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Abstract

The Maketu Estuary is a shallow intertidal estu@r@ knf) located in the Bay of
Plenty, North Island, New Zealand. The Kaituna Rigentributes the largest
freshwater flow into the estuary through contralegaLake Rotoiti and indirectly
Lake Rotorua supply the base flow to the KaituneeRiwith tributaries along the
50 km reach also significantly contributing to tt@v. Water quality within the
river is affected by elevated nutrients, faecalfoohs, high oxygen demand and
algae concentrations derived from the lakes as wsllcontributions from
tributaries and industrial and urban discharge.otiph the use of a coupled
hydrodynamic-biogeochemical numerical model ELCOMEDYM, this study
aims to examine the nutrient, phytoplankton andrbggnamics of the Maketu
Estuary and lower Kaituna River.

Water quality and hydrodynamic measurements weneced from Environment
Bay of Plenty’s data archives as well as a numibengirument deployments to
collect water velocity, tidal elevation and saln&nd temperature measurements
during the course of this study. Included in treldiwork was a survey of the
lower river and estuary bathymetry.

Model simulations predicted that the maximum reso@getime in the Maketu

Estuary is 1.5 days, occurring in the inner westegion. Residence time in the
lower river (mouth to 8.5 km upstream) is in theler of hours although some
variations were predicted near the river mouth. v@hno rates of four

phytoplankton groups where assessed over a 15at@dgn January 2004. In the
Kaituna River ELCOM-CAEDYM predicted that the commiy growth rates

were small with the exception of a slight increasebiomass of the two

freshwater groups in a semi-detached river ben&. ihhrease in the loop was
correlated with an increase of residence time.h@ éstuary, marine diatoms
showed the highest growth rates in the westerronegihich is expected to relate
to retention time and available nutrients. Dinoflbates showed the smallest
variation in predicted growth rates, most likelyedto their broad salinity

tolerance. The two freshwater species showed actieduin abundance when
mixed with marine water. A principle limiting fagtéo phytoplankton growth in

both the river and estuary is the low residence.tim

A number of scenarios were simulated in the rived astuary by altering the

forcing conditions in the model. A simulation ofetlincreased nutrient load
associated with the Rotoiti diversion wall revealkdt phytoplankton growth in

the river and estuary will not be significantly edfed. Because of the close
proximity of the control gates to the river mouth proportion of water drawn

through the structure can be marine. By openingdideriver channel, model

simulations predicted that a reduction in salinityuld be possible, however the
outcome of complete freshwater is probably not eacble. Increasing the

discharge volume from the river into the estuang\aso simulated. The results
indicated that increasing the freshwater inflowFards Cut would reduce the
salinity in the estuary while increasing the nesidual) flow towards the estuary
mouth. Increasing the flow would also result in r@ager range of salinity in

regions of the estuary. Changing the inflow locatio the historic Papahikahawai
Channel also affected the salinity in the estu@ihe most significant effect of an
inflow at this location was a reduction of the desl currents in the western
region of the estuary.
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Chapter One

Introduction

This thesis describes how a coupled hydrodynamiemguality numerical model
was applied to the Maketu Estuary and lower KaitiRieer. The model was
applied to predict the present hydrodynamic, natrénd phytoplankton dynamics.
Once this was achieved, the model was used toqtréu likely hydrodynamic
and nutrient/phytoplankton dynamics for a rangescénarios. The modelling
scenarios address hydrodynamic and water qualitgeras currently faced in the

estuary and river.

1.1) Nature of the problem

The hydrodynamics of the Maketu Estuary and lowaitufa River have been
drastically altered over the past six decades. @rbe most significant changes
was the diversion of the Kaituna River out of thetuary in 1956, which is

believed to have contributed to sediment infilliagd general ecological decline
of the estuary. Subsequent to the 1956 diversiajpmrealignment work was
carried out on the lower river during the 1970s &0d to reduce the effects of
flooding, resulting in alteration of the hydrodynamin the lower river. A re-

diversion of the river flow back into the estuagshbeen advocated by Iwi, long-
time users of the estuary and the local commurtitgywever, declining water

quality, the threat of flooding and the closuretioé new river mouth created
during the diversion in 1956 have meant a re-divarss currently not feasible.

In 1998, resource consent was granted to allow0DOONT? of Kaituna River

water to enter the estuary through control gatesvals envisaged that the re-
diversion would help reduce the sediment infillengd restore some the declining
wetland marsh and kaimoana to the estuary. Whildate the re-diversion has
assisted in reducing the salinity in the upper astu the sedimentation,
hydrodynamic and ecological improvements are ydtet@bserved. Moreover the
already high nutrient load of the Kaituna River evanay be further increased by
the construction of a diversion wall in Lake RatoRresently, declining water

quality in Lake Rotoiti is in part caused by nuttieich water entering Lake
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Rotoiti from Lake Rotorua. The diversion aims t@achel this nutrient rich flow

down the Kaituna River instead of into the mainyotiLake Rotoiti.

1.2) Regional setting

The Maketu Estuary is located approximately 35 kmtls-east of Tauranga and
50 km north to north-east from Rotorua, within Bey of Plenty on the east coast
of the North Island (Figure 1.1). The estuary taatied on the eastern side of the
Te Puke lowlands which were formed by tectonic wagpluring the middle to
late Pleistocene (Healgt al. 1962). The geology of the Maketu comprises
primarily of undifferentiated alluvium, peat andmgdusand (Wigley, 1990) with a
wedged shaped sandspit barrier that runs from @simum width at Papamoa to
the Maketu headland, enclosing the northern boynalathe estuary. The Maketu
Headland located on the eastern side of the estkawgywn as Town Point,
consists of the Hamilton Ash Formation (Chappe®73) overtopped by a

mixture of fluvatile silts, sands, gravels andaeg deposits (Wigley, 1990).

The Kaituna River spans approximately 50 km (Whkital. 1978) commencing at
the outlet of Lake Rotoiti at Okere arm and entgtime sea at Te Tumu, just west
of Maketu Estuary (Figure 1.1). The Kaituna Rivatchhment includes drainage
from both Lake Rotorua and Lake Rotoiti and hasnbeée its present
configuration for about 9000 years (Tortell, 198®)e entire catchment covers an
area of 124,000 hectares with ~48 percent of ti@a accurring below the outlet
of Rotoiti (McIntosh, 2005). After the Kaituna Rivieaves Okere Arm it passes
through a steep, narrow gorge falling ~260 metmesle@vation before meandering
through the alluvial terraces of the lower Kaiturzesin and onto the peat and sand
deposits of the Te Puke lowlands. Lakes RotoruaRmwtditi contribute the largest
guantity of base flow to the Kaituna (EBOP, 200&wever, most flood run-off
is generated by several tributaries from the cawitndownstream of the lakes
(McIntosh, 2005) including Mangorewa River, Waiaand Ohineangaanga
Streams and Raparapahoe and Kopuroa canals. Meamalatischarge of the
Kaituna River is ~39 fs* (McIntosh, 2005) with peak flood flows reaching in
excess of 150 fs* (KRTA, 1986).
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| Bay of Plenty | N

River mouth
(Te Tumu)

| Maketu Estuary|

Auckland

Okere Arm
Lake Rotoiti

Ohau
channel

[Lake Rotorual

/-/ 0- L 8' km Wellington

Figure 1.1. Location map illustrating the Maketu Estuary, Kaituna River, Lake Rotoiti,
Lake Rotorua, Te Puke lowlands, Ohau channel, Okere Arm, Te Tumu and the Kaimai
Rangesin the Bay of Plenty, North Island, New Zealand. (Source: LINZ, 2006)
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1.3) Study area

1.3.1) Hydrodynamics

Burton (1987) and Domijan (2000) described the Makestuary as a microtidal
barrier-enclosed estuarine lagoon. The estuaryhadlasv (mean depth of one
metre below mean sea level) covering a total afea2® knf and comprising
sand and mud intertidal flats, tidal channels, s@tshes and wetlands. At low
tide the intertidal sand and mud flats dominate Mwedscape, exposing an
estimated 70-80% of the estuary bed (Domijan, 2000)

Kaituna River contributes the largest freshwatguininto the estuary, entering
through control gates at Fords Cut with an aveiafiew volume of 100,000 fh
per tidal cycle (Mclntosh, 1997). The tidal prissestimated at 1,000,000°m
(Domijan, 2000) and is dominated by marine wateeremg through the estuary
mouth located against the headland on the eastéerotthe estuary. There are a
number of defined channels within the estuary; h@wenost are highly mobile

and prone to shifting course.

1.3.2) Water quality

Currently the estuary waters are controlled by Emwnent Bay of Plenty’s
operative regional coastal plan (BOPRCP). Thisugtay plan sets guidelines on
concentrations of water quality variables withinviEanment Bay of Plenty’s
regulatory region. The Maketu Estuary has faec#ifacon concentration limits
imposed on it. These limits are to protect the aombation of shellfish for human
consumption. During compliance monitoring, Park0@0reported that the water
quality since 1996 had remained within the guidsdimpart from one sample of

shellfish with bacterial coliform concentrationsoab that of the guideline.

The freshwater input that the estuary receives ftbenKaituna River contains
high concentrations of plant nutrients in the foof nitrate (NQ), ammonium
(NH4) and phosphate (BRD The elevated nutrients in the Kaituna River are
sourced from Lake Rotoiti outflow as well as disgjes occurring along the

reaches of the Kaituna, including AFFCO meat works Rangiuru
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(Bruereet al. 1997; Mcintosh, 2005), seepage from Te Puke sewagément

wetlands and dairy farm runoff.

1.3.3) Climate

The Te Puke lowlands receive in the order of 1500760 mm yi* of rainfall.
This is considerably less than the surrounding kairanges (Figure 1.1) which
receive on average 2500 — 2600 mil gQuayle, 1984). The reduced rainfall on
the lowlands is due to the sheltering effect of &mai Ranges from the
dominant westerly winds. Temperature records aPlike show a mild annual
average of 13.9 °C with an annual mean range of®.5The predominant wind
direction on the lowlands is west to south-westdslyt again due to the sheltering
effect from the Kaimai Ranges, is considerably ldsn on the surrounding

ranges (Quayle, 1984).
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1.4) Research aim and objectives

The overarching aim of this thesis is to evaluatarsge of hydrodynamic and
water quality issues within the lower Kaituna Rieard Maketu Estuary using a

three-dimensional coupled numerical model.

This outcome was achieved with four smaller obyexsti

To create an up-to-date bathymetry for the Makestu&y and lower Kaituna

River to be used in the numerical modelling.

To predict the current nutrient and phytoplanktorynaimics and
hydrodynamic conditions in the Maketu Estuary aoddr Kaituna River
using a three-dimensional coupled hydrodynamic a&wcdlogical model,
ELCOM-CAEDYM.

To evaluate the potential ecological impacts of greposed Rotoiti wall

diversion on the Maketu Estuary and lower KaitumzeR

Based on suggestions from the local community andir@hment Bay of
Plenty, assess a range of hydrodynamic scenaring tiee numerical model
ELCOM-CAEDYM.



Chapter One: Introduction

1.5) Thesis outline

Following this introductory chapteran account of the historic and cultural
significance of the study area along with a brigline of the major modifications
and scientific reports on the estuary and loweerriare presented iG@hapter

Two.

In Chapter Three a summary of recent literature on hydrodynamic and
ecological numerical modelling is given. A reviedweutrophication in estuaries
and rivers is included along with a brief descaptiof ELCOM-CAEDYM, the

numerical model applied to the estuary and lowaarrin this study.

A description of the methods used in collecting aalfiating the data which were
used to represent the bathymetry of the Maketudggtand lower Kaituna River
is presented iChapter Four. The derived bathymetry was used in the numerical

modelling undertaken in this study.

In Chapter Five, a description of how the three-dimensional hydraagit

numerical model ELCOM was applied to the estuany lawer river is presented.
A description of the boundary conditions and reswit model calibration and
validation are givenThe current hydrodynamic situation in the lower riverda

estuary are presented and the application of ELGOdscussed.

In Chapter Six, a description of how the biogeochemical model CAEDYids
coupled with the hydrodynamic model ELCOM is preasdnCAEDYM was used
to simulate nutrient and phytoplankton dynamicghi@ lower river and estuary.
The formulations of the boundary conditions aresprted and the predicted

nutrient / algae distributions in the estuary #dustrated.

ELCOM-CAEDYM was used to simulate a variety of hyadiynamic and nutrient
scenarios in the river and estuary. The prediceslults from the modelling

scenarios are presented and discussé&hapter Seven.

A summary of the key points from the thesis is entsd inChapter Eight.
Included in this chapter are limitations of thediseand suggestions for future

work to be taken after this study.



Chapter Two

Historical accounts and changes within the
Maketu Estuary and lower Kaituna River

2.1) Introduction

Maketu Estuary and the Kaituna River were setttethé 1300s and colonized by
Europeans in the 1800s when deforestation and Mmavagriculture practices
increased steadily. Flooding issues resulted imifsggnt restructuring of the
lower river bed and substantial changes to the digdy and ecology of the

estuary.

2.1.1) Maori colonisation

The first Maori settlement in the Bay of Plenty (BOwas around 1340 A.D
(Tapsell, 2000). Te Arawa was one of nine canoeartive in the BOP. After
navigating parts of the BOP coastline, Te Arawaeret the Maketu estuary
where they may have anchored to two rocks nameda-pakore and
Tuterangiharuru which are located inside the egtoawuth and are still present
today (Tapsell, 2000).

The landscape at this time was vastly differeninfrine present day. Numerous
gullies and hillsides were most likely dominateddmyall fern bush. The swampy
areas to the west (Kaituna swamp), east (Waihi g9yaamd south (Kaawa
swamp) were extensively covered by swamp graskes(pghromium-tenax), toe-

toe, wi-wi (reed) and raupo (bullrush) (TapsellQ@p Tea tree also would have

covered large areas of the surrounding expanse.

2.1.2) European settlement

The first European to settle within Maketu was @aptPhillip Tapsell in 1829
(Tapsell, 2000; Richmonet al. 1990). On Tapsell’s arrival in the Maketu, he set
up a flax trading post that exported flax via smetlips entering the estuary.
In the early to mid 19 century, before the mainstream European arrivast v

areas of swamp would have been covered by flax.
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Mainstream European arrival occurred in the lat®0%8after the Governor
General of New Zealand issued a proclamation degahe land known as Te
Puke open for special settlement on th& 2@nuary 1880 (BOPCC, 1970). The
settlement region included the lower Kaituna Riaed Maketu Estuary. As more
Europeans entered the area, development intensdgdting in vast areas of the
native land being converted for agricultural usee Tonversion involved draining

and clearing of the swamps particularly during1B80s (Tortell, 1984).

2.1.3) Kaimoana

The Maketu Estuary and Kaituna River presents gelaource of Kaimoana to
Maori and Pakeha alike. Residents described inintaiviews how traditionally
seafood made up the greatest part of their prat@nand red meat was eaten
rarely only for special occasions. In 1843 the el and Maori scholabr
Edward Shortland described the people of Makethedter fed and clothed than
their neighbours due to their coastal location. Meketu estuary and Kaituna
River waters produced many edible species of finfigd bivalve, white bait,
crabs and plants that were important in the didocdl Iwi, long time users and
residents alike. Table 2.1 summaries the typesafioed that have been harvested

from within the estuary and lower river.
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Table 2.1. List of food resources that are presemnt] or have been historically available from
the Maketu Estuary and Lower Kaituna River.

Common name Scientific name Reference

Cockle Chione stutchburyi Richmond et al. 1990
Paddle crab Ovalipes punctatus Richmond et al. 1990
Pipi Paphies australe Richmond et al. 1990
Flounder - Donovan et al. 1976

Yellow eyed mullet Donovan et al. 1976

Whitebait Galaxias genus KRTA, 1986
Snapper

Kaiwai - Murray, 1978;
Kingfish

Mussles (Green lip) Perna canaliculus Murray, 1978
Oysters (Rock) Crassostrea glamerata Murray, 1978

2.2) Engineering works in the lower Kaituna River and Maketu
Estuary

Early farming developments in the Kaituna swammawere costly and difficult
due to flooding (BOPCC, 1970). A severe storm arusequent flooding in 1907
resulted in a series of engineering reports to stigate ways of reducing
flooding. The most comprehensive report was by Halmrand Blair Mason in
1922 which made a number of recommendations inetudiversion cuts and stop
banking which were acted on as early as 1926 (BQRGD).

One of the earliest engineering works was to mothify estuary by channeling
Fords twin cut in 1928. The aim of the cut wasited part of the Kaituna River
flow into the estuary and away from the existingromel (Papahikahawai channel)

in an attempt to stop the Kaituna River breachiregMaketu spit (Murray, 1978).

10
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2.2.1) 1956 diversion

The bypassing of the Kaituna River from Maketu Bsfuto sea via Te Tumu
occurred in February of 1958 (KRTA, 1986; Richmoetal. 1990). The
diversion was commissioned to help reduce the regu and severity of flooding
on the Te Puke lowlands which were by now domindtedgricultural uses. The
decision to divert through Te Tumu was against teeommendation of an
engineering report by A. Murray in 1951. Howevee thcting authority of that
time ‘The Kaituna River Board’ proceeded with thizetlsion as a temporary
measure until a suitable plan of action could keftdd to reduce the threat of
flooding (KRTA, 1986). A report released by enginee Acheson in 1953
favoured the cut as ‘in years to come it may en#i#ereclamation of the Maketu
Estuary’ (Tortell, 1984). This view was in starknt@st to the opinions of local
Iwi, residents and long-time users of the estuatyo did not want the estuary
flow regime altered (Te Puke Times, 8/11/1955; @ihri984).

The 1956 diversion provided flood relief for 19,086res of low-lying land of
which 60% was undeveloped at that time (Richmend. 1984). However the
general opinion among farmers in the area washheynot gained anything from
the works (Bay of Plenty Times, 28/8/1960). In tieeade following the diversion
it was apparent that only changing the river owmtflavould not significantly

reduce the risk of flooding on the surrounding liyymg area (Tortell, 1984), as a
considerable area of land still flooded twice ygahd most of the plain was
inundated during the one in ten year flood eve@RPEC, 1970).

2.2.2) Kaituna Catchment control scheme

In 1973 the Kaituna Catchment control scheme wémted (Richmondet al.

1984) following a report and recommendations by BdyPlenty Catchment
Commission (1970). The aim of the scheme was #gétten (Figure 2.1), widen
and increase the depth in the lower reaches oK#ieina River to allow easier
flow to the sea and cope with a one-in-hundred g&gaimm (BOPCC, 1970). Most
works were not undertaken until 1981-1985 after tbeheme became
amalgamated into the upper catchment scheme. ledludl the scheme were

extensive stop banking (67 km), 88 km of canals @rihs, 7 pump stations, 5
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major floodgate structures, vegetation and rubbler rbank protection and the

construction of the groyne structure at Te TumuQ@EB2006).

A component of the original diversion carried qutl®56 was the construction of
a causeway at Fords Cut to allow freshwater totopeinto the estuary during
high tide. However the causeway was raised to sading stop bank level as part
of the Kaituna catchment scheme. This action praltyi sealed off any flow from
the Kaituna into the Maketu Estuary (KRTA, 1986).

Kopuroa canal

Raparapahoe canal ;

=
§
3
5
O
&
&
£

5

Maketu
estuary

Waiari stream

Kaituna River [——1 Stop Banks
— | Rivers orginal path
_———] Coastline

Figure 2.1. Map of the Kaituna River where stop baking and river realignment occurred as
part of the Kaituna Catchment scheme. The originameandering river course is also shown.
(Adapted from KRTA, 1986).

2.2.3) Effects of the diversion

Within a decade of the diversion, changes in the estuatstarted to be observed
(Richmondet al. 1990; Tortell, 1984). Many locals and long timesnsswere
unhappy with the changes with newspaper articlesumi@nting how it was
affecting their livelihood (Bay of Plenty Times, /88L960). Since 1970, there
have been more than 15 reports recommending aioevi$ the management in
the estuary and lower Kaituna River (Domijan, 20R@&hmondet al. 1990) Over

the four decades following 1956, major changesth&en place in the estuary as
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a direct or indirect effect of the diversion. Theete most significant changes to

the estuary are described below.

Sedimentation and shallowing of the estuary

Domijan (2000) reported that between 1985 and 1if8#-tidal storage volume
within the estuary had been reduced by 0.15%0(17.3 %). This reduced tidal
storage was attributed to sedimentation in theaegtat a rate of ~13,640°mper
year (Domijan, 2000). Historical reports and acdswshow the estuary channels
were much deeper, with boats as great as 60 tamh@rafts of up to one meter
entering the estuary (Rutherfoetl al. 1989) as illustrated in Figure 2.2. Many
long-time users of the Maketu Estuary estimate iteatepth has been reduced by
up to 5 meters in some places (Bay of Plenty TirB8£10/1991). Bay of Plenty
Times (11/4/1981) reported that before the Kaitwaa diverted, 22 fishing boats
were able to use the estuary as a port and yaobtd sail within the estuary at

low tide.

There has been debate over whether the 1956 diwelsis caused these high
rates of sedimentation. It had been suggestedhight sedimentation rates had
been occurring before the cut was put in place @185 records show blasting to
deepen the entrance occurred as early as 1926 dMut®78). There were also
several spit breach events during large storm eveshich could have bought
additional sand into the estuary (Richmoadal. 1990). Nevertheless it is

generally acknowledged that the 1956 diversiongtaged a role in increasing the
sedimentation rate by reducing flood tide dominaancd its ability to scour out

sediments (KRTA, 1986; Richmomtlial. 1990; Domijan, 2000).
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4177 - MAKETU.

Figure 2.2. A small coastal vessel inside the estyan 1886 illustrating the size of vessels that
once navigated parts of the estuary (Source: Murray1978).

Salt marsh reduction

It is estimated thain the period from 193% 1979, 95% of the maritime salt
marsh in the estuary disappeared (KRTA, 1986)lastiated in Figure 2.3. Most
loss resulted from stop banking which occurred ketw1963 and 1977. However
there is evidence that the remaining decline cdwddattributed to the river
diversion (KRTA, 1986). The diversion affected thalt marsh by reducing
freshwater inflows, which significantly increasde tsalinity in the upper reaches
of the estuary. Donovaé al. (1976) identified the salt marsh vegetation as the
rush Juncus maritmum and Leptocarpus simplex and extensive beds &irpus
caldwelli fringing the old Kaituna inlet (Papahikahawai chel). The decrease in
salt marsh habitat has also been attributed teetihgction in whitebait yield as the
salt marsh is the principal breeding ground of smvepecies of white bait
(KRTA, 1986).
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Figure 2.3. Decline of salt-marsh beds in the Makat Estuary from 1939-1981.
(Adapted from KRTA, 1986)

Reduced fishing and shellfish gathering

One of the greatest concerns to many locals angl tiame users of the estuary is
the demise of the pipi beds (Richmaoetdd. 1990). The most likely cause for the
reduction in yield is high rates of sedimentati@sulting in smothering of the
active beds (Park, 2003). The reduction in bed s@abined with high harvest
rates has seen the confinement of the pipi to semgll area of the estuary. In
contrast to the pipi, the cockle has thrived on lhgher saline environment

present since the 1956 diversion.
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From historical accounts many fish species haven pgesent in the estuary as
listed in Table 2.1. The most recent reports afidoh fish in the estuary (Donovan
et al. 1976; Murray, 1978) identified only two speciesfioined fish present in

abundance, the yellow eyed mullet and floundersTdhiange can probably be
explained by two possible causes: a regional dedfinfish stocks and reduction
in feeding and breeding grounds in the Estuary.réuf1978) also suggests that
illegal fishing practice in the estuary which hesetved would have an effect of

fish populations in the estuary.

2.3) Returning the Kaituna River to the Maketu Estuary

As a result of changes to the estuary a numbectofittes have diminished or are
now limited to a much narrower region than pre-tsi@n. A social report
(Loomis, 1984) found recreational and commerciashifig, swimming,

recreational boating and the estuary as an ecalbggsource (birds, marine life,

marine and terrestrial plants) had been effectethéyliversion.

Local Iwi, residents and many long time users efMaketu Estuary have sought
the return of the Kaituna to the Maketu even adyeas the 1960s. In 1984,
opposition from locals and long-time users resultec petition supported by
3000 signatures that was put forward by the Maketion group demanding the
return of the Kaituna River to the Maketu EstualyeW Zealand Herald,

6/5/1984).

In response to the continual pressure, the Comomiseir the Environment was
requested to report on environmental issues andrapfor the Maketu Estuary.
The reports which followed (Lomis, 1984; TortelR84) were highly critical of

the original 1956 diversion and led to the comnoissig of a technical study
(KTRA, 1986) to investigate the options for retungpifreshwater flow into the
Maketu Estuary. The KRTA (1986) report was followey a number of others
investigating the potential options for returnimg tkaituna River to the Maketu
(Rutherfordet al., 1989; Richmondet al. 1990). The critical findings of these
reports concluded that the entire flow of the Ka#uRiver in its current state

could not be returned to the estuary for reasotiged below.
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2.3.1) Water quality

Of principal concern in any attempt to re-divertitkina River flow back into the
estuary is the effect on water quality. Since tB&6Ldiversion, water quality in
the lower Kaituna River has become degraded witipaet to nutrient levels,
faecal coliforms, chemical oxygen demand and al@jaes is due in part to poorer
water quality exiting Lake Rotoiti as well as diacges from AFFCO meat works
and seepage into Waiari Stream from the Te Pukexgewetland (Mcintosh,
2005). Pastoral intensification in the Kaituna batent over this time period has
also led to increased nutrient, sediment and aalifooncentrations entering the

river from farm drains and diffuse runoff.

Maketu Estuary is reliant on high water qualitystestain its recreational use and
shellfish gathering. Of principal concern are thghhconcentrations of fecal
coliforms present in the Kaituna River (Park, 200@hich could render the
estuary waters unsafe for shellfish consumptiorci{Riond et al. 1990) and
recreational contact. Additionally an increase lanp nutrients, largely in the
form of nitrogen and phosphorus, would elevatettbphic status of the Maketu
and could lead to increases in nuisance algae grewth adJlva (sea lettuce)

which is common in Bay of Plenty estuaries (Rutbwet€t al. 1989).

2.3.2) Navigation at Te Tumu

The mouth of the Kaituna River at Te Tumu is cutlsensed for boat access to
the Bay of Plenty. A reduction in flow through thuth could cause the mouth
to silt up to a point of rendering it too shalloar boats to safely cross. Rutherford
et al. (1989) reported that any flow less than 28 at the river mouth could
result in the mouth no longer being a viable baaktas to the sea. Flows less than

10 n?s? could mean the closure of the mouth at Te Tumu.

2.3.3) Flooding

In 1956 the Kaituna River was diverted out of thakeétu Estuary to reduce the
effects of flooding on the surrounding land. ltlikely that a re-diversion will

result in an increased risk of flooding on the sunding lands. To reduce this
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risk more stop banking around the estuary and lower would have to occur at

a considerable cost.

2.4) Consent granting to DOC for a partial re-diversion

On 7 February 1994, the Department of Conservatias granted consent by
Environment Bay of Plenty to discharge 20,000from the Kaituna River into
the Maketu estuary via control gates at Fords Matiftoshet al. 1996). The main

objectives of the partial diversion were for:

i.  Therestoration of the spiritual and traditional values of the Maketu estuary
to the Te Arawa people.

ii. Decrease of the salinity in the upper estuary to help restore the declining
marsh area.

iii. Change the net tidal flow to help prevent the recent and rapid infilling of the
estuary.

(MclIntoshet al. 1996)

In June 1998, monitoring showed that the clasgsibca(in respect to faecal
coliform and shellfish samples) of the estuary wsatead not been exceeded by
the current consent so a new consent was grari@aiiag 100,000 i per tidal
cycle to be discharged (Park, 2003). The new cdnssgquired monitoring of
bacteria (total coliforms, faecal coliforms, entsoci), nutrients (ammonium,
nitrate, total nitrogen, dissolved reactive phosphp total phosphorus) and
salinity over a tidal cycle during February of eaelar (Park, 2003). The consent
also required a bacteriological quality of five Kiigh samples to be measured
annually. Currently, the only sample to exceed elings is a single sample of
cockle in both 2001 and 2002 (Park, 2003).

Results of McIntostet al. (1995), Mcintoshet al. (1996), Mcintoshet al. (1997)

and Park (2003) show through measured data therstbve has reduced the
salinity in the upper part of the estuary. Howesay post re-diversion reports
were unable to conclude on whether the diversios aehieving its aims of

reducing the infilling of the estuary or restoritng wetlands.
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2.5) The future of the Maketu Estuary and lower Kaituna River

Environment Bay of Plenty (EBOP) is currently diradt a strategy plan for the
Maketu Estuary and lower Kaituna River. Through oamity involvement, this
plan aims to address how the lower river and egtsiaould be managed. As part
of this strategy it allows the community and anterasted parties to have input
into the management. The proposed Rotoiti diversvali also has implications
for the estuary and river through changes to theemi and algae load flowing in

the receiving waters of the upper Kaituna River.

2.6) Possible options for the ongoing restoration of Maketu
Estuary

From the range of petitions and communication wittal people, potential ideas
of how to help restore the Maketu Estuary and viovkards the aims intended for
re-diversion (Section 2.4) have been suggestedm Faonumerical modeling
perspective it is possible to evaluate a numbeaf dfiese ideas. Option A, &nd

C are three options that through this study hawenhevaluated. Chapter Seven
includes an in-depth methodology, results and disiom for each option. An

overview of each option is given below.

2.6.1) Option A

The local community and long time users have lodgpaated the restoration of
the Maketu Estuary to its 1956 pre-diversion cadadit Many of these people
believe that the only way for this to be achievediar the entire flow of the
Kaituna to be returned to the estuary. This optias been dismissed for a number
of reasons, mainly because of concerns with watality, flooding and closure of
the mouth at Te Tumu (Richmoratl al. 1986). Accompanying the returning of
the river flow, it is also advocated that the lamatof the inflow needs to be
returned to the historic location of Papahikahaefennel. Altering the location

of the inflow has been modeled in this study.

2.6.2) Option B

In 1994, the re-diversion was granted resourceamrn® increase the freshwater
flow into the estuary. However because of the cla®ximity of the structure to

the tidal mouth of the river, Te Tumu, a varyin@mortion of the water flowing
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through the structure is of marine origin (Mcintoghal. 1996). It has been
suggested that one way of increasing the ratidvaser to marine going through
the diversion structure may be to remove the islbadier in the lower river

allowing more fresh water to flow around the oléhel and into the Maketu.

2.6.3) Option C

The objective of this option would be to increake flow through the control

structure by increasing the number of culverts.sTwould bring about greater
flushing of freshwater through the estuary. Howevanay cause water quality
guidelines to be exceeded in the estuary, and daasenavigation issues at the
river mouth because of the reduced flows. The tffetincreasing the freshwater

discharge on the salinity and residual flows ingbtiary are assessed.
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2.7) Conclusion

In summary, historically the Maketu estuary wastlyadifferent from its present
configuration. Originally it received a high voluroéfreshwater from the Kaituna
River and supported a wide range and marine ldig was important in the diet of
the local people. Now the estuary is much shalloavet while freshwater flows
have been partially returned to the estuary vidarobgates, the sediment is not
being flushed out of the estuary and ecologicalabées such as salt marsh and
pipi beds have yet to establish in the reducedchaanvironment. The changes in
and around the estuary that have occurred sincd9@6s are source of much
local discontent and discussion with many peopligijng that the entire river
flow needs to be returned to the estuary to achibeegoal of restoring the
Maketu Estuary to its pre twentieth century stktewever due to water quality,

flooding and navigation issues a complete re-divars currently un-feasible.
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Chapter three

Literature Review

3.1) Introduction

This study aims to assess a range of hydrodynandceaological issues in the
lower Kaituna River and Maketu Estuary through #pplication of a coupled
hydrodynamic-ecological model, ELCOM-CAEDYM. Thishapter briefly
reviews examples of applied hydrodynamic modelNew Zealand estuaries and
harbours together with several international appilims of coupled models. A
brief description of the numerical model ELCOM-CAEM is given, including a
summary of previous applications. Eutrophicaticsues faced in New Zealand
water bodies are discussed, including the comméectsf of eutrophication in
rivers and estuarine environments. Emphasis is edlaon the current
understanding of primary controls on phytoplank@oundance in rivers and
estuaries and how the model predictions of ELCOMEOXM relate to these

processes.

3.2) Eutrophication in New Zealand water bodies

Eutrophication is an increasing problem with sesiamplications for New
Zealand's fresh, brackish and coastal waters. bene years concerns have
mounted over the increase in nutrients, sedimedt @her pollutants entering
New Zealand water bodies. These contaminants aen aferived from the
surrounding catchment (Quirat al. 2002) and associated with the expansion of
human population in these zones (Huehal. 1986; Cloern, 2001). Contaminants
can be derived from various sources including fanmoff, human sewage, soil
erosion, industrial waste and urban runoff (Quiginal. 2002; Paerl, 2005).
General implications of eutrophication on a watedybinclude, fish kills, benthos
smothering, increase in invasive aquatic weedsaealplooms, shift from
macrophyte to phytoplankton dominance (Hiltemal. 2006) reduced aesthetic
values, the rendering of water unsafe for drinkingd recreational use
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(Chau, 2004) and increased oxygen demand whichlezoh to deoxygenated
water (Vincenet al. 1984).

Contaminants entering an estuary or river from sheounding catchment can
vary from plant nutrients to heavy metals. Furthemm it is acknowledged that
elevated nutrients (Whitet al. 1978), sediment and faecal coliforms (Deely,
1997) all adversely affect the water quality angrathe ecology in the Kaituna
River and Maketu Estuary. However through the usa onumerical model this
study aims to quantify the macronutrients availdbleplant uptake, in the form
of nitrate (NQ), ammonium (NH) and phosphate (RPand determine how these
nutrients, plus the major hydrodynamic processesidence time, temperature
and salinity), influence phytoplankton growth irettower Kaituna River and
Maketu Estuary. Consequently water quality througtibis study is discussed in

terms of plant nutrients and phytoplankton growth.

The effects of eutrophication in New Zealand’s lineater lake systems are well
documented in the literature (Rutherford, 1984;céimt, 1984; Rutherforet al.
1989b and Edgar, 1999). However, rivers and esisigiesent a different set of
hydrodynamic processes from that of a lake. Typjicalvers and estuaries found
in New Zealand are characterised by low resideinecestand high turbulence. To
give an example, the Waikato River which is thegkst river in New Zealand has
a residence time of ~26 days (Lam, 1981). Similtivg/large (368 kA) Manukau
Harbour has an estimated residence time of 12—¢6 digpending on the harbour
channel (Bellet al. 1998). In contrast, Lake Rotoiti has a residemoe tof 1.5
years (Vincentet al. 1984). Residence time has been shown to be imyaria
pollutant and ecological studies (Hiltcet al. 2006; Gibbs, 1993) as a low
residence time may allow a system to flush out rib&ients/pollutants before

adverse effects occur.

Some observed changes to New Zealand’s rivers stndrées can be attributed to
human influence. Negative impacts include highsatesedimentation, increase
of aquatic weed, faecal contamination (Deely, 19999s of native vegetation,
e.g. salt-marsh (Donovan, 1976) and changes inhlersediment structure
(Gillespie, 1990).
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In a study of lowland rivers of New Zealand, Ladret al. (2004) revealed that
water quality (plant nutrients, faecal coliform awthrity) was significantly
reduced in rivers that received waters from dewadopatchments. Moreover
negative impacts can persist well beyond the pgbisit contaminants stop entering
the river or estuary and in some systems the sffeety not be reversible (Hilton
et al. 2006).

3.3) Hydrodynamic process in estuaries and rivers

In addition to short residence times, estuaries hve their own unique set of
hydrodynamic processes. Estuarine circulation mplex and a large number of
external factors are important for determining tidrology and circulation.
These factors include rate of freshwater suppligltcurrent speed, wind forcing
and topography (Stigebrandt, 1988). Prichard (12&5)sed one of the earliest
classification schemes for estuarine circulatiohisTscheme was based on the
relative ratio of freshwater inputs and classifeedestuary from well mixed (low
freshwater inputs) to highly stratified (large fmester inputs). These conditions
refer to the extent that the marine and fresh waier. However, mixing in
estuaries in not just controlled by the ratio efstt to marine water but can also be
influenced by wind, topography, current velociteesd bottom friction (Kreeke,
1988). The extent of mixing in an estuary is nst jmportant for determining the
salinity; density gradients between the denser meaand fresh water can also
cause residual circulation (let al. 1998). Typically, density driven residual
circulation is characterised by net seaward flowfreShwater over top and a
return flow of marine water underneath. The termegito flow imposed by
density gradients ibaroclinic. Forcing by tides, wind or freshwater inflows are

termedbar otr opic.

Residual currents are the net circulation aftealticlrrents have been removed
(Kreeke, 1998) and can be important for determirting health of an estuary
(Stacy, 2001). This is because residual circulaitioastuaries determines the net
exchange of salt, water and other biological anehtbally important materials
(Kjerfve et al. 1981). Due to their significance, much effort hgmne into

predicting the strength and cause of estuarindwakflows from both a scientific
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and management point of view. Residual circulatan also be separated into
baroclinic and barotropic flows. Studies have feclsn using measurements to
determine the role of these two terms, for exangué&onet al. (1997) and Li
(1998). The cause of residual currents range frommdworcing (Bell, 1989;
Geyer, 1997), density driven currents, bottom topphy (Li et al. 1997) and
freshwater inflows causing a seaward flow due te imbalance in volume
between flood and ebb tides (Kreeke, 1998). In nsases a combination of the
described factors will result in an estuary’s owdr residual flow patterns
(Kjerfve et al. 1988). The shallow environment of an estuary daa distort the
tidal wave (O’Callaghan, 2005). This distortions@alknown as ‘overtides’, can
cause the ebb tide to persist over a greater peifidgone than that of the flood
(Brown et al., 1999) once again setting up a residual flow. Qdest can be

identified by sawtooth or non-sinusoidal shapehefwater elevation.

Flow dynamics in a river are characterised by highbulence and strong
velocities. These processes are import for keegrirgarge amount of sediment
that rivers transport in suspensidn. lowland rivers the strong velocities can
cause a river to meander. Meandering is producethdyneven distribution of
cross river velocity causing erosion on one ban#é daposition on the other
(Yalin, 1992). The lower Kaituna River showed aitgb meandering path prior to
the river realignment in the 1980s (Figure 2.1jrusion of marine water up a
river at the mouth is common. Because of the higlhme of freshwater, stratified
conditions at a river mouth will typically occurr@kwayet al. 2005). The extent
of the intrusion and stability of the stratificatiadepends on various factors
including river flow, tidal range and river bed tmpaphy (Brockwayet al. 2005;
Liu et al. 2006; Peters, 1997).

3.4) Hydrodynamic numerical modelling

There are a wide range of numerical models availatd simulate the
hydrodynamics of various aquatic systems includirigers, estuaries, lakes,
reservoirs, coastal bays and the open ocean. Modablexity ranges from being
able to solve in one-dimension (1D) through to ¢hdémensional (3D) models

(refer Figure 3.1). Most common hydrodynamic apmgilans use a
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two-dimensional (2D) model, either depth or widtleiged for example Bedt
al. (1998) and Heufét al. (2005).

ELCOM, the hydrodynamic numerical model that hasrbapplied to the Maketu
Estuary and lower Kaituna River in this study use€artesian 3D grid. The
obvious advantage of a 3D grid over a 1D or 2D rhasle¢heir capability to

resolve in all three-dimensions. In geomorphologiceomplex areas where it is
not appropriate to average in the longitudinalatdetdal direction, then being able
to resolve in the third-dimension (depth) is catid the water body has a vertical
structure (Dragcet al. 2001). For instance, in a lake or coastal areareviae

thermocline (temperature driven stratification) geesent. Estuaries and river
mouths provide another particular situation whesetigal structure is important

due to density gradients that salinity differenicegose (Pritchard, 1955).
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Figure 3.1. lllustration of the various configurations of grids for numerical models, ranging
from being able to solve in one-dimension (1D) through to three-dimensions (3D). ELCOM,
used in this study, employs a 3D Cartesian grid. Note: there are also various other
configurations including 1D depth-averaged and 2D lateral-averaged and various ways of
representing cells (i.e. do not need to be squaresor evenly spaced).
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3.4.1) Numerical modelling applications in New Zeal and estuaries and
harbours

Numerical modelling of New Zealand estuaries amtbdars is limited to a small
number of published studies. Heetfal. (2005) investigated the effects of wind
driven circulation and vertical mixing in Akaroa Haur using a 2D laterally-
averaged hydrodynamic model. Their model predistioompared well with 3
months of temperature and current data, and demadedt the relationship
between wind driven circulation and vertical mixinglowever the Akaroa
Harbour is much larger (44 Kin deeper (maximum 25 metres), and has very little
freshwater input compared to the Maketu Estuarg Mlanukau Harbour is closer
to the configuration of Maketu as it has large rintal flats and significant
contributions from freshwater inflow. Bed#t al. (1998) set up and calibrated a
depth averaged 2D hydrodynamic model of the Manwkanbour to establish the
dominance of tidal-over wind-driven circulation. éih study included a four-
month field deployment to measure water elevatimh @rrent velocity at various
locations inside and outside the harbour. The k&dirigs of their modelling were
that in the Manukau Harbour wind-driven circulatisrgreater on intertidal flats,
and that tidal currents are too strong to allow #r@rmal stratification. However,
again, the area and range of depths between Man(8&8i knf : 50 m) and
Maketu (2.3 kr: 3 m) is large.

Three-dimensional numerical models have not beetelwi applied to New
Zealand estuaries, harbours and rivers. An exawnfpée3D model applied to the
open coast is Blackt al. (2005). The aim of this modelling was to simultte
dynamics of a headland eddy. Model results werepewed to temperature and
velocity measurements at multiple locations oveixaweek period. To calibrate
the the 3D model, a large amount of temperaturevahatity data needed to be
collected in both the horizontal and vertical dir@es over the model domain.
This involved using Acoustic Doppler Current prefiland thermistor strings and
represents a more intense field data programme et would be needed for
calibrating a 2D model. The 3D grid was vital inareating the observed current
and temperature data, as the eddy had a largecaleds well as horizontal
structure. Another New Zealand modelling applicatwhere a 3D grid was
critical was the Proctegt al. (1998) study in which they determined horizontal
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and vertical residual currents forced by baroclamd barotropic circulation in the
Pelorus Sound. Because the Pelorus Sound haseaftaghwater input, creating
vertical salinity stratification, both baroclinic n@ barotropic forces are
numerically important, therefore in a geomorphatadly complex region such as
Pelorus Sound, the three-dimensional grid wascatitn accurately modelling the

circulation patterns.

3.4.2) Modelling applications in Maketu Estuary

In the past, four numerical hydrodynamic modelsehbeen applied to predict
tidal and residual flow in the Maketu Estuary. Thest complex of these models
was a 2D depth-averaged model to determine thd add wind residual
circulation associated with the 1996 partial reedsion of the Kaituna River. The
modelling undertaken in my study represents thest fithree-dimensional
hydrodynamic model that can solve both baroclimd &arotropic terms, to be

applied in the estuary and lower river.

One-dimensional MIKE 11 model

A 1D model was applied to the Maketu Estuary tasass the interpretation of
the effects associated with the 1996 re-diversiime critical findings of this

study included: that a diversion of up to 200,000 per tide was feasible; the
diversion would increase net outflow at the MakEsiuary mouth, salinity was
likely to reduce in the upper estuary and causgifitation at times; the diversion
would probably increase the salinity in the loweitkina River (Domijan, 2000;
BOPRC, 1991).

Two-dimensional 3DD model

Incorporated in Domijan’s (2000) thesis was a 2pthdeaveraged hydrodynamic
modelling (3DD) study of the Maketu Estuary. Thenaf the model simulation
was to compare tidal circulation in the estuarypipto and post the 1996 partial
re-diversion. Model results were compared to wakevation and current speed at
five locations throughout the estuary. This studyed the first good numerical
investigation into the tidal and residual circudatiof the estuary. Although the

current configuration of the estuary mouth has gednsince the 1995-1997
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survey data used in Domijan’s (2000) numerical niiodg which is likely to

have affected the hydrodynamics.

3.4.3) Coupled hydrodynamic—biogeochemical models

The coupling of a hydrodynamic numerical model twmlegical, chemical or
water quality models is becoming more common foal@ating a range of
management issues in estuaries and rivers. GloBBllyoupled models have been
applied to a number of estuaries, harbours, lakdgigers in an effort to predict a
range of hydrodynamic, physiochemical and bioldgivariables such as,
Korpinenet al. (2004) The major advantage of coupling an ecoldgic water
quality model to a hydrodynamic model is that ibafs the user to link transport
processes with biogeochemical cycles. In many s the water quality is
directly controlled by the system’s hydrodynami&everal examples of the
application of coupled models where hydrodynamitaides have been important
for determining water quality include: the effeofsflushing times and salinity on
phytoplankton growth (Robsoet al. 2004), thermal stratification and nutrient
dynamics (Burger, 2006), underflow of nutrient ripgkumes in a freshwater
reservoir (Romeroet al. 2003) and effects of estuarine hydrodynamics on
pollutant transport (Sheat al. 2004; Dragaet al. 2000).

Increasing model complexity (3D and coupled modeispduces difficulties and
complications to the user (and model developer) u¢he added number of
equations, parameters, rates and input variableseae A range of problems
associated with the application of 3D and couplediets include: the large range
and amount of data needed to calibrate the modelg(@®t al. 2001); a practical
approach to sensitivity analysis of all ecologiparameters may be virtually
impractical (Romerat al. 2004) and the model simulation period is reduceel d
to the increase in model cells associated withetdienensions. During the
application of ELCOM-CAEDYM to the Maketu EstuarmchKaituna River, a
key concern was the slow runtimes that occurredC@M uses a Cartesian grid,
meaning that the horizontal bathymetry is represny fixed squares or
rectangles (Figure 3.1). Cartesian grids typicalyed more cells than boundary
fitted (curved) grids (Hodgest al. 2001), resulting in a reduction of the model

speed. One technique developed to increase thelmpeed of Cartesian grids is
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to straighten the bathymetry (Hodgesal. 2001) allowing the user to use bigger
grid sizes. This technique applied to ELCOM haske&drwell in a number of
applied cases, for example Romespal. (2003), Robsoret al. (2004) and
Romeroet al. (2004). However ‘straightening’ of the bathymetgn only be
applied when longitudinal channels dominate, i.#oreg and thin’ model domain

like the Kaituna River.

3.4.4) Estuary and Lake Computer Model (ELCOM)

The following description of ELCOM is referencedrn Hodgest al. (2000) and
Hodgeset al. (2001b). ELCOM is an example of a 3D hydrodynamiadel that
through this research has been applied to the Makstuary and lower Kaituna
River. ELCOM is made up of a hydrodynamic and theaymamic model which
can simulate the temporal behaviour of stratifiedexr bodies with environmental
forcing. ELCOM solves the unsteady hydrostatic, iNa®tokes, Boussinesq,
Reynolds-averaged and scalar transport equaftidres hydrodynamic algorithms
in ELCOM are based on the Euler-Lagrange methoddoection of momentum
with a conjugate-gradient solution for the freeface height. The passive and
active scalars (i.e. tracers, salinity and tempeedt are advected using a
conservative ULTIMATE QUICKEST discretization. Hemtchange through the
water's surface is governed by standard bulk tesnsfodels. The grid used in
ELCOM is based on rectangular Cartesian cells fixgd Ax andAy (horizontal)
grid spacing, whereas the vertiaa spacing may vary as a function of z but must

be horizontally uniform.

3.4.5) Computertation Aquatic Ecosystem Dynamics Model (CAEDYM)

The following description of CAEDYM s referencerbin Hipseyet al. (2006).
An advantage of ELCOM s its ability to be easilgupled with CAEDYM.
CAEDYM is an aquatic biogeochemical model and carrdn independently or
coupled with the hydrodynamic model DYRESM (1D) BLCOM (3D).
CAEDYM consists of a series of mathematical equesticepresenting the major
biogeochemical processes influencing water qual#xEDYM can simulate up
to seven phytoplankton groups and includes compisathe process representation
of nitrogen, phosphorus, carbon, silica and oxydy@ramics/transport. In addition

to this CAEDYM can model a wider range of biolodig@rameters including

30



Chapter Three: Literature Review

macrophytes, zooplankton, jellyfish, finned fistddrenthic invertebrates making
CAEDYM more advanced than traditional nitrogen-gitasrus-zooplankton

models

CAEDYM'’s configuration is flexible so that the usesin focus on the processes
of interest and at a level of complexity that istavle. This makes CAEDYM
universally applicable to many situations and thiseflected in the hundreds of
lakes, reservoirs and estuaries it has been aptigtbbally. Publications using
ELCOM-CAEDYM have included modelling water qualitgpllution transport
and phytoplankton. For examples refer to Chlairal. (2002), Romeroet al.
(2003), Romeret al. (2004), Robsoset al. (2004) and Spillmast al. (2007).

3.5) Phytoplankton dynamics in river and estuarin e systems

In this study the relative growth rate of four piypfankton groups in the lower
river and estuary are predicted by the numericadleh&LCOM-CAEDYM. The
phytoplankton groups were chosen to representphbeies that would be typical
of temperate marine water (marine diatoms and @igeflates), and present in an
outflow from a eutrophic lake (freshwater diatom#da cyanobacteria).
Phytoplankton are autotrophic (primary producees)d are present in almost
every fresh, marine and brackish water body glgbatlonsequently they
contribute substantially to overall primary prodant(Dayet al. 1989). However
rapid growth of phytoplankton can cause nuisano®rbk to occur. Blooms of
phytoplankton are an aesthetically negative impéeutrophication (Hiltoret al.
2006) and can be hazardous to human and animahke&mill, 2001) and occur
in the Rotorua Lakes. A general prerequisite fghtfphytoplankton growth rates
is elevated plant nutrients and calm (low turbuénaeveather conditions
(Pinckneyet al. 1999). However nutrient concentrations alone aawige a poor
predictor of phytoplankton biomass in an estuanotr factors contribute to
growth rates (Pincknewgt al. 1999). Before considering ELCOM-CAEDYM'’s
predicted growth rates, it would be useful to ustherd the variables that control
phytoplankton growth in river and estuary enviromtseand which of these
processes are represented in the coupled numerazid! ELCOM-CAEDYM.
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The river and estuarine hydrodynamic processesddatdominate nutrient and
pollutant dynamics (low residence time) also infloe the phytoplankton
abundance in these systems (Ferreira. 2005). Reynolds (1984) estimated that
if a river has residence time of less that 2—3 sittit of an algae cell's doubling
rates, then the chance of nuisance concentratibaggae will be minor as the
algae will be flushed out more quickly than they cgow. If we take Reynolds’s
(1984) assumption to an extreme case in New Zeaiaads, the Waikato River
(residence time of 26 days), then we may expectesamlatively high
phytoplankton concentrations by the time the wegaches the river mouth. Lam
(1981) reported a correlation between phytoplankiambers and downstream
distance in the Waikato, but nothing near the cotreéions expected using
Reynold’s (1984) assumption. This is because, bkasaother than nutrients and
residence time present in an estuarine or riverr@mwment can add complexity to
phytoplankton growth in a river (Hiltoet al. 2006) or estuary (O’Higgeret al.
2005). Other variables that can influence growteganclude: available light and
euphotic depth (Vanét al., 1993); predication on phytoplankton by predatory
zooplankton and bivalves (top-down grazing) (Lewitt al., 1998; Gallegos,

1996) and temperature.

The variables that effect phytoplankton dynamicsainriver also influence
phytoplankton abundance in an estuarine environnmdémivever, in an estuarine
environment there is one other important variabalnity. Variation in salinity
can have a profound effect on the phytoplanktomwtjtcates and biomass (Day,
et al. 1989; Kirst, 1990; Floder, 2004). In general, Ingater species cannot
tolerate saline conditions and marine species datulerate reduced salinities
associated with freshwater inflows as illustrated-igure 3.2. Because estuaries
are essentially the boundary where freshwater meesne water, salinity
limitations on both marine and freshwater speciésploytoplankton can be
significant (Dayet al. 1989). For marine species of phytoplankton theimgiof
marine and freshwater presents a conundrum in nesihyarine environments.
This is because marine species growth rates ofterodstrate a good correlation
with nutrient rich coastal plumes derived from rime inputs for example,
Haywood (2004) and Spillman (2007). However in atuary with significant

freshwater inflows, some degree of mixing will ogcuesulting in salinity
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limitations on marine phytoplankton. Estuarine spe®f phytoplankton have a
broader salinity tolerance (Deyt al. 1998). The phytoplankton group
dinoflagelattes represent the estuarine speciasinghis study that have broader
salinity tolerance. For the phytoplankton salinigrameters used in CAEDYM
for this study refer to Appendix 1.

3.5.1) Phytoplankton representation in ELCOM-CAEDYM

The particular combination of factors explained \ahaaffecting phytoplankton
growth rates and biomass is unique for any est(@higgenset al. 2005) and
can vary within an estuary producing measurabléiapariations or ‘patchiness’
of phytoplankton biomass (e.g. Gibbs, 1993; Vaf83t MacKenziest al. 2004).
Through this study ELCOM-CAEDYM predicts variatioms the phytoplankton
concentrations of four phytoplankton groups caubgdtemporal and spatial
variations in light intensity, water temperaturaljrsty, hydrodynamics (residence
time and turbulence) and nutrients (BJONH, and PQ). Equation 3.1
demonstrates a simplified version of how these aldeis are represented in

CAEDYM to determine the growth of phytoplankton () per day, whergiMAX

is the maximum growth normalised to °@0 (Appendix 1) and (1), f(N),
f(P), f(S) and f(T ) represent limitation by light, nitrogen, phospharsilica
and temperature respectively. Simply put, the gnoreite is determined by the
maximum growth rate scaled by the limiting factondamultiplied by a
temperature functionR is the loss term in the model and includes thehbioned
effects of respiration, natural mortality and exicre, and includes a respiration
function for salinityf (S) For model simulations in the estuary and river,
nitrogen () is represented by ammonium (WHand nitrate (N@), and
phosphorus K) is represented by phosphate ¢(RQA simple relationship of
growth rate and nutrients, salinity and temperatsirgiven in Figure 3.2 derived
from Deyet al. (1989).

Hy = MAX (min[f (1), f (N), f(P), f (S)]f(T))-R 3.1)

! Only applies when simulating diatoms
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The other major expression affecting phytoplankimoundance are vertical
migration, settling and resuspension. Vertical m@iiign and settling rates are
important for defining where a phytoplankton cefi in relation to the
compensation depth (illustrated on Figure 3.3)rempiration (loss) will exceed
photosynthesis (growth) below this depth. Typesatical migration can be set
differently within the model and are important faro reasons (a) defining where
a cell is in relation to the compensation depthsgtjling of phytoplankton out of
the water column into the sediment. CAEDYM has atiéit algorithms to
represent these processes which can vary betweeniesp for example
cyanobacteria can be modelled with a buoyancy &mchdiatoms have negative
buoyancy so rely on mixing to keep them suspendedhé water column
Residence time affects growth rates by simply limgitthe amount of time a
phytoplankton cell spends in the model domain.udet in the CAEDYM sub
routines, but ignored in simulations in the Make&stuary and Kaituna River, is
grazing pressure by predatory zooplankton and w@gland forms of detrital
particulate organic nitrogen and phosphorus. A #ffegd estuarine or river
environment is illustrated in Figure 3.3, which wisohow CAEDYM variables
interact with a phytoplankton cell as part of th@mputation of phytoplankton
biomass. For a more complete reference of CAEDYbtesses refer to Hipsey
al. (2006).
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Figure 3.2. Relationship between light intensity, temperature, nutrient concentrations,
salinity and phytoplankton growth. The four variables (and others) were simulated in
CAEDYM runs in the Maketu Estuary and Kaituna River to predict the phytoplankton
growth.
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Figure 3.3. Variables affecting the growth and loss of phytoplankton in an idealised estuarine
or river environment. Grazing is the only process shown but not included in simulations in
the Maketu Estuary and lower Kaituna River.
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Bathymetry

4.1) Introduction

Precise bathymetry measurements are one of theimpsttant elements for the
accurate solution of numerical models (Rammatgal. 1980). Not defining

correct bathymetry data for a given domain can leadarge errors in the
hydrodynamics and cause endless difficulties incération and validation. A
number of techniques were used to collect and pbathymetry data for the
lower Kaituna River and Maketu Estuary and theshrgues are described in

this chapter.

4.2) Kaituna River

The region of interest for this study extended frde Matai gauging station
(NZMS 260 U14 064773) to the river mouth at Te TufNZMS 260 V14
110773) covering a total length of ~11 km (Figuré&)4Prior to this work the
most recent bathymetry data for this region weneimber of cross sections made
in the river over three years up to January 1996h{fharshet al. 1996). To
accurately represent the lower river bathymetrythe numerical modeling
undertaken in this study, a series of depth sogndird corresponding horizontal
coordinates were measured over two days in Jun&.28fler obtaining the
bathymetry data, the modeling domain was condetsed km (Figure 4.1) to

increase the model’s speed.
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Figure 4.1. Map of the lower Kaituna River illustrating where bathymetry data was collected
(dashed black line) and the final modeling domaindashed red line). Also illustrated is the
water level recorders at Te Matai and Fords Cut. (8urce: LINZ, 2006).

Depth soundings for the Kaituna River were colldate the 8 and 28 of June
2006. Horizontal location measurements where obthusing a Garmin Etrex™
GPS and depth measurements relative to instantarveater level were obtained
with an Eagle Cuda™ echo sounder. A small powet Waa used to navigate the
river as measurements were collected along trass\eres as the boat progressed
up the river (Figure 4.2). To define the boundadkthe river, a series of regular
spaced horizontal position coordinates on the exfgdne river bank were also

collected using the GPS.
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Figure 4.2. A schematic illustrating the sampling tsategy for collecting depth soundings in
the lower Kaituna River.

To obtain accurate river bed bathymetry relative tdatum, the measured water
depths needed to be corrected for changes in Watel. The water level in the
lower Kaituna River is controlled by two factai@®) the tidal level forced at the
river mouth and (b) river flow. Environment Bay Blenty (EBOP) operates two
water recorders referenced to Moturiki datum in kbwer Kaituna River. The
recorders are positioned at either end of the deenain at Fords Cut (NZMS 260
V14 110773) at %,), where x is up-river distance, and Te Matai gauging
structure (NZMS 260 U14 064773) ax() (Figure 4.3). It was assumed that
spatial changes in water level between the twordesre were linear therefore the
adjustment{) needed to correct the measured water d@)hat time (t) to a
common datum(d = O)an be calculated by equation (4.1). Figure 4u3tilates
the parameters used in equation (4.1), (4.2) ai3).(4
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d(x) =d(x,t) +¢(x,t) (4.1)
(%) = ME)X +¢(%,t) (4.2)
mit) = ¢(Xo,t) = ¢(Xys, 1) (4.3)
Xis = %o
A D)

¢(%s1)

Figure 4.3. Schematic illustrating the variables inequation (4.1), (4.2) and (4.3) used to
correct the instantaneous water depths in the loweKaituna River to a common datum
(Moturiki).
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Golden Software’s SURFER™ was used to grid the ywaétry of the river
domain. The major advantage of using SURFER™ oweitas gridding routines
such as MATLAB was the ability to easily blank aftwater or non-useful cells.
The blanking cell function enables the user to aatically exclude (or include)
all points within a given boundary. A blanking celhs created from the river
boundary coordinates collected during the fieldgpaon. SURFER™ allows
various configurations and gridding methods. Thigikg method was chosen
with a search radius of 150 metres to grid the Wt River bathymetry. In a
study of river gravel beds kriging was considered best method as it aims to

minimize the residual variance of the grid (Cagteal. 1997).

The optimal grid size is a compromise between madetime and spatial

resolution. Because of the high length to widthoraf the river and the Cartesian
grid, if grid cells are too large, they may only bennected by grid corners at
locations were the river bends sharply. This resinta flow blockage in the
model and ultimately sets a maximum limit on th&l grize. There is a method
available to straighten out river bathymetry (Hoslge al. 2001) but is a

mathematically difficult and time consuming procéggause the flow dynamics
at the river bends must be conserved. A 20 x 2@mngetd was chosen for model
simulations of the lower Kaituna River as it gave tbest resolution while

allowing acceptable runtime ratios. The final batieyric data are illustrated in

Figure 4.4 at a 20 x 20 meter horizontal resolution
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4.2.1) Error estimates

In collecting and adjusting the data to create @nyraetry map of the Kaituna
River a number assumptions were made and a numbeysbematic errors

introduced. The associated errors are briefly nedibelow.

Accuracy of the Garmin Etrex GPS
The Etrex GPS which was used to collect the hotaoroordinates displays an
approximate accuracy when turned on. Regular chetkke error were made

during field work with an estimated error of 4—7tres.

Accuracy of the echo sounder

Echo sounders rely on accurate representationec$fieed of sound in water. The
speed of sound is affected by density thereforeemor is introduced when

measurements are taken in saline and fresh waeetadsalinity differences. The

echo sounder displays depth readings to one deglaa¢ (0.1 m). Therefore an

estimate of the accuracy during the field measurngsns + 0.2 metres.

Linear assumption
When correcting the measured values to the Motuldtum, it was assumed that

the water level changes between Ford Cut and TaiMagre linear.
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4.3) Maketu Estuary

The most recent and comprehensive bathymetry sunfdahe Maketu Estuary
was completed by Domijan (2000) in October 1995 &etbruary 1997. The
survey involved using both a jet ski and logginfp@sounder (1997) and land
based (1995) surveying techniques. EBOP has als@ysed a number of cross
sections through the Maketu Estuary, but this mfamion was not retrievable
from the EBOP archives.

The Maketu Estuary channel morphology is known hange over short time
scales. Visually comparing areas of the presentphwmlogy to a chart of the
1995/97 survey revealed some major differences.riibst notable change is the
position of the estuary mouth, from 1995-97 the thauas located ~300 m to the

west. By 2004 the mouth had advanced back to thdlawed where it is currently

located as shown in Figure 4.5.

Figure 4.5. Aerial view of the Maketu Estuary depiting the changes in mouth location. (A)
The current location of the mouth. (B) The 1995-9Tocation of the mouth. Also note the
associated changes in sand banks around the estuanouth. (Photo source: Domijan (2000)
and EBOP RDAM (2004))
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4.3.2) Bathymetry survey for this research

Due to the overall shallowness and complex natdréhe intertidal channels

present in the Maketu Estuary, a full boat or ldaded survey would have been
outside of the scope of this study. Therefore thnymetry data for this research
were comprised of the historic bathymetry dataemtétd during 1995/97, a RTK

survey and video-based survey.

4.3.2.1) Previous bathymetry data

Two distant areas in the southern and western @idbe estuary dominated by
broad sand flats and low tidal velocities were id@d (Figure 4.7). At the
commencement of this study, visual comparison es¢htwo areas to a chart of
the previous survey revealed little change in cleammorphology. Therefore, in
these two regions, the 1995/97 survey data wagratied into the bathymetry
used in this research.

4.3.2.2) RTK survey

RTK (Real Time Kinetic) is a GPS (Global Positiogiystem) survey based
system that allows very accurate horizontal andicadr measurements to be
acquired. During data collection, each point mestdferenced to the estuary bed.
For shallow or intertidal water bodies such as Mueketu Estuary, this can be

achieved by two methods:

. Approximately 2 hours either side of low tide, agxéo the intertidal sand flats

was obtainable, at which time it was possible tauntdhe RTK antenna on the

backpack and walk over the sand flats.

. Approximately 2 hours either side of high tide, @ratlepth was sufficient to

deploy a small boat in the estuary to measure sheagy bed morphology with

the RTK antenna mounted on a pole (Figure 4.6).

Surveying the entire estuary using RTK would takeeks and was beyond the
scope of this research. Therefore to best useirtiee dvailable with RTK, it was
limited to two key areas: (a) the estuary entraand main channels located
around the entrance; (Bhe main western channel from Fords Cut to where it

detaches from the southern bank as shown in Fijure
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Figure 4.6. Obtaining an RTK-GPS survey point on sand flat in the estuary using a small
boat an hour after high tide.

1995/97 survey

Image rectification

RTK survey —*

Figure 4.7. Regions over which different techniquesere applied to collect bathymetry data
of the Maketu Estuary. (Photo source: EBOP RDAM (204))
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4.3.2.3) Image rectification

For the morphologically complex central area of #suary, image analysis
techniques were applied to obtain some proxy depthts of the intertidal flats
that could then be integrated into the bathymetigt gsed in this study. Image
analysis entails taking to take a two-dimensiorigital picture correcting it for
distortions caused by lens imperfections and themverting it into real-world
three-dimensional co-ordinates (Aarninkhoét al. 2003) from which
measurements can be made. This technique has beesssfully applied to the
near shore environment to measure, for example waveaip and bar dynamics
(Lippmannet al. 1990; Alexandeet al. 2004).

Generating bathymetry data using image rectificatiovolves taking a series of
pictures over a tidal cycle from an elevated pa@hbve the region of interest
(Morris et al. 2007). By digitizing and rectifying the water—sdmahk interface on

each image, and knowing the water elevation atithe the image was taken, a
series of proxy depth soundings can be built olvertidal cycle. These points can

then be gridded using standard techniques.

Image rectification was used to acquire the bathgm®r parts of the estuary
where the sand bank geometry was too shallow amdplex to make more
traditional methods feasible. The most elevatecdhtpsiirrounding the estuary is
located to the west of the estuary (Figure 4.8)welcer, from this location areas
of the western, northern and southern regions ef dktuary are obscured by
vegetation and houses in the foreground. The eastgion of the estuary would
also be difficult to obtain accurate definition Wween land and water boundaries
because of the diminished angle between the caamet@stuary. Therefore image
techniques could only give realistic results foe thiddle section of the estuary

where an un-obstructive view and high resolutios wehievable (Figure 4.7).
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Approximéte‘ field of viev(}‘fv

Figure 4.8. Aerial photo of the Maketu Estuary depiting the camera position and
approximate area of estuary were image rectificatio was plausible. (Source: Google Earth,
2006)

To convert the oblique two-dimensional images imé@al world ground co-
ordinates a number of transformations and distortorrections needed to be

made as outlined below:

Ground Control Points

Precise rectification of the images requires adeugaound control points (GCPs)
spread over the frame of reference that can be ldentified in the images
(Siegleet al. 2006). For this study the GCPs were obtained uBim§ survey
system (Section 4.3.2.2) allowing an accurate fiaaumber of points visible in
each image. The GCPs consisted of Maimais in theass corners of houses and

large trees; in total at least 9 points where tdisedach image rectified.

Lens calibration

To rectify the images, a number of internal canpenameters must be known, the
focal length, optical centre of image and lensadigin coefficients. Focal length
and distortion coefficients can be estimated bybcating the camera lens. Lens
calibration involves taking images of a uniform écker board’ grid pattern from
multiple angles and heights. The images are theteld into a MATLAB routink

which automatically extracts the grid coordinatesrf the images to estimate the

! MATLAB toolbox. Downloaded from www.vision.calte@du/bouguetj/calib_doc/index
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focal length, optical centre and distortion of t&es. Figure 4.9 illustrates the lens

distortion and optical centre of the camera usddimstudy.
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Figure 4.9. lllustration of lens distortion and opfcal centre of the camera used to take images
of the Maketu Estuary. Optical centre is illustrated as a ring and differs from the central
pixel coordinate (x). The length and direction of ach arrow corresponds to the size and
direction of the discrepancy between pixels beforand after the un-distortion routine has
been applied. The contours correspond to the magnide of the distortion in pixels.

4.3.3) Errors and error estimates

For the image rectification it was assumed thatwlager surface in the region
being rectified was level and relative to Moturdkatum. Howevermssuming a
spatially level water surface is often an inval&amption in tidal inlets where
pressure gradients are present (Sieglal. 2006). To define the water elevation
relative to the datum for each rectified image,spuge measurements were
converted into depth using the hydrostatic asswmpfrhe pressure sensor was
located approximately in the centre of the imagpifieation area. Analysis of our
water elevation measurements from the spring tielelayment (not presented)
suggested that in the region we were rectifyingtewaelevation could vary
spatially by up to 0.2 metres due to estuary chikaneé mouth flow restrictions.

Therefore a vertical error in the rectified imagés 0.2 m could be assumed.

A horizontal error can be estimated by the diffeemnbetween the rectified pixel

coordinates and the actual locations of ground dinates (GCPs). A worse fit
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indicates a larger error and more uncertainly ie #iccuracy of the final

rectification. All our rectified images had an aage error of ~10 metres.

4.3.4) Gridding method

The bathymetry data for this study consisted okehdifferent methods of
collection over a range of time scales with difféardegrees of accuracy (Section
4.3.2.1, 4.3.2.2, 4.3.2.3). Due to points frometéint collection methods spatially
overlapping, priority in gridding needed to be giv® points that were the most
recent and had the greatest accuracy. The ordpriaity was RTK >> image
rectification >> 1995/97 survey, Figure 4.10 shdiws distribution of the points
used in gridding the final bathymetry map. The p®oiwere gridded in
SURFERM using a blanking cell for regions that were aboke high water
mark. The final bathymetry is illustrated in Figuell as a 15 x 15 meter grid

used in model simulations.
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Figure 4.10. The horizontal coordinates of the pois used in gridding the final bathymetry
map of the Maketu Estuary. Three sets of image reification points are shown (a, b, c).
Images for points (a) were taken on the 1BAugust. Images for points (b) and (c) were taken
on the 4" September over two camera angles. Derived pointgefrom the centre of the
major channels which are below low water mark on tke day the images were obtained and
therefore in these areas the channel bed was notposed in any of the images. The depth at
these points was set to the closest RTK point. Notleorizontal coordinates are referenced to
Bay of Plenty Meridional Circuit Geodetic Datum 198.
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Chapter Four: Bathymetry

4.4) Conclusion

The bathymetry data presented in this chapter iigcalr in determining the
accuracy and reliability of the numerical modelimgdertaken in this study. A
range of different techniques were used to cobect create a bathymetric grid of
the lower Kaituna River and Maketu Estuary. For khaketu Estuary, the most
accurate technique was RTK. However due to timesttamts with the RTK it
was limited to the critical areas of the estuamgiuding the estuary mouth and
main channels. Imaging techniques were appliedh& dentral region of the
estuary and represented the major channels weibwdh due to the errors and
limitations of the technique, the smaller intertiddannels and bed bathymetry
below the low water mark were not able to be regmeed] in the final bathymetry
grid. The 1995/97 survey data proved invaluablénéregions where data had not
been collected during this research, with obsesmatishowing little change in
elevation and channel morphology over the past akedwmd occurred in these
areas. The bathymetry data collected for the IdfaEtuna River was critical for

this research, as previous to now no complete badtry data set was available.
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Hydrodynamic modelling of the Maketu
Estuary and lower Kaituna River

5.1) Introduction

The Maketu Estuary experiences a wide range of tdarents and residual
circulation both within the estuary’s defined chalsnand on the tidal flats,
creating complex hydrodynamic flows. To complictite hydrodynamics further,
freshwater inflows and meteorological conditions edso affect the circulation
within the estuary (Domijan, 2000). The lower Kaih River has undergone
large engineering developments over the past siadks (refer Chapter Two for
details). The modifications have resulted in substantial geanto the lower
river's flow regime. The hydrodynamic numerical ,mbdELCOM offers the
ability to predict the hydrodynamic flows and sedlee. salinity) transport within

an estuary or river.

This chapter explains how the hydrodynamic modeCE&M was initialised and
applied to both modelling domains (Maketu Estuarg bower Kaituna River) and
validated against field measurements Calibratioml aalidation results are
discussed and the current hydrodynamic situatidhenower river and estuary is
described. Problems and advantages of applying an8Bel (ELCOM) to the

lower river and estuary are also discussed.

5.2) Data collection

Hydrodynamic data for this study were primarily dider (a) setting boundary
conditions within the model and (b) model calibwatand validation. The type of
data needed for each domain (estuary and lowen) risalescribed. Sections 5.3,
5.5 and 5.6 explain how the data were collectedagopdied to each boundary and

used for model calibration and validation.
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5.2.1) Lower Kaituna River

For the lower Kaituna River, flow, river stage (@i&), and water temperature
variables were sourced from Environment Bay of §len(EBOP) monitoring
data archives. EBOP monitoring provided data ferKlaituna River at Te Matai,
the Kaituna tributaries including Waiari Stream,pkicoa Canal, Ohineangaanga
Stream, Raparapahoe Canal, and at the river m@etifymu) (refer to Figure 5.1
and 5.2 for locations). EBOP’s monitoring progranoesl not include
measurements of all the variables at each locatian the same time period or
frequency, therefore averaging and, where appreprieegression fits were
applied to the data set and this is explained imentetail in Section 5.3. Field
data collected specifically for this study include@TD (Conductivity,
Temperature, Density) measurements to quantify gtepagation of the salt
wedge over a tidal cycle and a deployment of teatpee loggers to measure the

spatial and daily variability of temperature

5.2.2) Maketu Estuary

Following the 1996 partial re-diversion, EBOP corssined two flow gaugings
to determine the actual volume and timing of watssing through the gates over
a tidal cycle. The results of these gaugings weezluo determine the freshwater
inflow into the estuary in the model. Coincidingthvithe first stage of the re-
diversion (1996), EBOP have monitored (approxinyatgliarter-annually) the
salinity and temperature at two locations withie #stuary. Several full surface

salinity surveys have also been carried out irestaary post-1996.

Hydrodynamic field data collected for this studyadtved measuring tidal currents
and water elevation over spring and neap tides rmiraber of locations in the
estuary (Figure 5.1) using portable FSI (Falmouthe&ific Institute) current
meters. During a spring tide current meters wengdayed continuously over 2
tidal cycles (24 hours) at locatio84 and S2During a neap tide, the two current
meters were switched positions at low tide and omasured over one tidal cycle
(12 hours) at locations N1, N2, N3 and N4. An irgistency with the FSI’s

internal timing at location N2 resulted in invalidata at this location.
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CTD profiling along the main channel from the esyuaouth to Fords Cut was

carried out over a high tide to evaluate the extéfteshwater mixing.

5.2.3) Meteorological variables

For accurate representation of water thermodynaniEt€OM requires various
meteorological variables to be specified. The nemliparameters include solar
radiation, wind speed and direction, relative hutgicand air pressure and
temperature (Hodgest al. 2001b). The meteorological data for this study was
sourced from a number of meteorological stationthiwiclose proximity of
Maketu. Geographically, Te Puke meteorologicali@tatvas the closest to the
lower Kaituna River and Maketu Estuary. However rat the required
meteorological variables are collected at Te Pukeseveral parameters were

sourced from the Tauranga and Rotorua meteorologfiggon database.

Solar radiation, air temperature, relative humidéaymospheric pressure and rain
variables were applied as hourly averages, in @adib cloud cover which was
applied as a daily average. All meteorologicalialdes were applied evenly
across both domains over the period of model sitimmaWind data (speed and

direction) were not applied during the model sirtiolss.
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Kaituna River

Temperature loggers
0 2 | Water level recorders
Te Matai
St | - CTD profiling
[ ) FSI (Neap tides
Maketu Estuary (Neap tides)
A FSI (Spring tides)

\(\% Estuary
- ’ \d h\.

Figure 5.1. Locations of field deployments made sptically for this study. CTD casts were
made approximately every 200 m along the shown traects. Dashed lines show the extent of
the main tidal channel in the estuary.
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5.3) Boundary condition formulation

In total, the lower Kaituna River had four inflovoundaries (Kaituna, Waiari,
Raparapahoe, Kopuroa) one outflow (Fords Cut), @mel open boundary (river
mouth) (Figure 5.2). The Maketu Estuary had twdoing (Fords Cut, southern
drain) and an open boundary (estuary mouth). ThHroug this chapter the
boundaries will be referred to by the names usdtigare 5.2.

S

% River mouth (Open)

Raparapahoe (Inflow) \ A~

o— Kopuroa (Inflow) i [
/ Waiari (Inflow) Fords Cut (Out flow)

.\ Kaituna (Inflow)

T

| Estuary mouth (Open)

Fords Cut (inflow)

Southern drain  (Inflow) \.

Figure 5.2. Location and type of boundary conditios used at each boundary for the Lower
Kaituna River and Maketu Estuary (Source: EBOP RDAM (2004); Google Earth, (2006)).
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5.3.1) Open boundary

The open boundaries (estuary and river mouth) armed with a time series of
tidal elevation taken at half hour intervals. Tlyatketic time series of elevation
was created from tidal constituents (M2, S2, N2 K&yl Tidal constituents were
extracted using harmonic analysis (Forman 1977819n the freely available
output from the NIWA tidal model at Maketu Estuamtrance. An offset of 0.28
metres was added to the time series of tidal émvéor model simulations. This
offset was derived from Domijan’s (2000) analysisiee mean sea level relative
to the Moturiki datum to which the bathymetry wagerenced. Temperature data
for the open boundaries were sourced from an EB@Pevbuoy located in the
Bay of Plenty (13 km offshore of Pukehina Beach)e ave buoy records sea
surface temperature every 15 minutes, which wasagee over a day for the
model. Salinity was derived from four offshore tants carried out between
December 2003 and July 2004 (Park, 2005). For traokect, sea surface salinity
(< 20 metres depth) was extracted, averaged aedpoiated between the four

days of measurements to create the time seriestowanodel simulation period.

5.3.2) Inflow boundaries

Flow rates for the Kaituna River were created frim stage height to flow
relationship at Te Matai. After the river’s realigant work during the 1980s, the
stage record at Te Matai has become influencedhéyide (Stringfellow, 1996).
As a result EBOP removed the tidal component frivn data and derived a
relationship of stage height to flow. This relasbip was then used to create a
daily average flow rate at Te Matai. An assumpti@s made that river discharge
at Te Matai was equal to the discharge at the naggnof the modelling domain
plus the flow rate of Ohineangaanga Stream whiaifleences with the Kaituna
between Te Matai and the beginning of this modehaio. A summary and
general comparison of the 2004 flow data for Wattrieam, Kopuroa Canal,
Raparapahoe Canal and Kaituna River (at Te Matagjvien in Table 5.1. Flow
rates for Waiari Stream and Raparapahoe Canal supgied by EBOP. Kopuroa
Canal and Ohineangaanga Stream flow rates wereedeiriom a number of point
measurements assuming their discharge behavior suamdar to that of

Raparapahoe Canal.
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To define daily temperature for the four inflow Indaries in the river domain, a
regression fit to the total temperature data set wsed. Since EBOP monitoring
on the Kaituna and Waiari commenced, temporal véieol of temperature
measurements is limited to approximately four tirag@ar and was not sufficient
enough to represent the temperature in the modekeMer the 20 years of data
for Kaituna and 3 years for Waiari Stream showedekationship between
temperature and time of year (e.g. Figure 5.3 (A))erefore a second order
polynomial regression fit to the total data set wesed to provide a daily
temperature for the Kaituna and Waiari inflows 2004. Temperature data for the
Kopuroa and Raparapahoe Canals are not measurde s@ter temperatures for
the two canals BC were set to the same daily aect@yperature as the Kaituna
BC.

e

Regression curve

Variable

C

Lo Derived average
g \
© |, ) ) . .
(U . . . [ . ° - -
> ° * . ¢ . * M . . . ° .
0 365
Day of year

Figure 5.3. Schematic of how the time series of thariables used in the model were derived
from the measured data set. (A) If a clear relatioship between time of year and the variable
was observed then a regression curve was fitted the total data set (i.e. temperature). (B) If
no relationship between time of year and variable as observed, then that variable was set as
an average of the total data set. Note that beforine average was derived the data set was
analyzed for long term trends.
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The major freshwater inflow into the estuary (Foftist) was created from the
river model output (Section 5.3.3). The inflow bdary on the southern side of
the estuary (southern drain) represents an amatganaf four small culverts and
drains that flow into the estuary all within clopsoximity of each other. There
was only a point measurement of discharge throuwse drains taken in
November 1994 (Mcintoskt al. 1995). To create a time series of flow rates, the
point measurements were scaled to match the digehmhaviour of the Kopuroa

Canal, which appears to drain a similar catchment.

Table 5.1. Flow discharge for the inflow boundariesn the lower Kaituna River and Maketu
Estuary for 2004.

Boundary Mean flow 2004 (m 3s'l) Peak flow 2004 (m 35'1)
Kaituna River 31.97 67.00

Waiari Stream 3.00 14.20
Kopuroa Canal 0.38 2.93
Raparapahoe Canal 1.94 14.65

Fords Cut 100,000 (per tide) n/a

Southern drain 0.10 0.47

5.3.3) Outflow boundaries

The only outflow boundary in the model occurredhe Kaituna River at Fords
Cut, the join between the river and estuary moadglidomains. The model’s
predicted outflow scalars (temperature, salinityd amariables needed for
CAEDYM) were used as the inflow into the estuariie outflow is regulated by
control gates which allow flow to occur only froimetriver into the estuary. The
outflow in the model occurred over a single horiabrcell, 20 metres in width,
and four vertical cells (1.2 metres in height) alid not necessarily match the
design or area of the control gates. The discheate has been gauged several
times (Domijan, 2000; McIntosét al. 1996) and is approximately 100,008 per

tidal cycle.
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The results of th€TD measurements indicated tima&rine water propagated up
to the control gates at Fords Cut, suggesting shiihe water could be drawn
through the control gates into the estuary. Mcintetsal. (1996) demonstrated
this was occurring by measuring the salinity of thater passing through the
control gates. An analysis of the Mcintoghal. (1996) results showed that the
water drawn through the control gates during thetigular tidal cycle had a

salinity varying from 0-27 psu (average of ~2—10)ps

Preliminary model runs indicated that allocating ttorrect vertical grid cell to
the outflow in the model was critical for deternmigithe mix of marine to fresh
water drawn through the outflow. The importancett@ outflow height can be
demonstrated in Figure 5.4. Specifying the outflegrtical grid cell too low

caused a large proportion of marine water to bevdréhrough the outflow.

Alternatively specifying the outflow at a vertiaz|l that was too high resulted in
an error. This error was caused by the model tryondraw water through the

outflow before water elevation had reached the basee outflow cell.

To further complicate implementation of the outfl®wundary, discharge only
occurs through the control gates when the watemétn on the Kaituna River at
Fords Cut is higher than in the estuary at Fords Otherwise, reverse pressure
keeps the gate’s valve closed. Flow through theggtkes place approximately 2
hours after low tide for a duration of 5-7 hourofiljan, 2000; McIntoslet al.
1996), thus the boundary condition in the modebiereeto mimic this. For this to
occur a synthetic time series of the outflow ratswreated using the shape of the
tidal elevation curves with the constraint that éiverage volume flushing through
the gate over a flood tide was preserved (100,090amd the flow occurred with
the correct duration.
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Figure 5.4. Time series illustrating the vertical wariation of salinity in the model cells
adjacent to the outflow. Dashed lines indicate theange of vertical grid cells covered by the
outflow. Note that lowering the outflow height (botom dashed line) would cause a greater
proportion of marine water to be drawn through the outflow.

5.4) Model setup and simulation periods

5.4.1) Grid size and resolution

A number of horizontal and vertical grid sizes wexperimented with during this
study, with the final resolution being a compromisetween accurate model
results and acceptable runtime ratios. Typicallgrge reduction in run time ratios
(i.e. the ratio of real time to model simulatiom#é) occurs when using a three-
dimensional model over 2D or 1D models (Tee, 1998)e way to increase this
ratio (i.e. to speed up the model) is to incre&segrid size, however increasing
grid size is not always possible. In some casesh &8 in the Kaituna River,
specifying a large grid cell (>20 metres) can catise model to become
constricted around river bends. Similarly in thelkeliau Estuary, specifying a grid
cell that is too large (>15 metres) results inlthes of bathymetric detail needed
to represent the major intertidal channels and semtmud flats. Acceptable run
time ratios can be achieved by reducing the vdrtieaolution, however in
situations like the lower Kaituna, where vertica@solution is important to
resolving the salinity stratification, this may nbeé desirable. The final grid
resolution for the estuary and river are summarized’able 5.2 along with

approximate ELCOM run time ratios.
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Table 5.2. Grid resolution, overall size and numbernf wet cells for Maketu Estuary and
lower Kaituna River modelling domains. Approximaterun time ratio (real time : simulated
time) using the hydrodynamic model ELCOM simulating thermodynamics and density are
given.

. Horizontal Size of girded  Vertical cell Total wet Run

Domain ; : . time
cell size (m) domain size (M) cells .

ratio

Kaituna River 20 x 20 316 x 135 0.3 25,544 1:22

Maketu Estuary 15x 15 123 x 208 1.0 40,770 1:45

5.4.2) Model simulation period

For calibrating and validating the hydrodynamic mlo&LCOM, simulations
were made over the period when model results cbaldompared to measured
data Due to all model simulations beginning from a cetdrt (i.e flat water, no
currents and uniform salinity and temperature)eadal of 2 days (4 tidal cycles)
was allowed to ‘warm up’ the model before any ressulere extracted.

5.5) ELCOM calibration and validation — Kaituna Riv  er

5.5.1) Water levels

EBOP operate two water level recorders in the lo&ituna River at Te Matai

and Fords Cut (Figure 5.1). ELCOM'’s predicted watdevations at the

corresponding horizontal cells were compared to riworded elevations. To
compare modelled water elevations at Te Mataiyitrexr domain was extended to
Te Matai. In Figure 5.5 the measured and modellatémelevation are illustrated
for a high river flow event over a 10 day period 2006. Fords Cut water
elevation is dominantly controlled by tidal heighbere as the Te Matai water
levels are dominantly influenced by river flow. EO®1 accurately captured the
phase difference in the tide (~1 hour) betweenntiogith (Fords Cut) and upper
river (Te Matai).

However, the modelled water elevations at Te Matal Fords Cut did not mimic
all the fluctuations in measured elevation and shdpne explanation for the
discrepancy at Te Matai could be that flow ratesc#ed at the boundaries were
daily averages and the flow (and therefore elemjtian vary significantly over a

day. ELCOM’s water elevation predictions at Fordat Glso showed some
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discrepancies in tidal amplitude. The discrepancczsirred at low tide, by where
the modelled water elevation closely mimicked tigaltelevations of the open
boundary, falling below that of the measured elevatat Fords Cut. The
discrepancy in elevation was most pronounced dunigd river flow events as
shown by the circle in Figure 5.5 (A). The discrepacould be attributed to wave
set up and storm surges which could explain thatgredifference in elevation
observed during a large river flow event (assuniiigh river flow is correlated
with a storm event). However, discrepancies betweadelled and measured
elevations at Fords Cut during low flow eventd stilow a significant difference
at low tide indicating that there is a flow redino issue at the river mouth.
However the bathymetry at the river mouth was rt#red in an attempt to
correct the elevation discrepancy for two reasofisstly, the modelled
propagation of the marine water in the lower rieem good agreement with our
measured salinity data (Figure 5.7); secondly, flomugh the control gates does
not occur below approximately mid tide, the disenmegy of water elevation at low
tide should then not effect the outflow functiorhieh is a principal aspect of the

lower Kaituna model domain.

26 :

22+

y

13%&WWV

Elevation (m)

Elevation (m)

Julian day (2006 )

Figure 5.5. Modelled (ELCOM) water elevations in tke Kaituna River compared to
measured data. (A) Te Matai (circle highlighting tke discrepancy during peak flow
conditions) (B) Fords Cut (circle highlighting the greatest discrepancy during a possible
storm event). (Refer to Figure 5.1 for locations ofecorders)
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5.5.2) Thermodynamics

To validate ELCOM thermodynamics, model predictiaiswater temperature
were compared to observed values at three locatviithg the lower river. Three
Tidbit temperature loggers were deployed at locati(d), (B) and (C) (Figure
5.1) and compared to the modelled temperature agtigfrom the corresponding
vertical and horizontal cell. ELCOM predicted theer-daily variations and the
eleven day trend in water temperature reasonably (¥gure 5.6). ELCOM

modelled a spike in temperature occurring at hige,tevident in data in (A)
between day 240-246. The cause of this spike mcaged with the warmer (by
2-3 °C) marine water entering the model cell that theperature data was

extracted from.

Water temperature ( °C )

ol I I I I | I I I I

0
235 236 237 238 239 240 241 242 243 244 245 246

Water temperature ( °C)

L 1 1 1
240 241 243 244 246

Julian Day ( 2006 )

| 1 |
237 238 239

Figure 5.6. Modelled (ELCOM) water temperature in the lower Kaituna River compared to
measured temperature. (A) Main river (B) Closed lop (Refer to Figure 5.1 for locations of
deployment).
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5.5.3) Salinity variations and vertical mixing

The salinity results from our CTD casts in the lowrer were compared to
ELCOM simulations under the same river flow andilidonditions (Figure 5.7)
illustrating a good correlation between model andasured data. Accurately
modelling the degree of fresh and marine water mgixn the lower river was
important for a variety of reasons. Vertical heighd maximum distance up the
river reached by the marine water were importamtetermining the proportion of
marine/freshwater drawn through the control gatscijon 5.3.3). Furthermore
the residence time and degree of mixing of the meawater in the lower river is
important for ecological / water quality aspectsg@ter Six). The measured CTD
data showed strong vertical stratification betweke marine and freshwater.
Scatter-plotting temperature against salinity @& theasured profiles at high, mid
ebb and low tide (Figure 5.8) illustrates cleahg two distinctive water bodies
present in the lower river (indicated by circles)dathe extent of marine —

freshwater mixing.

000 m (river mouth) 200 m 400 m 600 m 800 m
i
Low tide
2
3
0 ™\
Mid tide <
S,
s /
High tide Ny K K
! = ~ |

0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30

Salinity (psu)
Figure 5.7. Measured (CTD) and modelled (ELCOM) sahity profiles over low, mid and

high tide in the Kaituna River from the river mouth (000 m) to 800 m upstream on 21st
August 2006.
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Figure 5.8. Scatter plot of measured temperature vees salinity in the lower Kaituna River

(from the mouth to 800 m upstream) during high, midebb and low tide. Color indicates the
depth the measurements were taken below the watewurdace. Lower left corner circle

represents freshwater, upper right circle represerg marine water. Intermediate mixed water
lies between the two circles.

5.6) ELCOM calibration and validation — Maketu Estu  ary

5.6.1) Tidal phase and current velocities

ELCOM'’s hydrodynamics (current velocity and watésvation) for the estuary
domain were calibrated by varying the bottom fantico-efficient in the model
and finding the smallest residual (RMS) between efled and measured data.
The measured water velocities and elevations ftwrspring tide FSI deployment
S1 and S2 (for location refer Figure 5.1) were usedhe calibration. Water
velocity and elevations from the corresponding grals in the model were
extracted and interpolated at the same time asurezhslata, then compared using

root mean square error (Figure 5.9).

ELCOM allows the user to specify a Bottom Drag Gicafnt (BDC) which can
be either applied evenly across the domain or saspatially; for the calibration
the BDC was applied evenly across the domain. Hewekie results of the
calibration identified that a varying BDC would beeded to best fit the measured
spring tide water elevation and current velocityad@igure 5.9). A higher (more
bottom friction) BDC value was set in the main amgnnear the estuary mouth
and at Fords Cut (0.005), and a lower (reducedbftiction) BDC for the mid
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estuary and intertidal flats (0.003). The spatiaiyying BCD derived from our
spring tide measurements was in agreement with ipatbdynamic modelling
work in the Maketu Estuary (Domijan, 2000). Domij&2000) carried out a
sediment size survey of the entire estuary in 199é. results of the 1997 survey
were used in setting the BDC for his 2D hydrodyrambodelling and revealed a
higher BDC was needed in the mouth and main chaointie estuary while a
lower value was need for the further reaches of dbiary. Comparing the
modelled current velocity and elevation using ayiay BDC derived from the

calibration gave a good fit to the measured sptithgydata (Figure 5.10).

Neap tide measurements of tidal elevation and nusrelocity (N1, N3 and N4)
were then compared to model output and gave amahbofit. Using the varying
BDC determined from spring tide measurements, modaknt velocities under
neap tide conditions showed a maximum error of 260ms' between modelled
and measured data. Modelled water elevation laggedsured data by 21-28
minutes, however this lag was relatively constaatying by 7 minutes) at each
location and may have been caused by a change ibatihymetry between neap
tide measurements (February 2006) and the estubagtsymetry survey (July —
September 2006). If the time series of neap tida das longer (i.e. at least one
tidal cycle) then an attempt would have been madeatibrate a BDC from the
neap tide data. This may have resulted in a batjeeement of measured and
modelled data for neap tides as the best BDC imraenical modelling can be

different for neap and spring tides @tial. 1999).
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Figure 5.9. RMS differences between measured and whelled water elevation and current
velocities using varying bottom drag co-efficient BDC) in the model at (A) Estuary mouth
(S1) and (B) Mid estuary (S2).
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5.6.2) Salinity variations and mixing

A salinity survey of the estuary for this study waaried out over a high tide
along the main channel from the estuary mouth ta$&ut (for location refer to
Figure 5.1). The results of the survey suggest tiatestuary is generally well
mixed in the vertical but demonstrates a longitatigradient from Fords Cut to
the estuary mouth (Figure 5.11). An analysis ofeptkalinity surveys of the
estuary (Mclintoshet al. 1996; Mcintoshet al. 1997; Domijan, 2000) reveal
different degrees of stratification varying ovee ttidal cycle, but generally well

mixed vertical conditions.
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Figure 5.11. Measured salinity in the Maketu Estuay from the estuary mouth (O metres) to
Fords Cut (3650 metres) along the main channel atigh tide on the 12 August 2006.

Measurements show very little vertical stratificatbon demonstrating the estuary is generally
well mixed.
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5.7) Results

In order to accurately predict nutrient and phyamgkon dynamics in the lower
Kaituna River and Maketu Estuary, the hydrodynadmicer ELCOM, needed to

be set up, calibrated and validated against fielesurements. The results
presented in this chapter are a brief descriptiothe hydrodynamic properties
that are relevant to water quality (e.g. residetimoe, residual currents). Section
5.8 then leads on to discuss the calibration—vatidaresults, as well as the

predicted hydrodynamic properties.

5.7.1) Maketu Estuary

Figure 5.12 illustrates the depth-averaged velegitt high, mid-ebb, low and
mid-flood tide during spring tidal conditions. Tharongest currents can be
observed in the main channel near the estuary mauthid-ebb and mid-flood
tide. Fords Cut inflow also provides a net seawbow in the far western region
of the estuary. Interestingly a number of smalliesl@re predicted in the estuary,
most notably attached to the southern bank in thetevn region at high tide.
Figure 5.13 illustrates the salinity at the samar fetages of the tide. Freshwater
enters the estuary at Fords Cut from mid-flood #olyeebb tide, creating a
distinctly freshwater zone in the western regiorttaf estuary. The area covered
by this freshwater is smallest at high tide whdre incoming marine water
‘pushes’ it back into the far western reaches efdktuary. On an ebbing tide, the
slug of freshwater extends east to where part efnibw mixed water exits the
estuary near low tide. On a flooding tide this ndixeater is pushed back and the
process starts again. The inflow that represents flvains along the southern
border of the estuary also reduces the salinithénsouthern region of the estuary

extending northwards on the ebbing tide.
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Figure 5.13. Depth-averaged salinity at four stagesf the tide in the Maketu Estuary during
spring tidal range. Stage of tide is determined frm the water elevation at the estuary mouth

0

Figure 5.14 (A and B), illustrate the time and thepteraged residence time and
salinity respectively in the Maketu Estuary ovetladay period in January 2006.
The results indicated the highest average residimeeis ~1.2 days occurring in
the western region of the estuary. Analysis of tinee varying results (not
presented) showed that a maximum residence timel & days occurred in the
same region. The average salinity shows a markegkdse in the western region
of the estuary due to the freshwater inflow at Botait as well as a reduction in
the southern region due to the southern drainwnflbhe highest average salinity
occurred on the intertidal sand flats in the eastegion of the estuary. Figure
5.14 (C) illustrates the residual currents withia Maketu Estuary evaluated over
10 tidal cycles during spring tide conditions, tiesidual currents demonstrate a
net seaward flow with the strongest currents oaograt the estuary mouth. There
is also a net seaward flow occurring at Fords @dtia the southern estuary both
due to freshwater inflows. The eddies that werdlipted at high tide in the
estuary (Figure 5.12) do not seem to effect thelues circulation in the estuary.
It would be likely that the speed and duration loé ddies is not significant

enough to contribute to the overall residual ciatioh.
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Residence time ( days )

Salinity ( psu)

Figure 5.14. Modelling results over a 21 day periodn January 2006. (A) Residence time
averaged over the 21 day period. (B) Salinity aveged over the 21 day period. (C) Residual
currents illustrated as a vectors over ten tidal cgles in January 2006 over-laid on an aerial
photo. Note: Aerial photo was taken in 2004 and mawot represent the bathymetry used in
the model to derive the residual flow. (Photo soues EBOP RDAM, 2004)
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5.7.2) Kaituna River

Unsurprisingly, the residence time in the lowertaa River increased steadily
downstream from the Kaituna boundary to where itsethe river, at the river
mouth. The greatest time it takes for a parcel afewto reach the river mouth
from the start of our model domain is 10 hours lgding the loop); this highest
residence time occurred over a flood tide whenrnxedocities were reduced and
subsequently the lowest residence (7.2 hours)eatitier mouth occurred over an
ebbing tide. Variations in residence time were joted near the river mouth and
were due to, intrusion of marine water, reducedrrilow over an incoming tide
and insufficient flushing in the closed loop aswhdn Figure 5.15. The closed-
off loop near the mouth showed the highest retaentime with the maximum
ranging from 18-27 hours over the 21 day simulatibinis elevated residence
time was due to the absence of sufficient flushiBgcause marine water is
completely exchanged in the lower river over altickcle, a reduction in the

depth-averaged retention time was also predicted @¥lood tide.
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Figure 5.15. Snapshot of the predicted depth-averag water retention time within the lower
Kaituna River (river mouth to 1500 m upstream) during a flood tide. (A) This region
illustrates the closed loop where the highest retéion times were predicted. (B) In this region
an increase in retention time was observed during dlood. (C) In this area there is a
reduction in retention time associated with inflowof marine water over a flood tide.
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5.8) Discussion

5.8.1) Maketu Estuary

The most recent and comprehensive hydrodynamic himagl@pplication to the
Maketu Estuary by Domijan (2000) used a 2D deptrayed numerical model.
At the time of Domijan’s (2000) study, the estubathymetry was quite different
to present, most notably the position and widtlthef mouth has changed (Figure
4.5). While Domijan’s modelling predictions (watelevation and current
velocities) match his measured data well, the safpkis study was based on
barotropic forcing and could make no allowances Haroclinic terms, vertical
variations or solving the salinity distribution ihe estuary. Due to practical run
time constraints (Section 5.4.1) the vertical regoh of the final grid used in this
study was too coarse to allow analysis of the medelertical variation.
However, the measured salinity profiles carried déot this research, and
previously, suggest that vertical variation is mial in the estuary (Section
5.6.2). According to Prichard’s (1955) classifioatithe small ratio of freshwater
to marine (~0.1), would result in categorizing Maketu as a partially stratified
estuary, adding to the justification that verticgdlinity differences can be

generally neglected.

The predicted residual currents in the Maketu Esgtgigure 5.14 (C)) are a
result of freshwater inflows and tidal asymmetrywdpo tides). The modelling
results demonstrated a net seaward flow with thengest currents occurring at
the estuary mouth and near Fords Cut. The magnéndelirection of the residual
flow is predicted by the interaction between thuay bathymetry and tidal and
freshwater flows. Because of the well mixed veftmanditions in the estuary it
was assumed that baroclinic terms would not be migally important in
determining the residual flows, hence the vertieablution in the model was set
very low. In an estuarine situation over-tides caanse the ebb tide to persist over
a greater period of time than that of the floodo{Bn et al. 1999) effecting
residual currents and net sediment transport pattée.g. Shetyet al. 1992).
Spring tide water elevation and current velocityasweements suggested that tidal
harmonics or ‘over-tides’ are present in the Makiéstuary (Figure 5.10). This

asymmetry between ebb and flood current flows wdiklely contribute to the
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observed ebb dominance of the residual flow. Dam{2000) also found net
sediment transport in the Maketu estuary would be dominated due to the
presence of the freshwater inflows and tidal asymmm@ver-tides). However,
analysis of Domijan’'s 2D modelling revealed a pbkeserror in determining the
residual flows. At Fords Cut, where the river waflaws into the estuary,
Domijan’s model had prescribed in it an open boupdéhich allowed water to
flow in both directions. In reality the control gatonly allow flow from the river
into the estuary. Therefore the magnitude of the-8bod asymmetry predicted
by Domijan’s modelling may not be as weak as hsilts demonstrated. Never
the less, the modelling undertaken in this studycaes with Domijan’s (2000)

conclusion that the Maketu Estuary is ebb dominated

The results of hydrodynamic modelling undertakethis study revealed that the
residence time varies spatially within the estuaith a maximum of ~1.5 days
occurring in the western region of the estuary. EIMC calculates the residence
time of each cell in the model with new water (irdlows) given an age of zero
and then the age increased with each model tinpe Atgeneral but less accurate
method for determining the residence time in anastis the tidal prism method
(Officer, 1976). By comparing the ratio of incomingter to total estuary volume
and multiplying that ratio by the tidal period, Dijam (2000) calculated this to be
~13.3 hours for the Maketu Estuary. However thishoe assumes that the water
in the estuary (marine and fresh) is completely edivover a tidal cycle. By
looking at salinity surveys of the Maketu Estuafygre 5.11), we know this is

not the case, and therefore Domijan’s (2000) esiimavould be a lower limit.

Wind data (speed and direction) were set to zerotlie period of model
simulation. In ELCOM wind variables affect the wateermodynamics, vertical
mixing and wind induced circulation. Validation tife thermodynamics in the
lower river (Figure 5.6) showed that model and mess data were in good
agreement without including the effects of wind. njan (2000) identified
residual currents in the Maketu Estuary could beigdy explained by wind
shear. Further a field in the Manukau Harbour, Bellal. (1998) modelled
circulation response to wind shear and found tingekt response was on the

intertidal (shallow) flats, and Geyer’s (1997) nuioal modelling implied that the
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influence of wind can also significantly effect tlfleshing times of shallow
estuaries. This would suggest that for more acelyraefining the hydrodynamics
in the Maketu Estuary, the effects of wind sheaesst could be numerically
important, particularly on the shallow intertiddhts. Wind speed and direction

data were not included as a forcing condition ia gtudy.

The high salinity predicted on the sand flats nbarestuary mouth (Figure 5.14
(B)) implies that only fully marine water is in daet with the sand flat; analysis
of the estuary salinity over a tidal cycle suggeby this was occurring and the
theory is illustrated in Figure 5.16. During theelatages of a flood tide marine
water flows over the sand flats. Similarly durihg ffirst stages of the ebb tide this
fully marine water would pass over the sand flatsthe opposite direction.
However in the later stages of the ebb tide whexeth(fresh and marine) water
reaches the sand flats, the water level has fatlelpe confined to the channel.
This resulted in only marine water overlying thenédlats on the last of the
incoming and first of the outgoing tides. &ial. (1997) modelled tidally driven
flows in a shallow estuary and suggested that @uakpressure gradient could
cause a net landward flow over the shoals (sans) ffand be balanced by a return
flow in the channel. This theory could be used xpl&n the observed salinity
distribution. However, for the Maketu Estuary na laadward flow was observed
over the sand flats (Figure 5.14 (C)).
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Figure 5.16. Schematic of how the highest averagalisities in the Maketu Estuary were
predicted by ELCOM on the sand flats near the estuy mouth. A-B represents a cross
section across the main channel and sand flat (insg Dashed lines represent the water level
at different stages of the tide.
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5.8.2) Kaituna River

To the best of the author’s knowledge the only othenerical modelling work to
be carried out on the lower Kaituna River was catgad while designing the
optimal flow rate of the control structure at For@st using a 1D flow model
MIKE 11 (EBOP, 2001). However the model was purelyflow model and
therefore could make no predictions of salinitynperature and their associated
effects on the hydrodynamics in the lower riverrotlgh measured and modelled
data, our study gives a good insight into the lovisgr’s existing hydrodynamic

condition and the ability to look at a range of $ibke scenarios.

CTD measurements in the lower Kaituna revealed hgslinity-driven
stratification and therefore ELCOM'’s ability to nmeldthe propagation of the
marine water was critical for this modelling study.salt wedge occurs in an
estuary or river mouth when the river dischargdaige enough to maintain a
salinity gradient stronger than that of the tidadl avind driven mixing (Geyeet

al. 1989). The CTD measurements demonstrated the l&aituna River does
exhibit a saltwedge of dense marine water propagas an under flow up the
river to a maximum distance of ~1000 m. This obsdrgaltwedge also fits in
with Pritchard’s (1955) classification due to thighhfreshwater to marine ratio.
ELCOM predictions of the vertical and horizontdirsiéy were in good agreement
with measured data (Figure 5.7), with the largestrdpancies occurring at the
river mouth (000 meters) at low- and mid-tide. Thliscrepancy at the river
mouth could have been reduced by extending a ‘bufi@e’ beyond the mouth
(e.g. Robsomt al. 2004). Creating a buffer zone in the model atthguna River
mouth was experimented with, however the timing drsflance reached by the
marine water up the river was not modelled as pedgiwith the buffer zone in
place so was not included in final model simulatioRigure 5.7 also reveals that
ELCOM tended to underestimate the vertical depttheffreshwater layer. This
under estimation can also be demonstrated by the ispikes’ observed in the
time series of modelled temperature in Figure B)6 Figure 5.17 illustrates how
the marine water was causing the warm ‘spikesherhodelled temperature time
series. The reason that the measured data dichoet the spikes is because the
measured data had no tidal variation. Therefocantbe assumed that because the

measured and modelled temperature data were eedréitm the same vertical
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height that the spikes demonstrate the depth offrdshwater layer was under

predicted by the model.

The distance reached up a river by a salt wedgédearxplained by variations in
river flow and tidal range (Brockwayt al. 2005 and Liuet al. 2006).
Furthermore, variations in tidal ranges can alsaseadifferent strengths of
stratification (Peters, 1997). Model results illastd that the distance reached up
the Kaituna River by the marine water also varidgith wdal height and river flow.
The range of this variation was not able to be cameg to measurements as the
CTD casts were only carried out over one flood.titleerefore, to allow better
validation of the salt wedge it would be usefuhtave CTD measurements over
different tidal ranges and river flows. Predictitige variation in saltwedge
inundation would allow more precise modelling o tmarine water being drawn

through the control gates.

Modelling the salinity regime of the lower KaitunRiver was critical in
determining the concentration drawn through thetrobmgates and hence inflow
into the estuary at Fords Cut. Measurements haverstthat marine water is
drawn through the control structuré¢herefore modelling the salt wedge
propagation is crucial to accurately representing $alinity, temperature and
CAEDYM variables entering the estuary at Fords Clitis is most easily
explained by comparing the relative nutrient comicgions of Bay of Plenty
coastal water, which have low concentrations, ®Khaituna River water, which
have higher concentrations of dissolved nutrienthis is a typical pattern for
estuarine systems (Briggs, 1979). If the model -gredicts the salinity flowing
through the outflow, then the nutrients flowingarthe estuary will be under-
predicted and vice versa. The outflow’s verticaghealso proved to be critical in
determining the ratio of marine to freshwater dratwrough the control gates
(Section 5.3.3). ELCOM'’s three-dimensional gridoaled adjustment of the
vertical cells the outflow occurred over. In a 28pth-averaged numerical model
it would have been almost impossible to control gieportion of marine to

freshwater drawn through the outflow.
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Modelling results revealed the retention time a tbwer river is very low, with
exception of the closed off loop near the river than which the residence time
was slightly increased. These residence time esuk within the time frame
given by Whiteet al. (1978) who estimated the retention time of thetlea from
Okere (where it exits Lake Rotoiti) to the mouthoa® day. Model results in the
closed off loop (Figure 5.15) near the river morgkiealed the highest residence
time in the lower river. Comparing the measured pgerature in the loop at
location (B)(Figure 5.1) to the main river (A) revealed an @aged temperature
in the loop as well. If we assume that the watdéermg the loop was at the same
temperature as the main river then the increasemperature could be caused by

solar heating of the water as it spends longedirggiin the loop which is also

very shallow.
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1. Example of temperature time series with no daily variation
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2. Example of temperature time series with no tidal variation
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3. Example of temperature time series with both tidal and
daily variation
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Figure 5.17. A schematic illustrating how the depttof the freshwater layer can effect a time
series of temperature data and explain the observespikes in the modelled temperature time
series. The top panel is a cross-section along thger. Lower panels show examples of the
time series that might be extracted given differeninput scenarios.
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5.9) Conclusion and future model applications

This Chapter outlined how the hydrodynamic modeCBIM was initialised and
applied to both model domains and where possibliorated and validated
against field measurements. Hydrodynamic measuresnmeade during this work
included temporal measurements of water veloci@ksjation, and temperature as
well as a number of salinity profiles in both thieer and estuary. The measured
salinity allowed the extent of mixing in the estuand river to be evaluated while
the measured water velocity and elevation data ledalzalibration and
comparison to modelled data. Validating the ELCOMdel output against field
data gave an overall reasonable fit with the mastrdpancy occurring in the

water elevation predictions in the river domain.

A small horizontal grid size limited the model silation periods. The small grid
size was needed to accurately represent the oléxthannels in the estuary and
to reduce flow restrictions in the river domaincreasing simulation period in the
estuary domain was possible by reducing the vértieaolution as salinity
measurements had showed vertical resolution wasimpbrtant. However,
vertical resolution was still vital for the riverochain. ELCOM'’s three-
dimensional grid was critical for defining the daw variables at Fords Cut. This
is because the proportion of marine to freshwatawd through the outflow
proved to be very sensitive to vertical height tlué¢he salt wedge configuration,
thus the added complexity of ELCOM’'s 3D grid waseded. Hydrodynamic
model results allowed more accurate quantificatbrthe residence time and
mixing conditions present in the Maketu Estuary oveder Kaituna River than in

previous work.
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Some suggestions for future work involving appl@atf ELCOM to the Maketu

Estuary and lower Kaituna River include.

» Deploying FSI current metres to measure water étmvand velocities for an
extended period of time, incorporating a numbertidél cycles at each
location. A longer deployment would allow more cdete calibration and
validation of the hydrodynamic numerical model.

* Using a CTD to measure salt wedge intrusion duvigous river flow rates
and tidal ranges in the lower river to determineximaim inundation and
depth of the marine water. A better understandintp@ dominant controls on
the extent of marine water intrusion in the riveoukd be useful for (a)
devising flow rates and locations for inflows irite estuary and (b) allowing
a more rigorous model validation.

» Experimenting with various horizontal and vertigald resolutions. Model
simulation periods were limited by the grid resmlat It would be useful to
experiment with increasing the grid size and sedirige model output still
agreed well with the measured hydrodynamic vargable

» Extending the Kaituna River model domain to inclutle remaining river
mouth and a region of the Bay of Plenty for moreuaate bathymetry
representation.

» Using wind forcing data (wind speed and directionthe model to determine

the effects of wind shear stress on the residuaéntiflows.
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Chapter Six

Chemical and biological modelling of the
Maketu Estuary and lower Kaituna River

6.1) Introduction

By coupling the water quality model CAEDYM to the/dnodynamic driver

ELCOM (Chapter Five), it is possible to model aspecf the chemical and
biological dynamics in the lower Kaituna River aMiaketu Estuary and the
influence of hydrodynamics on these processes. Thapter describes how
CAEDYM were applied to the Maketu Estuary and low&ituna River. Four

phytoplankton groups are included in the CAEDYM siations and their relative
growth and mortality rates are evaluated and reél&bethe major chemical and

hydrodynamic processes in the lower river and egtua

6.2) Model simulation period and simulated chemical and
ecological variables

The year 2004 was chosen for CAEDYM simulationshie lower Kaituna River
and Maketu Estuary. This year was selected asutheahge of CAEDYM water
quality variables were available for each modelrutary over 2004. It was also
close enough in time to the present (2006), thafidence could be attributed to
the measured bathymetry (Chapter Four) used forenoal modelling (i.e. the
bathymetry was likely to closely resemble the magirannel and mouth
morphology present in 2004). Initially ELCOM-CAEDYNnhodel simulation
periods were planned to cover an entire year, hewefter generating (Chapter
Four) and calibrating/validating (Chapter Five) thedel domains for ELCOM,
model run times made simulating an entire year aujical. Running the coupled
model (ELCOM-CAEDYM) typically reduced the runtimby 6-10 times
compared to running ELCOM only (Table 5.2). Simethtmodel runs were
therefore limited to a maximum of 3—-4 weeks. Thioug this chapter and

Chapter Seven the simulated period is noted whaultseare presented.
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CAEDYM allows the user to model multiple speciesagjuatic organisms (for
details refer to Hipsey, 2006). For this study fguoups of phytoplankton were
simulated including two freshwater, one estuarind ane marine group (Table
6.1). The groups were chosen to represent the pedargic algae that would likely
dominate in the Maketu Estuary and Kaituna Riveflecting both the freshwater
input from a eutrophic lake (Lake Rotoiti) and thputs from temperate marine
coastal waters. The four groups chosen are commammerical modelling of
phytoplankton for estuary studies (e.g. Robetaad. 2004).

For chemical and biological simulations CAEDYM ré@es the user to specify a
number of variables which are prescribed at eacimdvary in the model (Hipsey,
2006). Table 6.1 summarizes the variables usedABDLYM simulations of the
Maketu Estuary and lower Kaituna River. The vagahiere chosen to accurately
represent the nitrogen (N), phosphorus (P) andocaf®) cycles.

Table 6.1. Variables simulated in the lower Kaituna River and Maketu Estuary using the
coupled model ELCOM-CAEDYM.

CAEDYM variable name units

Dissolved oxygen (DO) (mg I
Ammonium (NH,) (mg I
Nitrate (NOs) (mg I
Labile particulate organic nitrogen (PONL) (mg ')
Labile dissolved organic nitrogen (DONL) (mg I
Dissolved reactive phosphorus (PO,) (mg I
Labile particulate organic phosphorus (POPL) (mg I
Labile dissolved organic phosphorus (DOPL) (mg ™)
Labile dissolved organic carbon (DOCL) (mg I
Labile particulate organic carbon (POCL) (mg I
Suspended solids (SSOL1) (gm?)

Tracers / colours =)

Phytoplankton groups

Dinoflagellates (DINOF) - estuarine (ug chla ™)
Marine diatoms (MDIAT) - marine (ug chla ™)
Freshwater diatoms (FDIAT) - freshwater (ug chla ™)
Cyanobacteria (CYANO) - freshwater (ug chla ™)
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6.3) Boundary condition formation and initial conditions

Each boundary condition (BC) requires the concéptra of the variables (listed
in Table 6.1) to be specified over the period ofidation, and can be specified as
either a constant value or time-varying at an wrakspecified by the user. The
location of each BC is illustrated in Figure 6.-ddhroughout this chapter will be
referred to by the names used in Figure 6.1. Cdrations were derived from
Environment Bay of Plenty’s (EBOP’s) monitoring @airchives; for more details
see: Mcintoshet al. (1995); Bruereet al. (1996); Mclintoshet al. (1996);
Mcintoshet al. (1997); Mclintosh, (2003); Park, (2003); Park (2005

Figure 6.2 illustrates the average concentratiothefmajor nutrients (NK NO;
and PQ) at each boundary for January 2004. Variableoed4=Cut were derived
from model output and reflect the mixture of fresiter (which is relatively high)
to marine water (relatively low) nutrient concetitvas in the lower Kaituna
River. A brief explanation is given describing htive boundaries variables were

derived.
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Kaituna River

River mouth (open)

Kopuroa (inflow)

Raparapahoe (inflow)
Fords Cut (Outflow)

Waiari (inflow)

Kaituna (inflow)

0 2 km

Maketu Estuary

Estuary mouth (open)

0 1 km Southern drain (inflow)

Figure 6.1. Location of the boundary conditions specified in ELCOM-CAEDYM simulation
of the Maketu Estuary and lower Kaituna River. Regions of the estuary are also defined for
when they arereferred to in the Results and Discussion. Dashed line show the extent of the

main tidal channel.
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6.3.1) Open boundaries (river and estuary mouth)

Over 4 days between December 2003 to July 2004miclaé physical and
biological measurements were collected for threadects over the coastal shelf
out to 200 metres water depth within the Bay ohBlgPark, 2005). Surface (<
20 metres depth) concentrations of the variablemtefrest from each transect
were extracted, averaged for each day and linéatdypolated between the four

days to create the open BC data for the periodmailation.

6.3.2) Kaituna River

Water quality variables are measured in the KaifRiver 3—6 times each year by
EBOP at Te Matai (Figure 5.1), and extend over g&dr periodrf = 87). The

variables of interest were analyzed for any anmallong term trends and
specified in the model as either an annual avevagjes or a regression fit to the
total data set using the relationship between thtemqguality variables and the

time of year as illustrated in Figure 5.3.

6.3.3) Kopuroa and Raparapahoe Canal

Water quality variables for Kopuroa and Raparapdbaeal canals were set to the
same concentration as the Kaituna BC, as the &laittata set for the two canals
was small. Because (a) there is no indication thetient concentrations in the
two canals would be vastly different from the Kaguand (b) their overall flow
contributes on average only 3.2 percent total filothe Kaituna River during the
period of model simulation, the errors should netdignificant to the overall

concentration in the Kaituna River.

6.3.4) Waiari Stream.

The Waiari Stream is elevated in P&hd NQ which is probably due to seepage
from Te Puke wetland which receives treated wastEemirom Te Puke township
(Mcintosh, 2005)Seventeen measurements over three years were aisiedite
the variables for Waiari BC. Again as for the KaauBC, the variables were
analyzed for any annual or long term trends andiipd in the model as either

annual average value or a regression fit to thed tiata set.
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6.3.5) Fords Cut inflow into the estuary

Output from ELCOM-CAEDYM in the Kaituna River donmaivas used to predict
the concentrations of variables flowing into the Keu Estuary through the
control gates at Fords Cut. ELCOM allows the usesave output of the average
concentration of scalars (i.e. salinity, temp, emis, phytoplankton) flowing

through an outflow at a time step defined by theru3o define the inflow

variables flowing from the Kaituna River into theakktu Estuary, the outflow
variables were saved at a time step of 15 minutéscanverted into the correct

format for an inflow boundary.

6.3.6) Southern drain

In 1994, Bruereet al. (1996) measured a number of water quality parasdéoe
four drains that enter on the southern border okéla Estuary. The results of the
monitoring at the discharge drains (monitoring sitéosest to the estuary) were

extracted and an average value derived for théneaudrain BC.

6.3.7) Initial conditions

A horizontally and vertically uniform initial conlbn was applied across the
estuary and river domairRreliminary modelling results indicated that thghhi
flushing rate of both the estuary and river allowleel model to equilibrate within
a few tidal cycles. For the Kaituna River model @m initial concentrations of
CAEDYM variables were set to the same values ax#iguna BC and for the
Maketu Estuary model domain initial concentratiorese set to match the estuary
mouth BC.

6.3.8) Sediment interaction and nutrient flux

The CAEDYM configuration allows the user to specBdiment nutrient fluxes.
Sediment release in the model is also affectedhéypH and oxygen concentration
of the overlying water. Measured data and prelimyjinaodelling showed no
evidence of oxygen depletion in the water near sbdiment-water interface,
therefore the oxygen consumption rate could beewtgdl along with pH which
was not a simulated variable for this study. A ¢ansflux rate for NH, NO; and
PO, between the sediment and overlying water was phest and is given in
Table 6.2.
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6.3.9) Phytoplankton concentrations

For model simulations in the Maketu Estuary and dowKaituna River,
phytoplankton concentrations were represented Wgraphyll a and derived
through a number of methods. CAEDYM allows the uger specify
phytoplankton in either chlorophydl (ug Chla 1) or carbon (mg C™) units.
Chlorophyll a units were chosen because the parameters and(#Agesndix 1)
sourced from the literature and past modelling wading CAEDYM were
expressed in terms of chlorophyd, which is common for phytoplankton
modelling (e.g. Robsoe al. 2004; Huet al. 2006). Chlorophylk concentrations
for the two marine and estuarine groups (marintodia and dinoflagellates) were
derived from measurements collected in the Baylenty over 4 days between
December 2003 and July 2004 (Park, 2005). For daghof measurements, the
surface concentrations of chlorophgll(< 20 metres depth) were averaged, and
divided between the two groups determined by arliht¢s (Park, 2005). To create
a time series of chlorophyla for the model boundaries, the four point
measurements were linearly interpolated over theulsition period; the
interpolated time series is illustrated in Figure8.60utflow chlorophyll a
concentrations from Lake Rotoiti at the head ofti@d River were used to define
the concentration of the two freshwater speciegstiwater diatoms and
cyanobacteria). The outflow chlorophydl concentrations were sourced from
phytoplankton modelling carried out on Lake Rotoitising CAEDYM
(Hamilton et al. 2005). Chlorophylla concentrations for the Kaituna BC were
reduced to 75 percent of the predicted concentraiothe outlet to account for
dilution with tributaries between the outlet ane taituna BC. A dilution of 52
percent was calculated using the average flow ramtabe Kaituna at the lake
outlet and at Te Matai (McIntosh, 2005). Howeveatugng the concentration to
52 percent would likely underestimate the total tppiankton biomass at the
Kaituna BC as tributaries also contribute phytoktan. EBOP operates a
cyanobacteria monitoring program in the KaitunaeRivdetermining species and
number of cells. An initial attempt was made to @ the cell counts into
chlorophylla concentrations using the techniques given by blilaet al. (1999)
and Montagneset al. (1994) assuming cyanobacteria volumes can be

approximated using a spherical shape. The calcutdtwrophylla concentrations
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for 2004 were extremely low compared to predicteadeh output from Lake
Rotoiti. It was judged that the concentrations witifrom the modelling are more
likely to represent the actual cyanobacteria nusipeesent in the Kaituna River,

consequently the higher values were used in theshrschulations.

Chlorophyll a for the two marine species was specified at thendpoundaries

(river and estuary mouth). The two freshwater smeavere specified at the
Kaituna and Waiari boundary at the same daily cotmagon as no other means
for estimating chlorophylla in Waiari Stream were available. Kopuroa,
Raparapahoe and Southern drain inflows had no playtkton biomass specified
for their BCs. In order to evaluate the relativewth rate of each phytoplankton
group, a conservative tracer (i.e. no growth oragieovas specified at each

boundary to match the concentration of the phytdgtan group considered. The
growth rates @r ) averaged over the 15 day simulation period caexpeessed as

a percentage for each phytoplankton group as:

a(i,j)=1i( chla(i, j,k) —tracer (i, j,k) )

— x100 (6.1)
nis tracer (i, j,Kk)

Wherei, j are the grid cell numbers in the horizontal dinens. k is each time

step, n is the total number of time steps aAd is the time between each time
step, so thahAt =15 days.
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Figure 6.2. Concentrations of major nutrients specified for each boundary condition
averaged over January 2004. Raparapahoe and Kopuroa Canal are specified at the same
concentration as Kaituna River. Note that Fords Cut is derived from model output and
reflects a mixture of both fresh and marine water. SD = Southern Drain.
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Figure 6.3. Time series of chlorophyll a concentrations for 2004 as specified in the model at
the river and estuary mouth (dinoflagellates and marine diatoms) and Kaituna and Waiari
boundaries (cyanobacteria and freshwater diatoms). Shaded area represents the period of

model simulations.
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Table 6.2. Sediment nutrient flux parameters used in CAEDYM simulations in the Maketu
Estuary and lower Kaituna River.

Parameter Rate (g m? day'l)
NO; release rate from sediment -0.200
PO, release rate from sediment 0.004
NH, release rate from sediment 0.050

6.4) CAEDYM parameters and rates

CAEDYM simulations require specification of a numiaé parameters and rates
for the biological variables. Marine diatoms andhadiagellate phytoplankton
parameters for this study were sourced from liteea{Robsoret al. 2004) while
the parameters for the two fresh water groups l{weser diatoms and
cyanobacteria) were sourced from past modellingiedhrout on Lake Rotorua
using CAEDYM (Burger, 2006). Burger’'s (2006) inltiparameters were sourced
from the literature, and then adjusted so modepuwumatched the measured
phytoplankton data in Lake Rotoiti. A full list dfie parameters used for model
simulation in the Maketu Estuary and lower KaituRaver can be found in

Appendix 1.
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6.5) Results

6.5.1) Kaituna River

Figure 6.4 illustrates Nk NO; and PQ concentrations predicted by CAEDYM
averaged over 15 days in January 2004 from thenhewj of the model domain
(Kaituna boundary) to the river mouth located ~8,50etres downstream. An
increase in N@ and PQ and decrease of NHcan be observed at the Waiari
Stream confluence with the Kaituna River. Dilutmimutrients with marine water
at the river mouth is also predicted in model satiohs. The Raparapahoe and
Kopuroa Canals do not alter the nutrient concefratin the Kaituna River
because their concentrations match those of théukaiboundary. CAEDYM
predicts a minor but steady increase inyNidd a decrease for both Pand NQ
concentrations from the Kaituna boundary to theerrimouth. The specified
sediment release rate parameters (Table 6.2) galaiexpart of the increase in
NH, due to a positive release from the sediment aadlétrease in N{raused
by the negative release rate. However it would therexpected that RGhould
increase steadily down river as a positive sedimameiease rate
(0.004 g M day") was specified. However it is possible that constiom of PQ
by the two freshwater phytoplankton groups excetbesspecified release rate
causing the observed decrease. The predicted mut@ncentrations are also
compared to the ANZECC (2000) trigger values fovibond rivers set by Ministry
for the Environment (MfE) (2000) in Figure 6.4. Ttrigger values are averaged
water quality measurements of lowland rivers thfomg New Zealand. The
values are intended as an assessment tool for weseurce managers (e.g.
Regional Councils) to compare water quality paramsefrom their rivers and
streams to a national average. Concentrations athmse values indicate there

may be adverse environmental effects.

Figure 6.5 illustrates the predicted growth rat&gu@tion 6.1) for the four
phytoplankton groups over the 15 day simulatiorthie Kaituna River. The two
freshwater groups, freshwater diatoms and cyanehiacincrease in abundance,
by contrast, almost no net change is observed Her marine diatoms and
dinoflagellates in the lower Kaituna River. Duethe low amount of mixing and

very short residence time of marine water in theri(Chapter Five), salinity
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limitations imposed on growth rates of the two fneater species were not
observed (as occurred in the estuary). The higbestmunity growth rates of
phytoplankton (160% growth) occurred in the closédloop (Figure 6.5) and

correlate positively with residence time.
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Figure6.4. Simulated NH,4, NO3 and PO, concentrationsin the lower river from the Kaituna
boundary (0 m) to theriver mouth (8500 m) aver aged over a 15 day period in January 2004.
Location of Waiari Stream is shown. Dashed line illustrates the trigger values for low-land
riversset by Ministry for the Environment (2000). Trigger valuesfor NH, and PO, ar e below
the lower axisand are 0.021 and 0.01 mg ™ respectively.
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Figure 6.5. Illustrates the distribution of the depth-averaged phytoplankton growth in the
lower river averaged over a 15 day period in January 2004 for each phytoplankton group
modeled. Note that each phytoplankton group ison a different scale.
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6.5.2) Maketu Estuary

Figure 6.6 illustrates ELCOM-CAEDYM's predicted nient concentration in the
Maketu Estuary averaged over a 15 day period imalgn2004 (Julian days 1-
15). The plots are time and depth averaged and shevhigh concentration of
NHa, NOs; and PQ entering the estuary through Fords Cut. The souttiein BC

also contributes a relative increase in,R@d NH, in the vicinity of the drain.

Figure 6.7 shows the time-averaged phytoplanktowtr over the same 15 day
period in 2004, expressed as percentage incrgapeation 6.1). Model results
show that marine diatoms exhibited the highest gnowate of all the
phytoplankton groups; however the maximum growtie @ver the domain was
less than a doubling rate for the period of theusatnon. Simulated growth rates
for the twofreshwater phytoplankton groups were low, with ugest variation
in the eastern, southern and northern regionseoésituary, the reduction in these
regions is likely to be caused by salinity limitats of the phytoplankton. The
estuarine phytoplankton group, dinoflagellates, k@&l smallest fluctuations in
spatial abundance over the 15 day simulation detraiimgy only a slight increase
in the western region of the estuary. The smalttélations are likely to be
attributed to their broad salinity tolerance. Fegér8 is a correlation matrix of the
percentage change of the four phytoplankton graopelated against NHNO;,
PQ,, salinity, temperature and residence time. The dat the correlation was
extracted at regular points (every tenth grid detlin the time and depth averaged
variables simulatedver the same 15 day period. The phytoplankton ggare
correlated positively with N¢) NH, and PQ and negatively with salinity. Marine
diatoms and dinoflagellates show a positive cotietawith residence time. The
relationship with temperature does not show an mbbée trend although the

highest growth rates all occurred in the highegeaof temperature.
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Figure 6.6. Predicted NO3, NH,, and PO, concentrations in the Maketu Estuary averaged
over a 15 day period in January 2004.
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Figure 6.7. Predicted phytoplankton growth averaged over a 15 day period in January 2004.
Concentrations are expressed as an average percentage increase over the period of
simulations. Note that each phytoplankton group ison a different scale.
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6.6) Discussion

Water quality (CAEDYM) simulations in the Maketutiary and lower Kaituna
River were limited to a three week period due taelaun time constraints. The
data set used to derive the water quality varialdeseach BC was from
measurements collected over several years at alisgnfpequency of months
(refer Section 6.3 for details). Consequently therssimulation periods were not
suitable to allow an accurate model validation witle available data set. In
addition, the hydrodynamic model ELCOM was calibcabver a different year
(2006) to when water quality simulation occurre@Q®). Although calibration of
a hydrodynamic and ecological models over sepaedes has been successfully
applied to other estuaries (for example Chau, 2004 pan estuary such as Maketu
where the channel and mouth morphology have beanrsko change over small

time scales (Figure 4.5) it could introduce anerro

Due to the mismatch in interval of the model sintiola and field data periods,
and different years for the calibration of the foainamic and ecological models,
the majority of the water quality variables at thBow boundary conditions for
this study were derived as averages rather thagrpiofated between field
measurements. Therefore the water quality modellinder taken in this study
represents the ‘average’ conditions present in Maketu Estuary and lower
Kaituna River over a typical summer month rathanttthe actual conditions

present over the three week simulation.

The controlling factors on phytoplankton growtheiain an estuarine environment
are complex and the particular combination of thiestors is unique for every
estuary (O’Higgenset al. 2005) and can vary spatially within an estuary, fo
example Gibbs, (1993) and Vant, (1993). The praatist of phytoplankton
biomass presented and discussed in this chapter heen made by varying the
hydrology, residence time, nutrients and salinityd atemperature. Because
simulations were undertaken in January (summeryyas assumed that light
intensity was not limiting to growth. It is alsesamed that the euphotic zone or
compensation point (Figure 3.3) extends below th&imum depth of the river or

estuary. The euphotic zone is the depth down toreviight intensity is high
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enough that photosynthesis exceeds respiratiorgeheat growth can occur. In
the Manukau Harbour it is estimated the euphottideanges from 2.5-7 metres
depending on the region of the estuary and watertyl(Vant et al. 1993).
Therefore, it could be assumed that in the Maketiwdy (max depth 2.5 metres
and Kaituna River (5 metres) light is abundant tigfeout the water column. The
extensive beds of aquatic plants in the river (NMz$h, 2005) andJlva (Park,
1992) that can smother the estuary bed also dematashat light is not limiting
to plant growths at these depths in the Maketudggtand Kaituna River.

It is noted that phytoplankton in an estuary, o¢cdake or river demonstrate
species succession, for example a diatom ‘spriogrl. Therefore, the short
simulation period does not take into consideraéhrihe variations of the forcing
variables. Nevertheless, the water quality simaisi have enabled the
identification of regions in the river and estuarflich may be favorable to high

growth rates, and the quantification of limitingtars on phytoplankton.

6.6.1) Kaituna River

CAEDYM simulations in the lower Kaituna River pretid that nutrients are
likely to be conserved from the Kaituna boundarythie river mouth. These
results concur with measured data that has shoanrnhtrients are conserved
over the entire reach of the Kaituna (Mcintosh,200hiteet al. 1978) as would
be expected for a river with a low residence tirritdn et al. 2006). Model
results indicate that the contribution of Waianie@im is significant to the nutrient
load of the Kaituna River (Figure 6.4). Other nerttiloads arising from a number
of farm drain pump stations (Figure 6.9) and diéfgsurces were not simulated in
the model runs nor to the author's knowledge arerethany other direct
measurements of these inputs. Larsen (1998) sutigedtigh dairy cow stocking
rates on the Te Puke lowlands could be causingematcontamination of the
ground water. It is likely that this nutrient rigmound water from dairy farming
plus other agricultural practices in the catchmeotuld be contributing to the
nutrient load of the estuary and river as diffusguis. Diffuse and point
discharges of nutrients can be important for cdlivigp water quality in streams

and rivers (Pieterset al. 2002) Therefore, it would also be of interest taufify

102



Chapter Sx: Biological and Chemical Modelling

both diffuse and point source inputs into the lowiger for any future water

quality modelling or nutrient budget.

Model results predicted that the Kaituna River extsethe trigger values for NO
NH4 and PQ set by MfE (2000). Through 10 years of measured d&tintosh
(2005) illustrated that the trigger values wereesxted in the Kaituna River at Te
Matai due to the volcanic geology, which has ndiytdgh levels of PQ, and the
high rates of nitrogen leaching from the soil. Tiigger values are not an
environmental standard and many of the Bay of Rlentivers exceed these

values.

As predicted by the simulations with the hydrodyirmmodel ELCOM (Chapter
Five), the residence time in the lower river iswkaw. This low residence time of
the river has been predicted as the principal ilmgitfactor to phytoplankton
growth (Mclintosh, 2005; Whitet al. 1978). Reynold (1984) estimated that a river
with a residence time of less than 4-6 days wilt mzur nuisance algae
conditions assuming that the cell doubling ratems days and that it takes a few
cell doubling rates to cause nuisance conditiorssufing this, we can use a
residence time of approximately 1 day (Wteteal. 1978) for the entire river or
10 hours (Section 5.7.2) for the lower river, apglg the assumption of Reynolds
(1984) to the Kaituna River. Using a maximum growate of 1.44 and 0.7 day
(Burger, 2006) for freshwater diatoms and cyanab@ctrespectively, reveals that
phytoplankton cells in the Kaituna River from theadwaters to the river mouth

would at most double, even under the most favoerabhditions.

Hilton et al. (2006) suggest that rivers down stream of eutrofatkies constitute a
special case as algae concentrations at the rigad hvaters are likely to be
elevated, but go on to state that in short retentieers (i.e. similar to Kaituna
River) the most significant effect of this algaellwie to add to the river’s
turbidity rather than cause nuisance conditionshigh growth rates could not
occur. This can be illustrated by phytoplanktori celints taken in 2004 showing
numbers of cyanobacteria exceeded the bathing lguedein the Kaituna River,
however it was determined that the high concewinatwere derived from Lake
Rotoiti and not due to growth with in the river (Mtosh, 2005). Model results
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agree with this prediction, illustrating that thelative growth rates of the two
freshwater species (Figure 6.5) are very low ang simow a small increase in the
closed loop where residence time is amplified (Fég®.15). Gibbs (1993)
identified elevated growth rates of phytoplanktonai side arm of the Pelorus
Sound, and Lam (1981) measured an increase in playtcton numbers in some
of the Waikato Rivers hydro dams; both increase®wentributed by an increase
in residence time of each system. ELCOM predicbednaximum residence time
for the loop as 27 hourbecause of this short residence time it would Iglizi
unlikely that nuisance algae blooms would occuthe loop, even if all other

conditions were favorable to phytoplankton growth.

For the two marine phytoplankton groups, maringains and dinoflagellates,
simulated in the model, residence time in the losaar is in the order of hours as
marine water is exchanged completely during a tglale. Therefore growth rates
would be expected to be low (as CAEDYM predictédje greatest growth rates
of marine phytoplankton associated with the Kait&neer would likely occur in
the immediate coastal region off the river mouthdamonstrated for river plumes
off the east coast of the South Island (Haywoo®42@&nd other river discharges
(e.g. Spillman, 2007).

Figure 6.9. Picture of water from a pumped drain (just to left of image and shown in insert)
entering the Kaituna River near the control structureat Fords Cut.
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6.6.2) Maketu Estuary

In general the largest source of nutrient load mmoestuary system is derived
from the freshwater inflows (Briggat al. 1979; Paerl, 2005). This large nutrient
source is typically modified by development in tigstream catchments including
inputs from the agricultural, industrial and urlsattors (Quinmet al. 2002; Paerl,
2005). A large source of nutrients in the Maketuuksy is sourced from the
Kaituna River which enters the estuary via congates located at Fords Cut
(Figure 6.1). The Kaituna River's elevated nutri@aincentrations arise from
contributions by the eutrophic lakes as well as $leseral discharges from
industrial sites along its reaches (Wheteal. 1978; Mcintosh, 2005). The effects
of the Kaituna water on nutrient concentrationshi@ Maketu Estuary have been
illustrated from analysis of measurements takese&eral point locations in the
estuary (Mcintoshet al. 1995; Park, 2003). Up until present several sglini
surveys have been able to demonstrate how thigenttich freshwater is diluted
with marine water during a tidal cycle and flushedt of the estuary (e.g.
Domijan, 2000; Mclintostet al. 1997). However the salinity surveys occurred at
limited locations and only over a small (one tidieye scale. By coupling the
water quality model CAEDYM to the hydrodynamic anvELCOM, numerical
modelling undertaken in this study has enabled kitimn of spatial and temporal
variations of nutrients in the Maketu Estuary. Rartmore it has enabled an
insight into the interactions of nutrients, salmitemperature, meterological and

hydrodynamic variables on phytoplankton growth.

Model simulations with CAEDYM show that the westeagion of the Maketu

Estuary has the highest average nutrient concemisaidue to the freshwater
inflow at Fords Cut. This nutrient rich water isrjaly exchanged with marine
water over a tidal cycle with a proportion of thater remaining in the estuary for
a maximum of 1.5 days before being flushed out. Hoation and conditions
specified for the open boundary result in fully marwater being brought into the
estuary on a flood tide. In reality it is likely @oportion of the marine water
flowing into the estuary on a flood tide would haween diluted with brackish

water exiting the Kaituna River.
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The modelling simulation predicted that the southérain, which represents an
amalgamation of four culverts, delivers a high i load into the Maketu
Estuary most notably in the southern region ofastiary (Figure 6.6). Mcintosh
et al. (1997) identified a reduction in salinity in thewrnediate area associated
with these culverts and Brueret al. (1996) measured elevated nutrient
concentration in a number of the drains. Howevavas concluded that, because
of the small flow rate of the drains, they wereikedly to contribute significantly
to the nutrient load of the estuary (Mcintogh al. 1997). The nutrient
concentrations and flow rates prescribed for thetrern drain boundary are
derived from very few point measurements. Becaukdhis uncertainty in
deriving the time series used in the model fronies® point measurements, it is
expected the actual nutrient load contributed leydtains could vary from what is
predicted. However what the model results havecatdd is that because of the
estuary’s small intertidal storage of ~1,000,000 (@omijan, 2000) a small
inflow could contribute to the estuary’s nutrieoad significantly. This would
suggest that the drains and culverts surroundiegMiaketu Estuary should be
considered as an important part of any nutrientgbtidr future water quality

modelling in the estuary.

ELCOM simulations (Figure 5.14) predicted that thestern region (refer to
Figure 6.1 for location) of the Maketu estuary isene the highest residence time
occurs. If it is assumed that in the estuary regideime is the limiting factor to
phytoplankton growth as was observed in the rithean the western region of the
estuary is most likely to exhibit the greatest ppj@nkton growth rates. The three
week CAEDYM simulation suggests that this is carr@éth marine diatoms and
dinoflagellates demonstrating the highest growttesaof 160 and 3 percent
respectively, correlated to retention time (Fig6t8). However in the estuary,
unlike the river, marine water dominates over frester inflow and induces
greater mixing and ranges of salinity. An area tthmonstrates high rates of
marine and freshwater mixing is also the westegiore Variation in salinity can
have a profound effect on the phytoplankton gromates and biomass (Dast,al.
1989; Kirst, 1990; Floder, 2004). For the Maketuugsy, simulation of the two
freshwater species showed significant reduction r@fative (predicted —

conservative tracer) concentration when mixed withe marine water
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(Figure 6.7). Because of widespread and rapid & days) dilution of the
freshwater with marine water, it would suggest tgabwth of a freshwater

phytoplankton in the Maketu Estuary would be uriike occur.

Elevated nutrient levels are often a prerequisite répeat occurrences of
phytoplankton blooms (Pick, 1989), for example L&@torua and Lake Rotoiti
(Vincent, 1984) that partially drain into Maketut&ary. CAEDYM simulations
and measurements (Whigeal. 1989) indicated that nutrients in the Kaituna Rive
are not limiting to the growth of phytoplankton.n&ilations in the Maketu
Estuary showed phytoplankton growth of all four fgpyankton groups could be
correlated with nutrient concentrations (Figure)6.Bowever, this perceived
correlation may be effected by the relationshipMeein nutrients and salinity.
Because of the relative contrast between nutriencentrations of fresh (high)
and marine water (low), a strong correlation betwphytoplankton growth and
NH4, NO; and PQ concentrations is observed. This observed trend bey
inaccurate and the limiting variable to growth abbk salinity. Because of this it
is hard to directly determine the effect of nuttieancentrations on phytoplankton
growth in the estuary. Although in other New Zedl@stuaries or sounds it has
been shown that the growth of marine or estuageeiss of phytoplankton show
a positive relationship with nutrients (Gibbs, 199@nt, 1993).

To determine what is controlling phytoplankton gtbva sensitivity analysis of
the forcing variables could be carried out. Fornegke, set salinity at all the
boundary conditions to zero and then observe tedigted relationship between
phytoplankton growth and nutrient concentrationmAltiple linear regression on
the predicted growth rates and forcing conditioras/ralso be able to distinguish

what are the dominant controls of phytoplanktonaghoin the estuary and river.

Sediment interaction

From a modelling perspective, what has become appé& the importance of the
water—sediment interactions or more specifically tutrient flux parameters in
CAEDYM (Table 6.2). Burger (2006) demonstrated tlylo measurements that
nutrient release from the sediments can influerigggplankton biomass in Lake

Rotorua. However, in Lake Rotorua the nutrient release rates highly
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influenced by anoxic conditions. The oxygen measems undertaken in this
study showed minimal depletion of oxygen in theevaiolumn of the estuary or
river. The parameters for this study were set tardbitrary value of one third that
used in CAEDYM simulations of Lake Rotorua (Burg@Q06) and applied
evenly across both river and estuary domain. Trexipd sediment — water
fluxes fit in the ranges found in eutrophication daelling literature
(Schladow, 1996) although measurements of nutfierés have shown the rates
can vary remarkably between water bodies, fromtsatesto substrate and over a
single day (Sakamaki, 2006; Sandwell, 2006; Bugf$)6). Isolation of the effect
of the parameters in the estuary was difficultigtidguish due the highly variable
nutrient concentrations already present. Howevex #iong river nutrient
concentrations showed some effects of the speqgidedmeters (Figure 6.4). This
would suggest that future model applications torther and estuary would need
more detailed investigation into the water—sedinflerxies for accurate modelling
of nutrient concentrations and biological simulasias these fluxes can have an
important effect on phytoplankton concentrationsam estuarine environment
(Twomey, 2001).
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6.7) Conclusions and future model applications

Model simulations in the lower Kaituna River andkdtu Estuary were limited to
a 15 day period, due to restrictions that the gesblution placed on the model
run speed. Because of the short simulation pedod,rate model calibration and
validation of nutrient dynamics was not possiblehwihe available data set.
However by coupling the hydrodynamic driver ELCOMI the water quality
model CAEDYM, the model simulations gave a goodghnsinto the nutrient
dynamics in the lower river and estuary, as well pasdicting the spatial
distribution of phytoplankton growth and mortalitsates of four diverse

phytoplankton groups.

The modelling simulations predicted the largesttgbation to plant nutrients
(NH4, NOs; and PQ) in the estuary is from the Kaituna River, as watn reside
in the estuary for up to one and a half days belf@iag exchanged with marine
water. The 15 day simulation also demonstrated ttiatdrains on the southern
side of the estuary delivered a high nutrient loatb the estuary. Nutrient
concentrations in the lower Kaituna River were emmed from the Kaituna
boundary to the river mouth, with contribution fraaiari stream and dilution
with marine water. No allocation for diffuse or pbisource (e.g. farm drains)

nutrient inputs were made.

Phytoplankton simulations over the three week pefilostrated that net growth
rates in the lower Kaituna River were very low.tle lower river, growth rates
were limited by the residence time, with the grsapeedicted growth occurring in
the closed-off loop where residence time was irsgdaln the Maketu Estuary
marine diatoms showed the greatest growth rateshalias most likely related to
concentrations of nutrients and residence time.sHwater diatoms and
cyanobacteria showed the highest mortality whenedhixvith marine water.

However a limiting factor preventing any excessirewth of phytoplankton in

the Maketu Estuary or lower Kaituna River is resicketime.
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Some suggestions for future work involving appimas of CAEDYM to the

Maketu Estuary and lower Kaituna River include.

* An analysis into the nutrient fluxes from the seelimhcould be used to better
guantify the sediment exchange parameters andteffeec water column
nutrients and phytoplankton biomass.

* A determination of a nutrient budget for the MakEstuary and lower Kaituna
River should be carried out. This could involve swaments of nutrients in
the drains, culverts and canals entering the estaad river, as well an
allocation for diffuse runoff.

* Reducing the grid size of the model to allow longeriods of simulation. It
would then be possible to use EBOP’s databaserty oat a better calibration
and validation of the model to predict water guailit the lower Kaituna River
and Maketu Estuary. Because of the complex chammphology in the
estuary and bends in the river, specifying a lagyet size resulted in a poor
validation with the hydrodynamic model ELCOM, soswaot under taken in
this study.

» CAEDYM has built in routines for simulating faecabliforms, including
taking into account the effects of salinity. Faecaliforms can be present in
high numbers in the Kaituna River and can affec¢hibg (Deelyet al. 1997)
and shellfish for human consumption. A simulatidrfaiecal coliforms in the
river and estuary could also be useful when evalgadifferent freshwater

inflow discharges into the estuary.
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Scenarios

7.1) Introduction

The need to return the river flow back into the akEstuaryas advocated by
many local people and long time users of the egtt@lowing the decision to
divert the Kaituna River out of the estuary in 19%6 perceived decrease in
kaimoana, increase in sedimentation rates anddbs$se estuary’s mauri (‘life
force’) was the main driving force behind efforesréturn the river flow back into
the estuary (for more details refer to Chapter TWae return of the river into the
estuary was partially fulfiled by resource consgmanted in 1998 allowing
100,000 mi per tidal cycle of river water to enter the Makdistuary though
control gates located at Fords Cut. While thisipghdiversion has decreased the
salinity in the upper estuary, up until presentriweliversion has not met its initial

aims of reducing the sediment infilling and restgrthe maritime-marsh.

Altering the boundary conditions or bathymetry witithe numerical model
ELCOM-CAEDYM allows a range of hydrodynamic and dmochemical

conditions to be evaluated in the Maketu Estuarg &wer Kaituna River.

Chapters Five and Six explain how the model wasugetapplied and, where
possible, calibrated and validated against avaldi#ld measurements. This
chapter examines modifications from the conditiosed to validate the model
and the effects of these changes on the hydrodysaamd nutrient dynamics in

the estuary and river.

Model runs 1-4 were used to simulate increasingfiéghwater flow into the
estuary from the Kaituna River. The original apglion for resource consent was
for 800,000 m per tidal cycle but was reduced to 100,000 per tidal cycle
(Park, 2003). Scenarios 5—-8 examine the effectstafning the freshwater inflow
back through the historic channel (PapahikahavRi@-1956 the Kaituna River
entered the Maketu Estuary through the Papahikah@hannel. The effects on
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salinity and residual flows in the estuary are preedl for each inflow volume and

location associated with runs 1-8.

Runs 9-12 involved applications of ELCOM-CAEDYMdonulate the effects of
the proposed Rotoiti wall diversion on the loweritdaa River and Maketu

Estuary. To reduce the high nutrient load enteriradke Rotoiti from Lake

Rotorua, a proposal has been put forward to corts&ru-1 km diversion wall in

the Okere Arm (Figure 1.1) of Lake Rotoiti. The atision wall would redirect a
greater proportion of the nutrient rich water frbake Rotorua, down the Kaituna
River instead of into the main body of Lake Rotoifthe proportion of Lake

Rotorua water flowing down the Kaituna River wouldt be constant with the
diversion in place and would depend on the timeyedr and relative water
temperatures. Mcintosh (2005) estimates the nutlizads associated with the
diversion wall would result in an annual averageréase of 20 percent in total
phosphorus (TP) and 7 percent in total nitrogen)(@iNre Matai, which is located
near the upstream boundary in the river model domiie aim of model runs 9—
12 is to simulate the increase of nitrogen and phosis loads in the lower
Kaituna River and Maketu Estuary and evaluate fhegial changes in nutrient

concentration and the likely effect on phytoplamkguowth.

Simulation of runs 13-18 were used to determiratdring the bathymetry in the
lower river could result in a decrease of marinéewantering the estuary through
Fords Cut. Currently a proportion of water thatliawn through the control gates
at Fords Cut is marine, reducing the effectiversdghie re-diversion, which was

designed to increase the freshwater inflow intoetsteiary.

7.2) Methods

For runs 1-4the flow rate at Fords Cut was increased as dextiiib Table 7.1.
These simulations would be equivalent to increattiegnumber of culverts in the
control structureFor simulation of runs 5-8 the location of the fr@ater inflow
into the estuary from the Kaituna River was alterBoke location of the inflow
boundary was alternated between the current latékords Cut) and the historic
Papahikahawai Channel as illustrated in Figure Alcombination of both

locations operating simultaneously was also induitheaddition to doubling the
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inflow volume through Papahikahawai Channel (Taht). For each model run
(1-8) the time period of the inflow remained constas described in Section

5.3.3, resulting in only a variation of the disajerate.

To evaluate model runs 9-12, ELCOM-CAEDYM model sumeeded to be
simulated in both the river and estuary domain. fer river domain this was
achieved by increasing the nutrients )NNO; and PQ at the upstream boundary
(Kaituna). NH, NOs; and PQwere increased by 7, 7 and 20 percent respectfully.
The predicted nutrient and phytoplankton conceiatnat flowing through Fords
Cut outflow were compared between the status quo @) and the elevated
nutrients (run 10) over the same time period. B eltuary domain the predicted
outflow concentrations at Fords Cut from run 9 df@dwere used to force the

inflow into the estuary (run 11 and 12).

Evaluation of runs 13-20 involved changing the patétry in the lower river
domain to reopen the loop ~750 metres upstream fnemiver mouth. Figure 7.2
demonstrates the bathymetry used in the modelpi@sent the loop open and the
loop closed. Due to preliminary results revealihgttthe extent of marine water
entering the river is effected by tidal range andrrflow, both bathymetries were
compared over spring and neap tide conditions &high (60 mis™) and low (25

m°s?) river flow (Table 7.1).

Model runs 1-8vere simulated for a total of 15 tidal cycles fraigh tide to high
tide in 2006 starting on Julian day 251. Scena®igE2 were run over a total of 15
days starting on Julian day 1. Scenario 13w&8 simulated over a period of 14
days in 2006 (spring tide = Julian days 230-244pntde = Julian days 136—
150). At least three additional tidal cycles wereluded for the model to ‘warm

up’in all runs.

For scenarios 1-8 and 11-12 the desired varialdes (alinity, velocity,

phytoplankton and nutrient concentrations) wher&aeted as depth-averaged
measurements at a time step of half an hour arek thours respectfully. The
extracted variables were then time-averaged foh dawizontal cell over the

simulation period to allow easy visual comparis@iween the different runs.
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Equation 6.1 was used to calculate phytoplanktaywtr rates in terms of a
percentage. For scenarios 13-20 the predictedtgatirawn through the control
structure was extracted every 15 minutes and arageesalinity over the 15 tidal

cycles was derived for comparison.
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Table 7.1. Model run number for the various simulatons carried out in the estuary and river
model domains.

Inflow location and volume Diversion

ESTUARY (m® per tidal cycle) wall?

Fords Cut Papahikahawai Channel
Run 1 100,000 - -
Run 2 200,000 - -
Run 3 400,000 - -
Run 4 800,000 - -
Run 5 100,000 - -
Run 6 - 100,000 -
Run 7 100,000 100,000 -
Run 8 - 200,000 -
Run 11
(CAEDYM) 100,000 - No
Run 12
(CAEDYM) 100,000 - Yes
RIVER Loop open Loop closed

River flow  Tidal range  River flow Tidal range

*Run 9
(CAEDYM)

*Run 10
(CAEDYM)

- - - - Yes
Run 13 - - high spring -
Run 14 - - low spring -
Run 15 - - high neap -
Run 16 - - low neap -
Run 17 high spring - - -
Run 18 low spring - - -

Run 19 high neap - - -

Run 20 low neap - - -

* Simulated under the flow and tidal conditions présmver the 15 day period in January 2004.
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Elevation referenced to Moturiki Datum (m)

Figure 7.1. Bathymetry of the Maketu Estuary domainillustrating the locations of Fords Cut
and Papahikahawai Channel inflow boundaries used imodel simulations. (A) The location
of the historic channel (Papahikahawai). (B) The siulated Papahikahawai Channel in the
model runs. (Photo source: EBOP RDAM, 2004).

ot
T [

Fords Cut

Open loop

Elevation referenced to Moturiki Datum (m)

Figure 7.2. Lower Kaituna River model bathymetry (river mouth to 1.5 km upstream)
overlaid on an aerial photograph depicting the curent bathymetry (closed loop) and the
modelling scenario (open loop). (Photo source: GolegEarth, 2006).
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7.3) Results

7.3.1) Runs 1-8. Freshwater inflow volume and locat ion

Figure 7.3 illustrates the time (15 tidal cyclesjl @lepth-averaged salinity in the
Maketu Estuary for four different inflow rates. Madesults demonstrate that the
region of freshwater influence in the estuary ieagled towards the mouth as the
freshwater inflow volume increases. The strongtfiedrthe marine and freshwater
boundary is also maintained for each different cSgure 7.3). The mean,
minimum and maximum salinity at ~100 m spacing gltme main tidal channel
(Dashed line in Figure 7.1) in the estuary is shawhRigure 7.4 for the simulation
period of 15 tides. This simulation reveals thatréasing the freshwater inflow
not only reduces the mean salinity in the Makettu&y but also increases the
range of salinity experienced over a tidal cyclesihmotably in the eastern region
of the estuary. In addition, areas of the westegion of the estuary become
completely devoid of marine water for run 3 andRésidual currents over the 15
tidal cycle simulation (Figure 7.5) show a greatet seaward direction as the

freshwater inflow rate increases.

Run1 ‘y ] Run2 " ]
E -20

Salinity (psu)

Run3 ’

Figure 7.3. Salinity averaged over 15 tidal cycleis the Maketu Estuary for varying volumes
of freshwater entering through Fords Cut (runs 1-4)
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Figure 7.4. Along-channel salinity variations, avesiged over 15 tidal cycles for model runs 1—
4. The channel runs from the estuary mouth (0 m) td=ords Cut (3000 m). Results are
extracted at 100 m intervals along the main channelThe solid line corresponds to the mean
salinity and the bars represent the minimum and maknum values over the 15 tidal cycles.

Figure 7.5. Residual currents over 15 tidal cycleim the Maketu Estuary plotted as vectors at
every third model cell (45 m) for the different inflow rates (runs 1-4).

Figure 7.6 illustrates the average salinity over it% tidal cycle simulation for

runs 5-8. Changing the inflow location between Bo@Ut and Papahikahawai
Channel changes the salinity regime most noticeabtiie western and northern
regions of the estuary. One of the most marked gémais the degree that the two

water bodies mix. With the inflow location at For@at, model predictions show
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a sharp horizontal marine—freshwater gradient whieeetwo water bodies meet;
an inflow through Papahikahawai Channel suggestse muxing, hence a less
sharp salinity gradient would occur (Figure 7.6hubling the inflow volume at
Papahikahawai Channel (run 7) extends the miximthém south and eastwards
into the estuary, while having inflows at locatiadhand 2 simultaneously (run 8)
results in a combination of a region of very frealsv near Fords Cut extending
to a mixed zone further south and east. The ramgenaean values of salinity
along the transect sampled also vary dependingheniriflow location (Figure
7.7). An inflow through Papahikahawai Channel kgly to increase the salinity
in the far western reaches of the estuary. Residuaknts in the Maketu are
altered by forcing the inflow through Papahikaha@hiannel, most notably the
residual flow is reduced in the western regionha&f €stuary and increased in the
central northern region of the Maketu Estuary (Fegu.8). When the inflow
volume was doubled for run 7, the residual currentbe western estuary are still

minimal.

Runé ) 1
o2

Salinity (psu)

Run7? ‘) 11 Rung ’)

Figure 7.6. Salinity averaged over 15 tidal cyclem the Maketu Estuary for varying inflow
locations and volumes of freshwater entering the asary (runs 5-8).
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Figure 7.7. Along-channel salinity variations, avesiged over 15 tidal cycles for model runs 5—
8. The channel runs from the estuary mouth (0 m) td~ords Cut (3000 m). Results are
extracted at 100 m intervals along the main channglFigure 7.1). Solid line corresponds to
the mean salinity and the bars represent the minimon and maximum values over the 15
tidal cycles.
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Figure 7.8. Residual currents over 15 tidal cyclem the Maketu Estuary plotted as vector
diagrams at every third model cell (45 m) for the dferent inflow locations and volumes
(runs 5-8).
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7.3.2) Runs 9-12. Lake Rotoiti diversion wall

Results of the ELCOM-CAEDYM simulations in the low€aituna River reveal
that no significant changes in the phytoplanktoamass occur when nutrient
concentrations increase as a result of the Rotbitersion wall. Table 7.2
illustrates the predicted concentrations of theutated outflow variables at Fords
Cut. By comparing the concentrations of run 9 (girersion) to run 10 (post-
diversion) over the same 15 day time period itasgible to evaluate the fate of
the increased nutrients from the start of the mddehain (Kaituna Boundary) to

where they exit (river mouth and Fords Cut outflow)

Table 7.2. Model-derived nutrient (NH,, NO3; and PQ;) and phytoplankton at Fords Cut

outflow averaged over 15 days in January 2004, coragng run 9 (pre-Rotoiti diversion) and

run 10 (post-Rotoiti diversion). The predicted chage at Fords Cut is given along with the
forcing condition at the upstream boundary.

% change Predicted outflow concentrations at Fords
Variable at Cut averaged per tidal cycle
Kaituna*

Pre-diversion Post-diversion % change

NH4 (mg 1) +7 0.111 0.118 +6.5
NO3 (mg | ™) +7 0.433 0.459 +6.1
PO4 (mg I'l) +20 0.038 0.045 +18
Cyanobacteria

(UgChl-a I-l) 0 14.64 14.65 +0.1
Dinoflagellates

(ugChl-a I-l) 0 0.05 0.05 0
Marine diatoms

(ugChl-a |-1) 0 0.03 0.03 0
Freshwater diatoms 0 0.092 0.093 +1

(gChl-a ™)

*These are the percentage changes in the forcindittons prescribed at the upstream boundary.

By subtracting the 15 day time-averaged nutriemiceatrations of run 12 (post-
Rotoiti diversion) from run 11 (pre-Rotoiti diveosi) it is possible to compare the
spatial differences of nutrient and phytoplanktoonmss in the Maketu Estuary.
Figure 7.9 illustrates the residual concentrati@msl reveals that the most
significant increase in nutrients will occur in tvestern region of the estuary. In

terms of percentage, the increase represents amaxpf +5—7 % for N@ NH,
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and PQ. Phytoplankton concentrations show very littlefeténce between pre-
and post-diversion in the Maketu Estuary (FigurE0Y.. If expressed in terms of
percentage, freshwater diatoms exhibit the higlbange in biomass averaged
over the 15 day period with a maximum of ~3 %. Téeaining phytoplankton
groups, marine diatoms, dinoflagellates and cyacieiia had an average increase
of <1%.
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Figure 7.9. Residual NH, NO; and PO, concentrations in the Maketu Estuary derived by
subtracting the time-averaged concentrations of praliversion (run 10) from post-diversion
(run 9).
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Figure 7.10. Residual phytoplankton concentrationgexpressed as a percentage in the Maketu
Estuary derived by subtracting the time-averaged cacentrations of pre-diversion (run 11)
from post-diversion (run 12).
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7.3.3) Runs 13-20. Decrease the proportion of marin e water flowing
through the control gates

The model results (Table 7.3) reveal that the gglidrawn through the control
gates varies markedly with tidal range and rivewfl Additionally, a reduction in
salinity is achieved by opening up the closed lobable 7.3 summarises the
average salinity per tidal cycle drawn through theatflow for the various
modelling simulations. The average salinity dravmotigh the control gates
varies depending on the tidal range and river flavere highest salinities
occurred during spring tide and low river flow cdmahs and the lowest salinities
occurred during neap tide and high river flow coindis. This agrees with the
results from the model validatiomhich suggest that the distance the salt wedge
propagates up the river can be determined by tt& tange and river flow. A
reduction in salinity was achieved for all flow atidal conditions by opening up
the loop. Assuming that spring and neap tide, igér flow conditions can be
ignored (run 13, 15, 17 and 19) due to very lowdmted salinity (<0.01), the
most significant reduction occurred under neapstigied low river flow (32.6 %)

with spring tides and low river flow reduced by 8%

Table 7.3. Comparison of the averaged predicted saity drawn through Fords Cut (outflow)
over 15 tidal cycles with the loop closed and looppen over spring—neap tidal ranges and
high—low river flows.

Tidal range River flow Average salinity per tidal Reduction
cycle (psu)
Closed loop  Open loop (psu) (%)
Neap Highflow <0.01 0 <0.01 n/a
Neap Lowflow 5.2 3.5 1.7 32.6
Spring Highflow <0.01 0 <0.01 n/a
Spring Lowflow 11.45 10.48 0.97 8.4
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7.4) Discussion

7.4.1) Runs 1-8. Freshwater inflow volume and location

Increasing the freshwater inflow volume not onlguked in a mean reduction in
salinity in the western region of the estuary s ancreased the range of salinity
in the eastern region. Determining the likely ramgesalinity in the estuary is
important for any attempt to restore the histodolegy in the Maketu Estuary.
Both the benthic angelagic organisms and the vegetation that historically or
currently inhabit the estuary have defined salitotgrances, and exposure outside
their tolerance level can be detrimental. A goodnegle of this is the salt-marsh
that has disappeared from the Maketu Estuary (9gard- 2.3). Salt-marsh
abundance is sensitive to changes in salinity ([@ge, 1987) and it is likely that
some of the decline of salt-marsh in Maketu Estuzay be attributed to the
increased salinity after the 1956 diversion (KRTLA86).

In terms of returning the estuary to its pre-dii@isstate, it would be an
advantage to have knowledge of the salinity regwigen the entire river
previously flowed into the estuary. To the authdr®wledge there are no known
salinity measurements before 1956 and Domijan (R@€fted there are no tidal
and flow gaugings pre-diversion. By simply alteritige models inflow volume
input as was done for runs 1-4, would not allowaaourate prediction of pre-
1956 salinity regime in the estuary. This is beeamsthe model simulations the
inflow only occurs over a set time period (~6 hdwhere historically the river
would have flowed continually into the estuarywtiuld be possible to replicate a
time series of the entire river flow at the histofPapahikahawai Channel
boundary (Figure 7.1). However this would not alliwe water to ‘back up’ in the
river over a flood tide, most likely resulting im anderestimation of the volume
of marine water entering the estuary. A practicaywo estimate the pre-1956
salinity regimes would be to couple both model dimseaogether (river and
estuary) to simulate connection of the historic dPglgahawai Channel. It would
then be possible to determine the likely histoatinsty and current velocities in

the estuary and river during all river flow andatidonditions.
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Increasing the freshwater flow at Fords Cut incesa$e residual currents in the
seaward direction, most significantly around Fdtdg and the western region of
the estuary (Figure 7.5). In terms of flushing the fine sediment this outcome
would be favourable. However, because no sedinmalysis or sediment stability
threshold measurements were undertaken as pdnisadttidy it would be difficult
to conclude which flow rate would result in aredssediment scour and net
removal. A concern that arises with an inflow rafe800,000 m per tidal cycle
(run 4) is that to maintain this volume over a @ihtime period, the discharge rate
(~37 nts?) would be similar to the average flow of the Ka#uRiver (~39 ns*
as reported by MclIntosh (2005)). If an inflow ofstimagnitude was to occur then
it is probable that flow at the river mouth will beduced and additional marine
water will be drawn up the river. This would likelgsult in a high proportion of
marine water drawn through the control gates. Auced river flow would also
cause sedimentation at the river mouth (KRTA, 1986nting problems for boat
navigation. Increasing the inflow into the estuémym the Kaituna River also
raises concern of an increased risk of floodindiais been determined that with
the estuary’s current flood protection measures,taximum inflow volume is
200,000 m per tidal cycle (EBOP, 1990). It would then be eoted that any
volume above this threshold would necessitate éurtlood protection methods to

be put in place around the estuary.

Shifting the inflow to Papahikahawai Channel altetke salinity in the western

region of the estuary by inducing more mixing oé tmarine and fresh waters,
resulting in a gentle gradient of salinity rathkan the sharp gradient between
marine and freshwater that was observed with tflewnat Fords Cut (Figure

7.6). An explanation for this observed differene¢hiat current shear induces high
rates of mixing. When the inflow occurs at Papah#éwai Channel, the marine
water entering the estuary on a flood tide intdsséioe freshwater at near right
angles in a location where current velocities amesaerable (Figure 7.11). With

the inflow at Fords Cut the confluence of the twatev currents is ~180 degrees
in a region with considerably less current velacitysulting in less shear and

therefore reduced mixing and a stronger saliniytr
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Specifying the freshwater inflow through PapahikaehiaChannel resulted in a
major shift of the residual currents. A current cam for the estuary is the high
rates of sedimentation. Model results suggestitfzat inflow was to occur solely
through Papahikahawai Channel the residual curraritee western region would
be reduced. Consequently this reduction would et heduce the sedimentation
rates that are currently occurring. An inflow thgbuthe Papahikahawai Channel
would also likely result in an alteration of the imaéidal channel. It is predicted
that a new main channel would form between Papahikai and the estuary

mouth, and over time the remaining old channeh&ovtest would silt up.

(A)

M Estuary mouth
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ﬁrgased mixing K

Figure 7.11. A schematic showing a possible explaian of why increased mixing is observed
when freshwater inflow is returned to the historic channel. (A) Inflow at Fords Cut (B)
Inflow through Papahikahawai Channel. Red line indcates idealized flow of marine water.
Blue line indicates idealized flow of freshwater.
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CAEDYM simulations were not applied in the estuand river domain for runs
1-8. However it is likely that as the freshwateflaw increases, the nutrient
loads into the estuary would also increase. In seah phytoplankton growth,

increasing the freshwater volume would allow aéanggion of the estuary to be
freshwater possibly stimulating greater growth satef the freshwater
phytoplankton species. As described in Chapter 8&ikey limiting factor on

phytoplankton growth in the Maketu Estuary is thesidence time. While
residence time was not determined for model rur, 1tis possible that an
inflow through Papahikahawai Channel would incretigeresidence time in the
western region as the residual currents were peatlio be much lower (Figure
7.8). The increased residence time could promajbehi phytoplankton biomass,

greater than described in Chapter Six.

7.4.2) Runs 9-12. Lake Rotoiti diversion wall

Modelling results indicate that increasing the e load in the Kaituna River is
unlikely to promote any further phytoplankton growT his is in agreement with
White et al. (1978) who through analytical measurements inKbhduna River
concluded that the elevated nutrient levels alreptBsent in the river were
unlikely to promote phytoplankton growth as reswkeitime and turbulence are
mainly limiting to growth. In 2000 The Ministry fdhe Environment set nutrient
trigger levels for New Zealand rivers (MfE, 200Mcintosh (2005) compared the
nutrient levels in the Kaituna to the MfE triggevéls and found that the river
exceeded the trigger values for total phosphorus t@tal nitrogen with the
highest exceedence occurring at Te Matai. As owlahcesults suggest that for
the lower river (mouth to 8.5 km upstream), ther@éased nutrients associated
with the Rotoiti diversion will be conserved. Assam this, the MfE trigger
levels will likely be further exceeded if the disen wall goes ahead, as was also
predicted by Mcintosh (2005). However, other fagtsuch as the extensive beds
of aquatic macrophytes and benthic algae are liteinteract with the available

nutrients and neither of these variables are siradlen this study.

Analysis of the modelling results show the Rotditiersion wall will increase the
nutrient load in the Maketu Estuary (Figure 7.9thwhe most affected area being

the western region of the estuary where river wiateliluted by marine water. In
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Chapters Five and Six, the modelling results dernatesl this region of the
estuary was the most likely to promote algae grodtie to the favourable
residence time, temperature and elevated nutriententrations. However, the
model results suggest that, for the 15 day sinmaraperiod undertaken in this
scenario, the increased nutrients associated hetRbtoiti diversion are unlikely
to cause excessive algae growth (Figure 7.10),easlence time and salinity
restrictions will still limit the phytoplankton gveth.

7.4.3) Runs 13-20. Decrease the proportion of marin e water flowing
through the control gates

Model results for these scenarios show that opettiagoop (Figure 7.2) could
reduce the proportion of marine water being dralnough the control gates at
Fords Cut. Though the magnitude of the reductiolikedy to be negligible and
would vary depending on river flow and tidal ranggver discharge and tidal
range have been shown to determine the extentlofvedge intrusion in river
systems, for example Liat al. (2006) and Brockwayt al. (2005), with river
discharge described as the dominant control étial. 2006). Therefore as our
results have suggested the salinity flowing throtlgh control gates varies from
tide to tide, and by reopening the loop the desieidome of 100 % freshwater is

unlikely to be achievable.
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7.5) Conclusion and future model applications

By altering the conditions within the numerical ,rr0@&LCOM-CAEDYM it has
been possible to predict the effect of a rangentddw, nutrient and bathymetry
changes in the Maketu Estuary and lower KaitunaeRitdydrodynamic model
predictions have shown that the average range awohgnregime of Kaituna
River water entering the Maketu Estuary can beredtdy changing the inflow
volume and location of discharge. Furthermore, wvaryhe inflow volumes and
locations can significantly affect current veloe#iin the estuary. Analysis of the
modelling results suggest that an inflow througk tapahikahawai Channel
alone would be detrimental to the sedimentatiorthie western region of the
estuary due to the reduction in current velocites loss of net seaward flow.
Increasing the inflow volume at the Fords Cut lamatwould increase the net
seaward flow in the estuary, helping to reduce reediation. However, by
increasing the inflow volume the range of salinitgreases in some regions,
which is an important consideration if attempts rmade to restore the ecology of

the Maketu Estuary.

Over a 15-day simulation in January 2004, ELCOM—-OA® predicted the
increase in nutrients associated with the propdRetbiti diversion wall will
likely not promote any significant algae growth either the river or estuary.
Model runs were restricted to 15 days due to rmmeticonstraints, however
because the increased nutrient load is not expdotdéxd constant throughout a

year, simulation over an extended period of timelldde preferable.

By opening the loop in the lower Kaituna River, thedel simulations predicted
that a reduction in salinity flowing through thentwl gates is possible. Results
show that the salinity can be highly variable andpletely eliminating marine
water flowing through the control gates under s flow and tidal conditions

may not achievable.
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Some suggestions for future work involving the aggslon of ELCOM-

CAEDYM to the Maketu Estuary to further investigakee modelling scenarios

undertaken in the chapter include:

Determine the historic salinity and flow regime bgupling the two model
domains together (river and estuary).

Couple the water quality model CAEDYM to the hydyndmic driver
ELCOM to determine water quality issues for a ranfénflow volumes and
locations. CAEDYM simulations of interest could lmte nutrient,
phytoplankton and faecal coliform dynamics.

Undertake a sediment survey and analysis in theagsto derive sediment
current thresholds that could be used for detengisiediment suspension and
transport.

Use CAEDYM to simulate other biological variablesjch as macro algae
(aquatic weed) in the river or sea lettut#dvg) in the estuary that could be

potentially effected by the Rotoiti diversion wall.
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Chapter Eight

Summary and future recommendations

8.1) General summary

The Maketu Estuary and lower Kaituna River presenbmplex and challenging
region for hydrodynamics and water quality modelli@ver the past six decades
large changes have occurred to the flow dynamicthenriver and estuary, the
most significant change was the diverting the rigat of the estuary in 1956.
Subsequently, the diversion has been partially bthfor the observed ecological
decline and high rates of sedimentation occurnmthe Maketu Estuary. Over the
six decades following the diversion, locals, lwidatong time users have
advocated that the river be re-diverted back inedstuary. However at the time
a full diversion was, and currently still is nogakible due to water gquality,
flooding and boat navigation issues. In 1998 resmwonsent was granted to
allow 100,000 mof Kaituna River water to enter the estuary pealtcycle, this
volume represents only a fraction of the total riflew. While the re-diversion
did reduce the salinity in the upper region of &stuary, it currently has not met
all the aims intended. Moreover the already higlrient load of the Kaituna
River water may be further increased by the constm of a diversion wall in
Lake Rotoiti.

Through the use of the numerical model ELCOM-CAEDMIs study aimed to
model the hydrodynamics and water quality in thek®a Estuary and lower
Kaituna River to evaluate the present hydrodynami nutrient / phytoplankton
dynamics. Model simulations where then carriedtoydredict the hydrodynamics
and water quality for a range of flow and water lgyaissues. Simulations
included quantifying the effects on nutrient dynesnand phytoplankton growth

from the proposed Rotoiti diversion wall.

The 1996 partial re-diversion occurred through margates that only allow water

to flow from the river into the estuary. The Makedfgtuary and Kaituna River
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model domains needed to be run independentlywastnot possible to simulate
this type of one way flow boundary within a comMdnestuary and river
modelling domain. For both the domains, model satoh periods were
hampered by slow run time ratios. The slow run simere due to the high
resolution grid that was needed to represent ttegtidal channels in the estuary,
and prevent flow restrictions in bends in the rivarthe river domain, the vertical
resolution of the three-dimensional grid was caitifor setting the outflow height.
This was because marine water penetrated up tosFOud outflow as a salt
wedge. If the outflow in the model was set too ldwwould cause a large
proportion of marine water to be drawn through tbidgflow. In the estuary,
vertical resolution was not as important since measents had shown that
vertically well mixed conditions dominated. Thenefan the estuary domain the

vertical resolution was coarse to allow faster nhode speeds.

An important aspect of numerical modelling is towately define the bathymetry
of the study area. Using a variety of techniqugstdeneasurements of the lower
Kaituna River and Maketu Estuary were collected mterpolated onto a grid to
represent the bathymetry in the model simulatidrige bathymetry data in the
estuary were comprised of historic survey data $399), an RTK-GPS survey
and data collected using an imaging technique whéterated proxy depth points
in areas where using the other two methods waseagible. The historic survey
data could only be used for parts of the estuasymajor geomorphological
changes had occurred between present and when isharicdh survey was

completed. Prior to this study there existed véitjel bathymetry data for the
lower Kaituna River. To measure the bathymetry,oesbundings were taken
from the river mouth to Te Matai which spans apprately 11 kilometres in

length. The depth measurements were correctedctmmanon datum (Moturiki)

using two water level recorders based at the riveuth and Te Matai. The
Maketu and Kaituna bathymetry data were conveméala 15 x 15 and 20 x 20

metre horizontal grids respectively.
Measured data for this study made use of both figld collected during 2006

and data extracted from Environment Bay of Plentg@nitoring archives. The

archives were used to set the hydrodynamic and icaéfmoundary conditions in
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the model, while the 2006 field data was employeddlibrate and validate the
hydrodynamic model ELCOM. In the estuary domainibcation of ELCOM
involved comparing model output to measured curverldcity and elevation data
to set a bottom drag co-efficient. The measuredhisaland remaining water
velocity data were used to validate ELCOM in theuay domain. For the river
domain, the model’s predicted salinity, water terapge and stage height were
compared to measured data. The agreement betwessured and modeled data
was pleasing although a longer time series of sdat@ would have been helpful
to support a more rigorous calibration and valwo@atiThe largest discrepancy
between modeled and measured data occurred inivitie domain with water
elevation at the river mouth (Fords Cut). The dipancy was probably due to a

flow restriction in the river that the model’s bathetry did not replicate.

For status quo, ELCOM-CAEDYM simulations revealeldatt the highest
concentration of nutrients in the Maketu Estuarysvim the Kaituna River
entering through Fords Cut. Once this nutrient piitme of freshwater entered
the estuary it resided in the western region unided with marine water at the
front of the marine-freshwater interface. The seuth drain inflow also
contributed to the nutrient load, although someeutainty in the prescribed flow
and nutrient concentrations for this boundary ccwae introduced an error. In
the Kaituna River, nutrient concentrations weresesved between the Kaituna
(up stream) boundary to the exit at the river mouth increase in Nid and
decrease of NQand PQ at the confluence with the Waiari Stream was also
evident.

The four phytoplankton groups (marine diatoms, fiagellates, freshwater
diatoms and cyanobacteria) showed very little changgrowth in the river apart
from in the closed of loop where elevated levels tbé two freshwater

phytoplankton groups could be correlated with acréase in residence time.
Phytoplankton growth in the Maketu Estuary dematstt spatial variability.

Marine diatoms showed a positive correlation wisidence time and with the
increased nutrients in the western region, and reeqpeed the greatest relative
growth rate over the 15 day simulation. Dinoflagids showed the smallest

spatially variability most likely reflecting the dmder salinity tolerance of an
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estuarine species. The salinity limitation on the freshwater groups (freshwater
diatoms and cyanobacteria) dominated their predigtewth rates showing large
reductions in all regions of the estuary where neand freshwater mixed. Once
again, due to the slow model run times, simulatiminshytoplankton were limited
to a 15 day period in January 2004. To completeblumte the relative growth
rates of the four groups it would have been adymuas to simulate an entire
year. Simulation of an entire year would have adidwhytoplankton growth rates
to be predicted by annual and inter-annual vamatio the forcing conditions (i.e.
water temperature, light, phytoplankton concerdratneap-spring tides). The 15
day period in January was chosen as light and rwataeperature were at the
maximum and cyanobacteria was at it highest coragon in the Kaituna River,

allowing the likely maximum growth rates to be poded.

Hydrodynamic simulations in the estuary predicteel tnaximum residence time
is 1.5 days over the 15 day simulation and occuimeitie western region of the
estuary. The Kaituna River showed that, unsurglginthe residence time
increases progressively down the river, with véora at the river mouth due to,
reduced seaward flow in the lower river over a ddae, intrusion by marine
water and insufficient flushing in the closed lodmalysis of the residual currents
in the estuary showed that that the estuary is ddohinated, which is likely
caused by the freshwater inflows and tidal asymyn@ver tides). The strongest
residual currents occurred in the main channel treamouth of the estuary and

at Fords Cut where freshwater inflow occurs.

The model conditions were altered from the status, ¢qo simulate and evaluate
several scenarios in the river and estuary dom&aoenarios 9-12 predicted the
effects of the Rotoiti diversion wall on nutriem@nzentrations and phytoplankton
growth in the lower Kaituna River and Maketu Esyudrhe results indicated that
increasing NH, NO; and PQ by 20, 20 and 7 percent respectively at the up
stream boundary of the Kaituna River model domaiould not promote any
significant further phytoplankton growth in the lewKaituna River or Maketu
Estuary. The nutrient concentrations would increasthe Maketu Estuary with
the most effected areas being the western regmrthia is where the greatest

dilution of freshwater with marine water occurs.eTeimulation also predicted
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that in the ~8.5 km stretch of the Kaituna Riverdeiting domain the prescribed
nutrient increase (20 and 7 percent) will be coregrbetween the upper
boundary (Kaituna BC) and exit at the control gatesver mouth. Scenarios 13—
20 predicted the proportion of marine water flowingotigh the control structure
with the old river channel (closed loop) re-openEkis revealed that the salinity
would be reduced by opening up the loop, howeves,extent of the reduction
would vary with tidal range and river flow, conseagtly the outcome of zero
salinity is likely unachievable for the bathymempdification used in the study.
The first eight scenarios investigated the effamftsincreasing the freshwater
inflow into the estuary and changing the inflow ddon back to the historic

(Papahikahawai) channel. The results illustrateat thcreasing the freshwater
inflow would increase the residual flow towards tineer mouth while reducing

the salinity in the estuary. An inflow of 4-8 tirtlee status quo would likely cause
areas of the upper (western region) to become aeipldevoid of marine water.

An other effect of increasing the freshwater flasvan increase in the salinity
range in the estuary with some regions of estuapgm®encing complete marine
and freshwater within one tidal cycle. Inflow ae thistoric channel would cause
greater mixing of the marine and freshwater, bsb akduce the residual salinity
in the central and western regions of the estuling reduction in net velocity

would likely result in negative consequences fa kiigh rates of sedimentation
that have been occurring in the estuary.
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8.2) Point summary

» Phytoplankton growth in river and estuary are ppalty limited by the short
residence time and variations of salinity. It i®gicted that that maximum
growth rates would be less than a doubling ratetdpan freshwater diatoms
in the lower river which demonstrated growth rabéslightly above this in
the closed-loop.

» Calibration and validation of the water velocitidal elevation, temperature
and salinity in the river and estuary were pleas@alibration and validation
could be improved by longer temporal measuremehtheowater elevation,
velocity and salinity.

« ELCOM's 3D grid was critical for determining theliséty and concentrations
of variables drawn through the control gates atd§dCut. This is because
marine water propagates up the river and underctimtrol gates as a salt
wedge, and at times can be drawn through the dogdtes. Therefore being
able to replicate the vertical structure and thightehe outflow occurred over
was important.

* The highest residence time in the estuary is 1yS dad occurs in the western
region of the estuary. In the river, variationsthe residence time occurred
due to insufficient flushing in the closed loopckiag up of the river over a
flood tide and intrusion up the river by marine evat

* The residual flows in the estuary are ebb dominatetidue to combination of
freshwater inflows and tidal asymmetry (over tides)

* Increasing the freshwater inflow at the currentdsdCut location will increase
the ebb flow dominance; this increase in flow wiko decreases the average
salinity, but increase the range of salinity intpaf the estuary.

» Specifying the inflow through the historic (Papafikwai) channel would
cause greater mixing of the marine and freshwatanever residual flows in
the central and western region would be reduced;hwivould unlikely help
reduce the sedimentation rate.

* Model simulation periods were hampered by the stamtimes. The slow
runtimes were caused by the high resolution gridded to represent the
intertidal channels in the estuary and reduce fl@striction in the river

domain.
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8.3) Recommendations for future work

Some suggestions for future work involving applimatof ELCOM-CAEDYM to

the Maketu Estuary and lower Kaituna River include.

» Experimenting with larger grid sizes and comparing model output to the
measured data for accuracy. Larger grid sizes wallltiv faster runtimes
hence longer period of simulations to occur. Imtthis could allow better
calibration of water quality parameters with EBOB&a base and evaluation
of phytoplankton growth over an entire year.

» Defining the flow rates and water quality variabfer the pumped drains and
diffuse run off. Modelling from this study has showhese could be
numerically important to the Maketu Estuary’'s and/iér Kaituna’'s nutrient
load.

» Extending the river domain further towards the rireuth, including out into
the ocean. This would enable better calibratiothefsalt wedge intrusion and
mixing. An extended bathymetry would also allowmgre precisenodelling
of various outflow locations (i.e. historic Papadtiawai Channel).

» Collecting chlorophylla data to supplement EBOP’s archives in the rivetr an
estuary. This data could then be used for compaamgodel output allowing
some calibration of the phytoplankton parametecsrates.

» Defining some sediment-velocity thresholds withihet estuary. These
thresholds could be used for determining geomoggylchanges in the
estuaries hydrodynamics due to different inflovesadnd locations.

» Determining the optimum ranges of variables (iaingty) for species that
historically thrived in the estuary, for example thipi and salt-marsh. Based
on these ranges, use the model output to creatatiom’ maps of areas in the

estuary that may be favorable for re-establishment.
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Appendix One

Table of parameters and rates of each phytoplankton group used for CAEDYM

simulations in the Maketu Estuary and Kaituna River.

Maximum Growth rate ( / day)

Marine Diatoms 16
Dinoflagellates 0.7
Freshwater Diatoms 1.44
Cyanobacteria 0.7
Average C:Chl-aratio
Marine Diatoms 42
Dinoflagellates 52
Freshwater Diatoms 40
Cyanobacteria 40

Parameter for slope of PI curve

(KE n? s%)
Marine Diatoms 120
Dinoflagellates 140
Freshwater Diatoms 20
Cyanobacteria 120
Light saturation for max production
(HEmM® s*)
Marine Diatoms 380
Dinoflagellates 180
Freshwater Diatoms 10
Cyanobacteria 200
Specific attenuation co — efficient
(ngchlal*m™
Marine Diatoms 0.02
Dinoflagellates 0.02
Freshwater Diatoms 0.02
Cyanobacteria 0.04
Half saturation constant for phosphorus
(mgl™)
Marine Diatoms 0.003
Dinoflagellates 0.005
Freshwater Diatoms 0.010
Cyanobacteria 0.006
Low concentration of PO4 that uptake ceases
(mgl™)
Marine Diatoms 0
Dinoflagellates 0
Freshwater Diatoms 0
Cyanobacteria 0
Half saturation constant for nitrogen
(mgl™)
Marine Diatoms 0.015
Dinoflagellates 0.052
Freshwater Diatoms 0.060
Cyanobacteria 0.030
Low concentration of N at which uptake
ceases (mg}
Marine Diatoms 0
Dinoflagellates 0.01
Freshwater Diatoms 0

Cyanobacteria 0



Constant internal silica concentration
(mg Si/ mg Chla)

Half saturation constant of silica
(mgl™)

Low concentration of Si at which uptake
ceases (mg)

Max. internal N (mgN / mgChl a)

Min. internal N (mgN / mgChl a)

Max. internal P (mgP / mgChla)

Min. internal P (mgP / mgChl a)

Max rate of N uptake
(mgN / mgChla/ day)

Max rate of P uptake (mgP / mgChla/ day)

Min. internal C conc. (mgC / mg Chla)

Max. internal C conc. (mgC / mg Chla)

Max. rate of C uptake
(mgC / mg Chla/ day)

Marine Diatoms
Freshwater Diatoms

Marine Diatoms
Freshwater Diatoms

Marine Diatoms
Freshwater Diatoms

Marine Diatoms
Dinoflagellates
Freshwater Diatoms
Cyanobacteria

Marine Diatoms
Dinoflagellates
Freshwater Diatoms
Cyanobacteria

Marine Diatoms
Dinoflagellates
Freshwater Diatoms
Cyanobacteria

Marine Diatoms
Dinoflagellates
Freshwater Diatoms
Cyanobacteria

Marine Diatoms
Dinoflagellates
Freshwater Diatoms
Cyanobacteria

Marine Diatoms
Dinoflagellates
Freshwater Diatoms
Cyanobacteria

Marine Diatoms
Dinoflagellates
Freshwater Diatoms
Cyanobacteria

Marine Diatoms
Dinoflagellates
Freshwater Diatoms
Cyanobacteria

Marine Diatoms
Dinoflagellates
Freshwater Diatoms
Cyanobacteria

20
20

0.22
0.44

5.0
45

25

0.60
0.60

2.20
0.20
0.27

0.25
0.5

12

15

15

0.30
0.06

0.30

15

15
15

3338

8888




Half saturation constant for carbon (mgi™)

Marine Diatoms 0.3
Dinoflagellates 0.3
Freshwater Diatoms 0.3
Cyanobacteria 0.3
TEMPERATURE
Temperature multiplier
Marine Diatoms 1.07
Dinoflagellates 1.10
Freshwater Diatoms 1.05
Cyanobacteria 1.08
Standard temp (Deg. C)
Marine Diatoms 19
Dinoflagellates 22
Freshwater Diatoms 12
Cyanobacteria 20
Optimum temp (Deg. C)
Marine Diatoms 26
Dinoflagellates 29
Freshwater Diatoms 20
Cyanobacteria 28
Max temp (Deg. C)
Marine Diatoms 32
Dinoflagellates 34
Freshwater Diatoms 30
Cyanobacteria 35
SALINITY
Maximum potential salinity (psu)
Marine Diatoms 36
Dinoflagellates 29
Freshwater Diatoms 12
Cyanobacteria 12
Optimum salinity (psu)
Marine Diatoms 20
Dinoflagellates 25
Freshwater Diatoms 3
Cyanobacteria 1
Salinity limitation at S =0, S = max SP
Marine Diatoms 5
Dinoflagellates 3
Freshwater Diatoms 5
Cyanobacteria 5
Salinity limitations at S=Sop
Marine Diatoms 1
Dinoflagellates 1
Freshwater Diatoms 1
Cyanobacteria 1
RESPIRATION, MORTALITY AND
EXCRETION
Respiration rate coefficient (/ day)
Marine Diatoms 0.15
Dinoflagellates 0.05
Freshwater Diatoms 0.12
Cyanobacteria 0.05
Temperature multiplier
Marine Diatoms 1.07
Dinoflagellates 1.06
Freshwater Diatoms 1.05

anobacteria 1.09
Cy




Fraction of respiration relative to total
metabolic loss rate

Marine Diatoms 0.7
Dinoflagellates 0.7
Freshwater Diatoms 0.7
Cyanobacteria 0.79
Fraction of metabolic loss rate that goes to
DOM (remaining goes to POM)
Marine Diatoms 0.2
Dinoflagellates 0.2
Freshwater Diatoms 0.2
Cyanobacteria 0.2
VERTICAL MIGRATION AND
SETTLING
Type of vertical migration algorithm
Marine Diatoms constant (1)
Dinoflagellates constant (1)
Freshwater Diatoms constant (1)
Cyanobacteria constant (1)
Rate coefficient for density increase
(kgm>min™)
Marine Diatoms 0.9
Dinoflagellates 0.9
Freshwater Diatoms 0.9
Cyanobacteria 0.124
Minimum rate of density decrease with time
(kgm>min™)
Marine Diatoms 0.0415
Dinoflagellates 0.0415
Freshwater Diatoms 0.0415
Cyanobacteria 0.023
Rate for light dependent migration velocity
(mhr)
Marine Diatoms 0.85
Dinoflagellates 0.6
Freshwater Diatoms 0.85
Cyanobacteria 0.3
Rate for nutrient dependent migration
velocity (mhr™)
Marine Diatoms 0.65
Dinoflagellates 0.6
Freshwater Diatoms 0.65
Cyanobacteria 0.3
Half saturation constant for density increase
(MEm?s™)
Marine Diatoms 25
Dinoflagellates 26
Freshwater Diatoms 25
Cyanobacteria 278
Minimum phytoplankton density (kg m®)
Marine Diatoms 980
Dinoflagellates 980
Freshwater Diatoms 980
Cyanobacteria 990
Maximum phytoplankton density (kg m°®)
Marine Diatoms 1050
Dinoflagellates 1050
Freshwater Diatoms 1050

Cyanobacteria 1002




Diameter of phytoplankton (m)

Constant settling velocity (ms)

RESUSPENTION

Critical shear stress (N / m)

Rate of re-suspension (mg Ch&m?)

Phytoplankton Sediment survival time (days)

Marine Diatoms
Dinoflagellates
Freshwater Diatoms
Cyanobacteria

Marine Diatoms
Dinoflagellates
Freshwater Diatoms
Cyanobacteria

Marine Diatoms
Dinoflagellates
Freshwater Diatoms
Cyanobacteria

Marine Diatoms
Dinoflagellates
Freshwater Diatoms
Cyanobacteria

Marine Diatoms
Dinoflagellates
Freshwater Diatoms
Cyanobacteria

0.00001
0.00005
0.00001
0.00002

-0.6 x10°

-0.6 x10°®
0.5 x10°

0.001
0.001
0.05
0.05

NNNDN

NNDNN




