repeated treatments will dramatically increase the cost of
lake rehabilitation. Instead the re-introduction of submerged macrophytes could be used as an ecoengineering strategy. Macrophytes are capable of clearing the water column, minimising sediment
resuspension (Sondergaard et al. 2001), and may contribute to sediment aeration reducing the risk of
sediment P releases, once conditions are suitable for their establishment (Carpenter et al. 1983). In
this way, submerged macrophytes would act as ecosystem engineers.
In this research project we examine the effectiveness of alum and allophane at reducing sediment
flux of P in seven lakes that range from highly peat influenced, with high humic content, to riverine
lakes with low humic content. We also, explore the ability of allophane to act as a flocculant across
these same seven lakes. Thirdly, we consider the potential use of submerged macrophytes native to
the Waikato region as eco-engineering tools. Specifically, we investigate the ability of 3 native
species of submerged macrophyte; Myriophyllum triphyllum, Potamogeton ochreatus and Nitella
cristata to aerate sediment from 3 lakes that span the peat to riverine gradient (used in the
experiment described above). Additionally, the ability of Isoëtes kirkii to aerate Lake Waahi
sediment, the only lake amongst the subset of 3 research lakes that is was historically found in
(Champion et al. 1993), was also tested.
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Methods

2.1

Site selection and description

After discussion (NIWA, WRA, WRC and DairyNZ) the study lakes selected were Lakes Areare,
Cameron, Milicich, Okowhao, Rotomanuka, Waikare and Waahi (Fig 1-1). Table 2-1 provides a brief
summary of lake information from other investigations or routine monitoring.

Figure 2-1:

Map of the study area.

Table 2-1:
Description of lakes included in this study. All data presented were sourced from Dean-Speirs
et al. (2014).
Lake

Lake type

pH

Size

Depth (m)

(ha)

TN (mg

TP (mg

l-1)

l-1)

Chl a
(mg

l-1)

Estimated
TLI

Areare

Peat

6.63

33

5.1

2.75

0.15

0.05

6.35

Cameron

Peat

5.08

3.4

1.5

0.86

0.51

199

NA

Milicich

Peat

7.16

2.2

2.3

2.57

0.14

0.19

6.65

Riverine

7.6

21

2.2

1.96

0.13

0.05

6.26

Peat

7.2

479

8.7

0.95

0.01

0.001

4.67

Waahi

Riverine

8

522

5.0

1.57

0.05

0.02

5.6

Waikare

Riverine

8.1

3442

1.8

2.6

0.13

0.09

6.73

Okowhao
Rotomanuka
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2.2

Sediment and lake water collection

The lakes were initially sampled by collecting approximately 60 l of sediment (3 x 20 l buckets) and
600 l of lake water. Sediment was collected using a grab sampler, then immediately tipped into
buckets and homogenised. After homogenisation the lids were fitted to the buckets for
transportation. Additionally, three intact sediment cores were extracted from the lake using a Jenkin
corer to measure in-situ bulk density (method detailed below). Lake water was collected with a
pump by taking 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 drums that were fitted with two plastic bin liners
(one inside another). After each drum was filled, the bin liners were tied at the top using cable ties
and the drum lid was fitted to reduce spillage during transportation back to the laboratory. In the
Laboratory, water and sediments were stored for 3-4 days at 4°C until the start of the continuous
flow incubations. To have sufficient water for the laboratory based studies a second collection of
600 l of lake water was completed two weeks into the incubation period.
Due to logistical constrains, the collection of sediments and lake water and the subsequent
experiments were staggered into three groups with Lake Milicich being completed first, followed by
Lakes Areare, Cameron and Rotomanuka, and lastly, lakes Waikare, Waahi and Okowhao.

2.2.1 Analyses
Some of the water and sediment collected from each of the lakes was used to investigate the
chemical characteristics of each lake. Samples of the collected lake water was analysed for dissolved
organic carbon (DOC), suspended sediments, volatile suspended sediments and absorbance at 254
nm. The absorbance was used to calculate SUVA254 (Specific ultraviolet absorbance). SUVA254 is
calculated by dividing the absorbance (cm-1) by the concentration of DOC and is strongly correlated
with percent aromaticity of organic matter found in a range of environments (Weishaar et al. 2003).
The homogenised sediments were analysed for total carbon (TC), total nitrogen (TN) and total
phosphorus (TP). Bulk density of the homogenised sediments and intact cores collected from the
lakes was estimated using a cut off 60 ml syringe to extract a known volume of sediment. Wet and
dry weights (recorded after drying to a constant weight) were obtained to estimate wet and dry bulk
density.

2.3

Sediment incubations

Sediment incubations were conducted using a modified version of the continuous flow incubation
system employed in earlier studies (Gibbs et al. 2011, Gibbs and Özkundakci 2011, Woodward et al.
2017).
Using homogenised sediment from each lake, this study compared fluxes of DRP from incubation
tubes which had been capped with either alum or allophane (treatments) with untreated incubation
tubes (controls). To replicate the observed stratification and loss of oxygen at the bottom of the
lakes, the incubation tubes were subjected to two cycles of aerobic/anoxic conditions. Samples of
the water flowing into and out of the incubation chamber were taken to determine the changes in
DRP concentrations after interaction with the sediments and product/sediment combinations. These
concentration differences were used to calculate the efflux or uptake of DRP.
Aliquots of the homogenised sediment were transferred to the incubation tubes to provide a 1000
mm deep sediment core with a surface area of 0.348 m2. The water-filled headspace above the
sediment in each tube was adjusted to 100 mm, relative to the upper bung, by pushing up the bungs
16
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at the bottom of the incubation tubes Figure 2-2. This headspace becomes the incubation chamber.
When the top bungs, with inflow and outflow tubes fitted, were in place, aerated lake water was run
through the incubation chambers for 2 days to allow the sediment to equilibrate to conditions within
the incubation tubes before the application of the products and start of the experiment. After this
equilibrating period the headspace was again adjusted to 100 mm to compensate for any settling
that occurred in the sediments.

Figure 2-2: Incubation tube illustrating the headspace above the sediment. The headspace is the incubation
chamber where effluxes of DRP and other compounds can be measured. Photo was taken post incubation and
some structure can be seen to have returned to the sediment.

2.3.1 Product application
The application of products took place after the initial settling period during which all of the
incubations tubes were labelled. The allophane used was sieved to isolate the fine (<100 μm)
portion, as Woodward et al. (2017) reported that fine grained allophane was a more effective
flocculant and sediment capper than coarse grained allophane. The specific source of the allophane
used in this experiment is unknown. Alum was added to each incubation chamber in a 2:1 ratio with
a buffer of sodium bicarbonate, as recommended by Cooke et al. (2005) to ensure that an alum floc
was formed. Slurries of fine grained allophane and flocs of alum were applied as evenly as possible
across the surface of the cores. The dose rates of alum and allophane were calculated using their
ability to bind phosphorus estimated by Gibbs et al. (2011). The dose applied was equated to the TP
content of the top 4 cm of sediment in each lake (Cooke et al. 2005). The amount of TP in the top 4
cm of sediment in each of the lakes was calculated using the sediment dry bulk density (g cm-3) and
the sediment TP content (g kg-1).
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Table 2-2:
Areal sediment P content in the 4 cm and resulting alum and allophane dose rates in the
incubation and settling tubes.
TP content of the
Lake

Areal dose rate (g m-2)

Incubation dose (g)

top 4 cm of
sediment (g P m-2)

Alum

Allophane

Alum

Allophane

Settling tube
dose (g)

Areare

6.57

146.08

410.87

0.56

1.57

3.23

Cameron

9.10

202.20

568.70

0.77

2.18

4.46

Milicich

2.92

64.80

182.25

0.25

0.70

1.43

Okowhao

1.95

43.22

121.57

0.17

0.47

0.95

Rotomanuka

1.80

40.18

113.02

0.15

0.43

0.88

Waahi

2.69

59.67

167.83

0.23

0.64

1.32

Waikare

1.46

32.49

91.39

0.12

0.35

0.72

Three replicates of the alum, allophane and sediment only (control) treatments, together with a
single blank (an incubation tube with only bungs and no sediment or product) were used for each
lake. Therefore, there were 10 incubation tubes for each lake, these were connected to their own
peristaltic pump that pushed lake water (from the appropriate lake) into and out of the incubation
tubes. The flow rate was 1.4 ml min-1 which at the headspace volume set above the sediments
provided an incubation period of approximately 1 hour.
Previous work using the continual flow incubation system (Gibbs et al. 2011, Gibbs and Özkundakci
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 as well as altering the
contact time between the water, sediments and products. To hold the core in place, 1 cm plastic
mesh was secured by two plastic rings (above and below the mesh), at the top of each incubation
chamber (Figure 2-3), after the products were applied.
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Figure 2-3:

Incubation tube and the mesh used to ensure the core stayed in place.

Stratified and mixed conditions have been observed in shallow lakes within the Waikato (Woodward
et al. 2017) and were both simulated during this study. Aerobic conditions were created by bubbling
air through aeration stones into the drum of lake water feeding the incubation tubes. 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, the pH in the drum was adjusted by
intermittently bubbling CO2 into the drum. Double bagged bin liners (one liner inside another) were
used to create an ‘airlock’ around the lake water, preventing atmospheric oxygen gas from entering
the inner bag. 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 et al. 2011, Gibbs and Özkundakci 2011). The concentration of DO and pH inside the
drums was recorded throughout the incubations using TPS WP-91 oxygen and pH probes. The TPS
units DO and pH sensors were put inside of the bin liners which were sealed around the cords and
the water outlet tube using two cable ties.

2.3.2 Sampling
Samples of lake water were taken, before and after it passed through the incubation chamber. All
water samples were filtered at the time of sampling (2.5 cm Whatman GF/C glass fibre filter in a
Swinnex filter holder) directly into a sample bottle. Samples were taken twice a day (morning and
afternoon), for 2 days during each aerobic and anoxic period. A minimum of a day was allowed
between each aerobic or anoxic period to ensure the conditions in the incubation chambers were
fully adjusted to the new conditions. After both cycles of aerobic/anoxic conditions were complete
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the upper layer of sediment was extracted to investigate of how the products affect sediment P
fractions using sequential extractions.

2.3.3 Data analysis
To explore the effects of product addition, oxygen availability and lake on DRP fluxes, a factorial
PERMANOVA was carried out in Primer 7 (version 7.0.12) (Clarke and Gorley 2007). All data was
normalised before a resemblance matrix based on Euclidian distances was constructed.
PERMANOVA was run using a minimum of 9000 permutations. Given the large variation across the
lakes included in this study and the desire to know which product would be useful in which lakes the
effect of the products has also been investigated within each lake across oxygen availability periods
and within each oxygen availability period using t-tests. Two tailed t-tests were carried out in
Microsoft Excel to compare the DRP fluxes of the alum and allophane treated sediments to that of
the sediment only, controls tubes (Gibbs et al. 2011, Gibbs and Özkundakci 2011, Woodward et al.
2017). Finally, distance based linear modeling was used to examine the effect of specific lake
attributes on the the effectivenss of the products. The effectivenss of the products was measured as
the percent reduction in P fluxes in the treated sediments compared to the sediment only controls.
Any percent reduction greater than 500% was excluded from this analysis as these periods were
likley to represent times when sediment P fluxes were low and the products were scavanging P from
the lake water which artifically increases the percireved effectiveness of the products.

2.4

P fractionation extractions

Following the continuous flow incubations, the top 2 cm of the sediment from each incubation tube
was used to determine how the application of alum and allophane had affected P fractionations in
the sediments using a modified version of the sequential extraction regime of Lukkari et al. (2007)
and Jensen and Thamdrup (1993). This extraction framework defines the different sediment P
fractions operationally with each step in the extraction procedure targeting a different store of
sediment phosphorus. Table 2-3 gives the operational description of each of the stores of sediment
P that each extraction step targets.
The top 2 cm of sediment was collected using a tablespoon, with the side of the incubation tube
marked to indicate the 2 cm sediment depth and ensure that only the targeted upper portion of
sediment was taken. These sediments were placed into zip-lock bags and the air expelled, before
being sealed and placed into a 4°C room overnight, before processing. A 0.5 g (dry weight) aliquot of
sediment from each incubation tube was taken.
The sequential extraction of P forms is a step-wise process. The initial two steps of extraction were
conducted under an anoxic headspace as the presence of oxygen can alter how P is bound in the
sediments (Jensen and Thamdrup 1993). The first extraction was completed using 40 ml of 0.46 M,
N2 purged, NaCl and targeted “labile P”. The sediment was shaken with the NaCl for an hour, then
centrifuged for 10 minutes at 3000 rpm. The resulting supernatant was reserved. The sediment
pellet from the centrifuging was rinsed with 40 ml of the NaCl and again centrifuged for 10 minutes
at 3000 rpm. The wash solution and initial supernatant were combined, then 1.5 ml of 1 M H2SO4
was added to preserve the sample, which was analysed for DRP and TP. The difference between TP
and DRP in this step is defined as organic P.
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The second extraction was completed by shaking the pellet, resulting from the first step, for 1 hour
with 40 ml of 0.11 M Na2S2O4 in 0.11 M NaHCO3 buffered to a pH of 7. This step targeted “reductant
soluble P”. After shaking, the mixture was centrifuged for 10 min at 3000 rpm and the resulting
supernatant reserved. The sediment pellet was rinsed with 40 ml of the Na2S2O4 solution and again
centrifuged for 10 min at 3000 rpm. The rinse solution was combined with the supernatant and 13
ml of 1 M H2SO4 added to preserve the sample. The resulting mixture was aerated for 1 hour and
analysed for DRP.
All the remaining steps in the extraction were completed in an aerobic environment as those
targeted fractions are not affected by the presence of oxygen. The third extraction step was
completed using 40 ml of 0.1 M NaOH which was shaken with the pellet resulting from step two for
18 hours, and targeted “metal oxide absorbed P”. The resulting mixture was then centrifuged for 10
minutes at 3000 rpm and the subsequent supernatant reserved. The sediment pellet was rinsed with
0.46 M NaCl solution and again centrifuged for 10 minutes at 3000 rpm. The rinse solution and initial
supernatant were combined, preserved with 5 ml of H2SO4 and analysed for TP and DRP. The
difference between TP and DRP in this step is defined as organic P and added to that found in the
initial extraction step.
The forth extraction step used 40 ml of 0.5 M HCl shaken with the sediment pellet, resulting from
step three, for one hour to extract “apatite bound P”. After this extraction, the mixture was
centrifuged for an hour at 3000 rpm and the resulting supernatant reserved. The subsequent
sediment pellet was rinsed with 0.46 M NaCl solution and, again, centrifuged for 1 hour at 3000 rpm.
The rinse solution and the initial supernatant were combined and analysed for DRP. The final
extraction measured “residual P” by combusting the resulting sediment pellet from step four at 550
°C for 2 hours. The furnaced materials where shaken with 40 ml of 1 M HCl for 16 hours and then
centrifuged for 10 minutes at 3000 rpm. The resulting supernatant was collected and analysed for
DRP.
Table 2-3:
An overview of the common phosphorus fractions in sequential P extractions. Table adapted
from Meis et al. (2012).
Operational fraction
Labile P

Expected P species in
fraction
Directly available P;
pore water P; loosely

Driver of P release
Desorption and

Likelihood of
release
High

diffusion

P bound to Fe-

Hupfer et al. (1995)
Spears et al. (2007)

bound or adsorbed P
Reductant soluble P

Reference

Boström et al. (1982)
Anoxia

High

Hupfer et al. (1995),

hydroxides and Mn-

Psenner et al. (1988),

compounds

Lukkari et al. (2007),
Spears et al. (2007)
Boström et al. (1982)

Organic P

Allochthonous/

Mineralisation

Medium/high

Boström et al. (1982)

autochthonous

Hupfer et al. (1995),

material; detritus

Psenner et al. (1988)
Spears et al. (2007)
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Expected P species in

Operational fraction

fraction

Driver of P release

release

P adsorbed to metal

absorbed P

oxides (mainly Al, Fe); P

Psenner et al. (1988),

exchangeable against

Lukkari et al. (2007)

OH

Boström et al. (1982)

P bound to carbonates

Low pH

Medium

Reference

Metal oxide

Apatite bound P

High pH

Likelihood of

Medium

and apatite P

Hupfer et al. (1995),

Hupfer et al. (1995),
Psenner et al. (1988),
Spears et al. (2007)
Boström et al. (1982)

Residual P

Refractory compounds

Low

Hupfer et al. (1995),
Psenner et al. (1988)
Boström et al. (1982)

The purpose of the P fractionation extractions was to evaluate the ability of alum and allophane to
reduce P fluxes from the sediment to the water column over a temporal period greater than the
length of the sediment incubations. Given this goal, and to simplify the results, we have defined the
different fractions in P obtained using the extractions, as either mobile or non-mobile and all results
have been expressed in these terms. A similar approach has previously been taken by Meis et al.
(2012) and Meis et al. (2013). Pmobile has been defined as the sum of labile-P, redundant soluble-P
and organic-P, while, Pnon-mobile is defined as the sum of metal oxide absorbed-P, Apatite-P and
residual-P (Meis et al. 2012, Meis et al. 2013).

2.4.1 Data analysis
PERMANOVA function in Primer 7 (version 7.0.12) (Clarke and Gorley 2007) was used to explore how
the treatments altered P storage in the sediments. One-way PERMANOVA design was used with
product as a fixed 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.

2.5

Allophane as a flocculant

Settling tubes made from thin-walled PET (Polyethylene terephthalate) were used to measure the
ability of allophane to clear the water column from the study lakes. The tubes were 1.2 m high with
an area of 78.5 cm2 and were filled to a water depth of 1 m.
The water contained in the tubes was taken from the study lakes with the method detailed above
(Section 2.2). The water, stored in alkathene drums, was agitated to re-suspend any material that
had settled out of suspension during storage. Allophane was dosed by equating the area (78.5 cm2)
of the settling tube with amount of TP that would have been found in the top 4 cm of sediment for
the lake water that was being tested (see Table 2-2). A regression design, made up of loading rates
at a half and quarter dose of allophane were included, to identify the dose of allophane required to
flocculate the water column. All dose rates (the full, half and quarter) were replicated in triplicate.
Doses were made up by mixing the appropriate amount of product with 100 ml of lake water before
being applied to the surface of the water in the settling tubes. Three tubes did not receive any
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products and their increase in water clarity served as the control. The black disc method was used to
measure light penetration into the water column. The ability of allophane to accelerate the clearing
of the water column was assessed by comparison to the controls.

2.6

Sediment aeration by submerged macrophytes

The ability of Myriophyllum triphyllum, Potamogeton ochreatus and Nitella cristata to aerate the
sediment from three lakes (Milicich, Cameron and Waahi) was tested, with a fourth species, Isoëtes
kirkii also tested on Lake Waahi sediment. Isoëtes kirkii, was included as it is believed to have an
enhanced ability to aerate the sediment compared to the other species tested. This macrophyte was
historically found in riverine lakes in the Waikato, thus it was only tested in sediments from Lake
Waahi. All macrophytes were pre-cultivated in 1 l pots (containing topsoil with a 10 mm sand
overlay) in an outdoor tank for 4 months. Macrophytes (excepting I. kirkii) were transplanted into
lake sediments (750 ml pots) 7 weeks before the sediment aeration study began. I. kirkii was taken
directly from existing outdoor culture, originating from Lake Taupo, into the lake sediment. Tank
pre-culture and culture conditions were 90 % shade cloth, 600 mm deep water and a temperature
profile that simulated the average daily temperature regime found in Lake Milicich last year
(Woodward et al. 2017).
A PreSens Measurement studio 2, optical oxygen probe (equipped with 10 PSt7-10 probes) was used
to measure concentrations of oxygen in the lake sediments. The PSt7-10 probes have a detection
limit of 0.015 mg l-1 of dissolved oxygen. Nine probes were strategically inserted into the sediments
to create two concentric circles centred around the middle of the pot (Figure 2-4). Concentrations of
oxygen were logged every hour for 24 hours in each pot to investigate diel changes in oxygen
concentration. To provide a control, a probe was also inserted into a pot without a macrophyte, in
the same culture tank.
Identification of oxygen produced by the macrophyte was undertaken through a two-stage process.
Firstly, a comparison was made between the oxygen concentration found in the control pot, to those
found by the probes placed around the macrophyte. When the concentration was greater in the
probes around the macrophytes the first criteria was met. If the first criteria was met, the second
part of this process was to investigate the temporal pattern in the probes with greater oxygen
concentration than the control. The goal of this assessment was to identify diel changes in oxygen
concentrations that are indicative of photosynthetically produced oxygen.
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Figure 2-4: Schematic of the pot and location of the PSt7-10 sensors oxygen probes. The hollow back
circles indicate the probe location and the green dot is indicative of where the main biomass of the macrophyte
entered the sediments (this was variable between pots) (not to scale).
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Results

3.1

Characterising the lake sediment and water chemistry

The range of water and sediment chemistry characteristics of the lakes included in this study are
presented in Table 3-1. There was a broad range of SUVA254, DOC and sediment TOC concentrations
indicating the variable influence of peat and associated humic materials that was aimed for within
the study design was achieved. The highest SUVA254 was 30.41 ± 1.83 was found in Lake Okowhao
and the lowest was 8.39 ± 0.06 found in Lake Waikare. Similarly, the other parameters used to
characterise the lakes were equally variable across the range sampled. Notably, Lake Cameron had
very high P concentrations in both the water column and sediments.
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Table 3-1:

Water and sediment chemistry characteristics from the 7 study lakes. Values are means ± standard deviations.
Dry bulk

SUVA254

DOC

TP

TN

SS

VSS

Sed TOC

Sed TN

Sed TP

(l*mg C-1 cm-1)

(mg l-1)

(µg l-1)

(µg l-1)

(mg l-1)

(mg l-1)

(g kg-1)

(g kg-1)

(g kg-1)

Areare

20.76

44.3

151 ± 6

2515 ± 35

9.11

8.2

137

9.8

1.8

0.09 ± 0.00

Cameron

18.00

51.2

957 ± 7

2655 ± 7

20.00

12.7

197

13.4

4.9

0.05 ± 0.00

Milicich

16.52

16.4

42

1370

5.5

5.5

105

10.4

1.1

0.07 ± 0.01

30.41 ± 1.83

15.6 ± 1.84

220 ± 4

1718 ± 14

60.6 ± 11.2

8.2 ± 10.1

83

7.4

0.55

0.08 ± 0.02

13.58

21.2

46 ± 9

1430 ± 127

8.2

3.6

140

13.5

1.2

0.03 ± 0.00

Waahi

11.52 ± 0.32

7.85 ± 1.84

68 ± 2

1150 ± 28

77.5 ± 3.2

15.3 ± 4.2

51

2.7

0.45

0.14 ± 0.01

Waikare

8.39 ± 0.06

10.8 ± 0.14

57 ± 2

1415 ± 7

61.8 ± 7.8

21.3 ± 4.2

29

5.2

0.37

0.10 ± 0.01

Lake

Okowhao
Rotomanuka
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Density
(g cm-3)

3.2

Sediment incubations

Characteristics of the lake water feeding the incubations chambers
The lake water in the drums responded well to being bubbling with N2 to remove DO, and in all cases
concentrations during the anoxic periods were below 0.2 mg l-1 (Table 3-2). The intermittent
bubbling with CO2 to control pH fluctuations was also successful with the pH kept with the bounds
that allows P to remain bound in the sediments and was unlikely to affect the ability of the products
to bind P. The DRP concentration in the lake water feeding the incubation chamber was highly
variable across the lakes with Lake Cameron having the highest and Rotomanuka the lowest average
concentrations (Table 3-2).
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Table 3-2:
Summarises the characteristics of the lake water feeding the incubation chamber during each of the different oxygen availability periods. All values are
means ± one standard deviation.
DO (mg l-1)

DRP (µg l-1)

pH

Lake
Ox1

An1

Ox2

An2

Ox1

An1

Ox2

An2

Ox1

An1

Ox2

An2

Areare

6.30 ± 0.04

0.10 ± 0.00

5.04 ± 0.08

0.17 ± 0.02

6.61 ± 0.02

6.79 ± 0.06

6.36 ± 0.03

6.42 ± 0.04

30 ± 2

18 ± 8

14 ± 5

15 ± 1

Cameron

5.18 ± 0.06

0.04 ± 0.00

4.56 ± 0.08

0.20 ± 0.04

6.37 ± 0.03

6.79 ± 0.05

6.08 ± 0.03

6.53 ± 0.05

680 ± 20

675 ± 79

644 ± 15

620 ± 31

Milicich

NA

0.05 ± 0.00

6.40 ± 0.03

0.07 ± 0.00

NA

6.73 ± 0.31

7.58 ± 0.00

6.00 ± 0.07

9±1

10 ± 1

12 ± 1

11 ± 2

Okowhao

1.97 ± 0.07

0.01 ± 0.00

2.50 ± 0.05

0.01 ± 0.00

6.78 ± 0.00

6.02 ± 0.10

6.72 ± 0.02

6.59 ± 0.04

5±1

6±1

5±1

5±2

Rotomanuka

3.40 ± 0.22

0.14 ± 0.00

0.63 ± 0.09

0.15 ± 0.00

7.15 ± 0.04

7.58 ± 0.06

5.00 ± 0.02

6.92 ± 0.04

8±1

7±3

5±1

1±1

Waahi

9.51 ± 0.07

0.08 ± 0.00

6.84 ± 0.09

0.00 ± 0.00

7.89 ± 0.00

6.43 ± 0.08.

7.7 ± 0.00

7.22 ± 0.05

4±1

9±4

4±4

2±1

NA

NA

NA

NA

NA

NA

NA

NA

3±1

8±1

5±1

6±3

Waikare
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3.2.1 Effects of the products across oxygen availabilities and lakes
When investigated across all lakes, treatment with the products was not found to have a significant
effect on DRP fluxes. However, both oxygen availability and lake significantly affected DRP fluxes.
Pairwise testing on lake found that Lakes Cameron and Rotomanuka were different from all other
lakes (including each other), Lake Milicich was different from Waahi and Lake Waahi was different
from Lake Waikare. The differences between lakes did not follow any pattern based on the lake
classification as either peat or riverine.
Alum significantly reduced sediment P fluxes across all oxygen availability periods in Lakes Areare
(p<0.01), Milicich (p<0.001), Okowhoa (p<0.05), Waahi (p<0.001) and Waikare (p<0.001).
Comparatively, across all oxygen availability periods allophane application only reduced sediment P
fluxes significantly in Lakes Areare (p<0.05), Waahi (p<0.001) and Waikare (p<0.001).

3.2.2 Effects of the alum and allophane within each lake
Areare
The flux of DRP from the control during the first oxygenated period averaged 14.18 ± 1.78 mg of P md-1. The addition of alum (p<0.001) but not allophane significantly reduced (Figure 3-1a) sediment
DRP fluxes compared to the control. During this period, the alum and allophane treatments average
DRP fluxes were -2.96 ± 1.37 and 6.79 ± 0.87 mg of P m-2 d-1, respectively. In the second oxygenated
period, the DRP flux from the controls averaged -5.45 ± 1.05 mg of P m-2 d-1. Again, the addition of
alum (p<0.001), but not allophane, significantly reduced DRP fluxes compared to the control (Figure
3-1c). The alum and allophane average P flux was -12.18 ± 2.07 and -9.37 ± 1.26 mg of P m-2 d-1,
respectively.

2

During the first anoxic period, the average flux of P from the control treatment was 12.46 ± 1.19 mg
of P m-2 d-1. The addition of alum (p<0.001) and allophane (p<0.001) both significantly reduced P
fluxes compared to the control (Figure 3-1b). The average fluxes from the alum and allophane
treatments were -4.51 ± 0.82 and -4.53 ± 0.54 mg of P m-2 d-1, respectively. During the second anoxic
period, average P fluxes from the controls were 0.55 ± 1.19 mg of P m-2 d-1. The addition of alum
(p<0.05) but not allophane significantly reduced (Figure 3-1d) P fluxes compared to the control. The
DRP fluxes from the alum and allophane treatments averaged -12.62 ± 1.49 and -5.35 ± 1.52 mg of P
m-2 d-1, respectively.
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Figure 3-1: Mean (± standard error) of the DRP fluxes from the Lake Areare incubations under the different
oxygen availability periods. a) oxygenated 1 b) anoxic 1 c) oxygenated 2 and d) anoxic 2.

Cameron
The average flux of P coming from the controls during the first oxygenated period was -13.35 ± 9.10
mg of P m-2 d-1. Neither the application of alum or allophane significantly reduced (Figure 3-2a) DRP
fluxes compared to the control. The average alum and allophane DRP fluxes during this period were
-134.95 ± 8.25 and -99.85 ± 10.89 mg of P m-2 d-1, respectively. During the second oxygenated period
the average flux of DRP coming from the controls was -150.36 ± 7.77 mg of P m-2 d-1. Both alum and
allophane reduced DRP fluxes compared to the control (Figure 3-2b) but neither did so significantly.
The DRP fluxes from alum and allophane were -162.54 ± 30.82 and -217.57 ± 45.31 mg of P m-2 d-1.
The control sediment DRP flux during the first anoxic period was -77.28 ± 36.61 mg of P m-2 d-1. The
addition of alum and allophane did not significantly reduce DRP fluxes compared to the control
(Figure 3-2b). The average alum and allophane DRP fluxes during this period were -143.73 ± 42.10
and -281.51 ± 46.31 mg of P m-2 d-1, respectively. In the second anoxic period, the control sediments
DRP flux was -80.55 ± 12.02 mg of P m-2 d-1. The application of alum and allophane increased DRP
fluxes compared to the control (Figure 3-2d) but only alum (P<0.05) did so significantly. The average
alum and allophane DRP fluxes during this period were 120.29 ± 35.15 and 189.63 ± 46.38 mg of P m2 -1
d , respectively.
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Figure 3-2: Mean (± standard error) of the DRP fluxes from the Lake Cameron incubations under the
different oxygen availability periods. a) oxygenated 1 b) anoxic 1 c) oxygenated 2 and d) anoxic 2.

Milicich
Average P flux from the control treatment during the initial oxygenated period was -0.33 ± 0.39 mg
of P m-2 d-1. The addition of allophane (p<0.05) but not alum significantly reduced sediment DRP
fluxes compared to the control sediments (Figure 3-3a). The alum and allophane treatments
averaged DRP fluxes of -3.20 ± 0.36 and -2.20 ± 0.42 mg of P m-2 d-1, respectively. During the second
oxygenated period, P fluxes from the control cores were -0.48 ± 0.30 mg of P m-2 d-1. Neither the
addition of alum nor allophane significantly reduced DRP fluxes compared to the control. (Figure
3-3c). The average fluxes from alum and allophane treatments were -1.82 ± 0.51 and -3.69 ± 0.49 mg
of P m-2 d-1.
During the first anoxic period average P flux from the control treatment was -1.90 ± 0.40 mg of P m-2
d-1. The addition of alum (p<0.001) but not allophane significantly reduced DRP fluxes compared to
the control (Figure 3-3b). In the alum and allophane treatments, the average DRP flux was -10.59 ±
0.32 and -5.91 ± 0.25 mg of P m-2 d-1, respectively. During the second anoxic period, the DRP flux
from the control treatment averaged 0.04 ± 0.30 mg of P m-2 d-1. The addition of alum (p<0.05)
significantly reduced DRP fluxes compared to the control. Allophane, increased DRP fluxes compared
to the control but not significantly (Figure 3-3d). The average DRP fluxes from the alum and
allophane treatments were -1.72 ± 0.97 and 1.35 ± 0.31 mg of P m-2 d-1, respectively.
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Figure 3-3: Mean (± standard error) of the DRP fluxes from the Lake Milicich incubations under the
different oxygen availability periods. a) oxygenated 1 b) anoxic 1 c) oxygenated 2 and d) anoxic 2.

Rotomanuka
During the first oxygenated period, the average flux of P from the control treatment was 5.01 ± 0.50
mg of P m-2 d-1. Neither the addition of alum or allophane significantly reduced sediment DRP fluxes
compared to the control (Figure 3-4a). The P fluxes from the alum and allophane treatments during
this period were 2.98 ± 0.30 and 2.58 ± 0.32 mg of P m-2 d-1, respectively. During the second
oxygenated period, the control treatment had an average P flux of 1.48 ± 0.56 mg of P m-2 d-1. Again,
neither the addition of alum or allophane significantly reduced sediment DRP fluxes compared to the
control (Figure 3-4c). The DRP fluxes from alum and allophane treatments were 1.34 ± 0.57 and 0.95
± 0.55 mg of P m-2 d-1, respectively.
During the first anoxic period, the control treatment average P flux was 5.37 ± 0.49 mg of P m-2 d-1.
Neither the addition of alum or allophane significantly reduced sediment DRP fluxes compared to the
control (Figure 3-4b). The alum and allophane treatments during this period averaged P fluxes of
5.77 ± 0.42 and 4.53 ± 0.53 mg of P m-2 d-1. During the second anoxic period, the control treatment P
fluxes averaged -0.19 ± 0.54 mg of P m-2 d-1. Again, neither the addition of alum or allophane
significantly reduced sediment DRP fluxes compared to the control (Figure 3-4d). The average P
fluxes from the alum and allophane treatments during this period were 0.43 ± 0.16 and -1.24 ± 0.23
mg of P m-2 d-1, respectively.

32

Shallow lake rehabilitation: phase two

P flux (mg m-1 day-1)

7

7

c

6

Control

5

5

Allophane

4

4

3

3

2

2

1

1

0

0

-1

-1

-2

-2

7
6
P flux (mg m-1 day-1)

a

6

b

7
6

5

5

4

4

3

3

2

2

1

1

0

0

-1

-1

-2

-2

Alum

d

Figure 3-4: Mean (± standard error) of the DRP fluxes from the Lake Rotomanuka incubations under the
different oxygen availability periods. a) oxygenated 1 b) anoxic 1 c) oxygenated 2 and d) anoxic 2.

Okowhao
During the first oxygenated period, the average P flux from the control was -3.34 ± 0.63 mg of P m-2
d-1. Allophane did not significantly affect DRP fluxes. The addition of alum (P<0.05) significantly
increased DRP fluxes compared to the control (Figure 3-5a). The average DRP fluxes from the alum
and allophane treatments were 1.44 ± 0.62 and -5.46 ± 0.57 mg of P m-2 d-1. During the second
oxygenated period, average P fluxes of the control was 0.00 ± 0.46 mg of P m-2 d-1. Neither the
application of alum nor allophane significantly affected P fluxes. The alum and allophane treatments
averaged -1.95 ± 0.55 and 0.57 ± 0.49 mg of P m-2 d-1, respectively.
During the first anoxic period, the control average P flux was 0.64 ± 0.31 mg of P m-2 d-1. Neither the
application of alum nor allophane significantly reduced sediment P fluxes compared to the control
(Figure 3-5b). During this period, alum and allophane averaged DRP fluxes of -0.33 ± 0.48 and -1.27 ±
0.35 mg of P m-2 d-1, respectively. During the second anoxic period, the average P flux from the
control was -1.29 ± 0.32 mg of P m-2 d-1. Again, neither the application of alum nor allophane
significantly reduced DRP compared to the control (Figure 3-5d). The average P fluxes from the alum
and allophone treatments were -2.60 ± 0.35 and -2.05 ± 0.40 mg of P m-2 d-1.
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Figure 3-5: Mean (± standard error) of the DRP fluxes from the Lake Okowhoa incubations under the
different oxygen availability periods. a) oxygenated 1 b) anoxic 1 c) oxygenated 2 and d) anoxic 2.

Waahi
During the first oxygenated period, the average P flux was -1.02 ± 0.29 mg of P m-2 d-1. The
application of alum (p<0.05) but not allophane significantly reduced sediment DRP fluxes compared
to the control (Figure 3-6a). The alum and allophane treatments had average P fluxes of -3.29 ± 0.36
and -2.01 ± 0.25 mg of P m-2 d-1, respectively. During the second oxygenated period, the average DRP
fluxes from the control averaged 1.65 ± 0.30 mg of P m-2 d-1. Neither the application of alum or
allophane during this period significantly reduced sediment DRP fluxes compared to the control. The
alum and allophane treatments average DRP fluxes were 1.95 ± 0.27 and 1.93 ± 0.29 mg of P m-2 d-1,
respectively.
During the first anoxic period, the average P flux from the control treatment was 1.94 ± 2.52 mg of P
m-2 d-1. The addition of both alum (p<0.05) and allophane (p<0.01) significantly reduced sediment
DRP fluxes compared to the control. The average DRP fluxes from the alum and allophane
treatments were -2.92 ± 0.23 and -3.56 ± 0.42 mg of P m-2 d-1, respectively. During the second anoxic
period, the average P flux from the controls was 1.94 ± 0.37 mg of P m-2 d-1. The addition of both
alum (p<0.05) and allophane (p<0.01) significantly reduced (Figure 3-6d) sediment DRP fluxes
compared to the control. The alum and allophane treatments averaged -2.92 ± 0.21 and -3.56 ± 0.31
mg of P m-2 d-1, respectively.
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Figure 3-6: Mean (± standard error) of the DRP fluxes from the Lake Waahi incubations under the different
oxygen availability periods. a) oxygenated 1 b) anoxic 1 c) oxygenated 2 and d) anoxic 2.

Waikare
During the initial oxygenated period the average flux of P from the control treatment was 0.89 ± 0.47
mg of P m-2 d1. The application of both alum (p<0.05) and allophane (p<0.05) significantly reduced
sediment DRP fluxes compared to the control (Figure 3-7a). The average P fluxes found in the alum
and allophane treatments were -5.47 ± 0.74 and -5.51 ± 0.63 mg of P m-2 d-1, respectively. During the
second oxygenated period, the average P fluxes from the control was 1.28 ± 0.35 mg of P m-2 d-1.
Neither the application of alum nor allophane significantly reduced sediment DRP fluxes compared to
the control. In fact, DRP fluxes increased with the application of alum and allophane averaging 2.28 ±
0.48 and 4.01 ± 0.22 mg of P m-2 d-1 (Figure 3-7) but this was not a significant increase.
During the first anoxic period the average P flux from the controls was -7.66 ± 0.61 mg of P m-2 d-1.
The application of allophane (p<0.05) but not alum significantly reduced (Figure 3-7b) DRP fluxes
compared to the control. The average P fluxes found in the alum and allophane treatments during
this period were -10.53 ± 0.57 and -12.97 ± 0.46 mg of P m-2 d-1, respectively. During the second
anoxic period the flux of P in the control treatment averaged 8.11 ± 0.79 mg of P m-2 d-1. Both the
alum (p<0.001) and allophane (p<0.001) treatment significantly reduced (Figure 3-7d) DRP fluxes
compared to the control. The average DRP flux in the alum and allophane treatments were -2.28 ±
0.48 and -1.00 ± 0.26 mg of P m-2 d-1, respectively.
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Figure 3-7: Mean (± standard error) of the DRP fluxes from the Lake Waikare incubations under the
different oxygen availability periods. a) oxygenated 1 b) anoxic 1 c) oxygenated 2 and d) anoxic 2.

3.2.3 Correlations between Lake characteristics and product effectiveness
During both anaerobic periods, 26% of the variation in the effectiveness of allophane on the
reduction of sediment P fluxes could be explained by sediment bulk density. However, distance
based linear modelling showed that this relationship was not significant (Table 3-3). Similarly, but
this time significantly (p<0.05) sediment bulk density explained 35% of the variation the effectiveness
of alum on the reduction of sediment P fluxes under anoxic conditions (Table 3-3). The next best
predictors of the effectiveness of alum and allophane at reducing sediment P fluxes, under both
oxygenated and anoxic conditions were DOC concentrations and sediment total phosphorus
concentrations (Table 3-3) both of which had negative relationships with product effectiveness. The
relationship between SUVA254 and product effectiveness was also negative during the oxygenated
periods and non-existent during anoxic periods (Table 3-3). Similarly, the presence of oxygen
reduced the strength of the negative relationship between DOC and sediment TP with product
effectiveness.
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Table 3-3:
Distance based linear modelling results (R2 values) examining factors affecting the
effectiveness of the products to reduce sediment P fluxes across all of the Lakes for each of the products and
oxygen availability periods.
Sediment bulk
density

SUVA245

DOC

Sediment TP

Allophane Aerobic

0.06

0.11

0.10

0.04

Allophane Anaerobic

0.26

0.00

0.16

0.13

Alum Aerobic

0.07

0.14

0.05

0.11

Alum Anaerobic

0.35*

0.00

0.19

0.16

3.3

Phosphorus fractionation extractions

In all lakes the amount of P found during the fractionation extractions was greater than the TP found
in the sediment prior to the incubations (TP found in the sediment prior to incubations is presented
in Table 2-2). This indicates that the fractionation extractions are overestimates.
Areare
The amount of Pmobile in the Areare sediments was reduced by the application of the products to the
sediment (p>0.05) but pairwise testing was unable to separate out the treatments. These reductions
were associated with a significant decrease in the amount of ‘labile P’ (p>0.05) and ‘reductant
soluble P’(p>0.05) with the application of the products (Figure 3-8). Accompanying this reduction in
Pmobile with product application was a significant increase in the amount of Pnon-mobile (p>0.05). The
increase in Pnon-mobile was associated with significant increases in the amount of ‘metal oxide bound P’
(p<0.05) and ‘residual P’ (p>0.05) (Figure 3-8) with product application. Although the specific
treatments were not separated using pairwise testing, data in Figure 3-8 suggests the significant
differences identified in ‘metal oxide P’ were caused by alum treatment and those in ‘residual P’
were caused by the allophane treatment.
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Figure 3-8: The mean (± standard error) P fractions extracted from Lake Areare sediments. Blue bars are
the sediment only controls, orange bars are with the addition of allophane and the grey bars are with alum.

Cameron
Product application did not significantly affect the amount of Pmobile or Pnon-mobile in Lake Cameron
sediments. However, product application did have a significant effect on some of the sediment P
fractions, with decreases in the amount of ‘labile-P’ (p<0.05) and ‘reductant-P’ (p<0.05) (Figure 3-9).
Likewise, despite the lack of a change in Pnon-mobile with product application there were significant
increases in the amount of ‘residual-P’ (p>0.05) and ‘apaitie-P’ (p<0.05). Although pairwise testing
was unable to separate out these differences Figure 3-9 suggests that allophane application caused
the largest increases in both ‘residual-P’ and ‘apaitie-P’. It should also be noted that the amount of P
found in Lake Cameron sediment was an order of magnitude higher than that found in any of the
other lakes.
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Figure 3-9: The mean (± standard error) P fractions extracted from Lake Cameron sediments. Blue bars are
the sediment only controls, orange bars are with the addition of allophane and the grey bars are with alum.
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Milicich
No difference in the amount of either Pmobile or Pnon-mobile was found with product application in the
Lake Milicich sediments. Furthermore, the only significant change in the P fraction found in Lake
Milicich sediment was in ‘apatite-P’ (p<0.05) and pairwise testing was unable to separate out the
treatments. Figure 3-10 shows that this difference was an increase in the amount of ‘apatite-P’ that
occurred with the application of allophane.

2500
Phosphorus (µg g-1 DW)

Control

Allophane

Allum

2000
1500
1000
500
0
Labile-P

Reductant Organic-P Metal-oxide Apatite
soluble-P
absorded-P bound-P

Residual-P

Total
extracted-P

Figure 3-10: The mean (± standard error) P fractions extracted from Lake Milicich sediments. Blue bars are
the sediment only controls, orange bars are with the addition of allophane and the grey bars are with alum.

Okowhao
The application of the products Lake Okowhao sediments significantly decreased the amount of
Pmobile (p<0.05) and increased Pnon-mobile (p<0.05) when compared to the control (Figure 3-11). The
decrease in Pmobile was facilitated by significant reductions (Figure 3-11) in the ‘labile-P’ (p>0.05) and
‘reductant soluble-P’ fractions (p<0.01), however, the effect of the specific products could not be
determined using pairwise testing. Figure 3-11 shows that both alum and allophane reduced the
amount of ‘labile-P’ and ‘reductant soluble-P’ compared to the control. The role of alum and
allophane in the increase in Pnon-mobile (p<0.05) was not separated by pairwise testing. This increase in
Pnon-mobile was brought about by significant increases in the amount of ‘metal oxide-P’ (p<0.05), but
again, the treatments were not separated by pairwise testing. Figure 3-11 indicates that both alum
and allophane increased the amount of ‘metal oxide-P’ compared to the control and that allophane
may have had a larger effect.
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Figure 3-11: The mean (± standard error) P fractions extracted from Lake Okowhao sediments. Blue bars
are the sediment only controls, orange bars are with the addition of allophane and the grey bars are with
alum.

Rotomanuka
The application of the products caused a significant decrease in the amount of Pmobile found in the
sediments of Lake Rotomanuka (p<0.05). This decrease was facilitated by significant reductions in
the amount of ‘labile-P’ (p<0.05), ‘metal oxide-P’ (p>0.05), and ‘organic-P’ fractions but pairwise
testing was unable to detect difference between treatments. ‘Labile-P’ was similar in allophane and
the control treatments but unexpectedly increased in the alum treatment (Figure 3-12). However,
the alum treatment had lower levels of ‘reductant soluble-P’ than either the controls or allophane
treatments (Figure 3-12). The biggest change in the fractions that make up Pmobile occurred in the
‘organic-P’ fractions with both alum and allophane reducing the amount of ‘organic-P’ compared to
the control, with alum having the largest effect (Figure 3-12). A significant increase in the amount of
Pnon-mobile was found with product application (p<0.05). These changes occurred as a function of
increases in the amount of ‘metal oxide-P’ (p>0.05), ‘apatite-P’ (p>0.05) and ‘residual-P’ (p>0.05).
Pairwise testing was unable to detect differences between the treatments in any of these fractions.
However, Figure 3-12 indicates that alum caused the largest increase in ‘metal oxide-P’ and
allophane application in ‘residual-P’.
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Figure 3-12: The mean (± standard error) P fractions extracted from Lake Rotomanuka sediments. Blue bars
are the sediment only controls, orange bars are with the addition of allophane and the grey bars are with alum.

Waahi
No difference in the amount of either Pmobile or Pnon-mobile was found with product application in the
Lake Waahi sediments (Figure 3-13) nor was any significant change identified in any of the P fractions
investigated.
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Figure 3-13: The mean (± standard error) P fractions extracted from Lake Waahi sediments. Blue bars are
the sediment only controls, orange bars are with the addition of allophane and the grey bars are with alum.

Waikare
No difference in the amount of either Pmobile or Pnon-mobile was found with product application in the
Lake Waikare sediments. There was a significant effect of product application on ‘organic-P’
(p<0.05). Pairwise testing could not separate out the treatments, but Figure 3-14 shows that alum
increased, and allophane decreased, the mobile fraction of ‘organic-P’ compared to the control.
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Figure 3-14: The mean (± standard error) P fractions extracted from Lake Waikare sediments. Blue bars are
the sediment only controls, orange bars are with the addition of allophane and the grey bars are with alum.

3.4

Allophane as flocculant

Areare
The application of allophane did not increase the black disc depth in Lake Areare water. In fact, for
the first 5 hours of the experiment the presence of the allophane in the water column reduced the
black disc depth when compared to the control tubes. Figure 3-15 shows that the difference in black
disc depth between the controls and the tubes where allophane had been applied, increased with
the dosage rate of allophane.
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Figure 3-15: The mean black disc depth (± one standard deviation) from the settling tubes containing Lake
Areare water. The Yellow, orange and grey dots represent a full, half and quarter dose and the blue dots are
the control (lake water only) treatments. The dotted lines are logarithmic lines of best fit.
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Cameron
Unexpectedly, the black disc depth decreased with time in the Lake Cameron water. No effect of
allophane addition is discernible in Figure 3-16.
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Figure 3-16: The mean black disc depth (± one standard deviation) from the settling tubes containing Lake
Cameron water. The Yellow, orange and grey dots represent a full, half and quarter dose and the blue dots are
the control (lake water only) treatments. The dotted lines are linear lines of best fit.

Milicich
The rate of black disc depth increase was greater with the addition of allophane to Milicich lake
water. This effect was also greater with larger doses of allophane (Figure 3-17).
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Figure 3-17: The mean black disc depth (± one standard deviation) from the settling tubes containing Lake
Milicich water. The Yellow, orange and grey dots represent a full, half and quarter dose and the blue dots are
the control (lake water only) treatments. The dotted lines are logarithmic lines of best fit.
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Okowhao
The black disc depth increased with time in Lake Okowhao water. However, Figure 3-18 suggests
that the application of allophane does not hasten the clearing of the water column compared with
no allophane.
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Figure 3-18: The mean black disc depth (± one standard deviation) from the settling tubes containing Lake
Okowhao water. The Yellow, orange and grey dots represent a full, half and quarter dose and the blue dots
are the control (lake water only) treatments. The dotted lines are logarithmic lines of best fit.

Rotomanuka
The black disc depth measured in Lake Rotomanuka increased with the application of allophane
compared to the control. Initially, the highest allophane dose rate had the lowest black disc depth,
which is likely due to the allophane itself. However, by 5 hours after application the water clarity
increased with increased allophane dose (Figure 3-19).
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Figure 3-19: The mean black disc depth (± one standard deviation) from the settling tubes containing Lake
Rotomanuka water. The Yellow, orange and grey dots represent a full, half and quarter dose and the blue dots
are the control (lake water only) treatments. The dotted lines are logarithmic lines of best fit.

Waahi
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Figure 3-20 shows that the application of allophane did not affect the clarity of water from Lake
Waahi. This was true regardless of the time since application.
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Figure 3-20: The mean black disc depth (± one standard deviation) from the settling tubes containing Lake
Waahi water. The Yellow, orange and grey dots represent a full, half and quarter dose and the blue dots are
the control (lake water only) treatments. The dotted lines are logarithmic lines of best fit.

Waikare
The application of allophane to Lake Waikare water did not increase the rate of water clarity
increases compared to the controls (Figure 3-21).
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Figure 3-21: The mean black disc depth (± one standard deviation) from the settling tubes containing Lake
Waikare water. The Yellow, orange and grey dots represent a full, half and quarter dose and the blue dots are
the control (lake water only) treatments. The dotted lines are logarithmic lines of best fit.

3.5

Sediment aeration by submerged macrophytes

In general, there was little evidence for aeration of the lake sediments by M. triphyllum, P. ochreatus
or N. cristata. The graphs of the logged oxygen concentrations for those pots where macrophyte
sediment aeration did not occur are presented in Appendix A. However, one pot that showed
evidence of macrophyte oxygen production was the 4th replicate of P. ochreatus in Lake Cameron
sediment (Figure 3-22). The evidence was a diel curve in oxygen concentration (above that found in
the control) for two outer probes. This was the only non-isoëtes species to show evidence of oxygen
production with concentrations peaking at approximately 0.4 mg l-1. This diel pattern was identified
on two separate days.
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Figure 3-22: Probes surrounding P. ochreatus with evidence of oxygenation of Lake Cameron sediment. The
dashed lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer
ring of probes. The red non-dashed line is the control.

Evidence of oxygen emanating from macrophyte roots was more commonly found for I. kirkii than
the other species investigated. Three of the five replicates of I. kirkii in Lake Waahi sediments
exhibited evidence of sediment oxygenation, with concentrations above that found in the controls,
and strong diel patterns. Figure 3-23 shows this pattern in the 2nd and 5th pots of I. kirkii with oxygen
concentrations reaching 7-8 mg l-1 in the early afternoon for two probes in the inner ring of each of
the pot. The 3rd pot which contained I. kirkii has sediment oxygen concentrations logged for three
days to investigate whether the observed diel curves repeated on subsequent days. Figure 3-24
shows that diel curves repeated each day in the same two oxygen probes. Interestingly, on all
occasions where diel curves were found oxygen concentrations did not decrease to background
levels overnight, suggesting that I. kirkii roots were still an oxygen source even when no light was
present.
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Figure 3-23: Sediment oxygen concentrations in the I. kirkii pots 2 and 5 in Lake Waahi sediments. The
dashed lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer
ring of probes. The red non-dashed line is the control.
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Figure 3-24: Sediment oxygen concentrations in the I. kirkii pot 3 logged for 3 days. The dashed lines
represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of probes.
The red non-dashed line is the control.
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4

Discussion

4.1

Characterising the lakes sediment and water chemistry

One of the project aims was to investigate the effect of lake humic content on the ability of alum and
allophane to reduce sediment P fluxes. The first step in this process was to identify a set of lakes that
ranged in their humic content. This was completed by using local knowledge and checked by
investigating pH measurements recorded in the lakes. Table 3-1 shows that the lakes included in this
study had a large range in humic indicators such sediment TOC, DOC and SUVA254. At the low end of
the peat influence range, Lake Waikare was consistently shown to be the least peat influenced lake.
At the highly peat influenced end of the range, the results were more variable and dependent on the
variable being investigated. For example, SUVA254 suggested that Lake Okowhao was the most peat
influenced while DOC and sediment TOC both suggested Lake Cameron was the most peat
influenced. Some characteristics of the humic materials found between lakes is variable.

4.2

Sediment incubations

The continuous flow incubation system used in our experiments was designed to replicate the
bottom of a mixed lake during the oxygenated periods and a stratified lake with an anoxic
hypolimnion during the anoxic periods. However, this system is not able to replicate the phosphorus
releases generated by wind driven sediment re-suspension (Sondergaard et al. 2001). In Waikato,
the proportional contribution to the internal loading of P from sediment P fluxes and sediment resuspension in lakes has not been thoroughly investigated. It is likely to vary between lakes
depending on their size, fetch length, predominant wind direction and water depth. Given the
limitation of the continuous flow incubation system this report is focused on sediment P fluxes under
oxygenated and anoxic conditions and how they can be reduced through the application of alum or
allophane to a lake. The size and importance, as well as the identification of methods to reduce P
fluxes from wind driven sediment re-suspension is beyond the scope of this report.
The strongest predictor of the ability of both alum and allophane to reduce sediment P fluxes was a
positive relationship found with sediment density. Low sediment density may allow the applied
products to sink into the sediment reducing their ability to form a cohesive capping layer. Sinking of
the sediment capping products into the sediment has been observed and shown to decrease their
ability to reduce sediment DRP fluxes (Welch and Cooke 1999, Gibbs 2010, Meis et al. 2012). None
of the other lake characteristics used in the distance based linear modelling could explain a
substantial proportion of the variation found in the effectiveness of either alum or allophane. Humic
acids are well known to reduce the effectiveness of sediment capping agents (Omoike and VanLoon
1999, Lürling et al. 2014) and a weak but negative effect of SUVA254 on the products was found.
Interestingly, this negative relationship was stronger during oxygenated periods and did not occur
during the anoxic periods. In previous investigations, the effects of humic acids on sediment capping
agents have been undertaken using chemical grade humic acids, in an oxygenated water column
(without sediments), under laboratory conditions. The reason for the effect of oxygen is not clear
but overall the weak relationship found in our study is most likely related to the natural variation in
humic acids between the lakes included in this study intertwined with the effects of sediment
density.
When examining all of the lakes together, the application of the products did not have a significant
effect on P fluxes. A significant effect of lake was found and was expected given the range of lake
types included in this study, but where the lakes grouped after pairwise testing was unexpected.
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This analysis found that the lakes did not group based on lake type; peat or riverine, a finding that
supports the lack of explanatory power found with SUVA254 on the effectiveness of alum and
allophane. Rather, Lakes Cameron and Rotomanuka differed, both from each other, and from all
other lakes tested. These two lakes were the only lakes tested in which neither of the products
influenced sediment P fluxes indicating there is something unique about these lakes. Lake Cameron
had the highest sediment TP and DRP fluxes and DRP in the lake water feeding the incubation
chambers which likely differentiated it from the other lakes. A characteristic that these two lakes
share is they have the least dense sediment of any of the lakes tested. The distance based linear
modelling found that sediment density affected the performance of the products, potentially as a
consequence of the products sinking into the sediments.
Allophane was effective at reducing sediment P fluxes in Lakes Areare, Waahi and Waikare. Based on
the hypothesis that humic acids reduce the effectiveness of both alum and allophane, Lakes Waahi
and Waikare, were the most likely lakes in which the products would be effective as they have the
lowest humic content. In contrast, Lake Areare is one of the most peat influenced lakes included in
this study having the second highest SUVA254 and DOC concentration and the third highest sediment
TOC content. Although lakes Waahi and Waikare are at the opposite end of the peat influence scale
to Lake Areare, allophane was effective at reducing sediment P fluxes in all three of these lakes.
Although it is not possible to separate out the complex mechanisms, it is plausible that the lower pH
of the water feeding the Lake Areare incubations, compared to that found in the Waahi and Waikare
incubations, may have provided a for co-complexing rather than competitive complexing (Cheng et
al. 2004). Alternatively, it is recognised that the affinities of humic materials to bind competitively
with P on the products may vary between lakes and the humic material found in Lake Areare may
have a low affinity for complexing with Al. But a common factor between these three lakes is that
they have the densest sediments of any of the lakes included in this study (Table 3-1).
Alum was effective at blocking sediment P fluxes in a greater number and range of lakes than
allophane. Alum significantly reduced sediment P fluxes in Lakes Areare, Milicich, Okowhao, Waahi
and Waikare. As with allophane, alum significantly reduced sediment P fluxes in both peat and
riverine lakes that had a gradient of both humic acids and pH levels. Therefore, it seems unlikely that
the pH dependent forms of complexing between humic acids and Al identified by Cheng et al. (2004)
were affecting the ability of alum to bind DRP. This suggests that the effectiveness of alum at
blocking sediments P fluxes was affected by more than humic acid concentrations. Again, sediment
density is the common feature of the lakes where alum was and was not effective.
A decrease in efficiency through time is evident for allophane but not for alum when the P flux data
is examined across the two anoxic periods. During the first anoxic period allophane significantly
reduced the DRP flux in three lakes but during the second anoxic phase, only the two lakes with the
densest sediments and lowest humic content, had reduced DRP flux. Comparatively, the
effectiveness of alum increased between the first and second anoxic periods from significant
reduction in three lakes to significant reductions in five lakes. There is no direct evidence that
identifies the cause of this decrease in effectiveness in allophane but not alum, however it seems
likely that density of the products and the sediment was influential. It is possible that the effect of
humic acids were stronger on allophane then alum. Given that the pH during the incubation were in
the range found by Cheng et al. (2004) where co-precipitation of P, humic acids and Al would occur,
it is more likely that allophane was sinking into the sediment and becoming less effective through
time.
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There are several possible reasons for the observed variability in product performance both across
lakes and within a lake but across the different oxygen availability periods. It is possible that
inconsistencies in the application of the products caused gaps in product coverage (Gibbs et al. 2011,
Gibbs and Özkundakci 2011). Another possible explanation, is the homogenising of the sediment
prior to creating the sediment core was not sufficient and some spatial variability was still evident
during the incubation. Finally, the characteristics of the humic acids found in each of the lakes is also
likely to have varied effects on the product performance between the lakes. The humic materials
from one lake may not have the same tendencies to complete with P for binding sites on the
products as the humic materials from another lake.
Both alum and allophane treatments become sources of DRP to the water column, greater than the
sediments themselves, during some of the aerobic periods. This occurred during the first oxygenated
period in Lake Okowhao, with the alum treated sediments, and in the second anoxic phase in Lake
Cameron sediments also treated with alum. Such a pattern, indicates that the applied alum is
becoming a source of DRP to the water column. The pH in the water column indicates that it is
unlikely that competitive complexing mechanisms were occurring between humic acids, DRP and Al,
as in both cases the pH was within the range where Cheng et al. (2004) observed that co-complexing
occurs. Given both occasions when releases from alum occurred was in peat lakes, it is probable that
a characteristic within these environments causes this release. The mechanism of this release is not
clear and requires further investigation. Therefore, the application of these products to peat lakes
should be completed cautiously as these releases undermine one of the fundamental principles of
lake geo-engineering; that P binding agents should not release P under natural conditions.

4.3

P fractionation extractions

The amount of P found in the extractions was consistently larger amount of TP found in the sediment
prior to the incubations, indicating that there was some overlap between the fractions during the
sequential extractions. Where this overlap lies is uncertain, so these results should be treated only
as indicative of the changes to sediment P fractions with the application of alum and allophane.
In all lakes except Lake Areare, there was no agreement between product induced decreases in P
fluxes and changes to sediment P fractions. For example, in lakes Waahi and Waikare, where the
application of alum and allophane significantly reduced P fluxes during the incubations, P
fractionation was unable to find an effect of the products on the amount of Pmobile and Pnon-mobile. This
apparent disparity can be attributed to the contact that occurred between the products and the lake
sediments. Lakes Waahi and Waikare had the densest sediments (Table 3-1) of the investigated
lakes. This means that it is unlikely the products sunk into the sediment rather they formed a
cohesive capping layer on the sediment surface which blocked sediment P fluxes. Given that our P
fractionation extractions used the top 2 cm of sediment, it is likely that in lakes with denser
sediments most of the top 2 cm of sediment did not encountered the products, thus the sediment P
fractions were never altered. Effectively, the volume of the sediment sampled may have been
greater than that affected by the products, diluting the apparent effectiveness of the products.
In the lakes with least dense sediments, the products, particularly allophane, appear to have sunk
into the sediments, increasing their effect on sediment P fractions and decreasing their effect on
sediment P fluxes. Meis et al. (2012) observed the bentonite based capping agent, Phoslock®, sunk 8
cm into the sediment cores taken from a Scottish reservoir over a period of 28 days. Welch and
Cooke (1999) also suggested that alum floc may sink downwards in low-density sediments reducing
its ability to reduce sediment DRP fluxes.
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It seems likely that reducing the amount of Pmobile and increasing the amount of Pnon-mobile in the
sediments will, in the longer term, reduce the size of the sediment P fluxes. However, this effect is
dependent upon the rate of sedimentation that occurs over the sediment layer that has been treated
with alum or allophane. Using incubations and modelling, Lewandowski et al. (2003) showed that a 5
cm deep layer of fresh sediment over the dosed sediment will nullify any effects of dosing. This gives
further weight to the need to have external inputs of nutrients and sediment controlled before
attempting to reduce rates of internal P cycling in degraded lakes.
Our experiments suggest that low-density sediments, regardless of whether from a peat or riverine
lake can impede the effectiveness of alum and allophane at reducing sediment P fluxes.
Furthermore, the effect of alum and allophane application on P fractionation in high humic, lowdensity sediments was variable. In some lakes, like Rotomanuka that have high humic and lowsediment density, the application of the products decreased the amount of Pmobile and increased the
amount of Pnon-mobile which is consistent with conservation of mass. However, in other lakes with
similar sediment properties, such as Lake Milicich, no effect was found on sediment P fractions. The
reason for this disparity is unclear but may be related to pH or to the nature of the humic materials
found in the lake and their propensity to bind to the Al(OH)3 sites on the products. To date, the only
investigations on the effect of humic materials on sediment capping agents have been completed
with chemical grade humic materials, under oxygenated, laboratory based conditions (Omoike and
VanLoon 1999, De Vicente et al. 2008, Lürling et al. 2014). Further investigation using naturally
occurring humic materials from lakes will provide greater insights into where sediment capping
agents will be effective as geo-engineering tools.

4.4

Allophane as a flocculant

Allophane was only effective as a flocculant in Lakes Milicich and Rotomanuka. In these lakes, the
flocculation effect of allophane increased with the dose rate and no maximum rate was identified.
Clays, such as allophane, are known to be effective flocculants if they have long and spindly shapes
which can form bridges between suspended particles, thus forming larger particles that are more
likely to fall out of suspension (Pan et al. 2006a, Pan et al. 2006b, Zou et al. 2006). Given the variable
nature of allophane effectiveness as a flocculant, it is unlikely that such a physical process is the
mechanism that makes it a flocculant. Investigating the chemical properties of Lake Milicich and
Rotomanuka water, there were no stand out aspects of their water chemistry that immediately
distinguishes them for lakes where allophane was not an effective flocculant. Humic materials are
known to bind to the Al binding sites used in alum (Omoike and VanLoon 1999, De Vicente et al.
2008) and based on the results presented in this investigation we expect that humic materials also
bind to the Al binding sites found on allophane. Humic materials have also been shown to be
essential elements in flocs formed in both marine (Helms et al. 2013) and freshwater environments
(Droppo et al. 1997, Droppo 2001). It is plausible that there is an interaction between the humic
materials found in Lakes Milicich and Rotomanuka and allophane which is causing the observed dose
dependent flocculation. Further investigation is required to untangle this relationship.

4.5

Macrophyte driven sediment aeration

The sediments of eutrophic lakes are highly reducing environments where oxygen is consumed
quickly. This means that although the roots of photosynthesising plants are likely to be emitting
oxygen (Sand-Jensen and Prahl 1982) the distance that oxygen travels through the sediments will
depend on the rate of oxygen production and consumption. In eutrophic lake sediments the rate of
oxygen consumption can be so high that oxygen is consumed before it can be detected (Carpenter et
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al. 1983). However, I. kirkii was able to overcome this oxygen demand and created an oxygenated
zone. The creation of this oxygenated zone has consequences for the cycling of iron and phosphorus
in the sediments and could be natural solution to P release in areas that can support the growth of I.
kirkii. Transplants of vascular macrophytes into reduced sediment has been shown to lower the
water iron and P concentrations in the pore water, and diminish phosphorus diffusion from the
sediments as iron-P complexes formed (Jaynes and Carpenter 1986).
The method used in the present study for detecting oxygen in the lake sediments aimed to find the
spatial distribution of oxygen, if any, surrounding the submerged macrophytes. Our method is not
able to determine rates of production and respiration occurring in the sediment, because the
proximity of the oxygen probes to the roots is unknown. However, our goal was to investigate if
native macrophytes were able oxygenate their surrounding sediments to help determine a planting
density needed to support an aerobic environment and reduce the likelihood of large fluxes of P
emanating from the sediments.
Of all the macrophytes tested only I. kirkii showed clear evidence of an ability to aerate the
sediments. I. kirkii has a rosette form that appears well suited to sediment aeration, perhaps due to
its thick leaves and cuticles that reduce oxygen loss from its leaves. It also has relatively large lacunae
enabling effective transportation of oxygen internally, and large root surface area with short
diffusional pathways (Sand-Jensen and Prahl 1982). The only other evidence of sediment
oxygenation was two probes for a single plant of P. ochreatus, which suggests that these
macrophytes are able to oxygenate the sediment but the density of probes used in this study was not
sufficient to find the comparatively sparse roots system of P. ochreatus on most occasions. In
contrast, I. kirkii has a relatively dense root ball that does not penetrate far into the sediments.
Consequently, this root system likely concentrates any oxygen produced into a small area. This
density of roots may assist in providing sufficient oxygen to repeatedly overcome sediment oxygen
demand.
These results suggest that planting densities and/or plant sizes greater than those tested would be
required before there are measurable benefits from net oxygen production for 3 of the 4 species,
although the benefits of stabilising sediments and minimising their resuspension are still recognised.
However, literature studies using Isoëtes braunii, Myriophyllum tenellum, and similar macrophyte
species, raised sediment Eh, lowered pH and filterable Fe and P percentages, and enhanced sediment
P retention in oligotrophic lake sediments, compared to bare sediment, during transplantation
experiments (Jaynes and Carpenter 1986). The oxygen demand in eutrophic lake sediment is much
higher but over time the oxygen moved into the sediments by submerged macrophytes should lower
sediment oxygen demand and increase the oxygenated area surrounding the roots of each plant.
However, the timelines need for this are unknown and more research is needed before such
methods can be fully understood.
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Conclusions

The major factor effecting the usefulness of alum and allophane for reducing sediment P fluxes was
sediment density while the influence of humic materials seemed to be variable across lakes. High
sediment bulk densities can allow the products to form a cohesive capping layer on the sediment
surface while keeping them out of the sediments where humic concentrations will be much higher
than in the water column. It is possible that pH altered the form of complexing occurring between
humic materials, P and Al binding sites on the products given that on some occasions pH dropped the
range that (Cheng et al. 2004) found would cause competitive complexing. Additionally, the nature
of the humic material in each lake was variable and may have affected the complexing processes. In
Lake Milicich humic material appears to have a high affinity for the binding sites on alum and
allophane as we found no evidence of either a reduction in P fluxes or an effect on sediment P
factions, except for ‘apatite-P’. Comparatively, the humic materials in Lake Areare seem to have a
low affinity to bind to alum and allophane as, despite it being a heavily peat influenced lake, it had
both significant reduction in P fluxes and reduction in the amount of Pmobile while increasing the
amount of Pnon-mobile.
The effectiveness of allophane as a flocculant was highly variable between lakes. In only two of the
lakes tested; Rotomanuka and Milicich, was it effective as a flocculant. The reason why allophane
flocculates in these lakes is unclear. Rotomanuka and Milicich are both peat lakes but no aspect of
their water chemistry made them similar yet distinct from the other lakes where allophane was not
an effective flocculant. The cause of the variability may, again, be variation in the properties of the
humic materials that are contained within each lake.
The macrophyte driven sediment aeration work clearly showed the ability of I. kirkii to overcome the
sediment oxygen demand and oxygenate the sediments. Submerged macrophytes can aerate lake
sediments in oligotrophic lakes. However, the ability to overcome the oxygen demand found in
eutrophic lake sediments was only found in one of the species tested and the time it would take to
reduce sediment oxygen demand using submerged macrophytes is unknown.
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6

Recommendations

Alum reduced DRP fluxes in more lakes than allophane, but both products performed best in lakes
with dense sediments and low peat influence. In peat lakes there is a possibility that alum itself
could become a source of DRP to the water column. Thus, caution should be exercised when treating
peat lakes as the nature of the humic materials or the pH influences how it interacts with alum and
could cause alum itself to become source of DRP. More research on the interactions between humic
materials and sediment capping agents such as alum and allophane is needed, specifically, research
that uses naturally source humic material from a range of sources completed under both oxygenated
and anoxic conditions. Some form of preliminary testing to gauge the type of interacts that are likely
to occur between alum and lake humic materials is required before alum can be considered as a tool
to aid degraded peat lakes. There are other factors that should also be considered before scaling up
the use of these product to a whole lake, including; rates of external nutrient and sediment loading,
the presence of pest fish and the likelihood of large areas of the lake being affected by wind
generated sediment re-suspension.
Allophane cannot be recommended as a flocculant until its variable efficacy is better understood to
provide predictable outcomes. Finally, planting suitable areas in lakes with I. kirkii is highly likely to
increase sediment aeration and reduce P fluxes. More work is needed to understand what role other
macrophytes species and what times frames will be required before they are also able to reduce
sediment P fluxes through sediment aeration.
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Appendix A

Macrophyte driven sediment aeration
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Figure A-1: Sediment oxygen concentrations in the N. cristata 1 in Lake Cameron sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-2: Sediment oxygen concentrations in the N. cristata 2 in Lake Cameron sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-3: Sediment oxygen concentrations in the N. cristata 3 in Lake Cameron sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-4: Sediment oxygen concentrations in the N. cristata 4 in Lake Cameron sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-5: Sediment oxygen concentrations in the N. cristata 5 in Lake Cameron sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-6: Sediment oxygen concentrations in the M. triphyllum 1 in Lake Cameron sediments. The
dashed lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer
ring of probes. The red non-dashed line is the control.
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Figure A-7: Sediment oxygen concentrations in the M. triphyllum 2 in Lake Cameron sediments. The
dashed lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer
ring of probes. The red non-dashed line is the control.
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Figure A-8: Sediment oxygen concentrations in the M. triphyllum 3 in Lake Cameron sediments. The
dashed lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer
ring of probes. The red non-dashed line is the control.
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Figure A-9: Sediment oxygen concentrations in the M. triphyllum 4 in Lake Cameron sediments. The
dashed lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer
ring of probes. The red non-dashed line is the control.
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Figure A-10: Sediment oxygen concentrations in the M. triphyllum 5 in Lake Cameron sediments. The
dashed lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer
ring of probes. The red non-dashed line is the control.
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Figure A-11: Sediment oxygen concentrations in the P. ochreatus 1 in Lake Cameron sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-12: Sediment oxygen concentrations in the P. ochreatus 2 in Lake Cameron sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-13: Sediment oxygen concentrations in the P. ochreatus 3 in Lake Cameron sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-14: Sediment oxygen concentrations in the N. cristata 1 in Lake Milicich sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control
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Figure A-15: Sediment oxygen concentrations in the N. cristata 2 in Lake Milicich sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control
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Figure A-16: Sediment oxygen concentrations in the N. cristata 3 in Lake Milicich sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-17: Sediment oxygen concentrations in the N. cristata 4 in Lake Milicich sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-18: Sediment oxygen concentrations in the N. cristata 5 in Lake Milicich sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-19: Sediment oxygen concentrations in the M. triphyllum 1 in Lake Milicich sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-20: Sediment oxygen concentrations in the M. triphyllum 2 in Lake Milicich sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-21: Sediment oxygen concentrations in the M. triphyllum 3 in Lake Milicich sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-22: Sediment oxygen concentrations in the M. triphyllum 4 in Lake Milicich sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-23: Sediment oxygen concentrations in the M. triphyllum 5 in Lake Milicich sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-24: Sediment oxygen concentrations in the P. ochreatus 1 in Lake Milicich sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-25: Sediment oxygen concentrations in the P. ochreatus 2 in Lake Milicich sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-26: Sediment oxygen concentrations in the P. ochreatus 4 in Lake Milicich sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-27: Sediment oxygen concentrations in the P. ochreatus 5 in Lake Milicich sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-28: Sediment oxygen concentrations in the M. triphyllum 1 in Lake Waahi sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-29: Sediment oxygen concentrations in the M. triphyllum 2 in Lake Waahi sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-30: Sediment oxygen concentrations in the M. triphyllum 3 in Lake Waahi sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-31: Sediment oxygen concentrations in the M. triphyllum 4 in Lake Waahi sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-32: Sediment oxygen concentrations in the M. triphyllum 5 in Lake Waahi sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-33: Sediment oxygen concentrations in the P. ochreatus 1 in Lake Waahi sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-34: Sediment oxygen concentrations in the P. ochreatus 3 in Lake Waahi sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-35: Sediment oxygen concentrations in the P. ochreatus 4 in Lake Waahi sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-36: Sediment oxygen concentrations in the P. ochreatus 5 in Lake Waahi sediments. The dashed
lines represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of
probes. The red non-dashed line is the control.
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Figure A-37: Sediment oxygen concentrations in the I. kirkii 1 in Lake Waahi sediments. The dashed lines
represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of probes.
The red non-dashed line is the control.
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Figure A-38: Sediment oxygen concentrations in the I. kirkii 4 in Lake Waahi sediments. The dashed lines
represent oxygen concentration of the inner ring of probes and the non-dashed lines the outer ring of probes.
The red non-dashed line is the control.
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