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Executive Summary
The Waihou and Piako Rivers, which drain pastoral catchments of Waikato and flow into

the Firth of Thames, have important effects on the fluxes of water, salt and nutrients

through the Hauraki Gulf. Current work is aimed at improving estimates of these mixing

and biogeochemical processes.

The Hauraki Gulf and especially the Firth are the main spawning grounds for New

Zealand’s largest snapper fishery.  John dory, rig, school shark, and barracouta juveniles

are also relatively abundant within the Firth.

Average phytoplankton concentrations within the Firth of Thames are higher than those

within the Marlborough Sounds.  Thus, mussel growth rates in the Firth of Thames may

be higher than those in the Marlborough Sounds.

Phytoplankton community structure, biomass and production show substantial variability

– related both to ENSO effects on upwelled nutrient supply and to variation in water

column structure within the Firth itself. This variability may influence the performance of

shellfish farming operations.

The survival of larval fish may suffer if shellfish farming operations lead to wide-spread

reductions in the abundance of zooplankton in the Firth, or if the shellfish themselves

remove fish eggs and larvae from the water-column through filtering activities. Such

effects are difficult to quantify at present.

The Firth of Thames and Hauraki Gulf is a net consumer of organic material (animals

consume more organic material than phytoplankton produce).  Furthermore, average

phytoplankton concentrations are probably insufficient to support maximal growth rates

amongst the herbivorous filter-feeding community.  These two observations may imply

that, if sufficiently wide-spread, even small reductions in phytoplankton abundance are

likely to increase any food-limitation which other trophic groups suffer.

We offer a list of candidate characteristics by which ‘ecological sustainability’ may be

measured  (Table 5).  We also offer suggestions as to the means by which the ecological

significance of deviations from the local norm for each characteristic could be

determined.

Tracer studies with biologically inert particles indicate that materials disperse away from

farms more rapidly in the deeper waters of the northern Firth than they do in the

southern Firth.  The majority of dispersal is parallel with the Firth’s estuary-ocean axis.

Nonetheless, regardless of the point of origin, biologically inert particles will become

mixed throughout the Firth within days to weeks under typical wind conditions.
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Comparison of this mixing period with typical turnover times for a variety of materials

which shellfish might influence (nutrients, phytoplankton, protozoa, mesozooplankton,

fish eggs and larvae) suggests that, even in the absence of mixing with water which has

not passed through a farm, the footprint of an individual farm may be relatively small

(100s – 1000s of m radius) for highly reactive materials (nutrients, phytoplankton,

protozoa), but will extend over the entire Firth for less reactive materials.  Provided that

the abundance of farms is not too high at the meso-scale (a spatial scale of a few-times

the farm size), mixing between waters which have- and have not passed through the

farm will reduce the area over which a farm’s influence is detectable.

Depletion calculations suggest that, in the northern Firth of Thames a 50 ha farm may

consume >20% of the phytoplankton which pass through it.  If this loss is applied over

the volume of the farm (rather than the volume of water passing through the farm), it

equates to a depletion of approximately 1 – 2%  of the total phytoplankton.

Improved estimates of the Firth’s production capacity could be arrived at by applying

both the ECOSIM/ECOPATH approach and adapting NIWA’s model of mussel

production capacity in the Marlborough Sounds.

Improved estimates of the Firth’s ecological capacity require: (a) experimental effort

related to mussel filtering (specifically, better characterisation of which zooplankton and

mero-plankton species mussels are able to filter from the water-column),  (b) application

of existing simulation models over a wider range of environmental conditions, (c)

enhancements to existing simulation models.
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1 Introduction

1.1 Aims and Structure of this report

Over the past decade shellfish farming operations in New Zealand have grown rapidly.

Most of this growth has been in the cultivation of the GreenshellTM mussel, Perna

canaliculus, though significant numbers of Japanese Oyster Crassostrea gigas are also

farmed.   In the year 2000, approximately 2500 ha of New Zealand’s coastal seabed

were allocated to mussel production (Inglis et al. 2000), yet there are pending

applications for approximately 6000 ha of mussel farms within the Firth of Thames

alone!  Furthermore, many of the pending applications for the Firth of Thames (and

elsewhere in New Zealand) are for farms which are at least an order of magnitude larger

than any farm presently operating in New Zealand.

Development of marine aquaculture operations has been regulated by regional

authorities through application of the Resource Management Act; however, to date this

has tended to be an ad-hoc process with few formalised guiding principals.  Central

Government has recently proposed a two year moratorium upon further aquaculture

development in order to provide an opportunity in which: (a) government and regional

authorities can commission the research which they deem necessary to improve the

scientific foundations upon which judgements of sustainability are to be made, and (b)

develop appropriate zoning policies and aquaculture management areas (AMAs) for their

coastal waters.

This report (commissioned by Environment Waikato and the Auckland Regional Council)

complements Hatton et al. (2002) (commissioned by Environment Waikato).    Hatton et

al. (2002) (a) presents an overview of existing farms within the Firth of Thames, (b)

reviews the domestic and international approaches to monitoring and performance

standards for shellfish aquaculture, (c) assesses how these might be applied to the Firth

of Thames, (d) suggests a process by which trigger-levels and environmental standards

for aquaculture might be developed, (e) identifies some characteristics which might be

used to assess performance.
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Within this report our aims are to:

1. review relevant data on the Firth of Thames.

2. Highlight issues which are specific to the Firth of Thames.

3. Discuss approaches to the assessment of the sustainability of aquaculture – with

emphasis on the types of data and models which are required.

4. Provide an initial assessment of sustainability of aquaculture within the Firth of

Thames based upon data which are currently available.

5. Provide examples of what further improvements upon the initial assessment might

be gained with additional funding (using presently available tools).

6. Summarise the data and modelling requirements for an improved estimate of the

impacts of aquaculture in the Firth of Thames.

7. Develop a research plan to yield the required additional data and enhanced numerical

models which will make it possible to derive more robust estimates of the

sustainability of aquaculture activities within the Firth of Thames.

Within this report, sections 2 – 6 correspond to the first four of these themes.   The

remaining three themes are addressed in section 7.

Within the remainder of this introductory section, we introduce some terminology and

briefly review the effects which may be associated with shellfish aquaculture.

1.2 Terminology

This report concerns the sustainability of shellfish aquaculture within the Firth of

Thames.  We choose to define the northern limit of the Firth of Thames by a line drawn

between Coromandel township and Waiheke Island, then south to the North Island

mainland circa Kawakawa bay ( see Bradley & Terralink NZ Ltd 1999, and Figure 3).

Nonetheless, there are substantial exchanges of water and other materials between the

Firth of Thames and the Hauraki Gulf – onto which the Firth opens.  Thus, we will also

make extensive reference to data from the Hauraki Gulf within this report.  We will use

the term Greater Hauraki Gulf  to refer to the Firth of Thames and Hauraki Gulf

collectively.

Inglis et al. (2000) define four types of carrying capacity relevant to the management of

coastal aquaculture:

a. Physical carrying capacity relates to restrictions placed upon the size and number

of farms by factors such as geography, planning restrictions, infrastructure
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b. Social carrying capacity relates to limits arising from impacts which are  deemed to

be socially unacceptable.  These might include reduced visual amenity, and access

restrictions.

c. Production carrying capacity  is defined as the stocking density which allows the

sustainable harvest to be maximised.

d. Ecological carrying capacity  is defined as the quantity of farm development

beyond which ecological impacts are deemed to become unacceptable.

The former two types of carrying capacity have substantial components which lie

outside NIWA’s area of expertise.  Thus, in the remainder of this report we make only

brief reference to them and focus upon the latter two types of carrying capacity.

Shellfish production is relatively easily measured.  Consequently, the concept of

production carrying capacity is readily appreciated.  Nonetheless, it is important to realise

that, given the common ownership rights (cf individual ownership rights) which the farm

operators hold in the resource which their shellfish will exploit (i.e. phytoplankton), there

is ample scope for conflict between individual operators, each seeking to maximise their

own yield with little regard to any detrimental effects upon other operators.  This conflict

is not unique to mussel farming and the processes that lead to it have been termed

“The Tragedy of the Commons” (Hardin 1968).  An important consequence of the

Tragedy of the Commons is that the behaviour which allows an individual to maximise

his or her own return is rarely the behaviour which will allow the community as a whole

to maximise the sum of individual returns.  Thus, when discussing production carrying

capacity, it is important to define whether one is referring to this with respect to the

comparatively small scale of an individual farm / operator, or with respect to a regional

scale (in which there may be several farms / operators).

Like production carrying capacity, ecological carrying capacity is conceptually easy to

appreciate.  A corollary of the definition of ecological carrying capacity is that farms

which do not exceed this capacity are deemed to be ecologically sustainable.  Those

which do exceed the ecological carrying capacity are deemed ecologically unsustainable.

Unfortunately, unlike production carrying capacity, there are no universally agreed

characteristics by which to determine how far a system is from its ecological carrying

capacity (or even, what this capacity is).  Even where such characteristics can be agreed

upon, there are no agreed methods by which to determine what degree of deviation

from the ecological carrying capacity is unacceptable.  If aquaculture development is to

be managed with respect to ecological carrying capacity issues, it will be necessary to

convene a group with responsibility for defining appropriate characteristics and

corresponding threshold levels of change at which further investigations, or intervention

would become triggered (Hatton et al. 2002).  We make some further  recommendations

on this issue within Section 4 of this report.
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Throughout this report, we make extensive use of phrases such as ‘effects of a farm’

and ‘impacts of aquaculture’.  This use is a convenient shorthand by which we are able

to avoid repeated use of cumbersome phrases such as ‘a measurable change in

environmental conditions as a result of aquaculture activity’.   We will use the terms

impacted or affected to refer to waters (or characteristics of these waters, or the sea-

floor below) that are measurably changed as a result of passage through a farm, or being

under a farm.  By analogy, we adopt the term pristine to refer to waters (or

characteristics thereof, or the sea-floor below) which are unaffected by farming activities

(because: i. they have not come into close proximity with a farm; ii.  the farm simply did

not modify this particular characteristic; iii. though previously modified by a farm, this

characteristic has since recovered).  We emphasize that we are adopting these all of

these shorthand phrases as a convenience only.  We use the terms impact and effect

merely to indicate that a change can be detected.  This need not imply that the change is

(un)desirable or that it will have (un)desirable consequences.  An assessment of the

environmental value of any effect of impact depends not solely upon the absolute size

(local intensity and spatial/temporal extent) of this impact, but also upon the

environment’s ability to ‘absorb’ an effect of this size.  Thus, the environmental value of

any effect requires not only an absolute measure of the size of the effect, but additional

contextual data by which to assess the impact’s relative size.  Furthermore, we wish to

emphasize that there is a distinction between a ‘statistically significant’ effect and an

‘ecologically significant’ one.  The former merely indicates that the chance that the

observed  deviation between control and treatment could have arisen by chance alone is

no greater than some specified level (traditionally, but arbitrarily,  5%).   An effect is

judged to be ecologically significant if is deemed to be large enough in magnitude, or

spatial extent that it is, of itself, an indication of abnormal ecosystem function, or likely

to lead to such abnormalities.  Unfortunately, it is often difficult to derive an objective

definition of what is abnormal.

1.3 Review of Documented Aquaculture impacts

In this section, we present a brief description of the impacts which can be associated

with shellfish aquaculture in coastal waters.  Readers who are seeking more complete

descriptions are referred to Morrisey et al. (1996) and Inglis et al. (2000).

Impacts can be subdivided into two classes: local (ie within, below, and within a few

tens of meters around a farm), and far-field (ie at distances beyond the local scale).  They

can also be classified into those that have been postulated to occur and, a more

restricted subset that have been demonstrated to occur.  Local effects have been

extensively studied, and many of the postulated local impacts have also been

demonstrated in practise.  In contrast, the majority of far-field impacts remain no more

than postulates at present.  In part, this absence of confirmed far-field impacts reflects
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the subtle nature of many of the proposed effects but more importantly, we are aware

of no published studies which have been designed with a view to detecting far-field

impacts.  Nonetheless, the majority of far-field effects are merely ‘wake-effects’ – i.e.,

they reflect current-driven advective transport of materials (or deficits thereof) away

from the farms.   As such, the key issue is not whether these far field effects occur, but

rather how quickly (in time and space) they are dissipated.

As water and associated materials are transported away from an individual farm, the

impacts of that farm are dissipated.  Two distinct processes drive dissipation: mixing and

in-situ regeneration.  Mixing between impacted and neighbouring, pristine water dilutes

the impact (reduces its magnitude at the expense of further increasing its spatial extent).

In contrast regenerative processes (such as phytoplankton growth) lead to recovery of

the impacted water without entailing any increase in the spatial extent of the impact.

The relative importance of the two processes is determined by their respective rates.

These are discussed in more detail within Section 5, but it is worth emphasizing that the

relative importance of mixing will decline as the surface area: volume ratio of the

impacted water falls (ie, as the volume of an individual parcel of impacted water falls).

This implies that the contribution (relative to regeneration) of mixing to the dissipation

process is likely to be smaller around a large aquaculture facility than it is around a small

one.  Furthermore, it implies that mixing will become less important as the mesoscale (a

few multiples of the farm-size) intensity of aquaculture operations rises (because there is

a higher likelihood that a farm’s impacted water will mix with that of another farm rather

than with pristine water).   Clearly, far-field impacts will be dependent upon not only

upon the characteristics of each individual farm, but also upon the regional/meso-scale

density and spatial distribution of farms.

In comparison with fin-fish aquaculture, shellfish farming is regarded as being relatively

benign.  This is largely because it has not relied upon either: supplementary feeding

(with consequent deposition of unused food), or extensive use of pharmaceutical

compounds to control diseases.  Nonetheless, at the local-scale, there are well-

documented effects associated with shellfish aquaculture (Table 1). Documented

impacts include: localised phytoplankton and zooplankton depletion, changed sediment

characteristics and changed nutrient dynamics.  Aquaculture structures also provide a

novel habitat.  This is used by a wide variety of opportunistic species – including exotics

and other undesirables.  For example, the first records of the occurrence of the exotic

sea-weed Undaria pinnatifida (Asian kelp) in the Marlborough Sounds were on mussel

farm structures.  Note, there have been no records of U. pinnatifia in the Firth of Thames

region, but mussel farming may pose no risk in this respect because water-temperatures

in the Firth of Thames and Hauraki Gulf are probably too high to enable substantial

populations of this seaweed to become established (Sinner et al. 2000).

The rapid expansion of aquaculture suggests that, to date, the impacts of shellfish

aquaculture have been deemed to be acceptable within New Zealand (and in many other
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countries).  It is, however, unclear to what extent this reflects a view that, even locally,

the effects are not sufficiently severe to warrant concern, and to what extent it reflects

the view that, though they may be locally severe, the effects are not sufficiently

extensive in space to warrant concern.  Nonetheless, given the number of pending

applications (within the Firth of Thames, and elsewhere in New Zealand waters), it is

clear that the total area of coastal waters suffering localised impacts will increase.

Furthermore, given that many of the proposed farms are many times larger than existing

farms, it plausible that local impacts will become more severe and far-field impacts more

likely.
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Table 1

Postulated and Documented local-scale effects associated with

shellfish aquaculture

Nature of Direct  Impact Possible consequences References

Nutrient enhancement through
shellfish excretion

Enhanced algal growth rates (Gibbs et al. 1992)

Nutrient release from degrading
faeces & pseudofaeces

Buffering of pelagic nutrient
depletion

Enhanced algal growth rates

(Tenore et al. 1982)

Oxygen depletion within water-
column, or sediments

Physiological stress amongst
planktonic organisms, emigration
of larger (motile) organisms

Pulsed release of nutrients and
sulfides etc. from sediments

Considered unlikely in
shellfish aquaculture
operations (Morrisey &
Swales 1996), but see

Change in particle size-spectra
and particulate content in water-
column

Changed sedimentation  &
sediment characteristics

Changed light scattering
Impacts upon light field
considered unlikely (Ross,
A.H. 2002)

Removal of phytoplankton Reduced food supplies for other
phyto-herbivores

Community composition biased
towards fast-growing species

(Gibbs et al. 1992; Ogilvie
et al. 2000)

(Dahlbäck & Gunnarsson
1981)

Release of larval shellfish into
water-column

Enhanced food-supply for some
planktivores

Other plankton may suffer greater
competition for resources

Postulated

Depletion of zooplankton and
eggs/larvae of fish & benthic
invertebrates etc.

Other organisms may suffer
greater competition for resources

(Tenore et al. 1985)
(Horsted et al. 1988)

Accumulation of organic detritus
and shell hash on sea-floor

Oxygen depletion
Nutrient release,
Changed in benthic species
assemblage

(Dahlbäck & Gunnarsson
1981)
(Grenz et al. 1990)
(Kaspar et al. 1985)

Complexity contributed by the
physical structure of the
aquaculture facility and its biota

Changed species assemblage
within the water-column and on
the sea-floor (invasive species)
Changed hydrodynamics
Changed erosion/sedimentation
characteristics

New Zealand experience
with the ascidian Ciona
intestinalis, seaweed
Undaria pinnatfida and
other mussels Mytilus
galloprovincialis
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Table 2

Postulated and documented far-field impacts of shellfish aquaculture

Nature of Impact Possible Consequences References

Changed current speeds Enhanced local deposition leading
to sediment starvation elsewhere

Postulated

Nutrient release by mussels and
from organic debris

Enhanced phytoplankton growth,
possibly with blooms

(Cembella et al. 1997)

Phytoplankton depletion Selection for fast-growing species
even where total far-field biomass
is little changed

Adverse impacts upon phyto-
planktivores

(Riemann et al. 1988) for
changes in size structure
within enclosures

Zooplankton depletion Reduced zooplankton biomass,
selection for fast growing species,
adverse impacts upon higher
trophic levels

(Horsted et al. 1988) for
documented depletion of
microzooplankton by Mytilus
edulis.  Higher order effects
are speculative, but see this
report for correlations
between fish recruitrment and
zooplankton abundance within
the Firth of Thames

Depletion of eggs and larvae of
fish and benthic invertebrates

Selection for species lacking an
egg/larval dispersive stage

Reduced species abundance,
changed community structure and
function

Postulated but see (Cummings
et al. 2001)

Displacement of rocky
shoreline/reef invertebrates by
mussels through pre-emptive
settlement and consumption of
the dispersive egg/larval stages

Reduces species abundance and
community diversity

Postulated
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2 Review of Present Data
In this section (Section 2) we summarise those characteristics of the Firth of Thames

that are relevant to the sustainability of shellfish aquaculture.  Many of the issues that

we will cover are generic (in the sense that they will be issues which would be relevant

in any geographic location).  In Section 3 of this report we will emphasize those issues

that to be of special concern within the Firth of Thames.

This sections draws extensively (but not exclusively) upon both published and

unpublished data from the archives of NIWA and its predecessors.  In particular, much of

the data stems from the FRST funded programs Biological effects of cross-shelf water

transfer and Biophysical Interactions across the continental shelf.

Phytoplankton are central to any discussion of the sustainability of shellfish aquaculture.

They are the primary prey not only of shellfish, but also, directly, or indirectly of most of

the other animals living in marine environments.  If shellfish aquaculture were to induce

changes in the abundance or composition of the phytoplankton community, it is likely

that other changes to the ecosystem would follow.  We therefore devote a large section

of this review to a discussion of the factors which determine phytoplankton abundance

and productivity in the Firth of Thames.  In addition, we place substantial emphasis upon

zooplankton – which are responsible for the transfer of phytoplankton production up into

the higher trophic levels (such as fish and sea-birds) which are of more immediate

interest to the general public and other parties.  The Firth of Thames is the basis of

important commercial recreational fisheries and cultural fisheries, and we discuss

evidence suggesting that fish-recruitment within the Firth of Thames depends upon the

abundance and composition of the zooplankton community.  Before entering into these

discussions, we will however start by summarising the physical conditions of the Firth of

Thames and reporting upon the extent to which it is coupled with (subsidised by-, or

subsidising neighbouring areas – notably the Hauraki Gulf).

2.1 Physical Characteristics

The Firth of Thames is a large, shallow estuary (Figure 1).  At its southern end, it is fed

by several rivers whilst it opens onto the Hauraki Gulf at its northern end.    Water

depths vary between 0 and 10 m in the southern half of the Firth but increase to

between 10 and 40 m further to the north (Figure 1).  Muds dominate the floor of most

of the estuary, but these give way to sands as it opens onto the Hauraki Gulf  (Figure 2).
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Figure 1. 

Bathymetry map of the Firth of Thames resolved to the scale used in our numerical

model of circulation patterns (see Section 5).  Also shown are the tracer release

locations 1 to 6 (see Section 5).
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Figure 2. 

Sea-floor sediment characteristics (Carter & Eade (1980), cited in kendrick &

Francis (in review))
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2.2 Mixing and fluxes of water and nutrients

We have already alluded to the role which mixing and transport are likely to play in

distributing and dissipating any farm impacts (Section 1.3).   Mixing and transport also

have direct impacts upon the abundance and productivity of phytoplankton and

zooplankton.  For example, currents determine the degree to which the Firth of Thames

can be considered in isolation from the Hauraki Gulf.  Having determined the extent of

coupling between the Firth and the Gulf, we can also determine whether the Firth is a

net exporter of material to the Gulf, or a net importer of material from the Gulf.  If it

proves to be a net importer it is less likely that changes occurring within the Firth of

Thames will have consequences in the Gulf.
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Numerical models of water circulation within the Firth of Thames and Hauraki Gulf (Black

et al. 2000; Oldman & Senior 2000) demonstrate that although tides are strong in the

Firth, the component of the net residual current driven by tides is weak (see also,

sections 5 & 6 of this report).  This is because there is little asymmetry between the ebb

and flood tidal stages.  It is winds that dominate the residual currents.  In other words, if

wind conditions are calm, there is little net movement of water from one tidal cycle to

the next, whereas if winds are moderate or strong, there is considerable net movement

related to wind direction, over the tidal cycle (see Section 5 for more details).  The tides,

however, are important because they provide energy to stir the water and disperse

suspended and dissolved materials. The degree of stratification also has an effect on the

mixing, and varies with wind direction and strength. Thus the winds and tides act to mix

and disperse waters internally, within the Firth.

As well as the mixing within the Firth, exchange between the Firth and the Hauraki Gulf

occurs as the result of the strong mixing actions that the tides and winds induce

between these waters. Estuarine exchange, driven by the balance between freshwater

inflow and more saline ocean-affected waters from offshore, also causes mixing. Finally,

advective ‘eddy’ events of offshore waters toward the Firth induce exchange between

the Firth and the greater Gulf. Altogether, there is considerable scope for mixing and

exchange, between the Firth and greater Hauraki Gulf, which affect Firth dynamics.

Exchanges have been estimated between the Hauraki Gulf (of which the Firth is a part)

and the shelf waters immediately offshore ( Zeldis and Smith 1999; see also the  LOICZ

website : http://data.ecology.su.se/MNODE/ New_Zealand/HaurakiGulf/

Haurakibud.html.). Hydrographic data (salinity) from NIWA surveys of the region

conducted in 1996-97 were used for this (Figure 3). The authors estimated the amount

of mixing that must have occurred, to produce the observed salinity contrasts between

the Gulf and shelf, given the amount of freshwater inflow and evaporation (from NIWA

hydrometric databases). The results showed that the mixing rate was 580 billion m3 per

year, and the mean residence time of water in the Gulf was 56 days. The main source of

freshwater for the Gulf, the Waihou and Piako Rivers at the head of the Firth of Thames,

contributed a total of 3 billion m3 per year to this flux (it is this water which generates the

estuarine flows in the Firth).
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Figure 3    

Shelf and Gulf stations sampled in Oct., Dec., 1996 and Jan./Feb.

1997, for the Hauraki Gulf nutrient budget model of  Zeldis and Smith

(1999). The Firth Stations were sampled in quarterly in 2000-2001, for

incorporation into a future version of the budget (due to be completed

in 2003/2004).

Nutrient concentrations were also sampled on the 1996-97 surveys, along with nutrient

loads in rivers and sewage [Williams, 1998 #643; Wilson, 1998 #644; B. Vant,

Environment Waikato pers. comm.; A. Smaill, Auckland Regional Council pers. comm.].

This made it possible to examine behaviour of nutrients with respect to the physical

flows, to deduce their net uptake and release due to biological processes in the Gulf

during an ENSO-neutral period (i.e. no strong El Niño / La Niña signal).  It was found that

the flux of dissolved inorganic phosphorus, ∆DIP, was positive (out of the Gulf, onto the

shelf).   This implies the Gulf was ‘heterotrophic’ overall (ie it remineralised (consumed)

more organic matter than it produced through primary production). The phosphorus that

is released by net-remineralisation is exported from the Gulf into the shelf waters.  In
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contrast, the flux of dissolved inorganic nitrogen, ∆DIN, was found to be negative,

showing that the Gulf was a net sink for DIN.  The mechanism for this nitrogen loss is

‘denitrification’ (the bacterially-mediated process by which nitrogen gas is produced from

oxidised organic matter; there is no similar process by which phosphorus can be lost

from the aquatic system).  The DIN influx from sewage was about 15 % of the DIN

influx from rivers (chiefly the Waihou and Piako rivers draining Waikato pastoral land).

The summed DIN flux from sewage and rivers was about 25 % of the denitrification loss

rate. Although the amount of water coming from rivers was small compared to mixing

with shelf waters (see above), its nutrient concentrations were much higher, causing

DIN inputs from rivers to be about 40 % of that derived from mixing with the shelf

waters. Thus, the dissolved nutrient fluxes from sewage were substantially less than the

fluxes from pastoral rivers in the catchment, while the riverine nutrient fluxes (mostly

from the Firth) were somewhat less than half that of the fluxes due to mixing with the

shelf waters offshore.

A recent NIWA research voyage (Nodder 2000), made in December 1999, surveyed

sedimentary structures and biogeochemical functioning of Firth of Thames, greater

Hauraki Gulf and shelf-slope sedimentary environments. Rates of denitrification and

organic matter remineralisation were highest in sandy silt and silty clay sediments of the

inner Hauraki Gulf, consistent with the budget results of  Zeldis & Smith (1999). Results

of a computer simulation study of sediment biogeochemical dynamics in Hauraki Gulf

sediments (Giles 2001) also were consistent with this finding.

It must be emphasised that the budget of Zeldis & Smith (1999) was very simple, with

only a ‘Gulf’ box and a ‘Shelf’ box. Because of its simple structure, the model averaged

the fluxes for the greater Hauraki Gulf (including the Firth of Thames), relative to the

shelf outside the Gulf. Thus, it could not resolve smaller-scale fluxes of water and

nutrients between the Firth and the greater Gulf. NIWA is presently extending the

budget by including a box for the Firth of Thames (Figure 3). Samples have been taken

quarterly over 2000-01 (a La Niña period) in shelf, Hauraki Gulf and Firth of Thames

boxes to explicitly determine these fluxes. This will allow us to determine the relative

contributions of riverine nutrient input (largely Waikato pastoral) and oceanic nutrient

input to the Firth (this exercise is scheduled for completion in 2003/2004). These results

are expected to be significant to issues of Waikato catchment and Firth of Thames

coastal management.

In conclusion, the greater Hauraki Gulf (incl. The Firth of Thames) is a net exporter of

inorganic phosphorus.  This implies that phytoplankton production within the Firth of

Thames is inadequate to offset imports of organic phosphorus (e.g. from rivers and the

continental shelf) – which are subsequently broken down into inorganic form within the

Firth.  A reduction is phytoplankton densities within the Firth can be expected to

increase the quantity of inorganic phosphorus exported onto the continental shelf.  This

is, however unlikely to have any ecological consequences because phosphorus is not
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the element which limits biological production on the shelf.  In contrast, the greater

Hauraki Gulf is a net importer of dissolved inorganic nitrogen.  This import is a

consequence of denitrification operating within the sea-floor sediments.  Nitrogen is

usually the limiting element within the Hauraki Gulf (incl. Firth of Thames).  Aquaculture

operations are known to influence the redox potential and organic content of the

sediments below farms, and denitrification rates tend to increase below shellfish farms

(Kaspar et al. 1985).  Thus, if sufficiently extensive, shellfish aquaculture may

substantially modify (reduce) nitrogen concentrations within the Firth of Thames.  Given

that nitrogen is often the element which limits primary production in this region, this

would probably result in reduced rates of primary production, lower phytoplankton

standing stocks, and perhaps also changes in the species composition of the

phytoplankton community.

2.3 Physical processes and primary production in the Firth of Thames

Physical conditions strongly affect phytoplankton abundance by affecting rates of

nutrient and light supply (Mann & Lazier 1991). Physical conditions, nutrient supply and

productivity of the northeastern continental shelf region, Hauraki Gulf and Firth of

Thames have been shown to vary from year to year because of large – scale processes

originating offshore, driven by the El Niño / Southern Oscillation (ENSO) cycle (Zeldis,

J.R.; et al. 2000; Zeldis, J.R.; et al. 2001a). Productivity in the region also varies

seasonally, as the balance between light and nutrient limitation of phytoplankton growth

changes through the year (Chang, F.H. et al. in review). Finally, productivity varies over

the scales of days and weeks, as weather-driven events affect upwelling, nutrient supply

and stratification (Zeldis, J.R.; et al. 1998). Below we describe in more detail this

‘cascade’ of scale-dependent processes, as they affect productivity in the Firth of

Thames. We shall start at the larger, inter-annual scale.

2.3.1 Interannual variation: ENSO and the Firth

Field data (Sharples 1997; Sharples & Grieg 1998; Zeldis, J.R.; et al. 2000; Zeldis, J.R.; et

al. in prep.; Zeldis, J.R.; et al. 2001a) and simulation results (Black et al. 2000; Proctor &

Greig 1989) have demonstrated a strong link between northeastern New Zealand

continental shelf hydrodynamics and the regional winds. Winds with a strong along-shelf

component from the northwest cause upwelling, and those with southeast components

cause downwelling (Figure 4). Satellite sea surface temperature pictures (Figure 4) show

what happens to water temperatures on the northeastern shelf, under these differing

conditions of upwelling and downwelling. The contrasting conditions are significant,

because upwelled water is colder and richer in nitrogen and other nutrients.  It fertilises

the continental shelf, while downwelling conditions take the nutrient-rich water away

from the coast and deplete the continental shelf of nutrients.
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Figure 4. 

 Upper panels: This view up the coast to the north of the Hauraki Gulf shows two key

wind driven current patterns – upwelling and downwelling. Winds are shown as

feathered arrows, surface water is shaded light blue, and deepwater is shaded dark

blue. The blue arrows depict water circulation. The orange symbols show the mooring

sites near the Poor Knights Islands and in the Firth of Thames. Lower panels: These

satellite images of sea surface temperature show that the cooling effects of upwelling

(coloured green) in spring 1998 did not occur in spring 1999.

Upwelling
(Spring 1998)

Downwelling
(Spring 1999)
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Wind data recorded at Mokohinau Island (Figure 5), at the entrance to the Hauraki Gulf,

show that winds in the region are predominately from the southwest. These winds,

however, have a significant along-shelf northwesterly component, especially in winter

and spring. The other main winds are from the east, with strong along-shelf elements

from the southeast. These are most common in summer. These seasonally variable

winds cause a predominance of upwelling in winter and spring, but a change to

downwelling in summer when nutrient poor, warm surface water is brought close to the

coast (Sharples 1997; Sharples and Grieg 1998).

Figure 5.

Wind rose for Mokohinau Islands (data from January 1998 to July

2000), showing directions (bars) and wind speeds (km h-1; shades).
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As well as this seasonal variation, there is important interannual variation in the

prevalence of the alongshelf winds, related to the sign of the El Nino/Southern

Oscillation index (Figure 6). El Niño periods (ENSO negative) typically bring westerlies.

This is because, during El Niño, anticyclones are more common over the Tasman Sea

and winds blow from the west. During La Niña though, the anticyclones are more

common to the east of the country, which cause prevailing easterlies. Thus, there is a

close relationship between the value of the ENSO index and the prevalence of upwelling

and downwelling on the northeast shelf.
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Figure 6. 

El Niño/Southern Oscillation (ENSO) phases are closely related to wind patterns in the

Hauraki Gulf region. Upper panel: During the mid-1990’s strong El Niño and weak La

Niña phases were most common. But since late 1998, La Niña has dominated ENSO.

Lower panel: Northwesterly winds (indicated by data below the axis in the figure)

were the dominant pattern up until late 1998. But since the start of dominant La Niña,

southeasterly winds (above the axis), have been much more common, and stronger.
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Events during 1998 to 2000 have provided a vivid example of these relationships, and

how they affect the Firth of Thames. NIWA has been recording water temperature and

salinity at the shelf edge since September 1998, using equipment moored near the Poor

Knights Islands (Figure 4; a second mooring collects data in the northern part of the Firth

of Thames).  Upwelling affects not only the temperature of the water, but also the

salinity. Deep water has low salinity, so when upwelling occurs the salinity on the

continental shelf goes down. A salinity recorder on the mooring near the seabed shows

that there was upwelling in late 1998 (Figure 7). Nitrate levels at the shelf edge near-bed

were high as well (not shown). However, during most of 1999 there was a lot of

downwelling, with high salinity, and lower nitrate levels. Since late 1999 and early 2000

there has been a mixture of upwelling and downwelling periods, as La Niña has

weakened.
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Figure 7.  

Upper panel: Salinity measured at the Poor Knights increased in early 1999, when La Niña

caused downwelling to start. This indicated that low-nitrate subtropical water was filling

up the northeast continental shelf. In 2000 upwelling happened more often, when La

Niña weakened. This indicated that nitrate was being replenished. Lower panel: In the

Firth of Thames, as at the shelf edge, salinity increased in 1999. Nitrate levels became

very low at that time. Then in 2000, lower salinity, upwelled waters returned, and nitrate

levels increased.   
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The waters on the shelf, with their varying nutrient loads, are introduced into the Hauraki

Gulf by the mixing processes described in the previous section. Data from the second

mooring, in the entrance to the Firth (Figure 4) make it possible to determine how this

mixing influences the Firth.  As at the Poor Knights site, water in the Firth in 1998 had

low salinity and high nitrate (Figure 7), which indicated the presence of upwelled water.

But through most of 1999, salinity was high and nitrate concentration was very low.  In

2000, salinity started to drop, and nitrate increased again, as La Niña weakened.

NIWA has visited these two moorings every 3 months to download and maintain the

instruments. On these voyages, oceanographic samples were taken at each mooring

site and a number of other stations. The first two years of results for the Firth of Thames

site are shown in Figure 8. The temperature record shows the typical seasonal
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progression of temperatures, although the summer, autumn and winter of 1999 were

considerably warmer than in 2000. The 3-monthly samples (Figure 8) appear to have

faithfully captured the seasonal temperature signal: thermistors on the Firth mooring,

recording temperature every 5 minutes at 6 depths in the water column, have given a

very similar temperature record over the two years (Figure 9).  The 3- monthly salinity

record (Figure 8) in the Firth also shows a difference between the two years, with 1999

having considerably higher salinity throughout the water column. It was unlikely that the

1999/2000 salinity contrast was driven by between-year variation of river flows into the

Firth. The record of Waihou River flows shows no significant difference between these

years (Figure 10). It is most likely that the temperature and salinity patterns in the Firth

reflected the La Niña-driven downwelling events of 1999, followed by the return to

intermittant downwelling and upwelling in 2000, detected at the shelf edge.
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Figure 8.  

Depth by time contour plots of selected physical, chemical and biological parameters

sampled 3-monthly at the Firth of Thames mooring site (see Figure 4 for site position)

between Sep. 1998 and Sep. 2000, in the NIWA FRST_funded coastal exchanges

programme. Dots indicate sample depths.  The upper three panels (temperature, salnity

and density differential) provide indications of the water-column’s physical characteristics

(notable degree of stratification).  The panel entitled ChlaT indicates chlorophyll

concentration in the >0.2 µm size fraction (i.e. this is a measure of the total phytoplankton

abundance).  Phaeopigments are a breakdown product of chlorophyll and provide a measure

of one part of the detritus in the system.   NO3-N, NH4-N and urea are the three

constituents of dissolved inorganic nitrogen.  The ratio of NH4-N to NO3-N provides an

indication of the extent to which the system is dependent upon nitrogen which has recently

been regenerated from organic matter (i.e. the extent to which the system is dependent

upon recycled nutrient rather than imported nutrient).  DRP (dissolved reactive phosphorus)

and DRSi (dissolved reactive silicon) are the two other elements which can sometimes limit

phytoplankton growth in coastal waters (though they do not appear to do so in the Hauraki

Gulf / Firth of Thames).  The small map indicates the locations of the samples which have

been used in generating these illustrations.
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Figure 9. 

Profile of temperature at the Firth of Thames mooring site, sampled

every 5 minutes between Sep. 1998 and Nov. 2000. Horizontal lines

indicate average depths of thermistors.
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The key nutrient for coastal phytoplankton is nitrogen, usually as nitrate (NO3
-) but also

as ammonium (NH4
+), because nitrogen is almost always the ‘limiting nutrient’ for

phytoplankton growth. This means that when nutrients are depleted by phytoplankton

growth to the point where growth stops, it is nitrogen which is depleted first. The 3-

monthly profiles (Figure 8) show that starting in early 1999, NO3
- and NH4

+ nitrogen were

driven to very low concentrations (<0.5 µmole L-1). This concentration is considered to

indicate nitrogen limitation of phytoplankton growth (Eppley et al. 1970). Starting in early

2000, both NO3
- and NH4

+ concentrations started to increase, in the lower water column.

Although silicate (DRSi) concentration was lower in 1999 than in 1998 and 2000, at no

time did it reach limiting concentrations (this is partly because it is supplied in abundance

by river flow). Phosphorus (DRP) concentration showed a different and interesting

pattern, and actually increased during the low nitrogen period of 1999. This indicated

extreme nitrogen limitation, with the build up of DRP probably resulting from

remineralisation of organic material in sediments combined with under-utilisation of

DRP, driven by absence of nitrogen. At this time the ratio of nitrogen to phosphorus in

the water column approached 1; in freshly upwelled waters it approaches 16 (Redfield

1934).
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Figure 10.

Waihou flows. Flow volumes of the Waihou River at the head of the Firth of

Thames from Jan. 1997 to Feb. 2001. Data are from NIWA hydrometric data base.

Monthly average Waihou River flows
Jan. 1997 - Feb. 2001 
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The interannual variation in nitrogen supply has driven similar variations in phytoplankton

abundance. Figure 8 shows that in 1999, chlorophyll-a (chl-a) concentrations, especially

in the upper half of the water column, were much lower than at comparable times in

2000. This was especially true during the spring bloom period in August – October. The

spring bloom in 1998 did not appear strong, even though nitrate was abundant that year.

This unexpected observation suggests that it is again worth asking, whether 3-monthly

sampling was sufficient to resolve the potentially rapid changes phytoplankton

assemblages can undergo. To answer this we are using two additional data sets. The

first is derived from a collaboration with an oyster farming company in Coromandel,

Pacific Marine Farms. They started taking water samples every two weeks at the

entrance to Coromandel Harbour, for analysis by NIWA, in July 1999. These fortnightly

results (see Zeldis (2001b)) revealed the same pattern as in the central Firth, with nitrate

and chl-a increasing and salinity decreasing between spring 1999 and spring 2000. These

more frequent data indicated that the contrasts between 1999 and 2000 in chl-a were

observed accurately by 3-monthly sampling in the central Firth.

The second data set comes from SeaWiFs satellite ocean colour determinations of chl-a

concentration. . It is known that sediments and dissolved organic materials from rivers

bias satellite chl-a determinations in coastal regions. However, the Waihou River flow

record (Figure 10) does not suggest that spring flows varied significantly across this time

series, with flows averaging about 40 cumecs during Aug.-Oct. each year. This suggests

that river flow variations would not have driven large interannual variation in satellite-

based chl-a determinations. The SeaWiFs data have been accumulated daily, and are
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summarised as monthly means in Figure 11.  The data show that the spring bloom of

1998 was in fact strong, which was not reflected by the single profile acquired in the 3

monthly sampling in spring 1998.

Figure 11.

Satellite maps of surface ocean chlorophyll show that spring 1999 was a poor one for

phytoplankton in the northeast region and Hauraki Gulf. Concentrations range from near

zero (blue) to over 3 mg per cubic metre (orange). Black areas are cloud-covered. Right

panels: Hundreds of satellite images like the ones on the left were put together to get a

summary of chlorophyll every month since 1997. Spring of 1999 had a very poor spring

bloom, when upwelling stopped.  The boxes in the spring 1997 picture (left panels) show

the areas of the northeast shelf and the Gulf that are summarised in the right panels.  

B. Spring 1998

C. Spring 1999 D. Spring 2000

A. Spring 1997

Courtesy NIWA Ocean Colour Objective
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Most significant, however, is the very weak spring bloom observed in SeaWiFs data in

1999, compared to the other 3 years of the time-series (Figure 11). This was consistent

with the general trends throughout all the data sets, signifying the oligotrophic (low

nutrient and chl-a) character of the La Niña-affected 1999 year, and mesotrophic

(moderate nutrients and chl-a) character of years where upwelling was more prevalent.

As such, fluctuating nitrate levels, driven by large scale physical processes originating

well offshore, clearly impact Firth productivity.
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2.3.2 Variation in productivity at seasonal to daily scales: stratification, nutrients and light in

the Firth

Next we consider processes at shorter time scales: those operating seasonally, weekly

and daily. It is at the shortest scales that phytoplankton cells react to nutrient and light

conditions and it is the integration of these short-term events which determines the

magnitude of production and its seasonal and inter-annual variations. Production is

strongly affected by stratification (density layering) of the water column. Strongly

stratified water columns restrict nutrient supply to the upper part of the column from

below, preventing nutrients from reaching shallower depths where light is sufficient to

support net phytoplankton production. This restriction is most acute in summer, when

phytoplankton deplete upper–layer nutrients, and strong thermal stratification prevents

vertical mixing of new nutrients. Alternatively, if the water column is strongly mixed,

phytoplankton may receive abundant nutrients from deep in the column, but be starved

of light, by becoming deeply mixed and spending too much time in the dark. This is most

acute in winter, when light is low, and when vertical mixing can be strong due to high

winds and lack of thermal stratification. Situations intermediate between these two

extremes tend to support highest productivity (Mann & Lazier 1991). The spring bloom is

the most obvious example, when stratification is intermediate, and the water column

has been restocked with nutrients by overwinter regeneration and vertical mixing. But

high production events also may occur in summer, if stratified periods alternate with

mixing from wind events; in autumn, when thermal stratification starts to break down,

injecting a pulse of nutrients into higher light surface waters; and in winter, when high

river flows may stratify the water column, trapping riverine nutrients in the surface

waters.

All of these processes have been observed in Hauraki Gulf and Firth of Thames studies.

The seasonal cycle of the spring bloom followed by the summer and autumn declines of

chl-a is obvious in the SeaWiFs data (Figure 11), over the northeastern shelf and Hauraki

Gulf region. This has been well documented for the northeast shelf and Hauraki Gulf by

(Chang, F.H. et al. in review), using data collected in 1996-97. Assessments of chl-a

were also made across the Gulf between November and January in 1985-86, 1986-87

and 1987-88, during studies of zooplankton, fish eggs and larvae by MAF Fisheries

Research (Zeldis, J. et al. in review; Zeldis, J.R. 1992; Zeldis, J.R.; et al. 1995). Within

the Firth, chl-a concentrations in the upper 15 m of the water column show the spring to

summer decline (Figure 12).

Water column mean concentrations were between 3 and 4 µg L-1 in Nov. (late spring)

and declined to 1-2 µg L-1 by Jan. (summer). Quite high concentrations (4 – 5 µg L-1)

were detected at the two sites furthest south in the Firth. These chl-a levels can be

compared with another well-studied coastal region in New Zealand: Pelorus Sound

(Table 3), which has been studied in other NIWA research programmes.  Mean and
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median chlorophyll concentrations within the Firth of Thames are nearly twice those

measured in the Marlborough Sounds – suggesting that the Firth of Thames may yield

higher shellfish growth rates than the Marlborough Sounds.

Figure 12.

(A)  Site map of Firth of Thames showing positions of MAF sampling sites

(Northwest, Northeast, Southwest and Southeast) occupied in 1986-88. (B)

Chlorophyll a (chl-a) concentraion in Firth of Thames: spring and summer

samples from MAF surveys in 1986/87 and 1987/88 taken between 0 and 15 m.

(Source: NIWA, unpublished data).

The spatial distribution of chl-a over the entire Hauraki Gulf and Firth from the MAF

Fisheries research surveys is shown in Figure 13. This plot shows average chl-a

concentration in the upper 30 m of the water column at each station (dots; a total of  850

chl-a determinations) across the entire time series, and so removes the late spring to

summer seasonal signal. It shows that the Firth sustains the highest chl-a

concentrations among all sampled coastal areas of the Hauraki Gulf (Tamaki Strait is

excluded because of lack of samples). Why does the Firth appear to be so productive?
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Table 3  

Comparison of phytoplankton biomass (as measured by chlorophyll-a

concentration) in Firth of Thames and the Marlborough Sounds.

Locations Dates

No. of

values Range, mean, median (µg chl-a L-1)

Firth of Thames (all

sites in Figure  12)

November to January

1986/87 and 1987/88;

quarterly 1997-2000

33 0.3-4.9, mean = 2.2, median = 1.9

Beatrix West2 August 1995 – April 1999 186 0.3-4.5, mean = 1.4, median = 1.1

Beatrix East2 August 1995 – April 1999 187 0.2-11.2, mean = 1.4, median = 1.0

Tawero Point2 September 1997 – April 1999 126 0.3-4.7, mean = 1.5, median = 1.3

1 Unpublished NIWA data: ‘No. of values’ is number of  0 - 15 m profiles used, typical number of depths assayed per

profile is 3.
2 Ross  et al. (1998a; 1998b). ‘No. of values’ is no. of  weekly 0-15 m integrated water samples collected by the

Marlborough  Sounds Shellfish Quality Programme.
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Figure 13.  

The spatial distribution of chl-a over the Hauraki Gulf and Firth of Thames from the MAF

Fisheries Research surveys from November to January in 1985-86, 1986-87 and 1987-88.

The plot shows average chlorophyll-a concentration in the upper 30 m of the water column

at each station (dots).  Tamaki Strait  is excluded because of lack of samples.   (Source:

NIWA, unpublished data).
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As mentioned above, the dynamics of stratification may be important. We examined

water column physical data from MAF and C-SEX surveys for the Northwest site (Figure

12), to determine stratification conditions (Table 4). During late spring and summer, the

water column appears to be alternately mixed or stratified over weekly time scales,

most likely because forces driving stratification are weak (i.e., there are only small

changes in temperature or salinity vertically down the water column). Stresses from tidal

bottom friction will work against these weak buoyancy forces, breaking down

stratification. Indeed, a numerical circulation model of the Hauraki Gulf (Grieg & Proctor
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1998), shows that the tidal bottom stresses in the coastal Firth, for example, in the

vicinity of the Northwest site, are near those sufficient to consistently break down

seasonal (i.e., thermal ) stratification.  The consequent injection of nutrient rich, ‘sea-

floor’ water into the surface may be the reason why the mouth of the Firth sustains

higher chlorophyll concentrations than the Hauraki Gulf  (Figure 13).

Table 4.  

Hydrographic conditions at Northwestern site, Firth of Thames (see Figure 12) .

Shown for each date are water column depth (m from the sea surface), the

change (∆) in temperature (oC), salinity (psu), and density (kg m-3) per meter

increase in depth, the stratification condition of the water column (‘stratified’ if

density increases more than  0.03 kg m-3 over the water column between 2 m

depth and the bottom, otherwise mixed), and the depth of mixing (m).

Date Study Station Depth

∆Temp

 (m-1)

∆Salinity

(m-1)

∆Densit

y (m-1) Condition

Mixed

depth

Nov 1986 MAF 95 15 mixed bottom

Dec 1986 MAF 17 16 stratified 8

Jan 1987 MAF 9 12 mixed bottom

Jan 1987 MAF 80 12 stratified 8

Nov 1987 MAF 68 12 stratified 9

Dec 1987 MAF 111 14 mixed bottom

Dec 1987 MAF 9 14 stratified 8

Jan 1988 MAF 63 12 stratified 10

Apr 1999 C-SEX 3 14 mixed bottom

Jun 1999 C-SEX 10 14 stratified 10

Sep 1999 C-SEX 4 14 stratified 4

Jul 1999 C-SEX 5 16 stratified 9

Sep 1999 C-SEX 20 14 stratified 2

In contrast, in winter and early spring, vertical changes in salinity are large, and the water

column becomes moderately stratified (Table 4; see also the salinity and Sigma-0

contours in Figure 8.  This is driven by freshwater runoff which originates from the

Waihou and Piako Rivers, by far the largest rivers in the area. The addition of buoyancy

due to freshwater in winter and early spring apparently allows stratification to resist

tidally – driven vertical stirring at this time.

Along with stratification, it is likely that mixing and advection of offshore waters into the

Firth plays a pivotal role in sustaining its productivity. A vivid example of this interaction

of advection and stratification on light and nutrient supply is shown in Figure 14. The

instruments were a fluorometer, (measuring chl-a and primary production), an in-situ

nitrate analyser (measuring nitrate at 30 m depth), an Aquamonitor (measuring nitrate,
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ammonium, and phytoplankton cells at 10 m depth), and thermistors attached along the

mooring wire between 10 m and the bottom (measuring temperature). The thermistor

record shows that the water column initially was weakly stratified. Then, later in October

and through November, pulses of cool water advected into the Firth in the lower water

column, bringing in high concentrations of nitrate (this was associated with upwelling

detected by the shelf edge mooring: see Figure 7). Although increased productivity was

associated with the nitrate pulses and the weak stratification, not until the water column

became strongly stabilised by summer warming in mid-December did a dramatic

increase in productivity occur. The nitrate was depleted by this latter event, and

eventually ammonium (the waste product of secondary production) became more

common.

Phytoplankton cells were also captured and preserved by the Aquamonitor sampler

during this time series (Figure 15), with a sample acquired every 4 days. Diatom cells

were associated with the weakly stratified, deep pulses of high nutrient water, but these

subsided as stratification intensified in early December Flagellated cells (dinoflagellates

mainly) were the main components of the stratified bloom. When nutrients were

depleted later in summer, the smallest flagellated cells, the nanoflagellates, became

more common. This is very similar to the seasonal progression of phytoplankton taxa

documented for the greater Hauraki Gulf by Chang et al. (in review), from the NIWA

surveys conducted in 1996-97 (See also Maddock & Taylor (1984) for an earlier study

made in Jellicoe Channel). It should be noted that the very smallest size class of

phytoplankton, the picophytoplankton, were not sampled by the Aquamonitor because

the Aquamonitor technique does not preserve them.  Chang et al. (in review), show

however, that these small cells become important in Hauraki Gulf coastal areas in late

spring and summer, contributing approximately half of the phytoplankton biomass.
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Figure 14.

Time series of parameters measured at the Firth of Thames mooring Sep. to Jun. 1998-99.

Temperature data (coloured contours) are vertically resolved. Productivity (fluorometer) and

nutrient (nitrate and ammonium) were collected at 13 m depth by INF fluorometer and

Aquamonitor, respectively. Nitrate was also sampled at 30 m, by NAS2 in-situ analyser.

Figure 15 

Biomass (as carbon) within 3 phytoplankton taxonomic groups sampled by the

Aquamonitor instrument moored at 13 m depth on the Firth of Thames mooring,

September 1998 to March 1999.   (blue: diatoms, pink: dinoflagelaltes, orange: other

(usually smaller) taxa).
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The incidence of toxic algal blooms (mainly of dinoflagellates) has also become a

significant aspect of Firth of Thames ecology since the early 1990’s, when outbreaks

were first observed in the Hauraki Gulf (Chang, F.H.; et al. 1995). These outbreaks are a

product of the stratification, nutrient and light climate in the Gulf described in Chang et

al. (submitted), and are probably related to the summer subtropical intrusion events

described previously (Chang, F.H.; et al. 1998).

These new data and published studies for the Firth illustrate how stability, light and

nutrients affect production in the coastal environment. Overall, physical conditions in the

Firth appear favourable for relatively high levels of production, with intermittent mixing

and stratification in late spring and summer, and more consistent stratification in winter.

This may allow phytoplankton biomass to accumulate in the upper water column more

consistently than in areas further out into the Hauraki Gulf, where tidal stirring is weaker

because of greater depth, and where there is less surface dilution from river inputs.

Ultimately, however, the maximum levels of phytoplankton biomass will be limited by

nitrate supply, which is highly variable between seasons and years, related to large-

scale, offshore processes such as wind-driven upwelling and ENSO. The Firth clearly is

affected by these processes, no doubt accounting for much of its productive capacity.

The productive conditions we have observed in the Firth suggest that it is a key area for

secondary production in the Hauraki region. We examine this proposition in the next

section.

2.4 Secondary production in the Firth

2.4.1 Zooplankton

Zooplankton communities of the Hauraki Gulf were first described by Jillet (1971), with

regular sampling at an inner- and an outer Gulf site (Waitemata Harbour and Jellicoe

Channel, respectively). Jillett’s work provides detailed descriptions of the seasonal

abundance and biogeographic affiliations of the mesozooplankton (>200 micron) for the

region. Further surveys for microzooplankton (>5 microns) (Hall et al. in prep.) and

mesozooplankton (Zeldis, J.R.; & Richards in prep) were conducted by NIWA during

spring to summer 1996-97 on transects across the shelf and within the Hauraki Gulf. The

inner Gulf transects from these studies will provide species and abundance data highly

relevant to Firth ecology. Finally, the C-SEX time series (Section 2.3) has collected

microzooplankton and mesozooplankton at 3 monthly intervals since September 1998 at

the Firth mooring site, but these are still in a relatively early stage of analysis.

Some aspects of the zooplankton results from the 1985-1988 MAF Fisheries Research

surveys (Section 2.3) were described by Zeldis et al.(1995). Here we present data (Figure

16) showing the total biomass of zooplankton, (excluding gelatinous species), captured
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by plankton net samples (100 micron mesh) during these surveys. In the figure the data

are summarised by each month of each year. The net samples were taken through the

entire water column at each station, over a grid of 30 stations distributed across the

region. The grids was usually occupied twice in each month.  The exception was the first

year, when the grid was occupied once per month, and when the Firth of Thames was

not sampled. These zooplankton were largely the larvae and adults of crustacean

copepods (oar-footed bugs) and cladocera (water fleas), but also include the larvae of

benthic fauna such as crabs, barnacles and worms.

Zeldis et al. (in review) review these data.  Three general patterns are important to note.

First, zooplankton biomass increases from November to January, as animal populations

grow by utilising the primary production of the spring and early summer. Second, there

is interannual variability (correlated with ENSO-driven upwelling differences): note that

the 3rd year (1987-88) had considerably higher biomass than the first 2 years. Third, the

Firth of Thames frequently supports the highest zooplankton biomass of any region

within the Hauraki Gulf. The last observation is consistent with the chl-a results (Figure

13), and the proposition that the southern Hauraki Gulf / Firth of Thames are  very

important in greater Hauraki Gulf regional secondary production.
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Figure 16.

The biomasses (µg nitrogen L-1) of zooplankton in the Hauraki Gulf region. The labelled line contours

show summed biomasses of nauplii and copepodites (the larvae and juveniles of copepods)

captured by the 100 µm net. The shaded contours show the biomasses of all other zooplankton

(largely the larvae of benthic invertebrates). The values are water column means for all station grids

(see Figure 13) occupied in each month, converted to natural logarithms. The shaded contours

increase in intervals of 0.5, ranging from 0.5 to 4.5 (2 to 90 µg nitrogen L-1 on an arithmetic scale).

To further reference the contours to arithmetic values, the antilogarithms of 1 through 5 are

approximately: 3, 7, 20, 55, and 148. (Source, NIWA, unpublished data).
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2.4.2 Fish (ichthyofauna)

Some of the earliest studies of the ichthyofauna of the Firth of Thames were conducted

by Colman (Colman 1974 and citations within), who investigated movement, maturity,

spawning, fecundity, and growth of flounder. NIWA and its MAF predecessors

conducted an extensive time series of trawl surveys (to estimate the abundance of adult

fish) throughout the Hauraki Gulf region between 1964 and 1997. This is described by

Kendrick & Francis (in review), who plot catch distributions for a number of commercially

important species; these show that the Firth of Thames is important particularly for



Firth of Thames tracer footprints  Page 41

snapper and John Dory. The Firth also produced relatively high catch rates for rig, school

shark, and barracouta juveniles (M. Francis NIWA, pers. comm.).

The ichthyoplankton (fish larvae) of the Hauraki Gulf region were first described in detail

by Crossland (Crossland 1980; Crossland 1981). These results, while being a

comprehensive account for the greater Gulf, did not include samples within the Firth of

Thames. The MAF Fisheries Research surveys in 1985-88 (Zeldis, J. et al. in review) did

include stations as far south as the central Firth. These surveys were geared toward

understanding seasonal and interannual variability in the abundance of egg and larval

snapper. Snapper are serially spawning fish, with each female producing a batch of

planktonic eggs nearly every day, over the November to January spawning season (Scott

et al. 1993; Zeldis, J.R; & Francis 1998). Figure 17 shows abundances of egg and larval

snapper from net tows (365 micron mesh) taken over the same geographic areas as the

zooplankton samples described in the section 2.4.1 (in this case, however,

approximately 60 samples were taken in each grid in each month). The distribution of

snapper eggs shows that spawning is located in coastal areas of the Hauraki Gulf, largely

within the 30 m depth contour.  Although there was little variability in snapper egg

abundance between the 3 years, snapper larval abundance was much greater in the 3rd

year. These dynamics were similar to those of the zooplankton community, probably

because the larvae of snapper prey upon many of the these zooplankton species. Eggs

and larvae of a number of other ichthyoplankton species (jack mackerel, blue mackerel,

stargazer, ahuru,speckled sole,  crested flounder, triplefin, opalfish, anchovy, not shown)

showed similar dynamics. Finally, the Firth of Thames was consistently the most

important site for snapper spawning and larval survival of any area in the Gulf, and was

also where larval survival was highest (Zeldis, J. et al. in review).
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Figure 17.  

The abundance of snapper eggs (m-3: labelled line contours) and of snapper larvae ((100 m)-

3: shaded contours) in the Hauraki Gulf. The values used are water column means for all

grids occupied in each month, converted to natural logarithms. The shaded contours

increase in intervals of 0.5 ranging from 0.5 to 8 (2 to 2980 on an arithmetic scale). To

further reference the contours to arithmetic values, the antilogarithms of  1 through 8 are

approximately: 3, 7, 20, 55, 148, 403, 1096, and 2980.  (Source, NIWA, unpublished data).
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Another data set illustrating the importance of the Firth of Thames for snapper ecology is

shown in Figure 18. These samples were taken during a ‘Daily Egg Production Survey

(DEPM) survey of Hauraki Gulf snapper made in November -December 1992 (Zeldis and

Francis 1998). The purpose of the DEPM was to estimate adult snapper biomass for

stock assessment.  This estimate was made by dividing estimates of the abundance of

newly spawned planktonic eggs (corrected for egg mortality), by the product of adult

female spawning frequency, daily fecundity and stock sex ratio, determined using a

coincident trawl survey. Figure 18A shows the abundance of newly spawned eggs over

the survey area (from 300 plankton stations sampled in the 10 day survey). This shows

the coastal distribution of snapper spawning, and also shows clearly that the Firth was
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producing more spawning than any other coastal region in the Gulf. Figure 18B shows

that adult snapper were very abundant in the Firth, and Figure 18C shows that, in the

peak spawning period (Nov.- Dec.), most of these fish were spawning.  As such, the

Firth is clearly a crucial snapper spawning region within the Hauraki Gulf, which itself

sustains the largest snapper fishery in New Zealand.

Figure 18.  

A) Snapper egg abundance (proportional to circle size) from the DEPM survey for 0-6

hour-old eggs. Largest circle = 888 eggs m-2. (B) Adult, mature snapper catch rate (kg

km-1 trawled). Largest circle  = 553 kg km-1 (C) Proportion of mature females

spawning day-1. Largest circle = 1. Crosses indicate zero catch or proportion. Survey

strata are shown by polygons.  (Source, NIWA, unpublished data).
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2.4.3 Benthos

The present nature of the benthic infauna and epifauna of the Firth are less well

described than planktonic biota, but are the subject of current investigations by NIWA

(Nodder 2001, FRST program contract CO1X0027) and as part of the Wilson Bay

monitoring programme recently initiated by NIWA and the Group A Consortium (Zeldis et

al. 2001).  The Wilson’s Bay program was put in place as part of the monitoring required

as part of the Resource Consent associated with mussel farm developments at Wilson’s

Bay.  It is designed to detect changes in the characteristics of seafloor and associated

fauna immediately below the farms, and in the far-field.  The first batch of data are to be

reported on shortly.

In addition to the monitoring data from the Wilson’s Bay development NIWA has

recently undertaken a broad-scale habitat survey of the seafloor of the Firth of Thames –

in order to better describe the species composition, spatial distribution, and absolute

abundances of the macro-benthos (M. Morrison pers. comm. and NIWA unpublished

data, Dept. of Conservation funding).  These data have not yet been analysed, however
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preliminary indications are that Perna canaliculus is not abundant in the benthic samples,

not as targets in side scan imagery.

There is evidence that the benthic fauna of the Firth may be subject to interannual

variability, perhaps related to the ENSO-driven effects described in section 2.3.1, above.

In 1999 a syndrome causing discolouration of Coromandel shellfish (oysters and

mussels) occurred, the exact cause of which is as yet unknown (Diggles et al. 2000).

We note that though chlorophyll concentrations were low (Figure 11, Figure 15) they

were probably not sufficiently low to cause severe stress to mussels (Hawkins et al.

1999).

Greenway (1969) presents the results of extensive trawl surveys conducted throughout

the Firth of Thames between 1961 and 1965 on a 1 mile x 1 mile grid.  He concludes

that Perna canaliculus was widely distributed around the western and central Firth of

Thames in waters of between 3 and 10 fathoms (~5-20 m).  A smaller area of mussel

beds also existed around Coromandel township.    Greenway (1969) also notes that

commercial catches of mussel fell from an all time high in 1961 to almost zero by 1966 –

a decline which he attributed to overfishing.   Perna canaliculus appear to have been

most abundant around Matingarahi Point (two – five times more abundant than in the

majority of the remainder of the area in which Greenway indicates them to have been

present).  In 1961, the maximum number of live mussels collected during a 4 minute

(nominally, 0.4 mile) tow (3 foot wide dredge and 1.5 inch mesh) was 271.  This implies

a mussel density of ~ 0.5 m-2; however Greenway notes that the capture efficiency of

the dredge was probably between 33% and 50%, and that commercial dredges (which

had a 7.5 – 9 foot mouth and a 4 inch mesh) caught approximately ten times more

mussels per minute of dredging time.  Thus, it is likely that, over scales of ~ 500 m2, the

true maximum density of  (relatively large) Perna canaliculus was circa 1.5 - 3 m-2 in

1961.  The decline in landings (despite similar fishing effort) over subsequent years

implies that densities also fell.  Furthermore, given that there had been a documented

commercial harvest of these mussels since at least 1927, it is possible that the

estimated maximum density of 1.5- 3 m-2 in 1961 is less than would have been present

in the absence of any historical fishing.  We know of no published estimates of natural

densities of Perna canaliculus elsewhere in New Zealand, but around Tasman

Bay/Marlborough Sounds, informal estimates of density range from ~ 1m-2 on intertidal

reefs to ~50 m-2 in small clusters on wharf-piles and subtidal rocks and reefs (K. Grange,

NIWA, pers. comm.).  Higher densities have been noted elsewhere: M. Morrison (pers.

comm. & NIWA, unpublished data) reports Perna  canaliculus densities of up to 744 m-2

on the channel floor in Ohiwa Harbour (though these were small mussels of 50-75 mm).

Similarly, he reports that small, high density patches (~ 800 m-2) of mussels occur on

subtidal reefs at the south of Ninety Mile Beach.  Closer to the Firth of Thames,

Morrison reports densities 50 – 100 m-2 in Opito Bay (Coromandel) and around Waiheke

Island.  These latter figures are similar to average mussel densities on the sea-floor

below mussel farms (~70 m-2, maximum ~400 m-2;  Cole & Grange (1996)).
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2.5 Faecal contaminants

Shellfish filter large volumes of water and have the potential to accumulate high levels of

faecal pathogens within their tissues.  Within waters to be used for shellfish growing,

present guidelines dictate that the most probable number (MPN) faecal coliform median

level shall not exceed 14 (100 mL)-1, and no more than 10% of the samples shall

ordinarily exceed 43 (100 mL)-1 (Anon 1992; Brock et al. 1985). Landuse around the Firth

of Thames is very much more intensive than that around the Marlborough Sounds – a

correlate of this is that the Firth receives substantial inputs of faecal contaminants.

These include both enteric bacteria and viruses, but monitoring is usually restricted only

to counts of the bacterium E. coli.

Monitoring data (Environment Waikato) for swimming beaches within the eastern Firth

of Thames indicates that median faecal counts are circa 10 (100 mL)-1, however the

counts are very skewed.  The average is nearer 100 (100 mL)-1 and maximum values

exceed 1000 (100 mL)-1.  Comparison of these values with the microbiological guidelines

suggests that at the sites monitored median faecal coliform counts are less than, but

close to the prescribed MPN value.  Since the Environment Waikato data stem from

bathing beaches, it is possible that they are atypical of the Firth as a whole (as a result of

septic tank leakage from nearby homes and public toilets etc.).   Thus, it is possible that

levels elsewhere in the Firth of Thames are lower – particularly in view of the

comparatively short life-expectancy of faecal pathogens in well-lit sea-water (Davies-

Colley et al. 1994; Sinton et al. 1994; Sinton et al. in press).  Equally however, faecal

coliform levels within some of the rivers draining into the Firth invariably exceed the 14

(100 mL)-1 limit.  This implies that water-quality issues may preclude shellfish farming in

regions which are strongly influenced by riverine inputs.  We note, however, that the

Waihou and Piako rivers (the two largest rivers flowing into the Firth, and also the two

which are most affected by live-stock runoff) flow into the southern end of the Firth.

This part of the Firth is too shallow and to permit extensive development of long-line

mussel farms.

Faecal coliform concentrations are highly correlated with preceding rainfall levels.  This

reflects wash out of live-stock derived faecal material and ‘spillage’ from septic tanks

and sewage treatment plants.  Since it is easier to monitor rainfall than it is to monitor

faecal coliform concentrations, mussel in the Marlborough Sounds farmers prefer to

regulate their harvesting in relation to the preceding rainfall (Brock et al. 1985).   In

particular, a three day withholding period follows rainfall in excess of 30 mm 24-1 hour, a

four day withholding period follows rainfall in excess of 40 mm 24-1 hour and a five day

withholding period follows rainfall in excess of 50 mm 24-1 hour.   A compilation of

rainfall records taken at stations around the Firth of Thames indicates that there are an

average of: 13, 6, and 4 days per year on which rainfall exceeds 25 mm 24-1 hour (cf the

30 mm 24-1 hour criterion), 40 mm 24-1 hour and 50 mm 24-1 hour respectively (data from

the NIWA climate database).  If we assume that the intervals between rainfall events are
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such that there will be no overlap between withholding periods, then harvesting will be

impossible on ~80 d y-1.  This is very similar to the number of days lost as a result of

rainfall in the Marlborough Sounds (Brock et al. 1985).
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3 Issues Specific to the Firth of Thames
The preceding review summarises our current knowledge of the Firth of Thames.  Based

upon this, we suggest that the following issues are of particular importance when

addressing the questions of production and ecosystem carrying capacity within the Firth

of Thames:

1. ENSO-related variations in the composition, biomass and community structure of the

planktonic community are likely to drive inter-annual variations in shellfish

productivity.  This may influence the economic viability of shellfish farming in these

waters.  Conversely, monitoring programs aimed at detecting ecosystem effects

attributable to shellfish aquaculture will need to take account of this natural variability.

2. Whilst the majority of nutrients entering the greater Hauraki Gulf stem from the

ocean, approximately 30% stem from riverine inputs.   These latter inputs are likely

to be more important towards the south of the Firth.  Given that primary production

within the Firth is strongly influenced by variations in the nutrient supply rate, land-

management changes may have implications for shellfish production.

3. Unacceptably high concentrations of faecal coliforms may preclude shellfish

harvesting in some parts of the Firth of Thames– notably those which are strongly

influenced by riverine inputs.

4. The Hauraki Gulf and Firth of Thames are home to New Zealand’s largest snapper

fishery, and the Firth of Thames is the key spawning ground.  If shellfish farming

were to reduce the abundance of microzooplankton, this may adversely influence the

survival of larval snapper (and other species).  Similarly, if shellfish are able to filter

snapper eggs out of the water-column, this would reduce the number of fish

recruiting to the population.




