

















The project “Evaluation of Phoslock™ applications to mesotrophic Lake Okareka: a modelling
study” is written under the K-study board at Aalborg University, Denmark and composed at
Centre for Biodiversity and Ecology Research at the University of Waikato in Hamilton, New

Zealand.

The project is based on simulations composed using the one-dimensional hydrodynamic and
ecological DYRESM-CAEDYM model. DYRESM-CAEDYM is free software developed by the
Centre for Water Research at University of Western Australia. Simulation files for all
simulation setups used in the project can be found on the attached CD-ROM. Likewise the
DYRESM-CAEDYM model used in the project can be found on the CD-ROM together with
Modeller 2 and Modeller 3 for both Mac and PC. Modeller 2 and Modeller 3 are used to create

contour plots and extract data from the model output, respectively.

The project is based on measurements of the nutrient content in Lake Okareka provided by
Environment Bay of Plenty; we acknowledge Paul Scholes and especially John MclIntosh for
handling our many requests for data. Thanks also to Master of Science student Mathew Grant
Allan at Centre for Biodiversity an Ecology Research, Waikato University, for support in

relation to generation maps of Lake Okareka in GIS.
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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 ef al., 2005).
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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.



Before setting up a complex model like DYRESM-CAEDYM, it is crucial to have an
understanding of the lake system being modelled, including the physical, chemical and
biological processes that drive the ecosystem dynamics in the lake. Based on this
understanding, the fundamental and governing processes defining the ecological quality of the

lake can be pointed out and included in the conceptual model.

Lake Okareka has a maximum depth of 33.5 m and a surface area of 3.3 km2, which makes it
one of the smaller lakes in the Rotorua District (Scholes & Bloxham, 2007). The lake is of
typical volcanic origin and is steep-sided along the eastern lakeshore reaching 560 m (205 m
above lake surface level) (McColl, 1972) (Figure 2.1), and was formed approximately 19,000
years B.P. as streams were dammed by lava flow associated with the Te Rere eruptive

episode (Healy, 1962; Lowe & Green, 1987).

Figure 2.1. 3D image of Lake Okareka based on satellite photo draped over contour lines using GIS. The

north arrow is an approximation.



Lake water quality is critically influenced by the nature of its catchment since regional geology
and soil type, land use, rainfall and groundwater flow determine the input of nutrients to the
lake (Hamilton ef a/,, 2006) The soil in the catchment has a naturally low nitrogen content and
a naturally high phosphorus absorbing capacity due to the predominance of allophanic clays
(Burns ef al., 2005). The catchment of Lake Okareka primarily consists of forest (48 %) and

farmland (31 %) (Figure 2.2), which contributes with nutrients to the lake.
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Figure 2.2. Land use within the catchment of Lake Okareka. The circular diagram is based on data from
EBOP (2004). Millar Road Stream, Summit Road Stream and Farm Stream are inflowing surface streams.

Waitangi Stream is the surface outlet connected to nearby Lake Tarawera.

The morphometric data for Lake Okareka is presented in table 2.1.



Table 2.1. Morphometric data for Lake Okareka (Hamilton, 2003; PCE, 2006, Scholes & Bloxham, 2007).

Parameter Value Unit
Altitude 352 m above sea level
Latitude -38
Max depth 335 m
Mean depth 20 m
Volume 0.064 kms3
Average water retention time 10.6 years
Lake area 3.34 km?2
Catchment area 19.58 km?2
Gras land 31 %
Indigenous forest 37 %
Exotic forest 11 %
Urban 2 %
Other 19 %

A representative water and nutrient budget is essential for setting up a reliable ecological
model and can also indicate possible sources of nutrients which may be targeted by lake

managers.

Lake Okareka is fed with water from three surface inflows (Millar Road Stream, Summit Road
Stream and Farm Stream (Figure 2.2)), groundwater input and rainfall as well as inflow from
septic tanks. The only known surface outlet from the lake is Waitangi Stream leading the
water from Lake Okareka to nearby Lake Tarawera (Scholes & Bloxham, 2005). However,

according to Wallace (1999) there is also seepage of groundwater from the lake.

The water budget for Lake Okareka is based on the well-known relation between inflows,
outflows, evaporation and change in lake height (see appendix A). The source and frequency
for the data used for setting up the water budget in the present study are presented in Table
2.2. The water budget was set up on a daily basis, thus it was necessary to interpolate linearly
between the monthly data to obtain daily values. Raw data and interpolated data can be
viewed in enclosure 4 on the CD-ROM. The data used is from the period July 2002 to June

2005.



Table 2.2. Data source and measurement frequency for data used in the water budget for Lake Okareka.

Name Source Frequency Time interval Comment

Millar Road Stream EBOP Monthly 2002 - 2006 Interpolated to get daily values
Summit Road Stream EBOP Monthly 2002 -2006 Interpolated to get daily values
Farm Stream EBOP Monthly 2002 - 2006 Interpolated to get daily values
Waitangi Stream EBOP Monthly 2002 -2006 Interpolated to get daily values
Lake Height EBOP Monthly 2002 -2006 Interpolated to get daily values
Rainfall Rotorua Airport Daily 1992 -2005  Calculated 14-day moving average
Evaporation Calculated Daily - See appendix A for calculation
Groundwater Calculated Daily - See appendix A for calculation

The groundwater flow (or residual) is calculated on a daily basis as the residual between the
total inflow and the sum of outflow, evaporation and change in lake volume based on
measurements of lake height. When calculating the groundwater flow, a 14-day moving
average in rainfall was used to smooth out peak values and thereby implicitly compensate for
the lack of a daily based measurements of in- and outflows. Positive values are assumed to
represent inflowing groundwater while negative values represent groundwater seepage out of
the lake. The lake on average receives 18,530 m3 day-1 based on data from July 2002 to June
2005 and according to the water budget, rainfall and groundwater inflow are the two main

sources of water to Lake Okareka (Figure 2.3), while Waitangi Stream is the main outflow

(Figure 2.4).
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Figure 2.3. Average daily inflow and standard deviation fo Lake Okareka based on data from EBOP (2007)
measured in the period July 2002 fo June 2005.
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Figure 2.4. Average daily outflow and standard deviation from Lake Okareka based on data from EBOP
(2007) measured in the period July 2002 to June 2005.

According to Wallace (1999), groundwater seepage and outflow via Waitangi Stream
amounted to approximately 160 L s-' during the period 1993 - 1994. Pooling the flow in
Waitangi Stream together with the groundwater seepage, from the present water budget, this
yields a flow of approximately 173 L s-* which is 8 % higher than that calculated by Wallace
(1999). In this context it should be noted there are both seasonal and annual fluctuations in
the groundwater flow. Taking this into account there is reasonable agreement between the
present study and that of Wallace (1999). Hence, it is assumed that groundwater inflow as
well as seepage calculated in the present water budget study are representative for Lake

Okareka.

Setting up a nutrient budget for the lake can be done by different approaches using either
measurements of nutrient concentrations in inflowing waters or by using theoretical land use
coefficients to determine the loading of nutrients from the catchment. EBOP (2004) and
Hamilton et a/. (2006) have previously set up nutrient budgets for Lake Okareka using land

use coefficients.

Nutrient loading from the catchment enters the lake by either surface run-off or delayed
contributions by shallow (and relatively young) or deep (old) groundwater. Conservative
calculations have estimated that the age of the groundwater entering individual lakes in the
Rotorua District is up to several decades depending on the geology and size of the catchment
(Morgenstern ef al., 2004). Loading of nutrients from the present surface activity in Lake

Okareka’s catchment can thus be considerably delayed. Hence, the ecological quality of the



lake may not yet fully reflect the current land use. The present set up of a nutrient budget for
Lake Okareka is therefore achieved by using direct measurements in the incoming waters
based on measurements from Ray & Timpany (2002), Espectatcion (2004), Hamilton ef al.,
2006 and EBOP (2007), respectively. The procedure used setting up the nutrient budget for

Lake Okareka is described in detail in appendix B.

The average annual contribution of nitrogen and phosphorus to the lake from the three
inflowing streams as well from groundwater, rainfall and septic tanks, is presented in Figure
2.5 and Figure 2.6, respectively. The average total loading of nitrogen and phosphorus to the

lake is 4.8 and 0.6 tons per year, respectively.
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Figure 2.5. Average annual contribution of nitrogen from the three inflowing streams, groundwater, rainfall

and septic tanks as well as the standard deviation in the period July 2002 fo June 2005.
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Figure 2.6. Average annual contribution of phosphorus from the three inflowing streams, groundwater,
rainfall and septic tanks as well as the standard deviation in the period July 2002 to June 2005.

The contribution of both nitrogen and phosphorus is significantly higher from septic tanks than
from any of the other contributors (Figure 2.5 and Figure 2.6). It should be mentioned,
however, that the contribution of phosphorus from septic tanks in the literature varies from
0.03 kg TP pers' year' to 1.1 kg TP pers-' year' (Ray ef a/., 2000; EBOP, 2004; Hamilton et

al., 2006). The fact that the literature values for the contribution of phosphorus differ widely



reflects in part different opinions about the behaviour of nutrient transport from septic tanks to
lakes, including aspects of soil binding capacity in the district of Rotorua as well as the
influence of stormflows. This present nutrient budget for Lake Okareka is based on a
contribution from septic tanks of 0.7 kg TP pers-! year-!, proposed by Hamilton ef a/. (2006),

that assumes no retention of nutrients in the soil between the septic tank and the lake.

The ecological condition of a lake is greatly influenced by both physical and chemical

dynamics in the lake as well as the interactions between these dynamics.

Lake Okareka is a monomictic lake and stratifies approximately nine months each year from
September/October to May/June. Stratification is a very important physical phenomenon that
influences a range of processes that directly relate to the ecological quality of the lake, such
as the period of anoxia in the hypolimnion and the extent that phosphate is released from the
sediments. For Lake Okareka there is generally more than 1.5 kg m-3 difference in the water
density between the epilimnion and hypolimnion during summer (Atkins & Paula, 2002), which
produces a stable thermal stratification. The metalimnion in Lake Okareka is typically located

at 10 to 15 meters depth (Figure 2.7).
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Figure 2.7. Contour plot of temperature (°C) as a function of depth and fime. The data is from EBOP’s
monitoring at monthly intervals for the period July 2002 to June 2006. The contour plot is based on point
measurements interpolated in Ocean Data View.

Since stratification limits the interaction between the epilimnion and hypolimnion it is relevant

to know the volume of hypolimnion in relation to the total volume of the lake (Figure 2.8).
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Figure 2.8. Accumulated volume in percent as a function of depth from the surface. Based on data from

EBOP (2007). Maximum depth of the lake is 33.5 meter.

The assumption on which Figure 2.7 is based is that the hypolimnion includes water below 15

m depth. Thus its volume accounts for 37 % of the total lake volume (Figure 2.8).

The vertical distribution of oxygen in Lake Okareka varies during the seasons of the year

primarily depending on the length of the stratification (Figure 2.9).
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Figure 2.9. Confour plot of dissolved oxygen (mg t7) as a function of depth and time. The data is from
EBOP’s monitoring at monthly intervals for the period July 2002 to June 2006. The contour plot is based
on point measurements interpolated in Ocean Data View.

Lake Okareka is stratified for approximately nine months each year and Figure 2.9 clearly
illustrates the impact of stratification on the oxygen concentration in the hypolimnion.
Immediately after stratification forms, the oxygen concentration in the bottom water decreases
and becomes critically low in the end of stratification just before mixing. Consumption of
oxygen in the hypolimnion is typically controlled by bacterial metabolism associated with

mineralisation of organic matter in the water column and especially in the sediments (Wetzel,



2001). In the case of an anoxic hypolimnion, a large volume (37 %; Figure 2.8) of the lake
becomes unsuitable for aerobic metabolism, which influences the ecological condition of the
lake. Furthermore anaerobic conditions trigger a release of manganese- and iron-bound
phosphorus from the sediment, which creates potential for increased algal production as the

nutrients are brought into the trophogenic zone (Wetzel, 2001; Hamilton, 2003; Sgndergaard,

2007).

Phosphorus plays a very important role in lakes because it is often the nutrient that limits the
productivity of phytoplankton, and therefore plays a critical role in the ecological condition in
the lake (Sgndergaard, 2007). Removal of phosphorus from the lake happens exclusively by

permanent deposition to the sediments and by discharge through the outlet.

The concentration of phosphorus in the water column of Lake Okareka is controlled by a

range of physical, chemical and biological dynamics, thus the concentration varies during the

seasons of the year (Figure 2.10).
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Figure 2.10. Seasonal variation in dissolved reactive phosphorus (DRP) concentration in the epilimnion
(from surface fo 10 meters depth) and hypolimnion (from 15 meters to the bottom) in Lake Okareka
measured from July 2002 to July 2003 (EBOP, 2007). The stratification period is marked with the dashed

vertical lines.

As Lake Okareka stratifies and biological decomposition of organic matter lowers the oxygen
concentration, different electron acceptors are used in the mineralization of organic matter,
with manganese and nitrate initially reduced, followed by iron and then sulphate (Madigan ef

al., 2002). Unpublished data of iron concentration in the sediment of Lake Okareka has been



made available by Trolle (2007) and the concentration is around 9000 - 13000 mg Fe (kg dry
wt)-1. Hence, the reduction of ferric iron to ferrous iron by microbial metabolism releases the
otherwise bound phosphate to the overlying water and is likely to be a significant factor in the
peak in phosphorus concentration observed in the hypolimnion in May (Figure 2.10). As the
lake mixes the phosphorus concentration is again evenly distributed in the entire water
column. Furthermore the release of phosphorus from the sediment is controlled by a range of
other parameters like sulphide production, resuspension of sediment and littoral macrophytes

(Wetzel, 2001; Sendergaard, 2007).

Nitrogen enters the lake in many forms and from many sources. The most important are the
inorganic fractions of nitrate and ammonium, which can be utilized directly by phytoplankton
during photosynthesis (Wetzel, 2001). The availability of these fractions can thus control the

primary productivity.

During the year the distribution of the available nitrate and ammonium varies due to dynamics
of different processes in Lake Okareka (Figure 2.11). The nitrogen cycle involves a series of
reduction and oxidation steps as well as depositing in the sediment and discharging from the
outlet. Nitrogen is furthermore converted to elementary nitrogen through denitrification and

thereby removed from the lake (Wetzel, 2001).
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Figure 2.11. Seasonal variation in nitrate (NO3) and ammonium (NH4) concentration in epilimnion (from

surface fo 10 meters depth) and hypolimnion (from 15 meters to the bottom) of Lake Okareka measured



from July 2002 to July 2003 (EBOP, 2007). The stratification period is marked with the dashed vertical
lines.

The occurrence of nitrification depends on oxygen as an electron acceptor, however, oxygen
concentration in the hypolimnion is gradually reduced during stratification, as bacteria utilise
the oxygen in a range of metabolic processes. Around March the oxygen concentrations
generally reach critically low values in hypolimnion (Figure 2.9), and nitrification is inhibited.
The bacterial decomposition of organic matter continues, however, and uses up the small
amount of oxygen left and metabolism eventually shifts to use alternative electron acceptors.
As the ammonium produced from mineralisation of organic matter in the sediment no longer is
nitrified, ammonium accumulates in the hypolimnion creating a peak just before mixing at the
end of May. As the lake mixes the ammonium is again distributed evenly in the water column

and the concentration decreases.

Lake Okareka was considered to be nitrogen-limited in 1900 like the rest of the Rotorua Lakes
(Burns et al, 2005), but human activities like urbanization and farming have increased the
nitrogen loading significantly, which has had a great impact on the ecological condition of the
lake. Whether phytoplankton growth in Lake Okareka may be phosphorus- or nitrogen-limited
can be examined by calculation of the ratio between nitrogen and phosphorus. According to
the Redfield-ratio described as 106C:16N:1P (Wetzel, 2001), growth of phytoplankton is more
likely to be nitrogen-limited if the ratio between nitrogen and phosphorus is below 9
(Sendergaard, 2007). Likewise the growth is more likely to be phosphorus-limited if the ratio is
above 22 (Guildford et a/., 2000). Conventionally the ratio is calculated between total nitrogen
(TN) and total phosphorus (TP), which defines Lake Okareka as being significantly
phosphorus limited (see enclosure 5 on CD-ROM). This is in agreement with Rutherford &
Cooper (2002), who proposed algal growth in Lake Okareka to be limited by the phosphorus
content in the water column. Alternatively a ratio can be calculated between inorganic nitrogen
(NOs- and NH4*) and phosphorus (DRP) (thereby only including the nutrient fractions directly
available for uptake (Wetzel, 2001)). Figure 2.12 presents the molar ratio between the
inorganic fractions of nitrogen and phosphorus for Lake Okareka from August 1990 to May

2006.
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Figure 2.12. Ratio between inorganic nitrogen and inorganic phosphorus in Lake Okareka in the period
August 1990 to May 2006 based on data from EBOP, 2004. The lower line represents a limit below which
nitrogen limitation may be expected (Sendergaard, 2007). The upper line represents a limit above which
phosphorus limitation may be expected (Guilford et al., 2000).

As seen in Figure 2.12 primary producers in Lake Okareka are likely to be both nitrogen- and

phosphorus-limited during different times of the year.

The condition of a lake ecosystem is defined by a range of physical, chemical and biological
processes occurring in the lake. From an overall perspective the lake ecosystem is thus
encompassed by the amount of light reaching the lake, the productivity of the primary
producers such as phytoplankton and macrophytes, and a range of dynamic interactions
between for example phytoplankton, zooplankton, planktivorous and piscivorous fish, as well

as the dynamics of the different nutrient cycles.

The composition of phytoplankton species in Lake Okareka has varied much during the past
fifty years. The dominant species in the late 1950s were diatoms, which changed to
dinoflagellates in the 1960s and chrysophytes as well as diatoms in the 1970s (Burns ef al,
1997). From the 1990s and until today the phytoplankton communities have been dominated

by green algae, diatoms and dinoflagellates (Burns et a/, 1997; Wilding, 2000; Glover &

Addison, 2007).



Seasonal variations in phytoplankton biomass are a result of the different species having
different optimal growing conditions and the interactions between phytoplankton and
phytoplankton-grazing organisms like zooplankton. The knowledge regarding the seasonal
variation of phytoplankton in Lake Okareka is limited. Therefore a comparison of the dynamics
of chlorophyll a concentration measured by EBOP (2007) and a theoretical approach by
Wetzel (2001) have been made to attempt to understand the seasonal distribution of
phytoplankton species in Lake Okareka (Figure 2.13). The species present in Lake Okareka is

based on Wilding (2000) and Glover & Addison (2007).

Diatoms

Green algae .
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Figure 2.13. The seasonal succession of phytoplankton in Lake Okareka during June 2004 - June 2005
based on data from Wilding (2000), Glover & Adlison (2007) and EBOP ( 2007).

By comparing the data from Lake Okareka with Wetzel's theoretical approach it is assumed
that there is a winter bloom of diatoms in July-August followed by small spring bloom of green
algae as well as an autumn bloom of diatoms around April-May. The decrease in

phytoplankton during summer is assumed to be caused by grazing from zooplankton.

EBOP has not included routine measurements of zooplankton biomass in the monitoring of
the Rotorua Lakes, however, unpublished data for zooplankton in Lake Okareka has been
made available by Duggan (2007) (Figure 2.14; Table 2.3 ; enclosure 6 on the CD-ROM). The

most dominant zooplankton group in Lake Okareka in terms of biomass is cladocerans.
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Figure 2.14. Seasonal density and dominant groups of zooplankton in Lake Okareka based on
unpublished data from Duggan, (2007) from monthly sampling frequency.

Table 2.3. Unpublished data from Duggan (2007) for zooplankton content in Lake Okareka in the period
May 2005 to April 2007. The data is presented in units of ug carbon .

Cladocera Copepods Total rotifers Nauplii

22.05.06 2.06 0.59 0.21 1.17
15.06.06 1.34 1.47 0.03 1.06
11.07.06 0.58 0.82 0.21 2.25
10.08.06 2.66 0.32 0.14 2.61
01.09.06 10.34 4.9 0.27 3.24
01.10.06 12.44 0.83 0.17 4.33
01.11.06 59.37 0 0.36 3.72
19.12.06 22.06 0.68 0.02 0.66
25.01.07 1.19 0.06 0.06 0.52
16.02.07 0.05 0.26 0.08 0.88
16.03.07 0 0.17 0.14 2.34
17.04.07 0.33 0.26 0.41 1.97

The seasonal dynamics of zooplankton biomass depends on the availability of food and may
also be influenced by predation from fish. For Lake Okareka the theoretical potential grazing
pressure has been calculated according to Lauridsen ef al (2005), (Figure 2.15). The

calculation procedure is presented in enclosure 7 on the CD-ROM.
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Figure 2.15. Comparison of potential zooplankfon grazing pressure and phytoplankton biomass in Lake
Okareka. Zooplankton content in the period 2006 — 2007 is based on unpublished data from Duggan
(2007) and calculated according to Lauridsen et al. (2005). Phytoplankton biomass is calculated using the
chlorophyll a content measured from May 2004 to May 2005 by EBOP (2007) and a ratio between carbon
and chlorophyll a of 40.

Comparing the seasonal dynamics of phytoplankton biomass against the potential zoo-
plankton grazing pressure expressed as intake/biomass = 100% (Lauridsen ef al., 2005;
Figure 2.15), the grazing pressure from zooplankton can potentially remove approximately
two-thirds of the phytoplankion biomass during October. Hence, it is most likely that the
zooplankton plays an important role in the regulation of phytoplankton biomass, at least at
certain times of year. Based on the data available it is not possible, however, to give a more
detailed description of the interaction between phytoplankton and zooplankton. It should be
emphasized that the data for phytoplankton and zooplankton biomass is not measured in the
same period, which may affect the comparison. It is however assumed that the seasonal

distribution of zooplankton biomass is a reasonable estimate of the general distribution each

year.

According to Wetzel (2001) and Sgndergaard (2007) submerged macrophytes can play an
important role for the ecological condition of the lake as they retain nutrients and thereby limit
the accessibility of nutrients for phytoplankton. Furthermore macrophytes function as a refuge
for zooplankton, and protect them from predation from fish (Burks ef al., 2001; Wetzel, 2001).
According to NIWA (2006) submerged macrophytes in Lake Okareka can be found within a
depth of 9.6 meters. The studies of submerged macrophytes in Lake Okareka have been

used to determine a Lake Submerged Plant Indicator (LakeSPI) for the lake (Clayton ef al.



2005; NIWA, 2006). LakeSPI is based on three indexes; Native Condition Index, Invasive
Condition Index and the overall LakeSPI index. LakeSPI index can be used as a supplement
to the Trophic Level Index (TLI) when the ecological condition is determined (Clayton ef al/.,
2005). LakeSPI is thus not a direct measurement for the distribution of submerged
macrophytes in Lake Okareka, but it verifies the presence of submerged macrophytes in the
lake and provides some indication of their condition. LakeSPI for Lake Okareka has been
declining since 1988 (Figure 2.16) indicating that the ecological condition of the lake has

deteriorated in the same period.

80 Native Condition Index M Invasive Condition Index M LakeSPI Index

70
60 -
50 -
40
30 A
20
10
04

Jan. 1980 Jan. 1988 Jan. 2001 Sep. 2003 Oct. 2006

[%]

Figure 2.16. LakeSP/ for Lake Okareka in the period 1980 to 2006 from Clayton et al. (2005). LakeSP! is
based on the Native Condition Index and the Invasive Condition Index, including maximum depth, number

of species among others for native and invasive plants respectively (Clayton et al., 2002).

Decomposers in both the water column and sediment are important for recycling of nutrients.
Bacteria, fungi and other microorganisms mineralise organic matter from all dead aquatic
organisms (Wetzel, 2001). Furthermore benthic organisms, including macro-invertebrates,
can be major consumers and can also be important recyclers of nutrients that may otherwise
trapped in the sediments. The invertebrates are most often located within the sediment where
they contribute to reaeration of the sediments through their bioturbation and burrowing
activities (Wetzel, 2001). However, no data about these organisms are available for Lake

Okareka.

According to Jeppensen ef al. (1997), Jeppesen ef al. (2000), Jeppesen ef al. (2005) and
Sendergaad (2007), fish can play a key role in the ecological condition of a lake because the
density of fish and the balance between piscivore and planktivore species controls the

predation of zooplankton and thereby, implicitly, the grazing pressure on phytoplankton,



potential oxygen consumption, and release of nutrients from the sediment. In a study of fish
species, their food web and effect on the ecological condition in Lake Okareka among other
New Zealand lakes, Rowe & Gravnoth (2002) call attention to the coincidence of declined
clarity of Lake Okareka after a reduction of the trout stocking rates and subsequent increased
numbers of smelt in the lake. Based on this they suggested that trout plays an important role
in the ‘top-down’ control of the ecosystem in Lake Okareka (Rowe & Gravnoth, 2002). In
continuation of this McBride (2005) proposed in a study of the Rotorua lakes, that oligotrophic-
and mesotrophic lakes (including Lake Okareka) have a pelagic food chain (in order of
phytoplankton to zooplankton to smelt to trout), which also is similar to that for oligotrophic
Lake Taupo suggested by Rowe & Gravnoth (2002). Based on this it is thus assumed that the
population of planktivororous fish like smelt can play a role in controlling the presence of

phytoplankton and thereby the ecological condition of Lake Okareka.

The trophic status of Lake Okareka can be evaluated using the Trophic Level Index (TLI; see
appendix C for more information on TLI). TLI is based on the four essential ecology
parameters; total nitrogen, total phosphorus, Secchi depth and chlorophyll a concentration,

and is calculated as an annual mean or a three-yearly mean by EBOP.

Lake Okareka is today categorized as a mesotrophic lake but there are indications that the
lake had a lower trophic status previously (Burns ef al, 2005). It is expected that without
management intervention, future land use in the catchment will result in an increased nutrient
supply, which may lead to further deterioration and maybe even an ecological shift from
mesotrophic to a eutrophic condition. Such a shift is undesirable both for the lake ecology and

for the recreational value of the lake (EBOP, 2004).

The ecological condition of Lake Okareka has been monitored since 1991 (Figure 2.17 to
Figure 2.20), corresponding to a period when EBOP considered that the water quality had

deteriorated in several of the Rotorua lakes (Burns et al., 2005).
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Figure 2.17. Average concentration of total nitrogen in Lake Okareka in the epilimnion (0 — 10 mefers

depth) in the period August 1990 to April 2007.
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Figure 2.18. Average values of total phosphorus in Lake Okareka in the epifimnion (0 — 10 meters depth) in

the period August 1990 to April 2007.
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Figure 2.19.Secchi depth in Lake Okareka in the period August 1990 to April 2007.
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Figure 2.20. Concentration of chlorophyll a in Lake Okareka during the period August 1990 to April 2007.

The yearly and three-yearly average TLI is calculated by EBOP based on averages from all

available measurements (Figure 2.21).
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Figure 2.21. 7hree-yearly average TL/ for Lake Okareka. Based on data from EBOP.

The trophic status target for Lake Okareka is a three-yearly average of 3.0 TLI, which is based
on measurements taken in 1994 (EBOP, 2004; Rutherford & Cooper, 2002). If the three-
yearly average TLI exceeds the target by 0.2 TLI points or more during the previous three
years, it is required that EBOP conducts an action plan for the lake (Burns ef a/, 2000).
Because the TLI for Lake Okareka exceeded the target by more than 0.2 TLI units EBOP
commenced preliminary investigations in 2002 (Figure 2.21), which resulted in publishing of
an action plan for the lake in 2004 (EBOP, 2004). Different options for fulfilling the objective of
a TLI of 3.0 for Lake Okareka were proposed, and the Lake Okareka ratepayers decided on
conversion of grassland to nutrient low land use, sewage treatment and development of new
wetlands. These initiatives are all long term actions to address increasing external nutrient
loads to Lake Okareka. It was also decided to launch a short term solution to improve the
ecological condition by addition of the modified clay mineral Phoslock™ (EBOP, 2004).

Phoslock™ is able to remove dissolved reactive phosphorus (DRP) from the water due to



absorption and when it settles on the sediment of the lake, it is able to maintain the DRP in
immobilised state, preventing re-release from the sediments (Douglas ef a/, 1999; Robb ef al.,
2003; Haghseresht, 2004; Mclntosh, 2006; Ozkundakci & Hamilton, 2007) (More information
regarding Phoslock™ can be found in Appendix D). The first application of Phoslock™
occurred in August 2005, when 20 tonnes were applied to 170 ha of the lake surface. A

further 20 tonnes of Phoslock™ was applied to the same area in June 2006 and again in

March 2007 (Mclintosh, 2007).

The primary goal of application of Phoslock™ to Lake Okareka was to decrease the seasonal
release of DRP from the sediment that is evident as a peak in DRP concentration just before
mixing in May (Figure 2.22). Whether this is the case for the application of Phoslock™ to Lake
Okareka cannot be evaluated from Figure 2.22, since the peak in DRP is reduced after the
first application, but after the third application in 2007 the peak seems to be at least of the
same order as the peak in 2006. This apparent anomaly necessitates the use of a model for

Lake Okareka in order to evaluate in more detail the efficiency of the Phoslock™ applications.
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Figure 2.22. Dissolved reactive phosphorus (DRP) in the lower part of hypolimnion (25 — 33.5 meters

depth) of Lake Okareka in the period 1991 - 2007. The three applications of Phoslock™ are presented as
red dots.



Numerical models can be used as a tool to help understanding the complex dynamics and
interactions between the physical, chemical and biological processes in lakes (Orlob, 1983).
Three-dimensional models are mainly used for detailed, short-term simulations of single
events, while one-dimensional models like DYRESM-CAEDYM can be used for long-term
simulations (Orlob, 1983; Imerito, 2007). However, the use of one dimensional models
simplifies the complexity of the natural ecosystem in lakes by assuming variations in the
vertical direction play a more important role than those in the horizontal direction (Orlob,
1983). Whether Lake Okareka fulfils the assumption of one-dimensionality included in
DYRESM-CAEDYM has been examined through calculation of the Lake Number and the
effect of the earth’s rotation (see enclosure 8 on the CD-ROM). According to these

calculations the system of Lake Okareka is suitable for a one-dimensional model application.

DYRESM-CAEDYM is a coupled one-dimensional model that combines a hydrodynamic
model, DYRESM (DYnamic REservoir Simulation Model) and an aquatic water quality model,
CAEDYM (Computational Aquatic Ecosystem DYnamics Model) developed at the Centre for
Water Research at The University of Western Australia (Hipsey et a/., 2006; Imerito, 2007).
DYRESM is used to predict vertical distributions of temperature, salinity and density and
CAEDYM is used to describe the interactions between nutrients, carbon, dissolved oxygen
and inorganic particulates as well as phytoplankton, zooplankton, macrophytes and fish. The
scientific details of the model are described in detail in Imerito (2007) and Hipsey ef a/. (2006).
Furthermore, applications of DYRESM-CAEDYM are described in Bruce ef al. (2006) and

Spillman et al. (2007).

DYRESM-CAEDYM can simulate a range of physical, chemical and biological processes and

parameters in a lake (Hipsey ef al., 2006). A lake ecosystem is defined by many interacting



components, and each component is in principle highly important (Jargensen, 1999; Wetzel,
2001). However, as pointed out in part 2.3 and 2.4, there is only knowledge about the
interactions between a limited amount of ecological components in Lake Okareka. To ensure
a manageable level of complexity in the model and the possibility of calibration against
measured data, the conceptual model has been set up to only include the most important

ecological components and only components where measured data has been available.

Set up of the conceptual model for Lake Okareka in DYRESM (Figure 3.1) requires input data
on lake morphology, inflows and outflows, meteorological data including daily average short
and long wave radiation, air temperature, vapour pressure, wind speed, precipitation, and
initial temperature and salinity conditions in order to calculate temperature- and density

profiles.

Marfometry =---- - Initial conditions
Inflows / QUHlows: - - - - == - - -Meteorological data
1
1
¥

Figure 3.1. Sketch of the conceptual model setup in the one-dimensional hydrodynamic model DYRESM
for Lake Okareka.



Meteorological data used as input to DYRESM for Lake Okareka was taken from Rotorua
Airport meteorological station located approximately 8 km away from the lake (Plots of the
data are shown in enclosure 1). Inflow and outflow volumes are based on monthly
measurements done by EBOP (2007), and calculations of groundwater flow are based on the

water budget presented in appendix A.

CAEDYM has been set up to simulate concentrations of dissolved oxygen, nitrogen and
phosphorus in Lake Okareka, as well as two out of the seven possible groups of
phytoplankton (Figure 2.13). Chlorophytes and freshwater diatoms were chosen to represent
the phytoplankton communities in Lake Okareka, as these appear to be the dominant taxa in
the lake (Wilding, 2000). The conceptual models for dissolved oxygen, nitrogen, phosphorus,
phytoplankton and zooplankton are presented below. Due to the fact that the model becomes
more complex when zooplankton is included, zooplankton is not included in the present setup
of DYRESM-CAEDYM for Lake Okareka. Macrophytes and higher trophic levels (including
macroinvertebrates and fish) are furthermore not included in the model due to lack of data.
Cycling of carbon and cycling of silica are included in the model but these components are not
calibrated and validated due to lack of data. The input of nutrients to the lake is based on
measurements and literature values from Ray & Timpany (2002), Espectatcion (2004),

Hamilton ef a/. (2006) and EBOP (2007) respectively (for more information see appendix B).

Dissolved oxygen (DO) is a key variable when dealing with water quality in a lake. The

conceptual model for DO in Lake Okareka is presented in Figure 3.2.
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Figure 3.2. Skefch of the conceptual model for dissolved oxygen (DO), where only the parameters to be

calibrated are represented (after Hipsey et al. 2006).

Phosphorus is essential for phytoplankton growth. The conceptual model for the phosphorus

cycle used in the model for Lake Okareka is depicted in Figure 3.3.
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Figure 3.3. Sketch of the conceptual model for the phosphorus cycle (after Hipsey et al. 2006). DOP /s
dissolved reactive phosphorus. POP is particulate organic phosphorus. IP is internal phosphorus. DOPL

and POPL are dissolved and particulate labile organic phosphorus, respectively .

Inorganic nitrogen is another nutrient essential for phytoplankton growth. The conceptual

model for nitrogen is presented in Figure 3.4.



Atmosphere

h Drenitrification
Water Column
Uptake n Intermal
e ™| phytoplankton-N
%
.
&2
MH4
Inflow
Cutflow
£ 2 —
e =
3 3
a
% DONL |- Mineralisation PONL
i
Release Sedimentation
22
| NO3szo u NH4seo | |DON5"“| |PON$HJ|| INzeD |
Sediment

Figure 3.4. Sketch of the conceptual model for the nitrogen cycle (after Hijpsey et al. (2006). DONL and
PONL are dissolved and particulate labile organic nitrogen respectively. PON is particulate organic

nitrogen. DON is dissolved organic nitrogen. IN is internal nitrogen.

There are seven different phytoplankton species or groups incorporated in the CAEDYM
model and, as mentioned, only chlorophytes and freshwater diatoms are included in the

model set up for Lake Okareka. The conceptual model for phytoplankton is presented in

Figure 3.5.
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Figure 3.5. Skefch of the conceptual model for phytoplankton (after Hipsey et al, 2006).



When calibrating DYRESM-CAEDYM no auto calibration tool is yet available and a manual
calibration procedure based on trial and error has thus been carried out. The calibration
procedure has relied on the bottom-up principle (Trolle ef al, 2006) starting with a water
balance, nutrient and oxygen dynamics, and followed by dynamics of phytoplankton. The
priority for calibration and validation was for the time period prior to August 2005, to ensure no
influence from the Phoslock™ applications. Furthermore it was decided to start model
simulations in the winter months when the lake is fully mixed, to ensure relative ease in
assigning initial conditions. However, the field data necessary as input for simulation of Lake
Okareka in DYRESM-CAEDYM is limited and only three years of complete data prior to the
applications of Phoslock™ are available. Based on this it was decided to use a model
calibration period of two years from 25 July 2002 to 28 July 2004 and a validation period from

29 July 2004 to 24 July 2005.

According to Hamilton & Schladow (1996) and Imerito (2007), the hydrodynamic DYRESM is
free from calibration; however this is not always the case when applying the model in practice.
Hence, calibration was necessary in order to get satisfactory agreement of simulation output
to measured data (temperature profiles) for Lake Okareka. However, most effort has been
required in the calibration of the ecological water quality model CAEDYM. Calibration has
been done using several ecological parameters and has relied on visual evaluation expressed
in plots of simulated data output together with measured data, as well as minimization of root-
mean-square error (RMSE) and Pearson correlations between measured and simulated data.
The selection of values for the parameters used for calibration has relied on a range of
literature intervals proposed by Budyko (1974); Hamilton & Schladow (1996); Hamilton &
Schladow (1997); Yeates & Imberger (2003); Romero et al. (2004); Bruce et al. (2006);
Hipsey et al. (2006); Imerito (2007) and Hamilton (2007) (pers. comm.), respectively.
However, it is important to emphasize that the conceptual model simplifies the true complexity
of the ecosystem in Lake Okareka. The specific parameters used for calibration are thus
implicitly influenced by a range of different physical, chemical, and biological processes not
included in the model. The values proposed in the literature have thus only been used for the
purpose of setting a range for values for Lake Okareka.

The following presents the calibration and validation for the different physical, chemical and

biological variables included in the model. Data for temperature, dissolved oxygen and



nutrients are calibrated and validated against monthly measurements from EBOP from the
surface (0 meters depth) and at 26 meters depth. Data for phytoplankton is calibrated and
validated at 5 meters depth in the model, for comparison with measurements from integrated
samples at 0 — 10 meters depth. Data for calibration and validation can be viewed in

enclosure 9 on the CD-ROM. The calibrated parameters are presented in enclosure 2.

The water balance in the model was evaluated by comparing the simulated lake level with

observed data for lake levels/heights (Figure 3.6).
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Figure 3.6. Variation in lake height based on monthly measurements of lake height and daily simulated
lake depths of Lake Okareka during the period July 2002 fo July 2005. Calibration period is July 2002 -
July 2004 and validation period is July 2004 — July 2005.

The water flow in and out of the lake is reasonably well reproduced in the model, since both
the calibration and validation for lake height variations is corresponding to the variations in the
measured lake height. Based on this it is assumed that the water balance in the model setup

is representative for the water balance of Lake Okareka.



Data for measured water temperature in Lake Okareka is compared with the simulated water
temperature in a time-depth contour plot (Figure 3.7). The contour plot is used to illustrate the

timing and location of the stratification in the lake.
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Figure 3.7. Time-depth contour plot of water temperature in Lake Okareka from July 2002 fo July 2005
based on simulations (upper) and field measurement (middle). The difference between simulated and
measured water temperature is likewise presented for the period July 2002 to July 2005 (lower).

The simulated water temperature is in general higher than the measured water temperature in
10 — 15 meters depth during stratification. This indicates that metalimnion is situated too deep
in the model, even though the timing of the simulated stratification is in agreement with the
timing in the measurements. The seasonal variation in the simulated water temperature is
furthermore in agreement with the measured water temperature in the surface as well as in 26
meters depth for both the calibration and validation period (Figure 3.8; Figure 3.9). The
seasonal variations in surface water and 26 meters depth represent the seasonal variations in

the top of the epilimnion and bottom of the hypolimnion, respectively.
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Figure 3.8. Water temperature in the surface 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 2005.
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Figure 3.9. Water temperature in 26 meters depth 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 2005.

Similar to water temperature, the time-depth contour plot of simulated dissolved oxygen is

compared with the time-depth contour plot for dissolved oxygen measured in Lake Okareka

(Figure 3.10).
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Figure 3.10 7ime-depth contour plot of dissolved oxygen (DO) in Lake Okareka from July 2002 to July
2005 based on simulations (upper) and field measurement (middle). The difference between simulated
and measured water temperature (lower) is likewise presented for the period July 2002 to July 2005.

The simulated dissolved oxygen generally declines too early in hypolimnion compared to the
measured data for dissolved oxygen. Also, the period of anoxia in the hypolimnion is
overestimated by the model. These differences are likely a result of the metalimnion being
situated too deep in the model simulations which decreases the volume of the hypolimnion
and thereby the overall amount of oxygen which can be consumed by the sediment. The
calibration and validation for dissolved oxygen is presented in Figure 3.11 and Figure 3.12 for
surface water and at 26 meters depth, representing the seasonal variations in epilimnion and

hypolimnion respectively.
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Figure 3.11. Dissolved oxygen (DO) in the surface 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 valfdation period is July 2004 — July 2005.
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Figure 3.12. Dissolved oxygen (DO) in 26 meters depth 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 2005.

There is a general tendency for the simulated surface oxygen concentration to be lower than
that of measured data. It appears that the oxygen algorithms in DYRSEM-CAEDYM cannot
reproduce oxygen concentrations that exceed the saturation point, since calculation of oxygen
saturation based on the simulated surface water temperatures has revealed that the simulated
dissolved oxygen never exceeds saturation (enclosure 3). This is inconsistent with the

measured data, where the oxygen concentration during the summer period can reach up to



121 % saturation. Simulated dissolved oxygen in 26 meters depth follows the same overall
trends as the measured dissolved oxygen for both the calibration and validation period.
Oxygen production by phytoplankton contributes to dissolved oxygen in the water column,
thus it is likely that the discrepancy in reproducing phytoplankton biomass with the model
(Figure 3.20) is also contributing to the fact that the dissolved oxygen concentration at 26

meters depth is generally underestimated during Aug-Sept.

The simulated concentration of nitrate and ammonium in the epilimnion and hypolimnion is
presented as the surface water and 26 meters depths respectively (Figure 3.13; Figure 3.14;

Figure 3.15; Figure 3.16).
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Figure 3.13. Ammonium (NHs) concentrations in the surface waters in 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 2005.
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Figure 3.14. Ammonium (NHs) concentrations at 26 meters depth in 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 2005.
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Figure 3.15. Nitrate (NOs) concentrations in the surface 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 2005.
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Figure 3.16. Nitrate (NO3) concentrations at 26 meters depth in 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 2005.

Calibration of nutrients turned out to be more complicated than calibration of temperature and
dissolved oxygen. Some processes and interactions, which are believed to influence the
seasonal variations of nutrient concentrations in Lake Okareka, have not been studied in
detail yet, thus they are not included in the model. This is the case for both ammonium and
nitrate dynamics (Figure 3.13; Figure 3.16), where the model is not able to reproduce the
double peak tendency found in the measured ammonium nor the peaks in nitrate
concentrations at 26 meters depth during the period July 2002 to July 2005. At the beginning
of stratification (September — October) ammonium is released into the hypolimnion, leading to
increases in concentration. This ammonium is nitrified, thus the concentration of nitrate
increases while the concentration of ammonium decreases (Figure 3.17). Nitrification
consumes oxygen, contributing to reduced dissolved oxygen in the hypolimnion during
stratification. When the concentration of dissolved oxygen reaches 2 mg L' nitrification is
inhibited, which again causes the concentration of ammonium to increase in the hypolimnion.
As the hypolimnion waters become anoxic, the content of nitrate decreases due to

denitrification, until mixing occurs around May.
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Figure 3.17. Measured concentration of dissolved oxygen (DO), ammonium (NH4) and nitrate (NO3) in 26
meters depth of Lake Okareka in the period July 2002 - July 2003.

The seasonal variation in ammonium concentrations, with a double peak at 26 meters depth
has, as mentioned, not been reproduced in the model simulations, which means that the
peaks of nitrate are also not reproduced. The concentrations of ammonium and nitrate in the
surface waters of Lake Okareka are low (Figure 3.13; Figure 3.15), and this makes it difficult
to reproduce the observed dynamics in the simulations. Calibration and validation of total

nitrogen in surface waters and 26 meters depth are presented in enclosure 3.

The measured concentrations of dissolved reactive phosphorus in the surface water in Lake
Okareka during July 2002 — July 2005 are generally very low, thus it has been difficult to
reproduce the variations in the simulated concentrations (Figure 3.18). The seasonal
variations in the measured data are reproduced better for the simulated dissolved reactive

phosphorus at 26 meters depth (Figure 3.19).
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Figure 3.18. Concentration of dissolved reactive phosphorus (DRP) in the surface waters 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 2005.
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Figure 3.19. Concentration of dissolved reactive phosphorus (DRFP) at 26 meters depth in 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 2005.

The timing of the phosphorus release from the sediment due to anoxia in the hypolimnion at
the end of stratification is slightly delayed for the simulated data at 26 meters depth (Figure
3.19) compared to the measurements from the same depth. The validation of simulated
dissolved reactive phosphorus shows that the model is able to reproduce the correct peak
height even though the timing is slightly delayed, compared with the measurements. Total

content of phosphorus in surface water and 26 meters depth in the period July 2002 — July



2005 in Lake Okareka as well as the simulated concentration of total phosphorus in the same

timeframe and depths are presented in enclosure 3.

The phytoplankton biomass in Lake Okareka is represented by two different functional groups
in the model; freshwater diatoms and chlorophytes. The presence of the two groups is
calibrated to fit the overall seasonal variation in total chlorophyll-a (Figure 3.20) by assuming
that the diatoms are the dominant group during winter and that chlorophytes dominate the

biomass during summer stratification (which is consistent with data presented by Wilding

(2000)).
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Figure 3.20. Calibration and validation for phytoplankton at 5 meters depth in Lake Okareka. Concentration
of total chlorophyll-a (TotChla) at 5 meters depth in Lake Okareka is based on monthly measurements and
daily simulated values during the period July 2002 to July 2005. Calibration (cal) period is July 2002 — July
2004 and validation (val) period is July 2004 — July 2005. Total chlorophyll-a is subdivided into freshwater
diatioms (FDIAT) and chlorophytes (CHLOR).

Getting the timing and the concentration of the simulated data to fit the measured was difficult.

It was necessary to lower the internal minimum concentration of phosphorus and nitrogen in

both chlorophytes and fresh water diatoms in order to get adequate growth of phytoplankton;

however this has caused the simulated concentrations of both nitrogen and phosphorus in the

surface water to be too low. Despite low concentrations of nutrients in the surface water it is

assumed that the model reflects the alternating limitation of nitrogen and phosphorus in

respect to phytoplankton growth.



Root-mean-squared error, Pearson correlation as well as relative mean residual for calibration

and validation of the parameters presented above are presented in Table 3.1 for both surface

water and at 26 meters depth.

Table 3.1. Root-mean-square-error (RMSE), Pearson correlation coefficients (r) and relative mean residual
(RMR) for calibration (cal) and validation (val) of the DYRESM-CAEDYM model for Lake Okareka.

Epilimnion is represented as the surface and hypolimnion is represented by 26 meters depth.

Phytoplankton is from 5 meters depth. Temp = temperature; DO = dissolved oxygen; NH4 = ammonium;

NO3 = nitrate; TN = total nitrogen; DRP= dissolved reactive phosphorus, TP = total phosphorus, Tot Chila

= Phytoplankton. The calculated RMSE values have different units, thus it is not possible to compare

RMSE for the different parameters.

Temp. DO NH4 NO3 TN  DRP TP TotChla
g Cf 0879 1247 0006 0001 0123 0002 0004 2006
val 1288 1426 0011 0002 0122 0002 0006  1.203
3 cal 0992 058 0135 -0.104 -0.181 0091 0207  0.588
b= r
3 val 0986 0838 -0227 -0.340 -0.347 0333 0164  0.561
ayr, Cf 242 6994 8433 8732 5347 7204 4796 2882
" val  -460 1073 7193 7929 3472 67.68  57.41 -3.00
cal 0569 2303 0009 0022 0126 0004  0.006 .
£ RMSE
g val 1807 2718 0010 0017 0081 0004  0.006 -
2 cal 0807 0880 0631 -0.132 -0.408 0580  0.566 -
;
*é val 0285 0886 0156 -0.206 -0.109 0320  0.312 -
© cal 3675 1845 103  67.31 2324 531  -9542 -
S RMR
val 5136 17.03 4533 9039 2530 -1271 149 -




The calibrated and validated DYRESM-CAEDYM model setup of Lake Okareka has been
used to evaluate the efficiency of the applications of Phoslock™ to Lake Okareka.
Furthermore different scenarios are set up for the nutrient loading to the lake to examine the

effect of these changes in relation to the lake’s ecological condition.

Simulated dissolved reactive phosphorus concentrations in the hypolimnion are used as a tool
to evaluate the efficiency of the Phoslock™ applications to Lake Okareka. The simulations are
run through the period July 2002 to August 2007, corresponding to approximately three lake
years (June - July) prior to the first Phoslock™ application and two lake years thereafter. The
hypothesis is that if the model overestimates the measured concentration of dissolved
reactive phosphorus in the hypolimnion after the applications of Phoslock™, the difference
between simulated and measured data will represent the reduction of internal loading induced
by the applications of Phoslock™. The calibration of simulated dissolved reactive phosphorus
in the hypolimnion is based on measurements at 26 meters depth because this depth has
been sampled during all years prior to the Phoslock application. Unfortunately no
measurements at 26 meters depth are available after June 2006. Thus it has been necessary
to use simulated output at both 26 meters and 30 meters, respectively, to evaluate model
output (Figure 3.21; Figure 3.22). Simulated data can be viewed in enclosure 10 on the CD-

ROM.
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Figure 3.21. Simulated dissolved reactive phosphorus (DRP) concentration at 26 meters depth during the period July 2002 to August

2007, and measured DRP concentrations at 25 — 32 meters depth (EBOP. 2007). The Phoslock application dates are 15 August 2005, 27
June 2006 and 21 March 2007, respectively.
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Figure 3.22. Simulated dissolved reactive phosphorus (DRP) concentration at 30 meters depth during the period July 2002 fo August

2007, and values for measured DRP concentrations at 25 — 32 meters depth (EBOP. 2007). The Phoslock application dates are 15 August
2005, 27 June 2006 and 21 March 2007, respectively.



The five peaks in simulated dissolved reactive phosphorus at 26 meters depth are all of
similar sizes (Figure 3.21). Comparison of simulated and measured concentrations of
dissolved reactive phosphorus at 26 meters depth shows that the first peak (May 2003) in the
simulated data is underestimated, while the second peak (May 2004) is slightly overestimated.
The simulated peak in May 2005 does not appear in the measured data. Whether the
simulated peak in May 2006 and 2007 follows the measured data at 26 meters depth can not

be evaluated since no measurements has been made at this depth.

When examining the simulated dissolved reactive phosphorus concentrations for a depth of
30 meters (Figure 3.22) there is generally a higher variability between years than at 26 meters
depth. The peaks in the simulated data for 30 meters depth are primarily underestimated
compared to the measured concentrations (Figure 3.22). This underestimation is assumed to
be caused by the one-dimensional layer/grid size in the model, where the bottom layer at the
end of stratification is around 4 meters deep, which essentially means that concentration
gradients will not be present from a depth of approximately 29 meters and down to the
bottom. This means that the phosphorus which is released from the sediment is diluted into a
relatively large water-volume. In agreement with the observed data the simulated dissolved
reactive phosphorus has the highest peak in 2005. From 2005 to 2007 the simulations show a
general trend of decreasing DRP peak heights at 30 meters depth (Figure 3.22). Thus, without
lowering the sediment DRP release rates in the modelled period after the phoslock
applications (2005-2007), the simulations show that there is a natural declining trend of DRP

concentrations in the hypolimnion (represented by 30 meters depth).

In the work with improving the ecological condition of Lake Okareka in terms of fulfilling the
TLI target for the lake, model scenarios have been set up to evaluate different management
approaches and strategies. The input data for the DYRESM-CAEDYM model is available for
the period July 2002 to August 2007 and these five years are used as a stochastic data set
expressing the natural seasonal and annual variations in nutrient loadings as well as
meteorological conditions. The different scenarios include a reduction of the external loading

of nitrogen, phosphorus and both nutrients at levels of 25 %, 50 %, and 75 % respectively.



The target for reduction is the loading from the catchment, which includes Summit Road
Stream, Farm Stream, Millar Road Stream, and the groundwater inflow. Furthermore, three
scenarios are set up to simulate the establishment of wetlands near the Millar Road Stream
planned by EBOP (2004), with removal of 25, 50 and 75 % of nitrogen from this particular
stream. According to the nutrient budget set up for Lake Okareka (Figure 2.5; Figure 2.6)
septic tanks contribute more than 50 % and 70 % of the total annual loading of nitrogen and
phosphorus respectively. EBOP is planning to reticulate sewerage in the immediate
catchment to Lake Okareka, thereby reducing the nutrient (and pathogen) loading from septic
tanks (EBOP, 2004). Therefore scenarios have been set up to simulate the effect of

completely removing the septic tank loading of nitrogen, phosphorus and both nutrients.

Besides scenarios of a reduced external loading of nutrients, one scenario is set up to
simulate the assumed future loading of nutrients from the catchment of Lake Okareka. This
scenario is based on the hypothesis that the loading of nutrients from the present land use in
the catchment of Lake Okareka is considerably delayed due to the age of the groundwater
entering the lake (Morgenstern ef al, 2004). The nutrient budget set up by EBOP (2004) is
achieved by using nutrient coefficients of the current land use in the catchment of Lake
Okareka and this nutrient budget is thus assumed to be a reasonable estimation of the future
nutrient loading reaching the lake as a function of groundwater age. The total nitrogen loading
to the lake is thus raised from 4.8 ton to 10.9 tonnes according to EBOP (2004) while the

phosphorus loading remains the same.

The output of the different scenarios is presented as TLI values calculated according to
appendix C. TLI is, as mentioned above, based on total nitrogen, total phosphorus, chl-a, and
Secchi depth. Secchi depth is, however, not a part of the output from DYRESM-CAEDYM and
has thus been calculated according to equation 3.1 (based on 10 % light level, 0.2 m-

background and 0.02 m-2 (mg chla)-").

~ 2.303
0.2+0.02-[Chl-a]

To evaluate how well the model simulates the ecosystem of Lake Okareka a comparison is
made of TLI values calculated by EBOP (2007), based on their measurements in the lake,
and TLI values calculated from simulated model output (Figure 3.23). Calculations can be

viewed in enclosure 11 on the CD-ROM.
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Figure 3.23. Comparison of TLI values calculated by EBOP (2007) and TLI values based on simulation
output from DYRESM CAEDYM. EBOP has not yet calculated TL/ for 2007.

Based on the comparison of TLI values (Figure 3.23) the model estimates of TLI are
consistently lower than EBOP’s TLI, and it has thus been necessary to adjust each annual TLI

based on simulations (Table 3.2).

Table 3.2. 7L/ adjustment based on a comparison of TL/ calculated by EBOP (2007) and TL! values

calculated from simulation oufput.

Year TLI calculated EBOP values Factor Adjusted TLI
2002 - 2003 2.37 3.17 1.34 3.17
2003 - 2004 242 3.41 1.41 3.41
2004 - 2005 2.55 3.16 1.24 3.16
2005 - 2006 2.55 3.36 1.32 3.36
2006 - 2007 2.53 - 1.33* 3.35

* Based on an average of the factor values from 2002 fo 2006.

The correction factors for TLI in Table 3.2 is used to adjust the corresponding annual
simulation-based TLI for all scenarios in order to be able to compare the mean of the adjusted

TLI values with the mean of TLI values calculated by EBOP.

The first type of scenario is reduction of nitrogen loading, with 25, 50 and 75 % reductions
from Millar Road and from all inflowing waters, as well as a scenario where nitrogen load from
septic tanks is removed. These scenarios are all based on the present loading to Lake
Okareka. Furthermore a future scenario is setup with increased nitrogen loading from the
catchment. Mean adjusted TLI values for these scenarios as well as the average annual TLI

for the present loading are presented in Figure 3.24. Calculation of annual TLI for each



scenario can be viewed in enclosure 12 - 19 on the CD-ROM. Input data for the different

scenarios can also be viewed in enclosure 20 on the CD-ROM.

|

Figure 3.24. 7L/ values calculated for different scenarios of nitrogen reduction fo Lake Okareka based on
simulation output from DYRESM-CAEDYM. The 95 % confidence interval for each scenario is based on
the model output from July 2002 to July 2007. The red line represents the goal for Lake Okareka’s three-
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Reduction of the nitrogen loading from Millar Road has very modest effect on the simulated
TLI value (Figure 3.24). Reducing the loading from all inflowing waters only results in a slight
decrease in TLI compared to the TLI for the present loading, and a reduction on 75 % is thus
not enough to fulfill EBOP’s goal of a three-yearly average TLI of 3.0. Likewise, the scenario
where the nitrogen load from septic tanks is removed, leadd to a decreased annual average
TLI, but not enough to decrease the TLI to reach the goal of 3.0. The future scenario, where
the annual nitrogen loading increases from 4.8 tons to 10.9 tons indicates that increased
nitrogen loading will result in deterioration of the water quality since TLI is increased

significantly, and Lake Okareka may move towards and eutrophic state with TLI > 4.

The second type of scenarios is reduction of phosphorus loading with 25, 50 and 75 % from
Millar Road and other inflowing waters. Furthermore a scenario with removal of the
phosphorus loading from septic tanks has been set up. Mean adjusted TLI values for these
scenarios are presented in Figure 3.24 as well as the average annual TLI for the present

loading. Calculation of yearly TLI for each scenario can be viewed in enclosure 21 - 24 on the



CD-ROM. Input data for the different scenarios can be viewed in enclosure 20 on the CD-
ROM.
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Figure 3.25. 7L/ values calculated for different scenarios of phosphorus reduction to Lake Okareka based
on simulation output from DYRESM-CAEDYM. The 95 % confidence inferval for each scenarifo is based on

model output from July 2002 to July 2007. The red line represents the goal for Lake Okareka’s three-yearly
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Reduction of phosphorus loading from the catchment has an impact on the average yearly
TLI, since TLI decreases in proportion to the reduction of loading (Figure 3.24). A reduction of
the phosphorus loading from the inflowing water to Lake Okareka of 75 % is, however, not
enough to achieve an average annual TLI value of 3.0, according to the model. Removal of
the phosphorus loading from septic tanks has a great impact on the average yearly TLI,
leading to a result that is well below the goal, and is the most effective of the five phosphorus

reduction scenarios.

The third type of scenario is reduction of both phosphorus and nitrogen loading from the
inflowing water by 25, 50 and 75 %, as well as a scenario where the nutrient contribution from
septic tanks is removed. Mean adjusted TLI values for these scenarios are presented in
Figure 3.26 as well as the average yearly TLI for the present loading. Calculation of annual
TLI for each scenario can be viewed in enclosure 25 - 28 on the CD-ROM. Input data for the

different scenarios can be viewed in enclosure 20 on the CD-ROM.
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Figure 3.26. 7L/ values calculated for different scenarios of nitrogen and phosphorus reduction to Lake
Okareka based on simulation output from DYRESM-CAEDYM. The 95 % confidence interval for each
scenario is based on model output from July 2002 fo July 2007. The red line represents the goal for Lake
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Reduction of both nitrogen and phosphorus loading from the inflowing water leads to a
decrease in calculated annual average TLI proportional to a decreased reduction in loading
(Figure 3.26). A reduction of 75 % of both nitrogen and phosphorus results in a calculated
yearly average TLI of 3.0. Removal of nitrogen and phosphorus loading from septic tank is,
according to the simulations presented in Figure 3.26 the most effictive, and reduces the

calculated yearly average TLI to below the target assigned by EBOP.



In the modelling evaluation of Phoslock™ effectiveness in terms of reducing release of DRP
from the sediment of Lake Okareka, it is crucial to emphasize that the model is no better than
the outcome of the calibration and validation, which is dictated in large part by the availability
and quality of data entered into the model. Taking this into account, however, the model which
was set up during this project was generally able to reproduce the overall dynamics of
temperature, DO, nutrients and phytoplankton in Lake Okareka, and can thus be used to

estimate lake responses to a range of hypothetical nutrient loading scenarios.

The influence from applications of Phoslock™ to Lake Okareka in terms of reduced release of
DRP from the sediment was visualized by plotting simulated model output of DRP at different
depths along with field data measured by EBOP (Figure 3.21; Figure 3.22). Release of DRP,
based on measured concentrations in the hypolimnion, appears to be reduced substantially
following the first application of Phoslock™ (in August 2005) and one could readily assign this
effect to the Phoslock™ applications. However, by comparing field data with simulated output
from the model, it is evident that the model, for which the simulation does not include any
effect of Phoslock™, actually predicts a natural decrease of DRP in hypolimnion, according to
concentrations at 30 meters depth. In general it is difficult to compare the measurements of
DRP through time and to elucidate the effect of Phoslock™ because field measurements in
the hypolimnion are not continuous at a fixed depth. Since none of the coefficients controlling
release of DRP in DYRESM-CAEDYM has been changed, this suggests that the observed
reduction of DRP release from the sediment cannot be assigned to the Phoslock™
applications alone, but is likely to also be due to natural variations in the meteorological input
data (including precipitation, radiation and wind speed), as well as inflow data. The model is
directly influenced by annual variations in the meteorological data in terms of, for example,
length of the stratified period and subsequently the period of anoxia in the hypolimnion.
These factors affect the release of DRP from the sediment. No further analysis of the
meteorological data has so far been carried out. Because of the very significant simulated
reduction of DRP release in 2006 and 2007 assumed to be a consequence of natural

variations, it is not possible to identify or quantify any effect from applications of Phoslock™.



To examine whether Phoslock™ applications have had any effect on the water quality in terms
of reduced phytoplankton growth, a comparison of simulated total chlorophyll-a concentrations
against field measurements was conducted. The simulated total chlorophyll-a concentration
does not indicate any change prior and after applications of Phoslock™. However, a lack of
field measurements from April 2006 to present makes it impossible to verify this statement.
Due to lack of data and limitations of the model, it must be recommended that the evaluation
of Phoslock™ efficiency is monitored for an extended period of time to see whether or not field
data and simulated model output remain in agreement, in order to quantify longer term

influence of Phoslock™ applications on internal loading.

The amount of Phoslock™ applied to the lake through the three-year application period is
considerably lower than recommended. According to Mcintosh (2006) the amount of
Phoslock™ recommended to strip DRP from the water column and to form a reactive capping
at the surface of the sediment is 200 g m-2. Each of the three applications has, however, only
added 20 tonnes to an area of 170 ha of the lake surface, corresponding to a total application
of 35 g m2. The lower amount of applied Phoslock™ should be noted in the final evaluation of

the efficiency of Phoslock™ application as a restoration procedure for Lake Okareka.

In this present evaluation of Phoslock™ efficiency, it is also noted that measurements of DRP
in the lake are not coherent with respect to sampling depths in the hypolimnion. The
concentration of DRP in the hypolimnion is very depth dependent, especially close to the
deepest part of the lake where strong gradients occur in response to DRP released from the

sediment through the stratified period (Figure 4.1).
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Figure 4.1 Concentration profile of DRP in the hypolimnion of Lake Okareka as a function of depth
measured by EBOP on 26 May 2005. The measured data is furthermore expressed as a power function
(/DRPJ= 8 - 1078 [Depth]'0.67¢ RZ = 0.898).



Due the strong correlation between DRP concentration and depth it is crucial to collect

samples at an identical depth to provide a coherent time series.

To get a true picture of the impact from the applications of Phoslock™ it is furthermore very
important to sample in the period when DRP is actually released from the sediment. Based on
the timing of the measurements in Lake Okareka (Figure 4.2) there are gaps around the
middle and end of May as well as at the beginning of June. It would be valuable to intensify
sampling frequency around the time when DRP concentrations peak in the hypolimnion (in

Lake Okareka from middle of May to middle of June).
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Figure 4.2. Overview of timing of the measurements of DRP sampled in Lake Okareka from 2001 to 2007
in the period April to June. The x-axis is presented as a fraction of the month. Site 1 and Phoslock site
have a map reference of U16:0440-3180 and U16:0505-3151, respectively (EBOP, 2007).

As pointed out earlier the model does not reproduce a satisfactory concentration gradient of
DRP as a function of depth due to the layer size of the vertical model grid, which means that
the model assumes uniform concentration from the bottom and 4 meters up in the water
column. Thus the model is not able to reproduce accurately the high values measured in the
deeper water. Improvements in the conceptual model could thus be to minimize the layer size
and thereby provide a more detailed description of DRP release and concentration gradients

in the bottom waters.



EBOP has chosen to initiate the restoration of Lake Okareka with application of Phoslock™.
This method is a short-term solution, with focus on reducing the phosphorus release from the
bottom sediments. Hence, this initiative has to be followed by long-term management, where
focus is to decrease the external loading of nutrients. Lake Okareka is at various times
nitrogen and phosphorus limited, which is why the chosen method should focus on removal of
both nutrients. Since Lake Okareka has relatively high water retention time, nutrients are
retained in the lake, predominantly within the bottom sediments. This retention results in a
delay in the in-lake response to changes in the external nutrient loading, which should be kept
in mind when long-term restoration approaches are evaluated. A reduction of the external
nutrient loading will, from a long-term perspective, reduce the internal loading of phosphorus
as well as shifting the equilibrium between nutrients in the water column and the sediment.
The conceptual description of phosphorus release from the sediment is not dynamically
altered through time in DYRESM-CAEDYM, according to the composition of the bottom
sediments. The natural dynamic change of phosphorus release from the sediment as external
phosphorus loading is reduced is thus not yet included in the model. Hence, the management

scenarios run provide conservative estimations of the lake response.

Different management approaches based on long-term perspectives have been simulated to
evaluate which approach is most effective in relation to improving the ecological condition of
Lake Okareka. It is assumed that a decrease in annual average TLI caused by decrease of
the external nutrient loading alone will be even more effective if the internal loading is reduced

as well.

In the Catchment Management Action Plan for Lake Okareka, EBOP suggested development
of wetland at the outlet of Millar Road Stream as a part of the solution to improve the
ecological condition of the lake (EBOP, 2004). The scenario set up to simulate wetland near
Millar Road Stream shows that a 75% reduction of the nitrogen loading does not in itself allow

the TLI target for Lake Okareka to be met (Figure 3.24).

Reduction of nitrogen, phosphorus and both nutrients in inflowing waters (Figure 3.24; Figure
3.25; Figure 3.26) is, as expected, most effective, and a 75 % decrease gives a TLI of 3.0,
which is EBOP’s goal for Lake Okareka’s three-yearly average TLI. It should be mentioned

that a reduction of 75 % for both nitrogen and phosphorus in the inflowing waters is very



difficult since this demands a conversion of all pasture to scrub or forest (based on land use

coefficients from EBOB (2004)).

The most effective reduction is shown to be removal of the nutrient loading from septic tanks
(Figure 3.24; Figure 3.25; Figure 3.26). Sewage reticulation will remove both the nitrogen and
phosphorus loading, and this will have a great impact on the annual average TLI and the
water quality in Lake Okareka, based on assigned idealized nutrient loadings from septic
tanks. The annual average TLI is reduced considerably more when phosphorus load from
septic tanks is removed than when the reduction is achieved with nitrogen removal from septic
tanks alone (Figure 3.24; Figure 3.25). The set up for these scenarios is based on a nutrient
budget for Lake Okareka where septic tanks account for 50 % of the total nitrogen load and
75 % of the total phosphorus load (Figure 2.5; Figure 2.6). It is possible that the annual
contribution of nutrients from septic tanks is somewhat lower than the assumed values due to
the fact that the phosphorus absorption capacity in the soil (i.e. attenuation) is not included in
the nutrient coefficients proposed here, which are those given by Hamilton ef a/. (2006). The
coefficients used for the model set up for Lake Okareka are very close to the person
equivalent loadings used for untreated wastewater (Harremoés & Malmgren-Hansen, 1997)
and septic tanks will reduce the content of nutrients in the wastewater to some degree.
Further knowledge about septic tank efficiency in nutrient removal is required to give a better

estimate of the loading from septic tanks to the lake.

The long-term perspectives for the ecological condition of Lake Okareka are evaluated
through a scenario where the loading from inflowing waters is increased to the loading
proposed by EBOP (2004), equivalent to equilibration of nutrient export to the 2004 land use
This scenario results in an annual average TLI of 3.8, which is higher than the average annual
TLI for the present loading (Figure 3.24). Since TLI is used as a measurement of the lake’s
ecological condition this means that the water quality in Lake Okareka will deteriorate.
However an increase of nitrogen alone does not necessarily contribute to an increased
production of phytoplankton unless the growth is nitrogen-limited. A plot of the simulated
chlorophyll-a based on the present loading and the simulated chlorophyll-a based on the

future loading is presented in Figure 4.3.
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Figure 4.3. Simulated total chlorophyll-a for the present loading and increased loading of nifrogen, which
represents the future loading based on EBOP (2004). The simulation period is July 2002 to July 2007

Increased loading of nitrogen from the catchment leads to increased growth of phytoplankton,
more specifically freshwater diatoms according to the simulation output. It should be noted

that model simulations did not include possible silica limitation, due to lack of measurements

of silica in Lake Okareka.

Based on removal of both nitrogen and phosphorus loading from septic tanks as the most
effective approach towards increasing the water quality of Lake Okareka, a scenario is set up
using the future external loading of nutrients based on EBOP (2004) and at the same time
with the loading from septic tanks removed. This scenario results in a annual, average TLI of
3.0 (2.89 - 3.09 corresponding to 95 % confidence interval), which is EBOP’s goal for the
three-yearly average TLI for Lake Okareka. Data and calculations can be viewed in enclosure
29 on the CD-ROM. Whether it is realistic that the future external loading only results in
increased loading of nitrogen can be questioned. The soil in the catchment of Lake Okareka
has high binding capacity towards phosphorus, but can potentially be saturated with
phosphorus under a high farming intensity regime, which will result in increased loading of
phosphorus to the lake. It is assumed that increased loading of both nitrogen and phosphorus
to the lake will result in deterioration of the water quality even more than shown in the
scenario with increased nitrogen loading, thus it is recommended that the external loading of

both nitrogen and phosphorus is decreased to prevent this occurrence.



Through implementation of the one-dimensional hydrodynamic ecological water quality model
DYRESM-CAEDYM for Lake Okareka, several different model simulations have been run to
evaluate the efficacy of Phoslock™ applications as well as alternative management options for

improving the ecological condition of the lake.

Based on simulated model output of dissolved reactive phosphorus (DRP) in the hypolimnion
in the years after the first application of Phoslock™, it can be concluded that reduction of DRP
release from the sediment cannot be assigned to the Phoslock™ applications alone, but is
also a result of natural variations in the meteorological data (including radiation, precipitation,
and wind speed) and inflow data, as well as variations in the depth of measurement in the
hypolimnion. However, due to a lack of data and the limitations of the model it was not
possible to quantify iffhow the Phoslock™ applications have reduced the internal loading. It is
also notable that the amount of Phoslock™ applied to the lake is considerably lower than
recommendations, which may contribute to reduced effectiveness in curbing DRP releases

from the sediments.

Evaluation of different management options including reduction of nutrients from the
catchment, implementation of wetlands near Millar Road Stream and removal of nutrient
loading from septic tanks (i.e. by use of a centralised wastewater treatment plant that removes
nutrients from the catchment), leads to the conclusion that removal of septic tanks has the
largest effect on the ecological condition of the lake. Even reduction of nutrient loading from
the catchment by up to 75 % gives a modest improvement in the ecological condition of the
lake in terms of reductions in the TLI value. Taking into account uncertainties of the model set
up, the removal of septic tanks could enable Lake Okareka to readily meet EBOP’s TLI target
of 3.0 with land use activity based on what produces the current level of nutrients entering
streamflows. However, simulation of the lake response to future nutrient loading, i.e. current
land use, as described in the Catchment Management Action Plan for Lake Okareka (EBOP,
2004), may compromise the ability to meet the target TLI of 3.0, and initiatives that can reduce
the external loading of nutrients are required in order to avoid further deterioration of the

ecological condition of Lake Okareka.
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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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Figure x.4. SW at Rotorua Airport in the periode July 2002 to July 2004 (Airport, 2007).



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
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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
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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).





