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The district of Rotorua is located in the centre of North Island of New Zealand and has 12
nationally important lakes (Figure 1.1). The Rotorua lakes were formed up to 140,000 years
B.P. by a series of volcanic eruptions creating lakes with a wide variety of bathymetric
characteristics (Healy, 1963; Lowe & Green, 1987). The present Rotorua lakes range from 0.3
km2 to 80.0 km2 in lake surface area and 13.5 m to 125 m in maximum depth (Scholes &
Bloxham, 2007). The lakes have trophic levels ranging from oligotrophic to highly eutrophic
and mixing regimes from monomictic to polymictic. The density of recreational lakes in this
particular area has made the Rotorua District one of the most important tourist areas in New
Zealand, offering trout angling, water sports and thermal activities associated with these

picturesque lakes (Richardson ef al,, 2004; Burns et al., 2005).

Figure 1.1. Satellite photo of the 12 lakes within the Rotorua District.



The population of Rotorua is around 68,000, but every year more than 2.5 million tourists are
estimated to visit Rotorua, and approximately 25 percent are expected to visit this region of
New Zealand because of the lakes alone (Richardson ef al., 2004). This makes tourism a very
important economic asset for the district, contributing each year with approximately NZ $567

million, making tourism the largest economic sector in the district (Richardson ef a/., 2006).

Unfortunately, the water quality in some of the Rotorua lakes has been declining during the
last 30 - 40 years due to human activities like farming and urbanization, which have increased
the external load of nitrogen and phosphorus to the lakes (Rutherford, 1984; Vincent ef al.,
1984; Burns, 1991; Rutherford & Dumnov, 1996; Burns ef al., 1997; Burns ef al, 2005). An
increased nutrient load accelerates the natural and otherwise slow eutrophication process that
usually occurs over longer time scales as sedimentation fills lakes and makes them more

productive (Hamilton, 2003).

Lakes undergo anthropogenic-accelerated eutrophication from increased loading of nitrogen
and phosphorus, which contributes to increased algal growth. As algae decay and settle into
the sediments they increase the sediment oxygen demand due to the decomposition of an
increased pool of organic matter. Lakes that stratify during spring and summer are especially
vulnerable to increased sediment oxygen demand and hypolimnetic oxygen depletion since
the density-gradient between the warm epilimnion and the cold hypolimnion greatly reduces
oxygen resupply from the atmosphere and the euphotic zone. This may lead to very low
oxygen concentrations or even anoxic conditions in the hypolimnion (Wetzel, 2001; Hamilton,
2003), which induce a release of iron-bound phosphates from the sediment (Sendergaard,
2007). As stratified lakes mix, for example during autumn or winter, the nutrient pool, which
has potentially been building up in the hypolimnion during summer, will be mixed through the
entire water column, and subsequently catalyze an unwanted cycle of more intense algal
growth creating more deposition of organic matter, and ultimately increasing anoxia of the
hypolimnion and sediment nutrient release. Eutrophication affects higher trophic levels as
well, and generally decreases the overall diversity of lake ecosystems (Jeppesen ef a/., 1999;
Wetzel, 2001; Richardson ef al,, 2006). In cases of severe eutrophication, frequent blooms of
toxin producing cyanobacteria (blue-green algae) may limit the recreational use of the lakes,
which is especially problematic for promotion of tourism in the Rotorua District (Burns ef al.,

2005).



Some of the lakes in the Rotorua District have already reached an ecological state in which
there is an anoxic hypolimnion during stratification and blooms of cyanobacteria during
summer. Other lakes are at an intermediate level of risk from periodic low oxygen
concentrations in the hypolimnion during stratification. There is therefore a risk of getting into
an unwanted cycle that accelerates eutrophication and can cause reduced recreational value

of the lakes (Hamilton, 2003; Scholes & Bloxham, 2007).

Environment Bay of Plenty (EBOP) has the responsibility of managing the quality of the
Rotorua Lakes and monitors the water quality of 12 lakes in the Rotorua District. For lakes
with deteriorated water quality EBOP is working to improve the water quality by using different
restoration approaches (Burns ef al, 2005). Since the recreational use of the lakes in the
Rotorua District is crucial to the economy of the district, knowledge about the efficiency of
different restoration approaches is fundamental for choosing the most successful and cost-

effective restoration approach.

In work with restoring the lakes of Rotorua District, EBOP has recently carried out a mineral
treatment of mesotrophic Lake Okareka by adding Phoslock™, a modified bentonite clay. The
purpose of this action was to remove phosphate from the water column and decrease internal
loading of phosphorus from the sediment, thereby improving the ecological condition of the

lake (Mclntosh, 2006).

According to Douglas ef al. (1999) and Mclintosh (2006), Phoslock™ is easily applied and can
provide short-term oligotrophication in lakes that have undergone eutrophication, allowing

longer-term and more sustainable solutions, such as land use change to lower nutrient yield.

Information and knowledge about the effectiveness of the Phoslock™ applications to Lake
Okareka is, however, modest. The objective of this project is thus to evaluate the efficiency of
the Phoslock™ applications as a restoration approach for the mesotrophic Lake Okareka. The
efficiency of Phoslock™ as a restoration method for Lake Okareka will be evaluated through
ecological model simulations. The model used in this project is the one dimensional water

quality model DYRESM-CAEDYM and the aim is to:

¢ Quantify the efficacy of the Phoslock™ application in terms of reducing the sediment

nutrient release rate.



Test whether the Lake Okareka ecosystem has reached equilibrium with the new
internal load after the Phoslock™ applications or to estimate the response time until

a new equilibrium is reached.

Make a comparison of the ecosystem at equilibrium with the new internal loading
and the ecosystem before the Phoslock™ applications, and see whether the lake

has undergone significant improvements in its ecological condition.

Simulate how the lake will respond to the future nutrient load, assuming the external
load from the catchment is represented by that described in the Catchment
Management Action Plan for Lake Okareka (EBOP, 2004).

Simulate how the lake will respond to different management options (removing
septic tank inflow, reducing loading from catchments etc.) and suggest what can be
done to achieve the TLI target that has been set by EBOP for the lake.



The meteorological data from Rotorua Airport used in the calibration of DYRESM-CAEDYM

for Lake Okareka (figure x.1 — x.3). Raw data can be viewed in enclosure 30 on the CD-ROM.
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Figure x.1. Air temperature at Rotorua Airport in the period July 2002 fo July 2004 (Airport, 2007).
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Figure x.2. Wind speed at Roforua Airport in the period July 2002 to July 2004 (Airport, 2007).
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Calibrated

Parameter description Name Unit
value
Light extinction PAR 0.2000
Phytoplankton

Maximum potential growth rate of chlorophytes Prmax cHLOR 0.50 [day]
Maximum potential growth rate of diatoms Prmax, FoIAT 1.60 [day-"]
Light limitation
Initial slope for P_I curve IKcHLOR 230 [ME m2s1]
Initial slope for P_I curve IKrpIAT 10 [ME m2s1]
Specific attenuation coefficient KepcHior 0,02 [ug chla L' m™]
Specific attenuation coefficient Keprpiat 0.02 [ug chla L' m™"]
Nutrient parameters
Half saturation constant for phosphorus KPcHLoR 0.006 [mg L]
Half saturation constant for phosphorus KPepiat 0.010 [mg L]
Half saturation constant for nitrogen KNcHLor 0.0015 [mg L]
Half saturation constant for nitrogen KNrpiat 0.0200 [mg L]
Minimum internal N concentration INmin, cHLOR 1.22 [mg N mg chla"]
Minimum internal N concentration INmin, FDIAT 1.50 [mg N mg chla"]
Maximum internal N concentration INmax, cHLOR 6.00 [mg N mg chla]
Maximum internal N concentration INmax, FDIAT 8.00 [mg N mg chla™"]
Maximum rate of phytoplankton N uptake UNmax, cHLOR 4.00 [mg N mg chla' day -]
Maximum rate of phytoplankton N uptake UNmax, FDIAT 11.00 [mg N mg chla' day 1]
Minimum internal P concentration IPmin, cHLOR 0.20 [mg P mg chla']
Minimum internal P concentration IPmin, FoIAT 0.20 [mg P mg chla]
Maximum internal P concentration IPmax, cHLOR 0.70 [mg P mg chla']
Maximum internal P concentration 1Prmax, FDIAT 1.50 [mg P mg chla]
Maximum rate of phytoplankton P uptake UPmax, cHLOR 0.60 [mg P mg chla' day -]
Maximum rate of phytoplankton P uptake UPmax, FoiaT 1.20 [mg P mg chla' day -]
Temperature representation
Standard temperature Tsta, CHLOR 20 [°C]
Standard temperature Tsta, FDIAT 20 [°C]
Optimum temperature Topt, CHLOR 29 [°C]
Optimum temperature Topt, FOIAT 28 [°C]
Maximum temperature Trmax, CHLOR 37 [°Cl
Maximum temperature Tmax, CHLOR 35 [°C]
Respiration, mortality and excretion
Respiration rate coefficient KrcHLor 0.08 [day]
Respiration rate coefficient krepiat 0.11 [day-"]
Temperature multiplier VRcHLorR 1.08 [-]
Temperature multiplier VRFpIAT 1.06 [-]
Fraction of metabolic loss rate that goes to DOM CHLOR 0.70 [-]
Fraction of metabolic loss rate that goes to DOM FDIAT 0.70 [
Vertical migration and settling
Constant settling velocity WSCHLOR 0.00 [m hr]
Constant settling velocity WSFDIAT -0.06:10% [m hr]




Dissolved oxygen constants

Temperature multiplier for SOD
Minimum DO in the bottom layer
Static sediment exchange rate

2 saturation constant fro static DO flux

Photo-respiration phytoplankton DO loss

vOP 1.50 [-]

oxmin 0.10 [mg L]

rSOs 0.70 [g m2 day]

KSOs 0.60 [mg O L]
pcr 0.00 [

C, N and P cycle constants

Organic particles (POM)

Maximum transfer of POPL - DOPL
Maximum transfer of PONL - DONL
Diameter of POM particles

Dissolved organics (DOM)

Maximum mineralization of DOPL - PO4
Maximum mineralization of DONL - NH4
Nitrification/denitrification

Denitrification rate coefficient

Half saturation constant for denitrification
Nitrification rate coefficient

Half saturation constant for nitrification

Ratio of O2 to N for nitrification

POP1max 0.004 [day']
PON1max 0.002 [day']
POM1 0.910 [day-']
DOP1max 0.0600 [day-']
DON1 max 0.0076 [day-']
koN2 0.70 [day']
KN2 0.30 [mg L]
koNH 1.00 [day-']
KOn 1.00 [mg O L]
YNH 4.57 [mgNmgO -]

Sediment parameters

Nutrient fluxes

Temperature multiplier of sediment fluxes
Release rate of PO4

Controls sediment release of PO4 via O
Release rate of NH4

Controls sediment release of NH4 via O
Release rate of NO3

Controls sediment release of NO3 via O
Release rate of DOPL

Release rate of DONL

Theta(sed) 1.02 [
SmpPO4 0.00007 [g m2 day]
KDOS-PO4 1.50 [g m3]
SmpNH4 0.020 [g m2 day]
KDOS-NH4 1.00 [g m3]
SmpNO3 -0.50 [g m2 day]
KDOS-NO3 0.10 [g m3]
SmpdopL 0.00 [g m2 day]

SmpdonL 0.00 [g m2 day]



Saturation of dissolved oxygen in the surface water (figure 3.a).
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Figure 3.a. Measured and simulated dissolved oxygen in the surface water of Lake Okareka during the
period July 2002 to July 2005 as well as calculated oxygen saturation.

Calibration and validation for total nitrogen and total phosphorus in the surface as well as at

26 meters depth is presented in figure 3.b to 3.e.
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Figure 3.b. Concentration of fotal nitrogen (TN) in the surface water of Lake Okareka based on monthly

measurements and daily simulated values during the period July 2002 to July 2005. Calibration period is
July 2002 - July 2004 and validation period is July 2004 — July 200



A Measured — Calibration — Validation

0.6

0.5

0.4 -

0.0 T T T T T T T T T T T T
[ o [ > [ [e) [ > [ [e) [ > [
£ g E ] £ g ] ] £ g £ ] £
S ; ; : S v ; h S : ; : S

o o o o o o o o o
N N ) @ @ @ S = » = & a o

Figure 3.c. Concentration of total nitrogen (TN) at 26 meters depth of Lake Okareka based on monthly

measurements and daily simulated values during the period July 2002 fo July 2005. Calibration period is
July 2002 - July 2004 and validation period is July 2004 — July 200
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Figure 3.d. Concentration of total phosphorus (TP) in the surface water of Lake Okareka based on monthly

measurements and daily simulated values during the period July 2002 fo July 2005. Calibration period is
July 2002 - July 2004 and validation period is July 2004 — July 200
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Figure 3.e. Concentration of total phosphorus (TP) at 26 meters depth of Lake Okareka based on monthly

measurements and daily simulated values during the period July 2002 fo July 2005. Calibration period is
July 2002 - July 2004 and validation period is July 2004 — July 200



t

h

semester

E nv

ronmenta

Engineer:

ng



This appendix gives an overview of the calculations and assumptions done to set up a water
budget for Lake Okareka. figure A.1 gives an overview of the different sources included in the

water budget.

Pracipitation

Groundwater seepage
Groundwater seepage

Figure A.1. Overview of the different sources that contribute to the water budget for Lake Okareka.

The water budget for Lake Okareka is based on data from 9 July 2002 to 24 June 2005 and
includes flow in the incoming and outgoing streams and measurements of the lake height.
Meteorological data is collected from Rotorua Airport, which is approximately 8 km from Lake
Okareka. The Contribution of water from septic tanks is estimated from information in Gov

(2007) and Ray & Timpany (2002).

The overall water budget can be described on a daily basis by the equation (A.1).

(::T\t/: Qjng + rain- Qqy - evap (A.1)
Where
dV/dt = volume change [m3 day-']
Qina = inflow from streams, groundwater and septic tanks [m3 day-"]
rain = rainfall on the lake [m3 day-]
Qout = outflow from streams and groundwater [m? day-']
evap = evaporation [m3day"]

(Harremoés & Malmgren-Hansen, 1997)



The volume change over time (dV/dt) is calculated as the volume change per day using

equation (A.2).

dv t+1 t
—=(h"""- h')xA A.2
| ) (A2)
Where
dV/dt = volume change [m? day-"]
h = lake height [m]
A = surface area

The discharge in inflow and outflow streams around Lake Okareka is measured by EBOP on
a monthly frequency. This data is transformed to daily values for the flow in each stream using
linear interpolation between the monthly data points. Linear interpolations for stream flow can
be viewed in enclosure 4 on the CD-ROM. The contribution from septic tanks is assumed to
be constant in time based on the average amount of water used by one person every day. By
taking into account the number of inhabitants around Lake Okareka (2.3 inhabitants per
dwelling and 288 dwellings (Ray & Timpany, 2002)), the total contribution of water from septic

tanks is calculated.

Precipitation is based on daily measurements from the weather station at Rotorua Airport (see
enclosure 31 on the CD-ROM). It was decided to calculate a 14-day rainfall average to
smooth out peak values in precipitation data and compensate for the lack of a daily-based
measurement routine of the flow in the streams connected to Lake Okareka. Tests were done
for correlation between the precipitation volume and the variation in lake height as well as the
discharge in Waitangi Stream on the day of the rainfall as well as several days after a rainfall.
Po correlation was found and thus it was assumed that the catchment of Lake Okareka

possesses some buffering capacity to rainfall events.

It is only rain falling on the actual surface of the lake that is included in the water budget while
runoff is expressed by the flow in the incoming streams. Evaporation from the lake is
calculated using the same methodology as the DYRESM model, where evaporation is based

on the latent heat flux (A.3) and calculated on a daily basis (see enclosure 32 on CD-ROM).



. 0.622
Qp, = min O,TCLpALEUa (ea — &6 (T,)) At (A.3)

Where

Qn
p

= latent heat flux [J m2 s]
= atmospheric pressure [hPa]
= latent heat transfer coefficient (1.3-10-%)
= density of air [kg m]
= latent heat of evaporation of water (2.453-106) [kg m=3]
= wind speed [m s]
= vapour pressure of the air [hPa]
= saturation vapour pressure Ts [hPa]
= water surface temperature [K]
= time step [day]
(Imerito, 2007)

The atmospheric pressure is calculated based on the lakes elevation above sea level (A.4):

Where

oM
P—Py|1+ %‘}’“ (A4)
P = atmospheric pressure [hPa]

Po = standard pressure [hPa]

L =[KmT]

h = lake elevation [m]

To = standard temperature [K]

g = gravity [m s?]

M = [kg mol']

R =[J mol' K-1]

(Atkins & Paula, 2002)

The air density is dependent on the air temperature (A.5):

Where

PA

Pa

=<

Ta

P-M
TR, (A-5)

= density of air [kg m-]
= atmospheric pressure [hPa]
= [kg mol']
= [J mol" K-1]
= air temperature [K]
(Atkins & Paula, 2002)

The saturated vapour pressure es is calculated via the Magnus-Tentens formula (A.6):

Where

€s

(1) = exp z.sozs[& + 0.7858” (A6)

Ts +237.3

= saturated vapour pressure [hPa]
= density of air [kg m]
= atmospheric pressure [hPa]
= [kg mol']
= [J mol" K-1]
= air temperature [K]
(Imerito, 2007)



The latent heat flux is used to calculate the mass flux from the surface (A.7):

_ - QA

DM L, (A.7)
Where

AM = Mass transfer [kg s]

Qn = latent heat flux [J m2 s-]

B = surface area [m?]

Lv = latent heat of vaporization for water [J kg-']

(Imerito, 2007)

Again, it is only evaporation from the surface of the lake that is calculated. All parameters are
now expressed and the groundwater seepage can be calculated as the residual between

volume change, inflow from streams, rainfall, outflow from outlet and evaporation (A.8):

Residual = %+ Waitangi Stream + evaporation -(Farm + Miller Rd + Summit Rd + Rain + septic tanks)

Positive values of the calculated residuals are assumed to represent groundwater seepage
into the lake and negative values are assumed to represent groundwater seepage out of the

lake. Table A.1 summarizes the calculated contributions from the different sources.

Table A.1. Overview of the different inflow and outflow sources and their average contributions based on

data from 2002 - 2005. It should be emphasized that the units for the different sources in the table are not

identically.
Pame In-/Outflow Discharge SD Unit
Millar RD In 1607 + 449 [m3 day-]
Summit RD In 294 + 251 [m?3 day-]
Farm Stream In 804 +138 [m3 day-]
Waitangi Stream Out 11,759 + 2696 [m?3 day-]
Septic tanks In 160 +0 [I per' day-']
Evaporation Out 490.3 +34.7 [mm yr1]
Precipitation In 1222.2 +297.2 [mm yr1]
Groundwater In 4536 +613 [m?3 day-]
Groundwater Out 3240 +1780 [m3 day-]

The purpose of table A.1 is primarily to compare the size of the contribution from the different

sources with other studies of the water input to Lake Okareka.

Based on the calculations in table A.1, figures A.2 and A.3 give the distribution of the average
daily percentage inflow and outflow respectively to Lake Okareka for the period 9 July 2002 to

24 June 2005.
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Figure A.2. Daily percentage inflow to Lake Okareka in the period 7 September 2002 to 24 June 2005

along with the standard deviation for the data.
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Figure A.3. Daily percentage outflow from Lake Okareka in the period 7 September 2002 to 24 June 2005
along with the standard deviation for the data.

Groundwater flow in and out of Lake Okareka is based on a calculation of the residual
including the change in lake volume over time (A.8). Over a long period of time it is expected
that the changes in lake volume is equal to zero. The present water budget is, however, only
based on three years, thus it is examined whether the change in volume over this relative
short period fulfils the assumption of no volume change over time. Summarising the change in
volume during the period September 2002 to June 2005 results in a total change in lake
volume of -0.77 m3. Compared to the total lake volume this is practically equal to zero. Based
on this it is assumed that the water budget set up for Lake Okareka is a good estimate of the

real balance.

As observed in figure B.2 and B.3, there is seepage of groundwater both into and out of the
lake. Whether groundwater actually seeps out of Lake Okareka is questionable. However
Wallace (1999) reported in a study on water level controls in Lake Okareka that groundwater
seeps out of the lake with a flow of 160 | s-'; including both groundwater and flow in Waitangi
Stream. Pooling the flow in Waitangi Stream (table A.1) together with the calculated

groundwater seepage out of the lake (table A.1) yields a flow of approximately 173 | s-1. This



summarized flow is only 8 percent higher than the flow calculated by Wallace (1999). It
should, however, be emphasized that this comparison is an approximation since fluctuations
in groundwater flows will occur over time. Taking this into account it is assumed that the
comparison gives a good estimate of whether or not groundwater is seepage out of the lake
and for that reason it is considered to be reasonable to assume that groundwater seepage out

of Lake Okareka.



The purpose of this appendix is to point out the different nutrient inputs that contribute to the

loading of nitrogen and phosphorus to Lake Okareka.

Three smaller streams contribute with water to Lake Okareka, see figure B.1. These streams
have all been sampled by EBOP since 2002 to record the concentration of phosphorus and

nitrogen among other things.

Millar Road
Stream

Summit Road
Stream

Waitangi Stream

Farm Stream 0 500 1.000
[ =

Meters

Figure B.1. Overview of the location of the different streams that contributes with water to Lake Okareka.
Waitangi Stream is the only known outlet of the lake and is connected to Lake Tarawera.

The flows as well as the concentrations of nitrogen and phosphorus measured in the streams
by EBOP have been used in this nutrient budget to obtain the annual average loading of
nutrients to the lake. Unfortunately EBOP have only measured flow in Farm Stream and not
nutrient content. For that reason measurements of nitrogen and phosphorus concentrations
conducted by Espectatcion, (2004) have been used in the mass budget. table B.1 gives an

overview of the different streams annual average loading of nutrients.



Table B.1. Annual average flow, nutrient concentration and nutrient loading based on data from 2002 fo
2005. (Espectatcion, 2004) & (EBOP, 2007).

Concentration Yearly load
Volume Volume [mg m3] [ton year]
Location [m3day-1] [m3day] TP TN TP Tn
Summit Road 296 108058 23.25 292.75 0.003 0.032
Millar Road 1610 587614 39.00 1280.25 0.023 0.752
Farm Stream 800 292137 44.25 519.75 0.013 0.152

Study of the nutrient concentrations in groundwater in the catchments of Lake Okareka is very
limited. Morgenstern ef al,, (2004) has reported a study of the groundwater chemistry in this
particular area. Unfortunately this study only included three sampling sites to cover the whole
catchment of Lake Okareka, which gave reason to question whether this investigation is
representative for the concentration of nutrients in the groundwater that seepage into Lake
Okareka. Ray & Timpany (2002) conducted a more detailed study of the concentration of
nitrogen in the groundwater that seepage into Lake Okareka. This study included 70 shallow
groundwater samples from around the lake foreshore sampled in a depth of approx. 0.5 m
and within few meters of the lake edge. The median concentration of nitrogen in all samples
was 0.127 mg TN I-* and this value is used as the concentration of nitrogen in groundwater.
Unfortunately the study done by Ray & Timpany (2002) did not include measurements of
phosphorus. Concentrations of phosphorus in the groundwater must therefore be assumed by
other means. At the edge of Lake Okareka there is assumed to be interaction between
groundwater and the streams entering the Lake. Thus, it is assumed that the concentration of
phosphorus in groundwater can be described by the concentrations in the streams in lack of
direct measurements. The median value of phosphorus in the three streams entering Lake
Okareka is 0.039 mg TP I|-' and this is the value used to represent the concentration of
phosphorus in groundwater. Quantification of the groundwater seepage into Lake Okareka
can be viewed in Appendix A. Table B.2 summarizes the nutrient contribution from the

groundwater seepage into Lake Okareka.



Table B.2. Annual average flow, nutrient concentration and nutrient loading based on data from 2002 fo
2005. (Ray & Timpany, 2002) & (EBOP, 2007).

Concentration Yearly load
Volume Volume [mg m3] [ton year]
Location [m3day-1] [m3day1] TP TN TP TN
Groundwater 4361 1,591,628 39 127 0.062 0.202

Septic tanks are another important source that contributes to the loading of phosphorus and
nitrogen to Lake Okareka. There are different suggestions to the amount of phosphorus that
each person contributes with every year, though. According to EBOP, 2004 the loading of
nutrients is 3.65 kg TN pers' yr' and 0.03 kg TP pers! yr!, where the phosphorus
concentration is based on monitoring data from Tauranga Harbor. According to Hamilton et
al., 2006 the loading of nutrients is similar regarding nitrogen but 0.7 kg TP pers-' yr-1. For this
value it is assumed that there is no retention of TP in the soil between the septic tanks and the
lake. This assumption is also used by Ray ef a/. (2000) in a report regarding septic tanks
influence on the Rotorua Lakes. Ray ef a/. (2000) uses a value of 1.1 kg TP pers-! year-! for
the phosphorus loading from septic tanks, and a value of 3.65 kg TN pers-! year! for the
nitrogen loading. The loading of phosphorus from septic tanks vary significantly between
these three references, which expresses the limited knowledge about the actual behaviour of
nutrient transport from septic tanks to lakes including issues like the soils binding capacity
regarding phosphorus. There is no information regarding runoff from septic tank overflow by
drain or streams to Lake Okareka. However, such runoff could potentially lead untreated
sewage to the lake and thereby contributing with significant amount of nutrients as well as
easily degradable organic matter. The value used by EBOP seems to be unrealistically low
while the value used by Ray ef a/. (2000) is in the higher range of what is expected in outlets
from septic tanks (personal comment from Hamilton, 2007). For that reason the value
proposed by Hamilton ef a/, 2006 is used in this present nutrient budget although the soil
around Lake Okareka has a high phosphor retention capacity (Burns ef a/., 2005).

Assuming 2.3 people per household and 288 households leaking septic tank effluent to Lake
Okareka (Ray & Timpany. 2002; Hamilton ef a/, 2006) and each person contributes with 0.7
kg TP person-! yr-1 and 3.65 kg TN person-! yr-' (Hamilton ef al., 2006) this yields an yearly

loading of 0.461 tons TP year’ and 2.401 tons TN year-'.



Estimations of the nutrient load from precipitation into Lake Okareka has never been
measured, however Hamilton ef a/. (2006) used a total loading from rain of 0.0148 tons P km-2
year! and 0.396 tons N km-2 year-! in a nutrient budget for Lake Tarawera, which is located
near Lake Okareka. These loads have according to Hamilton ef a/. (2006) been widely used
by EBOP in nutrient load budges for several other Rotorua lakes and will as well be used in
this present nutrient budget. It should be noticed that these measurements have been
sampled several years ago in other regions of the Central Volcanic Plateau (Hamilton ef al.,
2006). Taking the surface area of Lake Okareka of 3.34 km2 into account, the annual load of
total phosphorus and total nitrogen are 4.94-102 tons and 1.32 tons respectively. To yield an
average concentration of phosphorus and nitrogen in rain based on the area specific nutrient
loading, the annual amount of rainfall is calculated as an average value based on daily rainfall
observations from 1992 to 2005. The data for this calculation is collected from Rotorua
Airport. Figure B.2 gives an overview of the yearly-accumulated rainfall in the area of Lake

Okareka in the period from 1992 to 2005 with a 14 yearly annual average value of 1346 mm.
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Figure C2. Yearly accumulated rainfall in the area of Lake Rotorua measured at the Rotorua Airport. The
annual average value of rainfall is 1346 mm based on 14 years data. (Airport, 2007).

Multiplying the average annual amount of rain with the surface area of Lake Okareka and
subsequent dividing the annual nutrient loading with the annual amount of rainfall, an average
nutrient concentration in rain is obtained. This yields a concentration of phosphorus and
nitrogen of 10.99 mg m-3 and 294.14 mg m-3 respectively. Using the annual average rainfall in
the period from 2002 to 2005 of 4,059,685 m3 yr-1 the nutrient loading from rainfall is 0.045 ton

TP yr-*and 1.194 ton TN yr-1.



Trophic Level Index (TLI) is a part of the Pew Zealand Lakes Monitoring Programme and is

defined as “the life-supporting capacity per unit volume of a lake”. Chlorophyll a (Chla), Secchi

depth (SD), total phosphorus (TP), total nitrogen (TP), hypolimnetic volumetric oxygen

depleption rate (HVOD) as wells as phytoplankton species and biomass are all good

indicators for the trophic status of a lake. These variables yield relevant information while the

effort in making measurements is not overwhelming. The key variables used to calculate TLI

for the Pew Zealand lakes are Chla, SD, TP and TP. The HVOD can be included as a

supplementary measure when evaluating change in TLI over time (Burns ef a/, 2000; Burns

et al., 2005).

TLI is calculated using equation (C.1).

Where

TLI = %(TLC + TLs + TLp + TLn) (C.1)

TLc = Tropic level value calculated for annual average value of chlorophyll a
TLs = Tropic level value calculated for annual average value of Secchi depth
TLp = Tropic level value calculated for annual average value of total phosphorus

TLn = Tropic level value calculated for annual average value of total nitrogen

(Burns et al., 2000; Burns et al., 2005)

The annual average values are calculated using equation C.2 to C.5. The annual average is

based on values from the epilimnion and is calculated from 1 July to 30 June, since this is the

definition of a lake year for Pew Zealand lakes (Burns et a/,, 2000).

Where

Where

Where

TLc = 2.22 + 2.54log(Chla) (C.2)

Chla = Annual average concentration of chlorophyll a[mg m=]

. 1 1
TLs =5.10 4 2.60"log|— — — C.3
* E SD 40] ( )
SD = Annual average concentration of Secchi depth [m]

* Revised from 2.27 to 2.60 in 2000

TLp = 0.218 + 2.92log(TP) (C.4)

TP = Annual average concentration of total phosphorus [mg P m-]



TLn= - 3.61+ 3.01log(TN) ©9

Where

TN = Annual average concentration of total nitrogen [mg P m-3]

(Burns et al., 1999; Burns, 2000)

The TLI value is used to determine a lake’s ecological condition, which is expressed as a
certain lake type. The lake types in accordance with TLI values are presented in table C1 as

well as the specific values for the four key variables.

Table C1. Ecological Lake type, trophic level index and values for chlorophyll a (Chla), Secchi depth, total
phosphorus (TP) and total nitrogen (TP) (Burns et al., 2005).

Trophic Chla Secchi TP TN
Lake type Level [mg m3] Depth [m] [mg P m3] [mg P m3]
IndeA
Ultra-microtrophic 0.0 -1.0 0.13-0.33 31-24 0.84-1.8 16 -34
Microtrophic 1.0-20 0.33-0.82 24 -15 1.8-4.1 34-73
Oligotrophic 2.0-3.0 0.82-2.0 15-7.8 41-9.0 73-157
Mesotrophic 3.0-4.0 2.0-5.0 7.8-3.6 9.0-20 157 - 337
Eutrophic 4.0-5.0 5.0-12.0 3.6-1.6 20-43 337-725
Supertrophic 5.0-6.0 12.0-31.0 1.6-0.7 43 -96 725 - 1558
Hypertrophic 6.0-7.0 >31.0 <07 > 96 > 1558

Calculation of the trophic levels for each of the four variables normalizes the annual average
value, so values from different lakes can be compared. TLp and TLn for the same lake can be
compared with the purpose of determining which of the nutrients are limiting for algal growth.
If TLp is significantly lower than TLn, this indicates that algal growth in the lake is P-limited

and vice versa (Burns ef al., 2005).

Monitoring of the New Zealand lakes is carried out with the purpose of detecting changes in
the water quality with time. Monitoring is furthermore used to classify the present state of the
lakes. In order to observe significant changes in the water quality based on the measured
values, it is necessary to plot the data as function of time of year and then fit the data to a
trend line. This is only valid if there is data for three years or more, otherwise the probability
for false trends is too high. Methods for deseasonalising the data can be used. For example,
the residual for each measurement can be calculated and plotted against time (in years) along
with the observed data. A straight line is fitted to each dataset using ordinary least square
regressions. A p-value is calculated for each of the fitted lines to evaluate whether the trend is
significant or not. A low p-value indicates that the slope of the fitted straight trend line might as
well be equal to zero and the trend is therefore not significant. Percent annual change (PAC)

values are calculated by dividing the annual change in the variable (slope of the regression



line) with the average value of the variable during the period of observation. The PAC value is
only significant if the p-value is larger than 0.05 (Burns et al/, 2000). PAC values are
calculated for the constituent variables as well as for the TLI values, and they are all
statistically treated. If a lake trophic status is increasing then this will result in a similar degree

of change in the PCA value for all the variables (Burns ef al., 2005).

The revised calculation of TLIs from Burns (2000) is presented in a report prepared for EBOP
regarding the trophic level in 12 Rotorua District Lakes. The calculation of TLIs presented in
the TLI calculation procedure on EBOP’s homepage is not in agreement with the revised
calculation, though (EBOP, 2007b). Based on the measurements from EBOP (2007), the TLI
for Lake Okareka is calculated using both the old and new coefficient in the TLs calculation

(figure C.1).
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Figure C.1. Calculated TL/ for Lake Okareka based on a coefficient in the TLs calculation of 2.27 and 2.60
respectively. The calculations are conducted on data from EBOP (2007) measured in a depth of 0 — 15
meter. The TL/ calculated by EBOP is also presented.

Using a value of 2.27 as the TLs coefficient results in TLI values generally higher than those
calculated using 2.60 as the coefficient (figure C.1). It should be noted that EBOP’s TLI values
differ from our calculated values using the two coefficient values (figure C.1), which is
assumed to be caused by differences in the input data. Whether EBOP use the same data
range (0 — 15 meters depth) to represent the concentration of the epilimnion is not clearly

given in any of the published reports on TLI calculation.
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Phoslock™ is a modified clay product, more explicitly lanthanum-armed bentonite, which is
able to remove dissolved reactive phosphorus (DRP) from a water phase by absorption
(Douglas et al., 1999; Haghseresht, 2004; Mclntosh, 2006). When Phoslock™ settles upon
the sediment it forms a cap, depending on dose level, which is intended to prevent release of
DRP into the water column (Douglas ef al, 1999; Robb ef al., 2003; Haghseresht, 2004;
Mclintosh, 2006). According to Yang ef al, (2004) Phoslock™ is also capable of removing

nitrate.

Phoslock™ was developed in Australia in 1994 during an investigation of potential remediation
products for waters with deteriorated quality. The investigations were conducted by CSIRO
Land and Water and funded by both the Western Australian State Government’s Water and
Rivers Commission and the Swan River Trust. The Australian company IMT Holdings got a
worldwide license to produce and distribute Phoslock™ in 2001. Phoslock™ was originally
distributed in slurry form, but is now distributed as granulate instead, which has improved both

the transport and ease of application of Phoslock™ (Mclntosh, 2006).

According to Douglas ef al. (1999), Robb ef al, (2003); Haghseresht, (2004), Mcintosh,
(2006), and Ozkundakci & Hamilton, (2007) Phoslock™ will absorb DRP from the water
column on the way down to the sediment and it subsequently forms a reactive cap that can
absorb the DRP released from the sediment and still keep absorbing FRP from the water
column. An application of approximately 200 g Phoslock™ m-2 was considered by Mcintosh,
(2006) to be sufficient to remove DRP from the water phase and to trap released DRP from
the sediment. Phoslock™ has been tested to be stable over a pH region of 5 — 11 and only at
relatively high ionic strengths can there be some exchange of lanthanum (La3*) with sodium
(Pa*) or calcium (Ca2*). The free ion form of lanthanum can be toxic to aquatic organisms
(NICPAS, 2001). Furthermore, the binding of phosphate to Phoslock™ has been shown to be
irreversible under natural pH and temperature conditions (Yang ef a/, 2004). A review by
Ozkundakci & Hamilton, (2007) considered the phosphorus removal capacity of Phoslock™.
Based on experimental data from three different sources these authors suggested that
application of Phoslock™ might only have the wanted effect if applied in doses around 160 —

300 g m2 or higher (Ozkundakci & Hamilton, 2007).



Two full-scale applications of a slurry form of Phoslock™ to two rivers in Australia was
conducted during the summer 2001/2002. Both rivers had had blue-green algal blooms in the
summer period during the previous years. Application of Phoslock™ decreased the
concentration of phosphorus to below detection limits during the few hours it took the
Phoslock™ to settle. The efflux of DRP from the sediment was also reduced during the
studies’ time frame (190 days). One of the rivers showed clear evidence of improvement after
the Phoslock™ application, while the effects of Phoslock™ application to the other river, which
was more affected by surface nutrient inputs, was not significant (Robb ef a/., 2003). Another
experiment on Phoslock™'’s effect on algal growth was conducted by Haghseresht (2004).
The studies showed considerable decline in both phosphorus content and algal growth due to
application of Phoslock™ (Haghseresht, 2004).

The toxicity of Phoslock™ has been tested for both the slurry and granulated forms, which in
both cases resulted in the conclusion that Phoslock™ has minimal risk of acute and chronic
toxicity to fresh water organisms. Taking this into account as well as the fact that Phoslock™
is easily applied; application of Phoslock™ in appropriate dosage could be expected to
provide a short-term solution for lakes and other waterways affected adversely by excess

nutrients (Mclntosh, 2006).

EBOP decided to use Phoslock™ in Lake Okareka as a short term improvement to the
ecological condition of the lake. Therefore 20 tonnes of Phoslock™ was applied to the lake in
August 2005, June 2006 and March 2007, respectively (Mcintosh, 2007). In relation to the
applications of Phoslock™ to Lake Okareka, EBOP measured the content of lanthanum (the

active part of Phoslock™) in the water column (figure D.1).
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Figure D.1. Concentration of lanthanum measured at depths of 1 - 30 meters in Lake Okareka during
August 2005 to June 2007 (EBOP, 2007).



The lanthanum concentration was highest in August 2005 after the first application, but most
of the material was settled on the sediment after approximately three months, reaching a level
near the background measured prior to the application (figure D.1). Similar progression of
decreasing lanthanum concentration occurred in 2006, while the concentration of lanthanum
remained relatively high three months after the application in 2007 (figure D.1). — this is an
amazing figure and illustrates that you should be able in each case to determine the rate of

sedimentation of Phloslock.

To examine whether the application of Phoslock™ had an impact on the fish life in Lake
Okareka, EBOP commissioned a study of the fish health using rainbow trout (Oncorhynchus
mykiss) and common bully (Gobiomorphus cofidianus) as representative specimens.
Landman ef al. (2006a) showed that there had been some impact on the spleen, haematology
and histopathology of both species indicating a decline in fish health in the period August to
November 2005, three months after the first application. A follow-up on this study was
undertaken in April 2006 by Landman et al (2006b) and concluded that the fish were
generally in good health and that there was not a persistent influence from the Phoslock™
application. They found higher levels of lanthanum in the liver of trout from Lake Okareka,
though, compared with trout from nearby Lake Tikitapu (Landman ef a/., 2006b). Another
study of the fish health in Lake Okareka was conducted after the third Phoslock™ application
in 2007 by Landman ef al. (2007). This study also showed accumulation of lanthanum in the
both liver and hepatopancreas tissue. The knowledge of long term effects of lanthanum
accumulation is limited, but some changes have been found in physiological parameters like

energy allocation and haematology (Landman et a/.,, 2007).





