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Executive Summary

As part of the on-going remediation of water quailit the Te Arawa/Rotorua lakes, Environment Bay
of Plenty has been testing the use of sedimentimg@ments to inhibit the release of phosphorus (P)
from the sediment as an internal load that canedeixanobacteria blooms. NIWA was commissioned
to assess the efficacy of remediation work on L@karo. In September 2007, Lake Okaro was treated
with about 100 tonnes of a modified zeolite prodd@G1, developed by Scion as a P-binding agent
for sediment capping. This product had a nominaingsize of 1-3 mm. Although application using a
fertilizer spreader was relatively easy, the sedinceverage was uneven and the coarse granules sank
into the sediment, substantially reducing the afficof the treatment. Measurements of P content in
the granular Z2G1 recovered from the top 4-cm sedtnayer indicated that only about 10% of the
potential P-binding capacity of the Z2G1 applied2®07 had been used. Notwithstanding this, the
total bioavailable P in the surficial sediment (@ depth) following that treatment was reduced by
around 50%.

In August 2009, while the lake was well oxygenatedughout its depth (>7 g DO the lake was
treated with a further 44 tonnes of Z2G1 but irireerf grain size mostly in the range 0.1-0.4 mm,
applied as a slurry 2-3m below the lake surfacee &henness of sediment coverage was assessed
using sediment traps at 17 locations across treedall. While the mean measured areal load was 178
g m? which was comparable with the expected areal lfati66 g n¥, the coverage was, again,
highly variable ranging from around 100 ¢fmp to 250 g i of Z2G1. The minimum areal loading

of 100 g nf was theoretically sufficient to bind all P in therficial sediments.

Apart from the uneven lake bed coverage, the esifithe trapping exercise also showed that there
was substantial drift of the Z2G1 into the non-&drgdge waters <5 m deep. These observations
indicate that further work is required on the $sftland dispersal properties of the Z2G1 produdt an
the flow-on effects to the application technique.

Additional information obtained from the August 20@eatment included:

e The fine grain size Z2G1 was able to absorb P fieenupper water column, possibly as a
function of longer contact time due to the slowettlgsg rate. There was a 50% reduction in
dissolved reactive P and ammoniacal nitrogen irugiyger water column following the Z2G1
application.

« The mean flux of organic matter for the deep (>5traps was 1.57 g tnd*, with a large
range of 0.73 to 2.31 g'hd™.

« There was a statistically significant relationstip<<0.001, ¥ = 0.77, n = 13petween the
amount of organic matter and the Z2G1 in each efdbep (>5 m) traps. This indicates that
the fine grain Z2G1 formulation behaved like a folent, co-precipitating organic matter,
including algae, from the water column.

Lake Okaro re-treatment with Z2G1 in August 2009 iv
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e Large numbers of bullies used the sediment trafpmhbiats. The numbers of bullies observed
in the sediment traps on retrieval correlated g amount of organic matter in the traps.
There appeared to be two distinct groupings ofidmillvith 4-fold higher numbers in the
eastern traps. This may indicate a natural sedifiegntsing area in the lake attracting higher
populations of bullies to the resultant food source

e Chlorophyll fluorescence profiles as an indicatbralmal biomass showed that there was a
layer of algae about 1-m thick moving around the lat about the depth of the euphotic zone
(=5 m), independent of the thermal structure in ldles at that time. This layer consisted
mostly of the dinoflagellateReridinium sp., in a patch with an estimated area of about one
third of the lake. While the patchiness of the flemgellate bloom may be natural, it is
possible that part of that bloom was co-precipdatéh the Z2G1.

« Excluding dinoflagellate peaks, mean chloroplaytioncentrations at 5 m increased from 20.9
mg m° on 24" August, at the beginning of the dosing, to 30dLm? on 3% September 6 days
after dosing had finished. This is consistent wigtiural growth rates rather than stimulated
growth in response to the Z2G1 dosing.

Conclusions:

The finer grain formulation of Z2G1, applied adary, gave a more consistent cover of the lake
bed than the previous application of courser geie material, but there were still substantial
variations in the areal loading across the lakes Tridicates that there is still work to be done to
produce a product formulation and application systieat will reliably and consistently deliver an
even coverage of the product to the targeted zaribelake bed.

When first applied the fine grain formulation of @2 formed a cloud which was slow to settle
giving a high contact time during which it adsortiedh DRP and ammoniacal nitrogen from the
upper water column. The cloud coalesced into lapgeticles as it formed a floc which sank
rapidly taking some of the algal biomass out ofwader column. These changes in the properties
of Z2G1 may have direct bearing on how the produdeveloped.

Lake Okaro re-treatment with Z2G1 in August 2009 v
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1. Introduction

As part of the on-going Environment Bay of PleriBBOP) programme for the water
quality restoration of Lake Okaro, the lake hasnbweated twice (September 2007
and August 2009) with a new phosphorus (P) inattwaagent (Z2G1) applied as a
thin layer to the sediment. This thin sediment aagpayer was intended to block the
release of P from the sediments under the anoxiditons that develop in the bottom
waters (hypolimnion) of the lake during summertsfication.

In September 2007, the Z2G1 product was appliednatminal dose rate of 500 g°m
in the form of coarse granules (nominal grain diZ2mm) using a fertilizer spreader
from a barge. The granules settled rapidly to #die= Ibed within the targeted zone
below the 5-m depth contour, but the sediment agerwas highly variable with
patches of both high and low sediment loading (m@2® g nt; range 450-1520 g
m?). This amount of variability indicated difficul§ewith this application method.
Subsequent examination of the lake sediments f@1Z2overage indicated that the
larger granules had also sunk into the sedimerselgral cm in some places, further
reducing the efficacy of the sediment capping latebblocking the release of P from
the sediment.

An additional complication in assessing the efficad the Z2G1 as a sediment
capping agent was the timing of the applicatioatred to the oxygen concentrations
in the hypolimnion. By the time of application ir@@ember 2007, the hypolimnion
was anoxic and P was already being released frensadiment. Although the Z2G1
application reduced subsequent P release, thera walsstantial amount of P already
in the lake water column from that source. Obsémaat of water column P
concentrations through the stratified period indidahat the Z2G1 P-binding capacity
may have been overwhelmed or that the capping |ager been buried by newly
sedimented material from in-lake production aneéedl inputs.

The main lessons learned from the September 26athtent of Lake Okaro were:

» the timing of the application is critical and musé completed while the
hypolimnion is well oxygenated;

e the grain size of the Z2G1 needs to be small enaogtihat the granules do not
sink into the nepheloid layer on the sediment sesfand

» the application technique needs to be more prégipeovide an even coverage of
the sediment, thus forming a coherent layer adiestake bed.

These lessons were addressed for the repeat trgadiieake Okaro in August 2009.
The application was made while the hypolimnionha lake was well oxygenated and

Lake Okaro re-treatment with Z2G1 in August 2009 1
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a finer grain formulation of Z2G1 was used, appléda slurry injected about 2 m

below the lake surface. NIWA was asked to deterntfireedose rate required for the

repeat treatment of the lake and to measure thenegs of the sediment coverage by
the application using the slurry injection techm@qu his report presents sediment
loading calculations and the field data associatithl the re-treatment of Lake Okaro

using the finer grain size Z2G1 formulation in Agg2009.

6317600 - Trap positions and Zeolite loads recovered

Average load ~ 178 g/m?

Error term: up to 25%
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Schematic map of Lake Okaro showing the locatiorthef sediment trap sampling
points. Black numbers are site numbers, red nundrerthe measured areal loading of
Z2G1 (g n') recovered after the August 2009 dosing (See texterror term
explanation). Site 11 is the deepest site. Site the water supply intake. Sites 3, 6,
13, and 17 are littoral sites in less than 5 m naépth.

Lake Okaro re-treatment with Z2G1 in August 2009 2
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2. Methods

21

Table 1:

2.2

Sediment P

In order to determine the minimum dose rate for &1 re-treatment of Lake
Okaro, sediment cores were taken from Lake Okard &bcations equivalent to
sediment trap site numbers 1, 7, 12, and 16 (Fign May 2009. The cores were
collected with a Jenkins Corer to ensure an undistll sediment-water interface.
Examination of the cores showed apparent layersediment on top of the Z2G1
granular material applied in September 2007 (FigTBe Z2G1 granules were mostly
at a depth of around 4 cm but they were also é@siltldepths down to at least 6 cm.
The top 4 cm of each core was sectioned off andgghthrough a 0.5 mm sieve to
remove the Z2G1 granules which were retained fatyars by ICP-mass spectrometer
to determine their total P absorption. The sedinsections were dried at 105°C and
analysed for total recoverable P by R.J. Hill Latories Ltd. Note that “total
recoverable P” will be greater than “total biolaalg available P”, giving a maximum
P concentration in the sediment. Results of theagyses are presented in Table 1.

Total recoverable P is the amount of bioavailable phosphorus that aqdtentially
be released from the top 4 cm of sediment at 4itmts, sites 1, 7, 12, and 16 (Fig. 1),
measured in May 200Z2G1 applied in 2007 is the estimated amount applied at
each location in 2007 from 2007 trap daRecovered Z2G1 is the amount of the
2007 Z2G1 granules recovered from the top 4 cm @ aam diameter sediment core
at each location in May 2009;otal P in recovered Z2G1 is the amount of P in the
2007 Z2G1 recovered from those sediment cores.b@gst estimate).

Core site 1 7 12 16

Total recoverable P (mg/kg -dry weight) 870 980 990 930
Z2G1 applied in 2007 (g/m?) 930* 1110 1335 1230
Recovered Z2G1 (g/m?) 120 228 150 285
Total P in recovered Z2G1 (mg/kg) 2083 1690 1643 2010
Dosing

The mean residual total recoverable P contententdip 4 cm of lake sediment was
used to determine the minimum amount of Z2G1 reglio treat the lake below the
5-m depth contour. The top 4 cm of sediment is menended for assessing
bioavailable P content when calculating minimum edoates (Cooke et al. 2005).
Assuming that the surface sediment bulk densit93@.g/cni) was unchanged from

Lake Okaro re-treatment with Z2G1 in August 2009 3
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that previously measured (Gibbs et al. 2007), tleammTAP content of around 950
mg/kg (Table 1) converts to an areal load of araludy n¥. Based on a maximum P-
binding capacity for Z2G1 of around 20 g P /kg (&tet al. 2007), the theoretical
dose rate required to block the release of thenastid 1.5 g P ifrom the sediments

of Lake Okaro was 75 g AZ2G1. This equates to a minimum total Z2G1 apfitica
of 20 tonnes (Table 2).

Sediment surface

g 6
finhnili it

nnlimhm_lunhm

1]

Z2G1 granules
in layer

(bt

Figure2: Lake Okaro sediment core taken 31 July 2009 showewgeral different coloured

layers of recently sedimented material on top eflttyer of Z2G1 (glossy black) at a
depth of around 4 cm below the sediment surface.

Table 2: Z2G1 application (tonnes) table to achieve differsediment coverage loadings (g

m?) and the maximum theoretical P absorption capdcipyake) from the sediment.

The surface area of Lake Okaro is 0.33 kthe lake bed area below 5 m depth is
estimated to be 20% smaller at 0.26°km

Assume 80% of lake area in hypolimnion (0.26 km?)
Application Loading P uptake
(tonnes) (g/m?) (g/m?)
55 208 4.16
50 189 3.78
45 170 3.40
40 151 3.02
35 132 2.64
30 113 2.26
25 95 1.90
20 76 1.52

Lake Okaro re-treatment with Z2G1 in August 2009
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Dosing was achieved by mixing the Z2G1 (grain semege from 0.1-0.4 mm) with
lake water (1:1 weight:volume) and injecting theuleant slurry through spreader
nozzles about 2-3 m below the lake surface frorargé(Fig. 3). The application was
made over a short period (3-4 days) with the bargiag a GPS-based positioning
system to follow a path of decreasing circuits atbthe lake. The total amount of
Z2G1 applied was 44 tonnes which equates to am laggting of 166 g ifi, assuming
an even coverage.

Application of the Z2G1 as a slurry, via spreadezates on the hoses from the boom
across the back of the barge. The Z2G1 was mixéd lake water in the stainless
steel mixing bowl at the back of the barge. Themgs of slurry can be seen deep in
the water behind the barge. Photo by M. Gibbs. éis®cover photo).

Sediment traps

Sediment traps were used to assess the evenniéessefdiment coverage with Z2G1.
A total of 17 sediment “mat” traps were deployedbas the bed of Lake Okaro on 31
July 2009 (Fig. 1). The mat traps (Fig. 4) consisté a weighted plastic frame
holding a flat sheet (0.1 3nof artificial grass (Astroturf™) placed on thedseent
surface using a light rope bridle. The mat trapsewetrieved on '3 September, after
the re-treatment of the lake with Z2G1 was complétevas apparent that the mat

Lake Okaro re-treatment with Z2G1 in August 2009 5
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traps had been used by bullies as a resting pladeas each trap was raised to the
surface, the numbers of bullies present were cdybfore they swam out of the trap.

I waataiatn NEAGRTIAOIITIETS
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Figure4: Sediment “Mat” trap uses 0.1°rof artificial grass in a weighted flat tray placeu the
lake bed to assess the evenness of the sedimestagevby the Z2G1 application.
Trap from site 1 — the Z2G1 has settled betweerattiicial grass fibres but local
variability in coverage also shows Z2G1 on tophef tibres. Three bully wallows can
be seen on the left-hand edge of the mat (red ajrow

During the lifting of the mat traps, some fine mietewas lost from around the edge
of the trap due to sloughing. In most traps theezohsloughing represented around
5% of the surface area of the trap. However, inesdraps the loss may have been
larger but would not have exceeded 25% of the sapgace area. A 25% loss

represents a band 2 cm wide around all sides diréipefrom which all sediment was

lost — this degree of sloughing was not observed.

The sediment flux in each trap was determined bshivey the Astrotuff’ mat into a
bucket to recover the Z2G1 and organic sedimenigd.detritus (e.g., aquatic weed
drift fragments) and snails were removed by hanckipg and discarded. The
sediment was dried in aluminium oven trays at°@&nd weighed. The trays were
then heated to 48Q for 3 hours to remove organic carbon. The losweaifjht from
the dry weight was calculated as the organic compbof the sedimenting material
while the weight of ash left on the tray was cadtedl as the Z2G1. Note that the non-

Lake Okaro re-treatment with Z2G1 in August 2009 6
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Z2G1 inorganic matter in each trap was likely tcabeut the same as or slightly more
than the organic content at ~2.5 ¢,nand the resultant error, at around 1-2% of the
total inorganic matter caught in the trap, was mered to be trivial and thus ignored.

24 Water column effects

Water samples were collected at the surface andipme the lake bed at the deepest
site (site 11, Fig. 1; Table 3) at the time of dgpig the sediment traps, 31 July 2009,
and at intervals through the dosing of the laké@2G1, 20-28 August, and when the
sediment traps were removed, 3 September 2009n@®uhe dosing of the lake,
additional water samples were taken from a depth of and from three additional
sites along the north-south axis of the lake (s8e8, and 10; Fig. 1). These samples
were analysed for dissolved reactive phosphorusPjDBmmoniacal nitrogen (NH

N), and nitrate+nitrite nitrogen (NEN). Samples taken during the dosing were also
analysed for chlorophykh as an estimate of algal biomass. All analyses DE@IA
analytical facilities and the routine analyticalthmeds used in the NIWA laboratory.

At the time of each sampling, an in-situ recordsogmde (RBR XR420f CTD + Chl)

was used to record the temperature and dissolvedjeox concentrations, and
chlorophyll fluorescence, as an indicator of algeimass, through the depth of the
water column at the deepest site, site 11, at diepthvals of less than 1 m. These
profiles were also measured at the three additisited along the north-south axis.

Lake Okaro re-treatment with Z2G1 in August 2009 7
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3. Resaultsand Discussion

31 Sediment P and P adsorbed into Z2G1

The analysis of the sediment cores (Table 1) shahatcthe mean total recoverable P
content of 950 mg/kg (dry weight) was about 50%haf P content (2000 mg/kg dry
weight) measured prior to the September 2007 Z2iplication. Assuming the same
surface sediment bulk density (1.037 gicihis indicates that the P content in the
sediment had declined from 3.15 & o around 1.5 g i) a reduction of around 50%.
Measurement of the total P content in the recovZ&@1 granules (Table 1) showed
that the mean P content of the Z2G1 was 1856 mkg weight) indicating that
most of that P reduction could be attributed topiake by the Z2G1.

Regression analysis showed a statistically sigmifiq® = 0.05, f = 0.8968, n = 4)
inverse relationship between the residual sedimReatd the adsorbed P content in the
Z2G1 recovered from that sediment (Fig. 5), whishalso consistent with the P
reduction being due to P-uptake by the Z2G1granules

2200

2100 A

*

2000 - ¢
1900 -
1800 -
1700 - N

y = -3.8264x + 5462.9; R = 0.8968, P = 0.05, n = 4 N

1600 T T T T T T 1
860 880 900 920 940 960 980 1000

P adsorbed by Z2G1 (mg/kg)

P left in sediment (mg/kg)

Figureb5: Regression analysis of the relationship betweeduakP left in the sediment and the
P adsorbed by the Z2G1 sieved from that sediment.

Lake Okaro re-treatment with Z2G1 in August 2009 8
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The sediment trapping data following the 2007 Z2pplication was limited due to
loss of several key traps. Although best estimafehe amount of Z2G1 applied to
the lake bed at the locations where the sedimergscavere collected are given in
Table 1, these are only indicative as the overpfilieation in 2007 was spatially
highly variable ranging from 400 g frto over 1500 g ff Within these limitations
and recognising the potential for large errors,emmestimate of the amount of Z2G1
applied would be around 930 g?musing all the deep trap data from the 2007
application. Assuming that the mean total P contératll the Z2G1 granules was the
same as the measured mean of 1.856 g P/kg, the Feamoval would be around
1.73 g nt. As the original sediment P load was estimateldet@round 3.2 g # this
amount of P-removal would leave a residual P lohdround 1.47 g iy which is
consistent with the initial estimate of around @.51* used to calculate the minimum
dose rate for the 2009 application (section 2.2).

Further evaluation of the P adsorbed into the Z2f&dnules recovered from the
sediment indicates that most of the P binding o&paxd that application was not

used. The P-saturation data (Gibbs & Ozkundakcipp8how that Z2G1 can adsorb
up to 20,000 mg P/kg and yet the recovered Z2G1dmiyg around 2,000 mg P/kg

after being in the lake sediment for 2 years (TableThis suggests that when the
large granules sank into the sediment, they weig able to remove P from the

sediment immediately surrounding them and thusctgping layer became largely
ineffective.

The finer grain-size Z2G1 applied in the 2009 aggtlon is not expected to sink into
the sediment and thus should remain effectiveseslament cap.

3.2 Sediment trap data and evenness of coverage

With the total amount of Z2G1 applied at 44 tonrhe, expectation would be for an
areal loading of Z2G1on the sediment of 166§ mssuming an even coverage. The
trap data (Table 3; Fig. 1) indicate that the Z2@lerage was variable across the lake
bed and that the mean dose rate was around 178 gonrecting for under-trapping
due to the potential loss of fine sediment from thep edges during retrieval
(estimated error term around 5% but possibly ramgip to 25%), the actual mean
coverage was likely to be around 187, with an dvesage of 100 mg fAup to 250 g

m=2.

Lake Okaro re-treatment with Z2G1 in August 2009 9
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Table 3: Sediment trap results showing the measured aradirlg of Z2G1 (g M) and the
measured organic sedimentation flux (§ dT) over the 35 day deployment of the mat
traps in the hypolimnetic (>5 m depth) and littage m depth) zones. The number of
bullies per trap were as counted just before tiftine trap out.« indicates that some
bullies may have left the trap before it reachedgirface.)

Lake Okaro sediment trap data - 3" September 2009
Hypolimnetic
Trap site 1 4 5 7 8 9 10 11 12 14 15 16
Depth (m) 14.9 12.7 14.8 10.3 13.5 15.5 13.8 17.2 11.5 14.4 14.0 14.0
Z2G1 191.0 98.2 158.4 148.7 277.9 193.5 179.0 221.0 138.9 201.7 245.4 183.6
Sediment flux 1.83 0.75 1.30 0.73 2.24 2.25 1.36 1.94 1.04 1.67 2.31 1.39
Bullies 3+ 3+ 1+ 2+ 7+ 0+ 16+ 5+ 12+ 20+ 20+ 0+
Littoral
Trap site 2 3 6 13 17
Depth (m) 5.3 4.2 3.1 4.3 3.6
Z2G1 3.2 76.1 108.5 71.8 30.8
Sediment flux  0.73 0.88 0.76 0.43 0.17
Bullies 0 2+ 0 0 0

Figure6: Fine Z2G1 granules form a cloud in the water colasrit mixes. This cloud can drift
with lake currents before it settles to the lakd.be

Lake Okaro re-treatment with Z2G1 in August 2009 10



—NIWA_—

Taihoro Nukurangi

The spatial variability of the Z2G1 across the lakel indicates that the hypolimnion
sediment was most likely covered with at least §®6° with much lower coverage in
the littoral zone (<5 m deep) and essentially nGZ2n the immediate vicinity of the
water supply intake. The presence of Z2G1 in thi¢teral sediment traps indicates
that the finer particle size material has drifteahf the application path. This apparent
drift was observed during the application as th&Z2ormed a slow sinking cloud in
the upper water column (Fig. 6). This indicatest thather work is required to
produce a product formulation and application témphe that will get the capping
material down to the lake bed quickly.

3.3 Water column effects

3.31 Nutrients

The time-series of nutrient data (Fig. 7) shows thare was a step-wise reduction in
the concentrations of DRP and NN in the surface water during the application of
the Z2G1 slurry. This indicates that the fine matenad sufficient contact time to
absorb the soluble nutrients from the upper watduron. This is consistent with
observations of the slurry dispersion as a cloudnduapplication (Fig. 6). The
reductions in DRP and NN concentrations were around 50% of their initial
concentrations when the dosing started. There veaseduction in N@N in the
surface waters.

In the bottom waters there was only a small deereims DRP concentration
attributable to the Z2G1 treatment but no appagéfett on NH-N. There was a small
reduction in N@N concentration, although this was a step charmgeer than a
continuous decrease.

These results may indicate a change in the eflecontact time between the Z2G1
and the nutrients in the lower water column astitiss. This could be due to a change
in relative buoyancy as the fine Z2G1 particlesmguogether, causing them to settle
faster. A comparable effect is seen in estuariesraviclay particles floc together as
they meet the saline water and form larger padialich are less buoyant and settle
quickly. Why flocculation should happen with Z2G1 a lake situation is uncertain,

although it may be a property of finely ground #ectubstrate.

Lake Okaro re-treatment with Z2G1 in August 2009 11
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Figure7: Surface (0 m) and bottom (15 m) water nutrient diatan the deep site, trap Site 11).

(Note the different right-hand axis scale for amraoal nitrogen (NiN).

3.3.2 Sedimentation

The organic sediment flux data (Table 3) shows thatamount of organic matter
caught on the traps was variable with a mean vaflie28 g it d* and a range from
0.17 to 2.31 g m d*. While some variability would be expected, thisga is very
large but may be due to the inclusion of both swalhnd deep traps in the analysis.
The mean flux value for the deep (>5 m) traps wag § n? d* with a range from
0.73 to 2.31 g m d™. Possible explanations for this high variabilityutd include

Lake Okaro re-treatment with Z2G1 in August 2009 12
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flocculation and co-precipitation of the organic ttea (including algae) from the
water column with the Z2G1 material and / or ndtsealiment focusing with the lake
circulation currents.

3.3.3 Flocculation

Evidence of flocculation was seen as a statisjicagnificant relationship (P <<0.001,
r’ = 0.77, n = 13) between the organic sediment dinct the amount of Z2G1 in each
>5 m deep trap (Fig. 8). These data suggest tldirie grain Z2G1 has the capacity
to remove some organic matter from the water colamit settles.

6 -
& 5
S
=2
5 4
[¢D]
w
2 3
(@]
o
©
= 2
1 -
O T T T T T 1
0 50 100 150 200 250 300
Z2G1 (g/m?)
Figure8: Statistically significant relationship between #@i@ount of organic sediment and the
Z2G1 caught in each mat trap (P <<0.06% 0.77, n = 13). (Excludes the <5 m deep
traps).

There was also an interesting pattern to the nurobéeullies observed in each trap,
with higher numbers occurring in the eastern ti@&pg. 9) than in the traps elsewhere
around the lake at depths greater than 5 m.

Further analysis of the number of bullies per tbegbow 5 m depth indicated two
distinct populations which have been grouped as(ki®/trap; Green group, Fig. 9)
and high (>10/trap; Yellow group, Fig. 9). This @& arbitrary separation but
regression analysis (Fig.10) shows that there waatistically significant relationship
(P <0.05, ¥ = 0.58, n = 7) between the number of bullies dreldrganic sediment

Lake Okaro re-treatment with Z2G1 in August 2009 13
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content of the traps for the <10/trap group (regimsexcluded traps with no bullies).
There was a similar relationship for the >10/trapug but this was not statistically
significant (P = 0.15,”r= 0.72, n = 4) due to the small sample size.

Notwithstanding this, the slopes of the regressquoations suggest that there were
four times as many bullies in the yellow group sréipan in the green group traps.

6317600 - Trap positions - Bullies in trap (red)

6317500
6317400

6317300 -

6317200 4
o Ramp

o Mat traps

6317100

6317000 -

6316900 -

6316800

Lake Okaro: 3 September 2009

6316700 T T T T T T T |
2806600 2806700 2806800 2806900 2807000 2807100 2807200 2807300 2807400

Figure9: Distribution pattern of bullies observed in the mraps. Red numbers are the number
of bullies observed in each trap (black number;l&&) as it was retrieved. The +
indicates that some bullies may have left the toafore it reached the surface.
Coloured groupings link trap sites with high (yaljoor low (green) numbers of
bullies per trap.
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Relationships between the number of bullies pep tad the amount of organic
sediment in each trap in the green and yellow grmg(Fig. 9; see text).

As there is only one species of bulyabiomor phus cotidianus) in Lake Okaro (Dave
Rowe, NIWA, pers. comm.), the apparent separatonat a reflection of different
species. There were also no relationships withhdeéemperature, or dissolved oxygen
content to explain these patterns. However, aselsufire bottom feeders, a possible
explanation is that the green area of the lake(Bef 9) has a naturally lower organic
food content and thus lower numbers of residertdsiihf than in the yellow area of
the lake bed. The number of bullies in each tramldidhen reflect the ambient
population adjacent to the trap as bullies havea@wk tendency to rest on elevated
material on the lake bed. This concept implies thate is a natural focussing of
organic matter into the yellow area of the lake beHake Okaro. This may also have
had some influence on the deposition of the appii2@l.

Chlorophyll a

Chlorophylla concentrations in the surface waters (0 m) atsitpl1 on 20 and 21
August averaged 12.6 mg‘hthen suddenly increased to >50 mg on 24" August
(Fig. 7). This change in concentration was tooddpi a natural growth and can be
attributed to wind drift accumulation of algal maaéin the surface layer. In support
of this, the chlorophyll concentration was 22.0 mg*nat 5 m at trap site 11 on 24
August at the same time (Fig. 11).

Based on Redfield ratios (Redfield 1958), 1 mg apbyll a uses 1 mg P and 7.2 mg
N. The reduction in DRP observed was around 10 rigamd consequently, the
maximum increase in chlorophglithat might be expected would be 10 m§ tdsing

Lake Okaro re-treatment with Z2G1 in August 2009 15
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the N relationship, NN concentrations reduced by around 150 mi§ which
equates to a potential chlorophgllincrease of around 20 mgmif the increase in
chlorophyll a concentrations were due to growth, the increasaldvbave caused
reductions in the soluble N and P concentratiorsratio of around 7:1.

Mean chlorophylla concentrations at 5 m across the north-south aikithe lake
increased from 20.9 mg#fron 24" August, at the beginning of the dosing, to 30.1 mg
m* on 3 September (excluding trap site 9) 6 days afteingobad finished. This
increase over a period of 10 days is consistert wislow but natural algal growth
rate.

Lake Okaro - Spatial Chlorophylla at5m

70 ~ O 24-Aug
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0 T T T
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Trap site number

Sequential spatial chlorophydl concentration data along the central north-south a
of Lake Okaro (site numbers refer to Fig.1). Thevated chlorophyla concentration
in the surface water at site 11 or"2ugust was not present at 5 m depth.

The high value on"3September was excluded from the mean estimatecagélated
with a layer of dinoflagellatesPéridinium sp.) moving around the lake as a large
patch. This layer was observed in the chlorophibrescence data from the CTD
profiler (Fig. 12). Time-series data indicate ttiz# patch of algae moved across the
lake from south to north and generally remainethatbottom of the euphotic zone
(about 5 m) in a thin layer about 1 m thick.

Lake Okaro re-treatment with Z2G1 in August 2009 16
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Lake Okaro sediment capping 20 August 2009
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Lake Okaro sediment capping 21 August 2009: 3 pm
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Lake Okaro sediment capping 24 August 2009
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Lake Okaro sediment capping 28 August 2009

Spatial and time-series chlorophyll fluorescencea ddong the north-south axis of
Lake Okaro on 20, 21, 24 and 28 August. ORf A0gust, thePeridinium sp. bloom
was at 4 m depth at trap site 11 with a larger q@rign at 5 m depth at trap site 10.
On 21" August, the bloom patch had moved north with gyet covering trap sites 10
and 9 but being absent from trap sites 11 and 8249mugust the bloom was only
present at trap site 8 and was not present atitngrs28' August.

The layer of dinoflagellates was present at trép &ionly on the 22August and was
not found at any of the north-south axis trap sites28" August. The layer of
Peridinium sp. was present again at trap site 9 only on tA&S8ptember (Fig. 13).
Because the layer was not observed at all trap aiteng the north-south axis on every
occasion and was not seen at any of these trap giteone occasion, it can be
concluded that the patch of dinoflagellates ocaligiess than half the lake and

possibly less than one third.

Lake Okaro re-treatment with Z2G1 in August 2009
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Figure 13: Spatial profile data for chlorophyll fluorescentemperature, and dissolved oxygen
(DO) along the north-south axis of Lake Okaro 8rS&ptember 2009.

Given the relatively small size of Lake Okaro, ibwd be reasonable to expect that
the dinoflagellate bloom would extend across theleHhake, rather than exist as a
large slowly moving patch. While the observed piaebs of the bloom may have

Lake Okaro re-treatment with Z2G1 in August 2009 18
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been natural, it could also have been caused lprexpitation of the algal cells with
the Z2G1 floc. The flocculation of pelagic algaeyn@ve been the source of material
contributing to the higher organic content in soafethe traps. Unfortunately, the
sediment from the traps was not examined for agkicontent.

Data from the profiles at the four north-south axig sites on'3September (Fig. 13)
show that the peak algal biomass was above thdé @dépghe thermocline, indicating
that the dinoflagellates were holding a depth pmsinostly for light.

The DO data in these profiles shows that the botk@ters of the lake were relatively
well oxygenated indicating that there was unlikielyhave been a release of nutrients
from the sediment immediately before or duringdbsing of the lake.

335 Argument for P adsor ption rather than phytoplankton uptake

The assumption was made that the observed redactionDRP and NgN
concentrations from the upper water at the timeZaG1 application were due to
adsorption by the Z2G1 treatment rather than uptak@hytoplankton which also
peaked in the surface waters at that the same fiime.reasoning behind this is as
follows:

e The nutrient reduction did not include N@, which it should have if it was
due to phytoplankton growth. Conversely, Z2G1 adsdroth DRP and NH
N but not NG-N.

» The reduction was sudden (over 3 days) and coidcidth the application of
Z2G1. Nutrient changes did not occur before orratie they should have if
the reduction was due phytoplankton growth.

« The 40 mg rif increase in chlorophyh concentration associated with the 10
mg mi® reduction in DRP concentration was 4 times momntivould be
expected based on Redfield ratios which show 1 inhgraphyll a uses 1 mg
P. Redfield ratios also show that 1 mg of chlordplyuses 7.2 mg N.
Consequently, the 150 mgmeduction in N&-N concentrations at the same
time is only about half the amount of N requiredstgpport the observed
increase in chlorophyé.

* To achieve that increase in 3 days would requhigla doubling rate which is
unlikely in August with low ambient light and wategmperatures around
10°C.
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« The increase in chlorophydl on the 24 August can be explained as a surface
effect caused by a wind-drift accumulation of algesar trap site 11. The
chlorophyll fluorescence data (Fig. 12) hint at thegher surface
concentrations at trap site 11 but do not show #xpected high
concentrations deeper in the water column that evéwalve occurred if the
algae were growing in the surface mixed zone. Theeee no elevated
chlorophyll fluorescence values at any of the otsiegs on that day, apart
from the deep layer of dinoflagellates at the otirad of the lake.

Undoubtedly there would have been some algal growthe lake at that time,
but the majority of the reduction in DRP and N can reasonably be attributed
to adsorption into the Z2G1 suspension in the watkmimn before it settled.

Lake Okaro re-treatment with Z2G1 in August 2009 20
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The Z2G1 was successfully applied across the bottbthe lake below 5 m
depth at a mean areal loading of 1789 iFhis compares favourably with the
expected coverage of 166 ¢rfiom the 44 tonnes applied.

The minimum coverage achieved was at least 1007 geross the deep lake
bed, an areal loading more than sufficient to taehe estimated potential
phosphorus release from the sediment of around B.51.

The coverage was uneven and ranged from around H8@up to 245 g i,
and there was substantial amounts of Z2G1 in shidd&e edge zones <6 m
deep. Much of this variability can be attributedslow settling of the fine
grain material and lake currents causing drift.sTindicates that there is still
work to be done to devise a formulation that wélttle quickly and yet give
the coverage required in the target area.

The fine grain size product appears to have songeedeof nutrient uptake
capacity in the surface waters before it settlethéosediment surface. This is
likely to be a function of contact time. This carttdime did not appear to
extend to the deeper waters, possibly due to flation effects.

The fine grain size formulation of Z2G1 also appeiar have a flocculation
capability and caused co-precipitation of organgtter from the lake water
column. There was a statistically significant rielaship (P <<0.001,°r=
0.77, n = 13petween the amount of organic matter and the Z2Gdach of
the deep (>5 m) traps. Once the Z2G1 began to chlumipg flocculation, the
particles would rapidly fall to the sediments arald less contact time to
adsorb nutrients in the lower water column.

It is possible that some of the organic matter baugthe floc came from the
dinoflagellate bloom in the lake at that time. Thisom was detected by
chlorophyll fluorescence profiles as a large paablout 1 m thick, moving
around the lake at a depth of 5 m, rather thangoainoherent layer covering
the whole lake, as might be expected in a relatiselall lake the size of Lake
Okaro.

Because of the mobile nature of the dinoflagelfstteh in Lake Okaro, there
is a possibility that time-series chlorophglidata from single site samplings
may be misleading.
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* Mean chlorophylla concentrations at 5 m across the lake (excludimg t
dinoflagellate influence) showed a slow increasenf20.9 mg ni to 30.1 mg
m over a 10 day period consistent with natural ghowithout stimulation by
the Z2G1 dosing.

e Evidence from the P analyses of the Z2G1l from tl@72application
recovered from the top 4 cm of the sediment coagsrt before the 2009
application, confirmed that the Z2G1 adsorbs P fribra lake sediment.
Although there are potentially large errors in tfaa due to the large spatial
variability of the 2007 application and loss of k&sdiment traps at that time,
only about 10% the P-binding capacity of the laz@&1 granules was used.
This was most likely due to the large granulesisigplnto the sediments and
becoming isolated from P released in the sedimetwden the granules but
not in contact with them.

« The finer grain-size Z2G1 applied in the 2009 ag&ilon is not expected to
sink into the sediment and thus should remain Bifecas a sediment cap
blocking P release.
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