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Executive Summary
Shellfish aquaculture is an important activity within the Firth of Thames and there are proposals to
increase this activity substantially. At present there are in excess of 2000 ha of existing and approved
farms within the firth. The largest of these is the Wilson Bay development on the eastern side of the
firth. There are pending applications for approximately 6000 ha of farms on the western side of the
firth.
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In an earlier report (Broekhuizen, N. et al. 2002) into the possible ecological impacts of large-scale
shellfish aquaculture in the firth, preliminary simple calculations suggested that whilst moderate
depletion of plankton was possible within large farms, this would be unlikely to extend much beyond
the farm boundaries if the plankton cells were growing rapidly. On the other hand, if the cells were
growing slowly (because of unfavourable conditions, or because they have low intrinsic maximal
growth rates), the depletion could extend several km beyond the boundaries of a large farm. The
report also emphasized that the northern Firth of Thames is the major spawning ground for New
Zealand’s largest snapper fishery. It suggested that, if mussels were to consume a sufficiently large
fraction of the eggs/young larvae due to large-scale operations then snapper populations could suffer.
Following the earlier report, NIWA were engaged by the Auckland Regional Council, Environment
Waikato and the Western Firth Mussel Consortium to make quantitative predictions of the degree to
which large-scale mussel farming in the western firth would influence: (a) snapper egg/larval survival
and (b) plankton abundance and spatial distribution. In doing so, NIWA was to take explicit account
of existing (operating and approved-but-not-yet-operating) mussel farms in order to gauge the degree
to which cumulative (in area) effects might occur. It was recognised that plankton growth rates within
the firth vary on both seasonal and inter-annual time-scales. Thus, the analysis was to include
consideration of seasonal and interannual variations in environmental conditions. Initially, it was
planned to make spring- and summertime predictions under El Nino and La Nina conditions.
Unfortunately, this proved impossible for two reasons. Firstly, there was a lack of data with which to
formulate initial and boundary conditions (particularly for El Nino conditions). Secondly, whilst El
Nino and La Nina conditions are associated with changes in the prevailing wind fields (and hence,
circulation patterns within the firth), these changes are evident only over long time-scales (monthsyears). Over shorter time-scales, the dominant signal is the seasonal one. Rather than persisting with
the original plan, it was agreed that NIWA would search the entire wind-record and identify monthlong periods in which the wind-rose approximated the long-term (multi-decadal) average El Nino or
La Nina pattern, and then use those records as inputs to our hydrodynamic model (retaining spring or
summer insolation, river flows etc. as appropriate).
In this report, we use three separate simulation models to make an assessment of how the current and
proposed farms may be influencing the abundance of: (a) snapper eggs & larvae, (b) phytoplankton
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and (c) zooplankton. In each case, we consider three distinct farm scenarios (no farms, existing farms
and existing farms plus a maximal proposed western firth AMA). Henceforth, these will be referred to
as scenarios NF, 0 and 1 respectively. For each farm scenario, we made simulations under six distinct
hydrodynamic conditions. These correspond to: (i) September 1999, (ii) March 2000, (iii) spring,
prevailing winds from ENE, (iv) summer, prevailing winds from ENE, (v) spring, prevailing winds
from WSW, (vi) summer, prevailing winds from WSW. For reasons discussed in the report, our
simulations are likely to over-estimate depletion, but we are uncertain of the extent of over-estimation.
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The true vulnerability of Snapper eggs and larvae to predation by mussels is unknown, but we have
assumed that the larvae become invulnerable at age 8 days post-spawn. This criterion was chosen on
the basis that larvae begin to swim shortly before this age and are likely to become increasingly
invulnerable to predation thereafter. Our simulations indicate that, if Snapper eggs and larvae (to age
8 d post-spawn) are assumed to be no less vulnerable to predation than phytoplankton, then under the
existing farm scenario, the firth-wide numbers of snapper larvae surviving to age 8 days post-spawn
may be reduced by 2-6% relative to scenario NF and by 2.5-15% under scenario 1. If the relative
vulnerability of snapper eggs and young larvae proves to be lower than that of phytoplankton, these
figures will be over-estimates. The depletion estimates are not strongly influenced by changes to the
assumed ascent speed of the non-motile eggs/larvae.
We use two distinct models to examine the influence of mussel farming upon the true plankton
(phytoplankton and zooplankton). The first of these (the ‘logistic model’) adopts a very simple
characterisation of plankton growth, aiming only to reproduce observed growth rates in an empirical
manner. The second ‘biophysical model’ adopts a more mechanistic description of phytoplankton
growth processes. The logistic model ignores any mechanisms which may lead to farms to augment
phytoplankton abundance. The logistic model suggests that the concentrations of fast growing
plankton (growth rates of ~ 2 d-1) will be reduced by much less than 10% within the farms and that
this depletion will not extend appreciably beyond the farms. Slow growing (0.2 d-1), but vulnerable
plankton (nutrient, light or temperature limited phytoplankton, food or temperature limited protozoa)
are predicted to suffer depletion of >20% within the farm, and the depletion halos may extend several
km beyond the farms. Slower growing zooplankton (growth rates of 0.025 – 0.05 d-1) will tend to be
less vulnerable to predation (being larger and more mobile). Depending upon how much less
vulnerable they are, their abundances may be more or less adversely affected than those of the slowgrowing, vulnerable plankton.
The biophysical model takes explicit account of nutrient-regeneration by mussels (which may
stimulate greater phytoplankton growth); however it contains no dynamic description of zooplankton
populations (their impacts upon phytoplankton are implicitly represented as a part of a first-order
mortality term). This model indicates that farms will tend to suppress total phytoplankton abundance
during spring (when phytoplankton growth rates are temperature and light limited). Depletion is
predicted to approach 30% within the farms and to extend several km beyond the farm boundaries in a
Ecological sustainability assessment for Firth of Thames shellfish aquaculture: Tasks 2-4 – Biological Modelling
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downstream direction; however there is little depletion in the upstream regions of the farm. Though
somewhat offset from the farm, the total area over which depletion is evident is usually not
substantially greater than the area of the farm itself. The model suggests that, if mussels excrete
dissolved inorganic nitrogen (DIN) at experimentally observed rates, the farms may lead to
enhancement of fast growing phytoplankton taxa (diatoms, phytoflagellates) downstream of the farms
in the summer – when the mussel-generated DIN fertilizes the water – reducing the degree of Nlimitation suffered by the phytoplankton. Enhancement is typically circa 20%, but can exceed 100%.
The degree of phytoplankton enhancement is sensitive to the assumed rate of DIN production by
mussels and there is a possibility that the experimentally determined mussel excretion rates used in the
‘default’ simulations were artificially high, stress-induced rates rather than ‘basal’ rates. If we adopt a
theoretical minimum excretion rate in place of experimentally determined values summertime
enhancement is replaced by depletion.
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The proposed western firth AMA is predicted to have larger impacts than any of the existing farms.
This reflects its larger size, the fact that it will occupy shallower water than most of the existing farms,
and the fact that current speeds are lower in the region that this AMA would occupy.
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1.

Introduction
Shellfish aquaculture is an important activity within the Firth of Thames and proposals are
in place to significantly increase this activity. At present there are in excess of 2000 ha of
existing and approved farms within the firth. The largest of these is the Wilson Bay
development on the eastern side of the firth. There are pending applications for
approximately 6000 ha of farms on the western side of the firth.
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In an earlier report (Broekhuizen, N. et al. 2002) into the possible ecological impacts of
large-scale shellfish aquaculture in the firth, preliminary calculations suggested that whilst
moderate depletion of plankton was possible within large farms, this would be unlikely to
extend much beyond the farm boundaries if the plankton cells were growing rapidly. On
the other hand, if the individuals were growing slowly (because of unfavourable
conditions, or because they have low intrinsic maximal growth rates), the depletion could
extend several km beyond the farm’s boundaries. The report also emphasized that the
northern Firth of Thames is the major spawning ground for New Zealand’s largest snapper
fishery. It suggested that, if mussels were to consume a sufficiently large fraction of the
eggs/young larvae due to large-scale operations, snapper populations could suffer.
The Firth of Thames opens onto the Hauraki Gulf. There is a wealth of data concerning
plankton dynamics in the gulf, but very much less data for the Firth of Thames
(particularly the southern and central firth). The data for both the gulf and the firth are
reviewed in Broekhuizen et al. (2002). In summary, circulation patterns in the gulf and
firth are both strongly influenced by the prevailing winds. The reader is referred to an
accompanying report (Stephens, S.A. & Broekhuizen, N. 2003) for more details. During
the summer, nitrate and ammonium concentrations in the gulf and northern firth drop to
very low levels – such that phytoplankton growth is severely constrained. During El Nino
conditions winds tend to blow from the west. This promotes offshore transport of the
surface waters. These are replaced by water upwelling from the oceanic shelf. These
waters tend to be richer in nutrients. In contrast, La Nina conditions are associated with
winds blowing from the NE. These winds blow the surface waters onshore and prevent
upwelling. Thus, El Nino conditions can be expected to promote greater phytoplankton
growth than do La Nina conditions. There is substantial evidence that this is indeed the
case (see the data review in Broekhuizen et al. (2002)). Furthermore, there is evidence
that climatic variations influence not only the total abundance of phytoplankton, but also
its species composition – with smaller species (phytoflagellates) and dinoflagellates being
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relatively more abundant during nutrient-limited times (summer and La Nina). There is
also some evidence that the changes in phytoplankton abundance and species composition
lead to changes in the abundance of the zooplankton communities, and possibly changes
in the survival rates of young fish larvae.
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In this report, we extend upon the preliminary depletion calculations referred to
Broekhuizen et al. (2002). We used three different, simulation models to predict the
magnitude and spatial extent of changes in plankton abundance under three different farm
scenarios and six different wind/season scenarios. A limited number of parameter
sensitivity simulations have also been undertaken in order to gain an indication of how
robust the model predictions are. The three models are spatially explicit and include the
effects of water-driven transport. Space and time-resolved currents (and temperature,
salinity) were predicted using a separate model (see Stephens, S.A. & Broekhuizen, N.
2003).
One of the models used has been developed over several years within NIWA’s “Ocean
Ecosystems” program (and its predecessors). This program is funded by the Foundation
for Research in Science and Technology (FRST). The existing model required relatively
minor changes (to explicitly include mussel farms). The other two models were developed
from scratch (though all of the transport-related code and much of the code associated
with calculating the mussel feeding rates is shared with the first model). The mussel
feeding sub-model that was adopted has been developed under another FRST funded
NIWA program (“Sustainability and Enhancement of cultured and wild shellfisheries”,
and its predecessors). The models represent important extensions to the preliminary
calculations presented in Broekhuizen et al. (2002) in several ways. They allow us to: (a)
make spatially explicit predictions of impact, (b) make an assessment of both short-term
(days) and seasonal-scale variations in the nature of the impact and (c) the biophysical
model, takes explicit account of the stimulatory effect of mussel nitrogen excretion. There
is a growing body of literature suggesting that when ambient nitrogen levels are low, the
nitrogen excreted by mussels can promote sufficient additional phytoplankton growth to
partially (or more than) offset the losses to mussel grazing (Ogilvie, S.C. et al. 2000,
Prins, T.C. & Smaal, A.C. 1990, Rosenberg, R. & Loo, L.O. 1983). Since the mussels
must retain at least some of the nitrogen that they consume, how can the phytoplankton
biomass increase in the presence of mussels? The answer appears to be that mussels
consume material other than phytoplankton (organic detritus, zooplankton etc.). Thus,
their total nitrogen intake exceeds the quantity of phytoplankton nitrogen consumed.
There is sufficient ‘excess’ nitrogen consumed (and then released) to offset the nitrogen
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losses suffered by the phytoplankton population. In effect, the mussels serve to speed up
the natural process of remineralisation from detrital matter.
The report is broken into several sections. The Methods section describes each of the
models used. The Results section summarises the results from each model. The results
are described for each model in turn: snapper model, logistic plankton model, biophysical
model. The Discussion section is used to make observations regarding the nature of each
model, and the nature of the results; however, we make only brief reference to the
ecological implications of the results at this stage.
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2.

Methods
2.1

Weather/Season scenario descriptions
For each farm scenario, we present results from six distinct ‘seasonal patterns’. Two of
these (September 1999 and March 2000) correspond to specific calendar periods – in the
sense that the hydrodynamic model (which provides predictions of current speeds, water
temperature etc. that are then used to drive the biological models) was driven using time
series of winds and solar irradiance etc. for the indicated calendar periods. In the
remaining four cases, the wind fields used to drive the hydrodynamic model are genuine
time-series, but rather than applying them at the calendar times for which they were
recorded, they have each been applied to both a spring- and a summer condition (in terms
of irradiance and initial/boundary condition water temperatures etc.). The two wind-field
time-series selected are considered to be representative of moderate-strong El Nino
(prevailing winds from ENE; record corresponds to 21 February – 31 March 1962,
measured at Mokohinau) or La Nina conditions (prevailing wind from WSW, record
corresponds to 30 June to 30 July 1976, measured at Mokohinau) (Stephens, S.A. &
Broekhuizen, N. 2003).
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The spring and summer ENE (or WSW) hydrodynamic simulations were driven using the
same wind-fields (though initial conditions, boundary conditions and solar irradiance
differed). In the Snapper and logistic models, spring/summer differences in the results are
due to seasonal changes in water-column stability (in the biophysical model, we also
apply lower initial and boundary condition DIN concentrations in summer than in spring
and appropriate diurnal irradiance patterns). Changes in water-column stability are driven
by seasonal changes in the inputs of heat and fresh (riverine) water. In turn, this implies
that the spring/summer ENE (or WSW) simulations provide an indication of how seasonal
changes in water-column stability (rather than day-to-day weather changes) influence the
dynamics of the planktonic ecosystem.

12.7.04

2.2

Farm Scenario Descriptions
We consider three distinct farm scenarios. The coordinates of the corners of the areas
occupied by farms are listed in Table 1-Table 3. The co-ordinates were furnished by the
Auckland Regional Council. Scenario NF is a baseline scenario in which no farms are
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present within the model’s domain. Scenario 0 includes the existing farm at Waimangu
Point and the two Wilson Bay developments. The many smaller mussel farms around the
Coromandel Peninsula and in the Tamaki Strait are not represented. Scenario 1 is
designed to examine the influence of an AMA operating at the ‘maximum’ extent that
might be contemplated. In addition to the farms of Scenario 0, an additional large block
corresponding to the proposed AMA in the Western Firth is included.
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Table 1:

NZ map grid coordinates of the corners of the two blocks (existing & approved) within the
Wilson Bay development (coordinates provided by Auckland Regional Council).
Farm
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Table 2:

Farm

Easting

Northing

Wilson Bay 1

2724703.000000

6475463.000000

Wilson Bay 1

2728084.000000

6470779.000000

Wilson Bay 1

2726594.611872

6469668.056505

Wilson Bay 1

2723196.261472

6474374.668749

Wilson Bay 2

2722381.715923

6473786.314924

Wilson Bay 2

2725789.355169

6469067.410723

Wilson Bay 2

2724298.000000

6467955.000000

Wilson Bay 2

2720875.000000

6472698.000000

NZ map grid coordinates of the corners of the nine existing blocks within the Waimangu
Point development (coordinates provided by Auckland Regional Council).
Easting

Northing

Farm

Easting

Northing

Waimangu pt. 1

2714704.163357

6464623.553043

Waimangu pt. 5

2714988.227427

6465141.796762

Waimangu pt. 1

2714704.163357

6464410.158571

Waimangu pt. 6

2714989.613106

6464929.787968

Waimangu pt. 1

2714465.826673

6464408.772892

Waimangu pt. 6

2714748.505065

6464927.016611

Waimangu pt. 1

2714465.826673

6464620.781686

Waimangu pt. 6

2714745.733708

6465140.411084

Waimangu pt. 2

2714698.566969

6464878.094987

Waimangu pt. 6

2715261.439956

6464629.325229

Waimangu pt. 2

2714698.566969

6464677.068920

Waimangu pt. 7

2715258.927130

6464413.222207

12.7.04Waimangu pt. 2

2714469.899818

6464674.556094

Waimangu pt. 7

2715038.111849

6464411.544249

Waimangu pt. 2

2714465.826673

6464875.746511

Waimangu pt. 7

2715038.111849

6464626.324400

Waimangu pt. 3

2714698.620643

6465139.025405

Waimangu pt. 7

2715266.748784

6464885.446259

Waimangu pt. 3

2714698.620643

6464925.630933

Waimangu pt. 8

2715266.465608

6464679.581746

Waimangu pt. 3

2714467.212352

6464924.245254

Waimangu pt. 8

2715038.111849

6464674.823144

Waimangu pt. 3

2714467.778678

6465137.546115

Waimangu pt. 8

2715035.340493

6464882.674903

Waimangu pt. 4

2714989.613106

6464626.324400

Waimangu pt. 9

2715268.134463

6465145.953797

Waimangu pt. 4

2714990.054766

6464413.222207

Waimangu pt. 9

2715268.978434

6464935.889981

Waimangu pt. 4

2714752.662100

6464411.544249

Waimangu pt. 9

2715035.340493

6464929.787968

Waimangu pt. 4

2714752.662100

6464624.938722

Waimangu pt. 9

2715035.340493

6465144.568119

Waimangu pt. 4

2714988.227427

6464881.289224

Waimangu pt. 5

2714989.613106

6464677.594500

Waimangu pt. 5

2714756.819136

6464676.208822

Waimangu pt. 5

2714751.276422

6464878.517867
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Table 3:

NZ map grid coordinates of the corners defining the proposed maximal AMA in the
western Firth of Thames (scenario 1) (coordinates provided by Auckland Regional
Council).
Farm
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Easting

Northing

Maximal WF AMA

2716619.225547

6466015.894963

Maximal WF AMA

2717473.826923

6465691.362795

Maximal WF AMA

2718512.329860

6464934.121070

Maximal WF AMA

2723088.233426

6461147.912446

Maximal WF AMA

2723465.272278

6456890.483937

Maximal WF AMA

2718199.855603

6457399.930948

Maximal WF AMA

2715504.998438

6465545.323320

Maximal WF AMA

2714401.589067

6465588.594275

Maximal WF AMA

2714423.224545

6466091.619135

2.3

Farm Details

2.3.1

Line Arrangements
The Wilson Bay AMA is divided into two sub-areas. Each is filled with numerous 2.75 ha
“blocks”. Each block is 250 m long and 110 m wide, and a “buffer” of 75 m separates
neighbouring blocks. The blocks are stocked at a rate of two longlines per ha (equating to
5.5 longlines per block, or approximately 0.91 longlines ha-1 calculated over the area of
the block and its associated buffer). Neighbouring longlines are separated by a gap of
approximately 25 m.
The two sub-areas of development within the Wilson Bay AMA do not occupy the entire
area of the AMA. When calculated over the entire area of the AMA, the effective line
density is approximately 0.79 lines ha-1.
In the absence of specific information, it was agreed to adopt the same configuration (0.91
lines ha-1) within each of the nine existing farms at Waimangu Point.
For the proposed Western Firth AMA, it was agreed that no explicit provision be made for
navigation passages etc. however implicit allowance is made for such structures by setting
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the line-density to 0.79 lines ha-1 (equivalent to line density averaged over the entire
Wilson Bay AMA).
An individual longline is assumed to have a length equalling that of the farm-block (250
m) less the projected horizontal length of the anchor cables at either end (a total decrement
of six times the local water-depth). Each longline supports a double backbone and a total
(summed over both backbones) of ~3000 m of dropper line per (2x) 130 m of backbone. It
was agreed that we should assume that there would be no dropper lines where the water
within the AMA is less than 10 m deep. Elsewhere, it was agreed, that for the purposes of
modelling, it would be acceptable to assume that droppers extend to 8 m below the seasurface.
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The mussel population was assumed to be composed of five classes as outlined in Table 4.
The line-density and mussel densities per line are such that, within the volume enclosed
by the AMA (excluding water below the maximum dropper depth), there are
approximately 4 mussels m-3. Based upon measurements of size-dependent pumping
rates, and the indicated population size structure, these four mussels could be expected to
filter around 300 L of water a day. A naive interpretation of this clearance rate would
imply that phytoplankton within the farm’s boundaries suffer a mussel-induced mortality
rate of ~30% d-1. Note, however that this is an approximate upper bound on the
incremental mortality. There are reasons to believe that, in reality it will be somewhat
lower than this (see Discussion).

12.7.04
Table 4:

Details of the population size-structure and density within each farm. Note that
approximately 10% of the total dropper line is assumed to be devoid of mussel.
Mussel Class

-1

Mussels m of

Proportion of

dropper line

dropper-lines

-

-

0.1

<35

170

0.2

‘small juveniles’

35-60

150

0.23

‘large juveniles’

60-85

130

0.23

‘harvestable crop’

85-110

110

0.23

No mussels
‘spat’

Shell-length (mm)
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2.4
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Model Domain
The horizontal domains of the three models extend from the southern tip of the Firth of
Thames to just beyond the Tamaki Strait (Figure 1). The models explicitly represent the
two Wilson Bay developments, the existing Waimangu point farms and proposed AMA.
They do not represent the numerous smaller farms around the Coromandel Peninsula and
Tamaki strait. In all our further illustrations, we restrict the plotted area to a longitudinal
band that encompasses the Firth of Thames; however, the models’ domains extended as
far as the western coastline of the Hauraki Gulf (i.e., they included the entire Tamaki
Strait area and the Waitemata harbour area).

12.7.04

Ecological sustainability assessment for Firth of Thames shellfish aquaculture: Tasks 2-4 – Biological Modelling

9

a)
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b)
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Figure 1:

Illustrations of the total horizontal extent of the domains used in (a) the snapper and
logistic plankton models and (b) the biophysical model. The colour-coding is indicative
of local water-depth.

Ecological sustainability assessment for Firth of Thames shellfish aquaculture: Tasks 2-4 – Biological Modelling

10

2.5

D
R
A
F
T
12.7.04

The Empirical Model
There is experimental evidence that the Greenshell mussel (Perna canaliculus) consumes
not only phytoplankton, but also zooplankton up to at least the size (and mobility) of adult
copepods (Zeldis, J. et al. in review). Adult copepods are of similar size to the eggs and
young larvae of many fish (e.g., snapper eggs are 0.86-0.97 mm Robertson, D.A. 1975).
They are also much more mobile than fish eggs. Thus, it is possible that P. canaliculus
may consume the eggs and young larvae of fish – particularly given the experimental
evidence that Blue mussel (Mytilus edulis) do so (Davenport, J. et al. 2000, Lehane, C. &
Davenport, J. 2002).
To make an assessment of the potential impacts of mussel feeding upon
phytoplankton/zooplankton and fish eggs/larvae we developed a new, particle-tracking
model. We will refer to this as the ‘empirical model’. Whilst the empirical model
describes the dynamics of both phytoplankton/zooplankton (based upon the logistic
growth model) and fish eggs/larvae (parameterised as snapper), we will discuss the results
for phytoplankton/zooplankton and for snapper separately in most cases. Where
appropriate in this section, we will therefore refer to the empirical model as the ‘logistic
model’, or the ‘snapper model’. The logistic model is designed to capture the general
demographic characteristics of a wide range of planktonic organisms – ranging from fast
growing phytoplankton (period between cell-divisions ~1 day), through slow-growing
phytoplankton and protozoans (period between cell divisions ~2 – 5 d) and up to fast and
slow growing copepods (egg – adult period of 20 – 40 d).
In both the snapper and logistic plankton models, the populations (snapper or plankton)
are partitioned across numerous individual particles. The movement of each particle is
dictated by the instantaneous local currents (taken from the output of the hydrodynamic
model (Stephens, S.A. & Broekhuizen, N. 2003)) and the intrinsic ‘swimming behaviour’
of the population in question (snapper are assumed to be weakly, positively buoyant). The
plankton and snapper are treated as different types of particles. Each ‘plankton particle’
carries information regarding its current location and also the quantity (mass) of each of
five plankton sub-classes that the particle ‘contains’. Similarly, each snapper particle
carries information regarding its location and the quantities (numbers of individuals) of
five different snapper sub-classes that it is representative of. In addition, the ‘age’ of the
snapper particle (time since the first egg entered the particle) is tracked. The natures of the
five sub-classes of plankton associated with plankton and snapper particles differ, and are
clarified below. Within any volume of water, the concentration of a particular plankton or
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snapper sub-class is derived by summing the appropriate sub-class quantity over all
particles within the volume. Net population growth over a time-increment is calculated
for each sub-class in turn on particle-by-particle basis and results in the particle being
representative of a greater (or smaller) quantity of the sub-class. On occasions, particles
may be split into two, or new particles formed. This is explained in greater detail below.
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The demographic description underlying the dynamics of the phytoplankton/zooplankton
population differs from that underlying the snapper population. The logistic plankton
model is formulated in a manner similar to that described by Abraham (1998). Not only
do we adopt his particle-tracking approach, but we also follow his lead by basing our
description upon the well-known logistic equation. In the context of our particle-based
model, this may be written:
−

dN
N
= rN 1 −
− fN
dt
k

(Eq. 1)

in which N (mass) is the sub-class-specific quantity of material associated with the particle
−

and N is the local sub-class-specific population concentration (mass m-3). The parameter r
(d-1) defines the maximum weight-specific growth rate of the organism and k (mass m-3),
defines the ‘carrying capacity’ of the environment. This is the local abundance to which
the population would naturally grow in the absence of ‘interventions’ (in this model,
current-driven transport & mussel farms). The ‘parameter’ f denotes the weight-specific
mortality induced by the local mussel population. In the full model (cf Eq. 1) this rate is a
complex function of temperature, particulate concentration, mussel size and local mussel
abundance.
The realised weight-specific growth rate is a declining function of current local population
abundance relative to the local carrying capacity. We have assumed that both r and k are
time-invariant, but k is assumed to vary spatially according to a bivariate normal
distribution. We adopted this assumption for two reasons. Firstly, it represents a crude
approximation to the field data (see Figures 13 and 16 of Broekhuizen et al. (2002)).
Secondly, in the absence of farms, the deviations between the prescribed carrying capacity
and the realised abundance provide an indication of how transport is influencing
demographics – something which would not be apparent if a spatially invariant carrying
capacity had been adopted.
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The demographic description for snapper eggs/larvae is not based upon the logistic growth
equation. Rather, we assumed that the rates of both recruitment (rate of production of
new eggs) and ‘background’ (i.e., mussel independent) per-capita mortality are
independent of the existing egg and larval densities. A track of each particle’s ‘age’ (time
since particle was formed) is kept. Newly spawned eggs pass into only those particles
which are less than one day old (henceforth: “zero-age” particles); older particles gain no
further recruits. Particles lose individual eggs/larvae as a result of: (a) a first order, agedependent background mortality term, and (b) an additional loss due to grazing by
mussels. This latter term is applied only to particles that are within a farm.
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The instantaneous, local spawning rate is specified as an areal rate of egg-production
(eggs m-2 d-1). This is converted to a volumetric rate on the basis of the local water-depth
and the appropriate quantity of eggs is added into each zero-age particle within the watercolumn in question. In order to make this addition, it is necessary to know the volume of
water that is notionally associated with each zero-age particle. Furthermore, it is also
necessary to ensure that the “total notional volume” associated with all of the zero-age
particles within each control-volume equals this control-volume. This is checked between
each time-step, and, if necessary additional particles are added (initially, these are devoid
of eggs). If instead, the total notional-volume is too great, the volumes (but not population
sizes) of each of the zero-age particles within the control-volume are rescaled. Finally, it
is desirable that all the particles (of a given age-class) represent a similar number of eggs
(Broekhuizen, N. et al. 2003). In order to promote this, particles are split into two equal
halves (both egg-count and notional volume) whenever the population (of sub-class 2, see
below) comes to exceed a prescribed maximum. Note, that since only particles of age lessthan-one-day can “grow”, it is only these particles that will ever be split. An analagous
particle-splitting strategy is applied to a plankton-particle whenever the abundance of subclass two of the particle exceeds a prescribed value.
We assumed that spawning takes place only in waters between 10 m and 30 m deep
(Zeldis, J.R. & Francis, R.I.C.C. 1998), and only between 9 am and 3 pm. Over this
interval the instantaneous rate of egg production is assumed to follow a sinusoidal pattern
such that the depth integrated egg production rate amounts to 350 eggs m-2 d-1 (Zeldis, J.R.
& Francis, R.I.C.C. 1998). The background mortality rate for eggs and larvae was set to
70% d-1 (Zeldis, J.R. & Francis, R.I.C.C. 1998).
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Given the differing demographic descriptions, we maintain two separate populations of
particles: one for phytoplankton/zooplankton and one for fish eggs/larvae. In both cases,
there are 8 state variables associated with each particle. The first three are related to the
particle’s three spatial co-ordinates (distance (m) from the origin in the three orthogonal
directions); however for greater numerical ease, we calculate ‘cumulative location’
(product of the number of individuals in the particle and the mean location of these eggs).
The particle’s location (mean location of the individuals) is a derived property. The latter
five state variables correspond to population abundance (measured as mg C for
phytoplankton/zooplankton and as individuals for fish eggs/larvae). For a
phytoplankton/zooplankton particle, each of the latter five state variables corresponds to
one of the nominal plankton types listed in Table 5. In contrast to the situation for
phytoplankton/zooplankton, we have no experimental data with which to make an
assessment of just how effectively mussels clear snapper eggs/larvae from the watercolumn. Thus, in the case of particles representing fish eggs/larvae the latter five state
variables are representative of near-replicate fish populations. These replicate populations
differ only in their susceptibility to being consumed by mussels. In ascending order of
sub-class (descending order of vulnerability) these vulnerabilities are: 1.0, 0.5, 0.25, 0.13,
0.06 – i.e., they range from being as vulnerable to predation as are phytoplankton to being
more resistant than adult copepods (Zeldis, J. et al. in review). We use the terms
vulnerability and relative vulnerability synonymously to refer to the following ratio:
“Volume of water which a mussel must filter in order to consume 1 g of the prey-type in
question, divided by the volume of water that it must filter in order to consume 1 g of
phytoplankton, both types of prey being equally abundant (by mass) in the water”.
The phytoplankton/zooplankton are assumed to be neutrally buoyant. In the default
simulations, the snapper are assumed to be positively buoyant (rising at a speed of 1 m d1
). We have no measurements of the rates at which eggs or larvae rise through the watercolumn, but Pankhurst et al. (1991) report that eggs and young (pre-motile) larvae
accumulated near the surface of their incubation tanks.
We imposed a spatially varying, but temporally constant-concentration boundary
condition along the ‘northern’ boundary of the domain; at the sea-floor and sea-surface we
imposed a reflecting boundary condition for plankton and snapper. In the case of
plankton, the oceanic boundary conditions were derived from the assumed bivariate
normal carrying capacity. In the case of snapper, they were based upon the rules
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governing spawning, and subsequent background mortality, but ignored the dispersive
effect of transport (i.e., there were no older snapper eggs/larvae in regions where the water
was <10 m, or greater than 30 m deep, even though, in reality, transport may introduce
larvae into such areas).
Table 5:

Characteristics of the five nominal phytoplankton/zooplankton types. The relative
vulnerability figures are based upon Zeldis et al. (in review).
Nominal Plankton Type
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Fast growing phytoplankton

Max. per-capita
-1
growth rate (d )

Kmax
-3
(mg C m )

Kmin
-3
(mg C m )

Rel.
vulnerability
to mussel
filtering

2

100

20

1.0

1

100

20

1.0

0.2

100

20

1.0

0.05

50

10

0.3

0.025

50

10

0.2

(nutrient & light saturated
diatom)
Fast growing, relatively
invulnerable protozoan
Moderately slow growing
phytoplankton/protozoa
Fast-growing (small species)
copepod under favourable
growth conditions
Slow growing copepod (large
species) under favourable
growth conditions

It is worth noting that each of the five ‘replicate’ snapper sub-classes has a different
vulnerability to mussel consumption. Consequently, the equations for the rates of change
of location for zero-age (only) snapper-particles that are (or have been) within mussel
farms are exact only for sub-class 3. This is because the rate of change of cumulative
location is a function not only of the local particle position, but also of instantaneous
number of eggs associated with the particle and the rate at which newly spawned eggs are
introduced into the particle. For particles that are (or have been) within a farm, the five
sub-classes will differ in size and the relative contribution of births and movement of
already-existing-individuals to the resultant velocity of the ‘average individual’ will differ
in each sub-class. Recall, however that we have chosen to place all five sub-populations
on the same particle (thus forcing them to move in the same manner). We have chosen to
frame the equations of state for location relative to the third sub-class because this class
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has an intermediate vulnerability to consumption by mussels. Given the purpose of this
modelling exercise, and the relatively small amount of differential mortality which can
accrue between the different sub-populations on a zero-age particle during the few hours
over which spawning takes place, we regard this approximation as acceptable. The
alternative would have been to simulate each sub-class on a different particle, with the
accompanying increase in the number of equations to be solved (each particle would
require differential equations for its x, y, and z-locations as well as one for its population
size). Thus, in place of one particle carrying eight differential equations, one would
require five particles, each carrying four differential equations.
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2.6

The Biophysical Model
This model is described in detail elsewhere (Broekhuizen, N. 1999, Broekhuizen, N. et al.
2003). Here, we present only a brief description and concentrate upon those parts of the
model which have been modified since the model was described in the preceding
publications. The principal modifications are:
•

Addition of a third phytoplankton taxon (small phytoflagellates). These can
represent more than 30% of the biomass at some times of the year (Chang, F.H. et
al. in review). These are assumed to be neutrally buoyant and to require only
nitrogen nutrient for growth (unlike diatoms, which also require silicon).

•

Addition of an explicit pool of benthic organic detritus. Pelagic detritus now
deposits onto the sea-floor and enters this benthic pool (rather than being reflected
off the sea-floor as previously). Benthic detritus (like pelagic detritus) is assumed
to decay into dissolved inorganic material at a rate of 5% per day, but 14% (Giles,
H. 2001, Zeldis, J.R. & Smith, S.V. 1999) of the resultant DIN flux is assumed to
be lost as N2 (rather than recycled as NO3 or NH4+).

•

Addition of the mussel farms (see below).

Briefly, the model includes state variables for: local dissolved inorganic nitrogen (DIN),
local dissolved reactive silicon (DRSi), local C, N and Si masses of organic detritus
(POMC, POMN, POMSi), and for each of diatoms, phytoflagellates and dinoflagellates:
numbers of cells, and C, N and Si biomass. Nutrients and organic detritus are simulated
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using the Eulerian approach, but we use the Lagrangian Ensemble method (Woods, J.D. &
Onken, R. 1982) to describe the phytoplankton populations.
Cell division is assumed to take place when the cell surpasses a prescribed carbon mass
(Wfission, mg C cell-1). Each daughter cell is assumed to inherit half the mass of the parent.
Starvation-death occurs should the cell's carbon mass fall below a prescribed minimum
( Wstarve ,< 0.5 Wfission). In addition to discrete birth and death events related to a cell's
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physiological state, the phytoplankton populations are also assumed to suffer 'background'
mortality (grazing and bacterial/viral lysis). This is implemented as a first order loss (note,
this is a continuous loss, c.f. changes due to birth and starvation). The model of cellular
growth incorporates terms reflecting quota-dependent regulation of the rates of excretion,
photosynthesis and nutrient uptake, but lacks any photo-inhibition terms.
Ensemble-specific rates of photosynthesis and nutrient uptake etc. are calculated from the
product of ensemble-carbon-biomass and the cell’s mass-specific photosynthetic and
nutrient-specific uptake rates etc. Local (to the particle ensemble) environmental
conditions (orthogonal currents, temperature, light, nutrient concentrations etc.) are
interpolated from the corresponding Eulerian field (in the vertical dimension only, except
for orthogonal current vectors, which are interpolated in the x-, y-, or z- directions as
appropriate). Within each control-volume, we assume that the 'red' and 'green' light
fractions decay exponentially (Taylor, A.H. et al. 1991 – the colour-specific

attenuation coefficients are calculated as the sums of background- and
phytoplankton-carbon terms). For all other characteristics, we use linear interpolation.
The light-dependence of photosynthesis is described using the Smith-formulation (Smith,
E.L. 1936), however the realised photosynthetic rate becomes suppressed below the
light-dependent rate as the nutrient quota (dinoflagellates and phytoflagellates N:C;
diatoms N:C or Si:C) ratio approaches prescribed minima. Similarly, the nutrient uptake
rate is dependent upon both the external nutrient concentration (Michaelis-Menten
function) and the internal N:C (Si:C) ratio of the cell.
Dinoflagellates are assumed to swim upward (15 m d-1) unless their N:C quota becomes
sufficiently depleted. When this occurs, they switch to swimming downwards. They
continue swimming downwards until: (a) their stores are sufficiently replenished (a
second, higher N:C threshold), (b) the (external) nutrient-concentration dependent
nutrient-uptake rate exceeds 90% of the maximum nutrient uptake rate, or (c), the cell
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comes within one meter of the sea-floor. Under condition (a), the cells will once again
begin to swim upwards, under conditions (b) and (c), they will endeavour to remain
(vertically) stationary. Diatoms cannot swim, but they are able to regulate their buoyancy
(Smayda, T.J. 1970, Villareal, T.A. 1992). We assume that their buoyancy behaviour
is analogous to the swimming behaviour of the dinoflagellates: As with the
dinoflagellates, we assume that they endeavour to ascend (i.e., are neutrally buoyant)
when nutrient replete (N and Si), but sink (5 m d-1) when they are N- or Si- stressed.
Phytoflagellates are assumed to be neutrally buoyant at all times.
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The carbon and nitrogen fractions of organic detritus are assumed to decay into inorganic
forms at rates of 5% d-1 (Enríquez, S. et al. 1993, Verity, P.G. et al. 2000). Detrital Si
is assumed to decay at a much lower, temperature-dependent rate (~0.0006 d-1 at 20 C
Kamatani, A. 1982, Tréguer, P. et al. 1989). As noted previously, 14% of the DIN
remineralising from benthic detritus is assumed to be lost from the system as N2.
We held the concentrations of nutrients, detritus and each of the three phytoplankton
groups constant at the model’s ‘northern’ boundary and imposed a reflecting boundary
condition for phytoplankton at the sea-floor. In contrast, we adopted a ‘sticky’ sea-floor
boundary condition for detrital material (material which comes sufficiently close to the
sea-floor becomes immobilised on the sea-floor but remains biologically active).

2.7

Mussel Feeding sub-model
The rate at which a mussel removes particulates from the water-column is governed by the
mussel’s clearance rate (rate at which water is cleared of particles). Experimental data
indicate that the clearance rate is determined by four factors: body size, total particulate
concentration (incl. sediment), concentration of organic particulates and temperature
(Hawkins, A.J.S. et al. 1999, James, M.R. et al. 2001 Unpublished NIWA data).
Qualitatively: clearance is maximal at intermediate temperatures, increases quadratically
with mussel length and is maximal at intermediate particle concentrations. Not all of the
material which is initially removed from the water-column is subsequently ingested –
some is rejected as pseudofaeces. The ingestion rate of food was modelled as a function
of clearance rate, total particulate concentration, concentration of organic particulates and
selective ingestion of food particles. In the empirical model, the concentration of food
particles (as dry weight) was calculated as the sum of the concentrations of the five
plankton sub-classes and the biomass of all age-classes of the snapper (weight-age
relationship from Fielder, D.S. et al. in review and unpublished data from D.S. Fielder).
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In the biophysical model, the concentration of food particles was calculated as the sum of
the three phytoplankton concentrations and the detrital concentration.
In the case of the Biophysical Model, it is also necessary to take proper account of the
influence which mussels have upon the abundance of inorganic nutrients and detritus.
Detrital consumption is calculated in the same manner as phytoplankton consumption.
Detrital production is the sum of the production rates for pseudofaeces and faeces.
In the model, mussels are assumed to excrete dissolved inorganic nitrogen (as NH4+) as a
consequence of two distinct processes. Firstly, there is a ‘background’, or ‘basal’
excretion rate. In-situ respiration and basal excretion rates (respectively mmol O2
individual h-1, and mg NH4 individual-1 h-1) have been measured for a range of mussel
body sizes under normal feeding conditions and we adopt the size and temperature
dependent rates derived from these data (Hawkins, A.J.S. et al. 1999, James, M.R. et al.
2001, NIWA unpublished data). Secondly, we assume that mussels maintain a fixed
bodily N:C ratio. When the N:C ratio of their net assimilate (less excretion as calculated
above) exceeds that of the body, the excess N must be excreted (as NH4+; conversely, if
the N:C ratio of the net assimilate is less than that of the body, the excess carbon must be
excreted – we assume this is excreted as dissolved inorganic carbon). In practise, this
regulatory excretion is negligible in comparison with the basal term.
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2.8

Implementing Farms within the simulation models
The model has a horizontal grid-resolution of 750 m (56.25 ha). In the vertical, layers are
of differing thickness (from the surface downwards: 3 m, 3 x 2m, 4 x 4 m, 2 x 8 m, 16 m).
Henceforth, we will use the term 'grid-cell' or ‘water-column’ to refer to any such 750 m x
750 m column of water. We will use the term ‘control-volume’ to refer to a 750 x 750 x
layer-depth cell. Clearly, the model does not represent scales as fine as one farm block
(2.75 ha). Instead, we will consider any mussels to be dispersed evenly (between the seasurface and maximal dropper depth) throughout the 56.25 ha.
We assumed all backbones support 3000 m of dropper line (this amounts to assuming that
the water-depth is 20 m, so that within a 250 m long block, there a backbone 130 m long
(250-6*20)). We assumed that the droppers extend to a depth of 8 m.
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At the outset of each simulation, the fraction of each grid-cell which contains a farm is
calculated as follows:
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2.9

•

we determined which grid-cells are entirely enclosed within a farm and assign
these a fractional occupancy of 1 (less any fraction of the grid-cell which extends
below the dropper-line depth);

•

for those grid-cells which are not fully contained within a farm, we counted the
number of grid-cell corners which are within a farm and assign the fractional
occupancy as 0, 0.25, 0.5 or 0.75 as appropriate (less any fraction of the grid-cell
which extends below the dropper-line depth);

•

finally, we determined whether there were any farms which do not contain any
grid-cell corners (because the farms are too small to span an entire grid-cell, or
because the farm is aligned with the grid, and too narrow to span more than one
grid-cell, so that even though it is longer than any one cell, the farm contains no
grid-cell corners). We make this test by counting the number of farm corners
within each of the as-yet-seemingly-unoccupied grid-cells. Cells containing one
or more corners are (arbitrarily) assumed to be 10% occupied.

Numerical Solution
The system of differential equations was solved using a second order, adaptive time-step,
Runge-Kutta integration algorithm with a maximum time-step of 30 minutes. After each
time-step a check was made for the occurrence of any discrete events (e.g., passage of a
particle from one water-column into a neighbouring one, and cell fission). Such events
were arranged in estimated chronological order and processed appropriately. In addition,
particles which had become ‘too large’ (see preceding section) were split. Finally, before
beginning the next time-step, each particle was visited and a determination made of
whether or not it was inside the boundaries of any of the farms. When within a farm, the
particle’s population suffered the appropriate additional mortality loss due to mussel
feeding.
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2.10

Simulations undertaken
For each of the three models we made a total of 18 (6 season/wind combinations x 3 farm
scenarios) ‘baseline’ simulations. In addition, we made several additional simulations.
These represent a very limited parameter sensitivity analysis. In the case of the snapper
and logistic plankton models, these additional simulations were made only for the spring
and summer ENE wind conditions. These are the conditions which promote the greatest
retention of plankton within the firth, so making impacts most likely. Specifically, the
additional simulations were:
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a) snapper assumed to rise at 5 m d-1 rather than rising at 1 m d-1; relative
vulnerability of plankton sub-classes 2, 4, 5 increased from 0.5,0.3,0.2 to
1.0,0.5,0.3 respectively;
b) snapper assumed to be neutrally buoyant rather than rising at 5 m d-1; relative
vulnerability of plankton sub-classes 2, 4, 5 increased from 0.5,0.3,0.2 to
1.0,0.5,0.3 respectively.
In the case of the biophysical model, our alternative simulations concentrated upon the
summertime period (when DIN limits phytoplankton growth). Specifically, we made
simulations in which mussel N-excretion was reduced (such that excretion occurs only
when absolutely required to maintain the N:C ratio) or eliminated entirely. These trials
were made because the summertime phytoplankton enhancement predicted in the default
simulations is dependent upon mussel-derived DIN, yet it is possible that the
manipulations required to measure the mussel excretion rates that form the basis of DINexcretion in the default simulations may have stressed the mussels causing them to excrete
more N than usual (A.H. Ross, NIWA, pers. comm.). Thus, it was felt appropriate to
determine what would happen if lower excretion rates are the norm.
In addition to the simulations examining the influence of changing DIN excretion, we
have repeated the default-parameterisation summertime simulations, but using higher
initial- and boundary condition DIN concentration. Our default value was 1 mg N m-3 but
we also present a summary of summertime results based upon simulations using initial
and boundary conditions of 10 mg N m-3 (as used for the spring simulations).
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Each simulation spanned a period between 19 and 25 d (see x-axis, Figure 12). Where the
simulations were less than 25 d long, this was because the hydrodynamic model failed
prior to day 25.
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3.

Results
We will present only plots of long-term average results in this section. These will take the
form of either: (a) concentrations averaged over the entire duration of a simulation, (b) or
ratios of the time-and-depth-averaged concentration for a chosen characteristic in paired
simulations. These long-term averages provide an easily-grasped summary of results, but
mask substantial short-term variability (due to wind-driven changes in the circulation
patterns). We briefly discuss a few examples of this variability.
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3.1

Interpretation of the plots
In all the plots of the raw results (concentrations of organisms), colour is indicative of
abundance: rust-red indicates high abundance, whilst deep blue indicates low abundance.
For snapper and plankton, the reported concentrations (and concentration ratios) are
averages over sea-surface to sea floor and the full duration of the simulation. For the
biophysical model, the averaging is over the upper 20 m the water-column and the full
duration of the simulation. For the snapper and logistic plankton models we adopt a
linear colour-scale when representing concentrations. For the biophysical model, colour is
indicative of log10 (concentration).
We also use colour-plots to illustrate the relative difference between the results of two
farm scenarios (e.g., scenario 0 vs scenario NF). In this case, the colour is indicative of the
ratio of long-term average concentrations for corresponding properties as simulated under
the two scenarios. Once again, we adopt linear colour-scales for the snapper and logistic
models and logarithmic scales for the biophysical model. The plot legend and associated
colour-scale bar will define the ratio in greater detail, but in all the cases it is calculated as
the quotient: ‘concentration in the simulation with many farms’ / ’concentration in the
simulation with few farms’ (e.g., scenario 0/scenario NF or scenario 1/scenario NF). Since
each farm-scenario was started from identical initial conditions, the ratio is always equal
to one at the start of the simulation. Thereafter, areas which have a colour towards the
blue end of the colour-spectrum are predicted to have lower concentrations in the ‘many
farms’ simulation than they do in the ‘few farms’ one. Conversely, areas having a colour
towards the rust-red end of the spectrum have concentrations that are little different, or in
some cases, higher than those of the no farms scenario.
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Results will be presented in the order: snapper model, logistic plankton model,
biophysical model. For each of these three models, the seasonal simulations will be
presented in the following order: September 1999, March 2000, spring prevailing ENE
winds, summer prevailing ENE winds, spring prevailing WSW winds, summer prevailing
WSW winds. Finally, within each wind-scenario, results will be presented in farmscenario order (viz, scenario NF, scenario 0, scenario 1).
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It is important to remember that in all three models, the plankton (and fish eggs/larvae) are
represented by collections of particles. Particle transport is driven by a combination of
super-grid-scale advective transport (dictated by the current fields simulated by the
hydrodynamic model) and sub-grid scale eddies – simulated as a random increment
(direction and speed) to the deterministic velocity. This random component implies that,
even if two particles start from the same location, their trajectories will tend to diverge.
Recall further that plankton concentration within any region is derived from the sum of
the plankton mass associated with each particle within the region and the volume of water
within the region. Clearly, if there are few particles in a region, the addition (or loss) of
just one particle will induce a large relative change in abundance – even if the absolute
change in abundance is small. Given the random component in particle trajectories, this
implies that concentration estimates become progressively less robust as the number of
particles involved falls. Thus, the depth averaged concentration estimates reported in the
remainder of this document are generally less robust in shallow areas of the firth than they
are in deep areas. Similarly, and more importantly, relative changes in concentration
(whether over time, or at corresponding times in differing farm scenarios) become more
liable to ‘sampling error’ effects in shallow regions. For these reasons, even seemingly
large depletion (or enhancement) effects should be considered meaningful only if they
extend to several adjacent grid-cells or if they persist over a prolonged period of time in
one cell. For example, in the shallow, southern firth it is not uncommon to see a ‘speckled
pattern’ of alternating areas of high and low relative abundance, or a band of persistently
high relative abundance. Both are artefacts arising from sampling error and is not
evidence of far-field impacts upon biomass in the southern firth. As a very rough rule of
thumb, we suggest that ratios derived from the long-term average concentrations should
be regarded as unreliable in areas where the water depth is less than approximately 3 m
(equating to areas in which the hydrodynamic model has only one layer). If shorter timeaveraging periods were to be used, this depth threshold would be larger. Recall, also that
the local particle abundance will be influenced by the absolute plankton abundance as well
as water depth. For this reason ratios will be unreliable in deeper water if the plankton
abundance is low (witness the band of seemingly enriched snapper larvae at the extreme
southern edge of the snapper larval distributions in Figure 2).
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Snapper Model
For the no farms situation, the ‘long term average’ (i.e., averaged over the duration of
each simulation) simulated abundances of 7-8 d post-spawn snapper larvae are illustrated
in Figure 2a. Relative deviations from these patterns under scenarios 0 and 1 are
presented as in Figure 2b-c. Similarly, the deviations under the assumption of neutral
buoyancy are plotted in Figure 2d (ENE winds only). The average spatial distribution
varies markedly not only between different wind fields (Sept. 1999, March 2000, ENE
and WSW winds), but also when the same winds are blown in different seasons (ENE
spring, ENE summer, WSW spring, WSW summer). This is despite the fact that the
spatial distribution of newly spawned eggs remained constant across all simulations
(Figure 2 e).
On average, the Wilson bay development is predicted to induce only mild depletion
(usually <10%, and often barely detectable) among 7-8 d old larvae. Addition of the
western firth AMA induces much more marked depletion – frequently circa 20% over
much of the southern and central firth. We note that this depletion is usually most marked
in areas where natural larval densities are low. Thus, the spatial extent of larval depletion
gives a deceptively large impression of the proportion of firth-wide fraction of eggs/larvae
that may succumb to mussel grazing (see next paragraph for more details). Furthermore,
we caution that two features of the model are likely to lead to over-estimation of the
mortality rates induced by mussels. We will delay a description of these features until the
Discussion.
Simulations indicate that when averaged over the entire domain, the mortality induced by
scenario 1 mussel consumption amounts to ~5% of the ‘natural mortality’ (assuming
snapper eggs & larvae to be no less vulnerable to mussel predation than phytoplankton,
Table 6). The model suggests that the existing farms (those of scenario 0) may be
responsible for reducing the domain-wide number of snapper (sub-class 3, relative
vulnerability=0.25) reaching age 7 d (post spawn) by approximately 2% (Table 7). The
combination of the existing farms and the maximal western firth development (scenario 1)
is suggested to reduce the numbers of snapper (sub-class 3) reaching age 7 d by
approximately 3-6%. Comparison of these figures with the mortality ratios in Table 6
suggests that, if eggs/larvae are, instead, as vulnerable as phytoplankton, the numbers of
larvae reaching age 8 d could be reduced by ~6% under scenario 0 and ~ 15% under
scenario 1. Note, however this will be an overestimate if snapper eggs or larvae are less
vulnerable to mussel predation than phytoplankton are.
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The distribution of depletion in 7-8 d old neutrally buoyant larvae is very different from
that of slowly ascending larvae (Figure 2d cf Figure 2c). Note that the substantial decline
in larval abundance in the with-farms, rapidly ascending case relative to the no-farms,
slowly ascending case is primarily due to the changed pattern of horizontal distribution
consequent upon the changed ascent speeds. This is made more evident if we compare
‘like-with-like’ (by comparing the numbers of larvae attaining 8 d post-spawn under the
differing farming scenarios, but making the comparison only across simulations in which
eggs and larvae were assumed to have the same ascent speeds). This reveals that the
fraction of eggs surviving to age 8 d is not strongly influenced by the ascent speed (Table
8). This is probably because, the initial distribution of eggs is identical in both
populations, so earlier in their lives, all populations suffer similar levels of farm-induced
mortality.

12.7.04
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Simulated concentrations (individuals m-3) of 7-8 d old larval snapper under scenario NF
(a), relative differences between the concentrations for the scenario NF/scenario 0 (b),
scenario 1/NF (c). (d) relative deviation between results for scenario1, neutrally buoyant
eggs/larvae and scenario NF, weakly buoyant eggs/larvae; ENE winds only). The topmost row also shows the time-series averaged abundance of snapper eggs<1 d old under
Sept 1999 conditions (Figure 2e).
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Table 6:

Ratios of domain-wide numbers eggs & larvae consumed by mussels to domain-wide total
numbers of eggs and larvae dying due to background mortality (based upon totals
accumulated over the entire duration of the simulation).
Season/wind
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Table 7:

Scenario 0

Scenario 1

Scenario 0

Scenario 1

Sub-class 1

Sub-class1

Sub-class 3

Sub-class 3

September 1999

0.0175

0.0519

0.0046

0.0139

March 2000

0.0155

0.0464

0.0041

0.0124

Spring ENE

0.0162

0.0496

0.0043

0.0133

Summer ENE

0.0157

0.0496

0.0042

0.0135

Spring WSW

0.0240

0.0495

0.0063

0.0130

Summer WSW

0.0263

0.0518

0.0069

0.0137

Ratios of domain wide numbers of larvae attaining the assumed age of invulnerability (8
d) accumulated over the entire duration of the simulation. These ratios are for snapper
sub-class 3 (relative vulnerability=0.25). Default model (snapper ascent speed=1 m d-1).
Season/wind

12.7.04
Table 8:

scenario 0

scenario 1

scenario 1

/ scenario NF

/ scenario NF

/ scenario 0

September 1999

0.982

0.943

0.960

March 2000

0.990

0.967

0.977

Spring ENE

0.987

0.948

0.961

Summer ENE

0.985

0.953

0.967

Spring WSW

0.983

0.950

0.966

Summer WSW

0.973

0.947

0.976

Ratios of domain wide numbers of larvae attaining the assumed age of invulnerability (8
d) accumulated over the entire duration of the simulation. These ratios are for snapper
sub-class 3 (relative vulnerability=0.25) for two differing ascent speeds of eggs and
larvae.
Season/wind

Ascent speed for

scenario 0

scenario 1

scenario 1

non-motile eggs/larvae

/ scenario NF

/ scenario NF

/ scenario 0

-1

(m d )
Spring ENE

0

0.987

0.954

0.967

Summer ENE

0

0.986

0.954

0.968

Spring ENE

5

0.978

0.942

0.963

Summer ENE

5

0.985

0.952

0.966
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Logistic Plankton
Figure 3-Figure 7 illustrate the long-term average spatial patterns of abundance and
depletion predicted for logistically growing plankton. Under the default parameterisation,
fast growing plankton (sub-classes 1 & 2) suffer almost no depletion (<10%) under either
of the two with-farms scenarios. In contrast, sub-class three (slow-growing, vulnerable
plankton) suffer depletion that sometimes approaches 10% around Wilson bay, and
depletion of ~20% around the western firth AMA is common. This latter area of
depletion often extends for several km beyond the AMA’s perimeter and can extend as far
as Wilson Bay. Under the default parameterisation, sub-classes 4 & 5 are predicted to
suffer depletion of ~10% around the western firth AMA, but little depletion around
Wilson Bay.
Results from the parameter sensitivity trial (ENE winds only) are also presented. Recall,
that in these sensitivity trials, we increased the relative vulnerabilities of sub-classes 4 and
5. In the case of sub-class 2, this has made little difference – they are still predicted to
suffer little depletion. In contrast, sub-classes 4 and 5 are predicted to suffer depletion of
much greater magnitude and spatial extent than previously. Near the farms, depletion can
approach 20%, and the depletion ‘halo’ is predicted to extend over much of the southern
and central firth. Changes to the relative vulnerabilities of sub-classes 4 & 5 make little
difference to the dynamics of the other plankton sub-classes.

12.7.04
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Figure 3:

Simulated carbon concentrations of the sub-class one of logistically-growing plankton
under scenario NF (a), relative differences between the simulated concentrations for the
scenario NF and scenario 0 (b), scenario 1 and scenario NF (c) for the default
parameterisation of relative vulnerability and weakly buoyant snapper; (d) scenario1
strongly buoyant eggs/larvae & revised rel. vulnerability vs scenario NF default
parameterisation.
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Figure 4:

Simulated carbon concentrations of the sub-class two of logistically-growing plankton
under scenario NF (a), relative differences between the simulated concentrations for the
scenario NF and scenario 0 (b), scenario 1 and scenario NF (c) for the default
parameterisation of relative vulnerability and weakly buoyant snapper; (d) scenario1
strongly buoyant eggs/larvae & revised rel. vulnerability vs scenario NF default
parameterisation.
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Figure 5:

Simulated carbon concentrations of the sub-class three of logistically-growing plankton
under scenario NF (a), relative differences between the simulated concentrations for the
scenario NF and scenario 0 (b), scenario 1 and scenario NF (c) for the default
parameterisation of relative vulnerability and weakly buoyant snapper; (d) scenario1
strongly buoyant eggs/larvae & revised rel. vulnerability vs scenario NF default
parameterisation.
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Figure 6:

Simulated carbon concentrations of the sub-class four of logistically-growing plankton
under scenario NF (a), relative differences between the simulated concentrations for the
scenario NF and scenario 0 (b), scenario 1 and scenario NF (c) for the default
parameterisation of relative vulnerability and weakly buoyant snapper; (d) scenario1
strongly buoyant eggs/larvae & revised rel. vulnerability vs scenario NF default
parameterisation.
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Figure 7:

Simulated carbon concentrations of the sub-class five of logistically-growing plankton
under scenario NF (a), relative differences between the simulated concentrations for the
scenario NF and scenario 0 (b), scenario 1 and scenario NF (c) for the default
parameterisation of relative vulnerability and weakly buoyant snapper; (d) scenario1
strongly buoyant eggs/larvae & revised rel. vulnerability vs scenario NF default
parameterisation.
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Biophysical model
Figure 8 - Figure 11 present the time-averaged results from the default simulations, and
also the results from the sensitivity simulation (in which mussel DIN excretion was
reduced). These provide a robust summary of the ‘broad-scale’ results, but as with the
snapper and logistic plankton results, the long-term averages mask considerable temporal
variability in terms of both domain wide abundance and distribution patterns within the
domain. For example, the domain-wide diatom abundance usually increases during the
simulations, phytoflagellate abundance remains relatively constant and dinoflagellate
abundance falls (Figure 12). There are also changes in the locations and magnitudes of
depletion/enhancement during simulations. These reflect both the influence of wind upon
circulation and the increasing importance of DIN excretion by mussels as ambient DIN
levels decline over the first few days of each simulation.
The presence of farms has comparatively little influence upon the relative abundance of
DIN during spring (when concentrations are relatively high), but during the summer, the
farms raise the ambient DIN concentrations ~two fold (Figure 8). The greater apparent
impact during summer arises because summertime ambient DIN concentrations are much
lower. It is worth noting that whilst the summertime impact is marked if mussels are
assumed to excrete DIN at rates that have been measured in chamber experiments, DIN
enhancement is markedly lower if the mussels are assumed to conserve cellular N (by
burning carbohydrate/lipids in preference to protein whenever possible, Figure 8d). The
influence of the western firth AMA is much larger than that of the Wilson Bay farms.
It is satisfying to note that the model predicts that diatom abundance will decline
markedly between spring and summer, whilst the densities of dinoflagellates, and more
especially, phytoflagellates remain more constant. Whilst we have not performed a
detailed comparison of model predictions and field data, we note that the predicted
phytoplankton abundances are within the range observed in the northern Firth of Thames
(Broekhuizen, N. et al. 2002). Furthermore the model often predicts that phytoplankton
abundance will be higher on the NE side of the firth than on the NW side. Both
observations are consistent with the pattern inferred from an extensive survey carried out
by NIWA in December 2002.
Phytoplankton density is usually suppressed somewhat within the farms (by up to 50%
upon occasions, Figure 9 – Figure 11). The far-field impacts are more variable.
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Dinoflagellate concentrations are almost invariably reduced but this is not always the case
for diatoms and phytoflagellates. When ambient DIN is plentiful, the far-field diatom and
phytoflagellate concentrations tend to be suppressed relative to the no-farm situation, but
when ambient DIN concentrations are low (and mussels are assumed to excrete plentiful
DIN), far-field concentrations of diatoms and phytoflagellates can be enhanced. This
enhancement sometimes occurs in different locations – reflecting the differing growth
rates and average vertical positions of the two groups. The presence of farms may also
seem to enhance phytoplankton populations in the extreme south of the firth. As with the
snapper, this may be an artefact associated with ‘sampling error’, but in this case we can
also envisage a mechanistic explanation. The farm-associated DIN concentration
increases have two consequences: (a) phytoplankton retain higher cellular N:C ratios –
making it more likely that diatoms and dinoflagellates will remain near the surface, and
hence modifying their population movement patterns; (b) increasing cellular growth rates,
thereby promoting greater population growth and increasing the likelihood that some cells
from the central firth will survive to penetrate into the southern firth.
If mussels are assumed to excrete minimal DIN (instead of excreted at measured rates),
the likelihood of both local and far-field suppression of diatom and phytoflagellate
abundance is increased (Figure 9d, Figure 10d)
Sensitivity trials indicate that, at least during summer, the influence of the differing initial
and boundary condition DIN concentrations influences are small (Figure 12; the initial
divergence between the ‘low’ and ‘high’ DIN simulations reflects phytoplankton growth
fuelled by the initially abundant DIN in the latter simulation. Subsequently, trajectories
tend to merge, indicating that the differing boundary DIN concentrations play only a very
small dynamic role. In general, DIN concentrations become almost indistinguishable
from one another within ~5 km of the model’s oceanic boundary (approximately the tidal
range).
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Figure 8:

Long-term (duration of simulation) average simulated concentrations of: (a) DIN
(log10(mg N m-3)) under scenario NF; and log10(DIN concentration-ratio relative to this
default) for alternative scenarios: (b) scenario 0; (c) scenario 1 with default mussel
excretion, (d) scenario 1 with minimal mussel DIN excretion. For ease of reference:
log10(100)=2, log10(0.01)=-2, log10(3.16)=0.5, log10(0.316)=-0.5.
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Figure 9:

Long-term (duration of simulation) average simulated concentrations of: (a) Diatoms (
log10(mg diatom carbon m-3)) under scenario NF; and log10(diatom carbon concentrationratio relative to this default) for alternative scenarios: (b) scenario 0; (c) scenario 1 with
default mussel excretion, (d) scenario 1 with minimal mussel DIN excretion. For ease of
reference:
log10(100)=2,
log10(0.01)=-2,
log10(1.585)=0.2,
log10(0.631)=-0.2
(approximately).
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Figure 10:

Long-term (duration of simulation) average simulated concentrations of: (a)
Phytoflagellates (log10(mg phytoflagellate carbon m-3)) under scenario NF; and
log10(phytoflagellate carbon concentration-ratio relative to this default) for alternative
scenarios: (b) scenario 0; (c) scenario 1 with default mussel excretion, (d) scenario 1 with
minimal mussel DIN excretion. For ease of reference: log10(100)=2, log10(0.01)=-2,
log10(1.585)=0.2, log10(0.631)=-0.2 (approximately).
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Figure 11:

Long-term (duration of simulation) average simulated concentrations of: (a)
Dinoflagellates (log10(mg dinoflagellate carbon m-3)) under scenario NF; and
log10(dinoflagellate carbon concentration-ratio relative to this default) for alternative
scenarios: (b) scenario 0; (c) scenario 1 with default mussel excretion, (d) scenario 1 with
minimal mussel DIN excretion. For ease of reference: log10(100)=2, log10(0.01)=-2,
log10(1.585)=0.2, log10(0.631)=-0.2 (approximately).
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Figure 12:

Time-series of domain wide phytoplankton abundance within the model domain. Left-toright, the columns correspond to diatoms, phytoflagellates and dinoflagellates. Top-tobottom, the rows correspond to September 1999, March 2000, spring ENE winds, summer
ENE winds, spring WSW winds and summer WSW winds. The colours denote differing
scenarios: reds scenario NF; green scenario 0; blue scenario 1; summer simulations only –
pink: scenario NF, initial & boundary condition DIN=10 mg N m-3 (cf 1 mg N m-3). In the
cases of diatoms and dinoflagellates, the ‘saw-tooth’ pattern is dominated by the diurnal
cycle of photosynthesis. In the case of dinoflagellates (which grow much more slowly),
the tidal import/export cycle is often dominant.
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4.

Discussion
In this section we make observations regarding the details of the three models, and the
simulation results. Ecological implications of these results are discussed briefly in the
following section.

4.1
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General comments
There are several small shellfish farms in the Tamaki strait area and further up the
coastline of the Coromandel peninsula. Our models take no account of these. Firstly,
many would be outside the models’ domains, and secondly experience in the Marlborough
Sounds and elsewhere suggests that the far-field impacts of such small farms are
negligible (Ross, A.H. & Hadfield, M.G. 2003). This is also evident in our simulations:
scenario 0 (existing farms) includes not only the Wilson Bay farms, but also nine small
farms around Waimangu point – yet the influence of these latter farms is barely
perceptible.
Drag associated with farms may have a significant effect on current velocities in and
around farms. Measurements indicate that much of the water which would have passed
through the volume occupied by the farm instead flows (rather faster) around and under
the farm, whilst water within the farm moves more slowly than would otherwise be the
case. The hydrodynamic model which produced the currents etc. used to drive the
biological models takes no account of these drag effects. Whilst we have no data with
which to make quantitative statements regarding what would happen in the Firth of
Thames, scaling arguments suggest that flow modification will extend to a distance
comparable to the dimensions of the farm itself – (C. Stevens, NIWA, pers. comm., see
also Plew et al. (in review)). This implies that flow around both Wilson Bay and the
proposed Western Firth AMA may be altered somewhat. Even in the absence of
quantitative information on flow modification, we can make some qualitative statements.
The steep horizontal and vertical velocity gradients across a farm’s perimeter will tend to
enhance dispersive mixing. Depending upon whether nutrient concentrations outside the
farm are higher or lower than those within the farm, this will either promote or suppress
phytoplankton growth within the farm. Similarly, the enhanced dispersion will tend to
counter phytoplankton depletion (percentage) when phytoplankton within the farm is
lower. Reduced advection through a farm will tend to reduce the far-field impacts of the
farm, but increase the magnitude of any local-scale impacts. Nonetheless, when measured
at the firth-scale, reduced advection through the farms is likely to result in a lower total
rate of removal of phytoplankton from the water-column by mussels.
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In both the logistic plankton model and the biophysical model, plankton abundances in the
extreme south of the firth often fall as the simulation progresses (snapper larvae are not
found in this region at any time). This decline is expected. The firth is an estuarine
system, with most of the riverine input entering in the southern firth. Thus, there is a net
export of water (and associated plankton) from the southern firth. Populations will persist
there only if the local rates of population growth and horizontal dispersion are high
enough (Speirs, D.C. & Gurney, W.S.C. 2001).
The western firth AMA is usually predicted to have greater impact (nutrient enhancement,
plankton depletion/enhancement) than are the Waimangu Point and Wilson Bay
developments. There are several reasons for this. Firstly, the western firth AMA is much
larger, so there is greater scope for effects to compound. Secondly both peak and tidal
residual current velocities tend to be lower in this region. Thus, residence times per unit
farm-volume tend to be longer. Once again, this implies that effects have more chance to
compound. Finally, in comparison with the Wilson Bay AMA, the western firth one sits
in comparatively shallow water. It was agreed that dropper lines should extend to the
same depth (below sea-surface) in both regions. This implies that there is less ‘farm-free’
water below the Western Firth farms. This is important because this ‘farm-free’ water
operates to buffer (or mask) the farm effects when depth-averaged quantities are
considered.
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4.2

Over-estimation of mussel ingestion rates
We have already alluded to the likelihood that the models are overestimating the quantity
of material which is filtered from the water-column by mussels. There are two reasons for
this. The first of these applies to both the empirical model and the biophysical model.
The second applies to the snapper and logistic plankton models only.
An important reason that all three models are likely to overestimate mussel filtration is
that there is a mismatch between the spatial scales that the model is able to resolve (at
best: 750 x 750 x 2 m), and the scales at which mussel feeding currents operate. In reality,
mussels filter only the water in their immediate vicinity. If the water is not replaced (by
advection or turbulence), they will quickly clear their neighbourhood of particles. In the
absence of replenishment, they can then consume no more material no matter how hard
they filter. Furthermore, in a longline system, much of the water that flows past a mussel
may already have been filtered by its upstream neighbours. In the model, however, these
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fine-spatial scale effects are not represented. Instead, the mussels perceive the controlvolume (750 m x 750 m x layer-thickness) average particulate concentration – it is not
feasible to explicitly represent micro-scale depletion around the dropper lines within
models having domains as extensive as ours. The implication of this scale-mismatch is
that, in regions where advection/turbulence is weak, (simulated) mussels have access to
more food than corresponding living mussels would perceive. Recent small spatial-scale
modelling work suggests that micro-scale depletion around mussel droppers can be
significant, particularly when currents are weak (Smith, A. 2003). It is difficult to
quantify the degree to which the models will over-predict consumption but we note that it
is likely to be more of a problem in the area of the western firth AMA than in the Wilson
bay area (because the latter area has higher peak and tidal residual current speeds).
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A further reason that the snapper and logistic plankton models may over-estimate mussel
clearance rates is that these two models take no account of the organic detritus within the
water-column. This is a major constituent of the total organic particulates in the watercolumn, and is certainly filtered (and a fraction of it may be assimilated) by mussels.
There is evidence that mussel clearance rates are unimodal functions of the organic matter
abundance within the section – being maximal at intermediate concentrations of organic
matter (Hawkins, A.J.S. et al. 1999). By failing to account for the organic detritus content
of the water, we may have induced our model-mussels to pump water at a higher than
normal rate (though not higher than they are physiologically capable when the situation
demands). If they have filtered at an overly high rate, they will have consumed too many
snapper eggs/larvae and too much plankton. Note, however that all three models took
account of the influence of suspended inorganic matter upon mussel filtration rates. These
generally dominate the total particulate concentration in this region. Hence, the filtration
rate will have been only marginally over-estimated.

12.7.04

4.3

Snapper Model
The initial conditions for each age-class reflect the assumption that eggs are produced at a
rate of 350 eggs m-2 d-1 in water between 10 m and 30 m depth. Naturally, such an
assumption implies that, in the absence of transport, egg concentration will be higher
around the 10 m contour than around the 30 m contour. The initial conditions ignore the
influence of transport upon an individual’s location. At the start of the simulation, a 7 d
old individual is assumed to be in the location where it was born 7 d earlier. Thus, at the
start of the simulation, the spatial distribution of the older age-classes is overly tight. The
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influence of the initial conditions upon the distribution of the model’s oldest larval ageclass (6-7 d post-spawn) declines to zero during the first seven days of the simulation.
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Though less evident in the long-term-average results (Figure 2) than in the time-series of
results, comparison of the springtime and summertime simulation results for ENE and
WSW winds reveals that distributions are usually more diffuse in the spring. This is a
consequence of two factors: both related to the lower degree of spring-time water-column
stratification. Firstly, the horizontal circulation patterns are more complex but vertically
more uniform (Stephens, S.A. & Broekhuizen, N. 2003). Secondly, because the vertical
mixing is stronger in spring, eggs/larvae do not aggregate so strongly near the surface
(despite their buoyancy). Consequently, though weaker in absolute terms, vertical shear
(differing patterns of horizontal transport in each layer) influences a larger fraction of the
larval population in the spring. We note that the times which we have chosen to simulate
(September and March) correspond to the very beginning and very end of the snapper
spawning season (Francis, M.P. 1993). It is possible that they provide a deceptive
indication of farm impacts upon snapper during the bulk of the spawning season; however
given the similarity of the estimated incremental mortalities under 6 differing
circulation/stratification conditions, and under three different egg/larval ascent speeds, we
consider this unlikely.
At times, the differing circulation patterns that evolve under the same wind conditions in
spring and summer can induce differences that are more extreme than mere greater
horizontal dispersion of the larvae. For example, 6-7 d old larvae are abundant throughout
the central firth on day 15 during the springtime prevailing WSW simulation, but almost
absent during the summertime WSW simulation. In the latter case, the larval population
(which aggregates near the surface when the water-column is strongly stratified) has been
exported out of the firth in the strong surface currents which developed over the preceding
few days of strong winds from the SW (Stephens, S.A. & Broekhuizen, N. 2003).
For snapper eggs/larvae, it is not surprising to find that the farms induce increasing
depletion within a cohort as it ages. By the time the cohort reaches 7-8 days of age
(approximate age at first swimming), depletion could be up to 50% within the proposed
Western Firth AMA – though this figure varies through time in response to preceding
currents and assumes maximal relative vulnerability to mussel grazing. Larvae may not be
as vulnerable as eggs or phytoplankton – in which case, this will be an overestimate.
Depletion within the farms is minimal at times when the preceding currents were such that
either: (a) there are no larvae within the proposed AMA, or (b), those larvae present have
spent most of their preceding life outside the farm.
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4.4

Logistic Plankton model
As with the snapper, there are reasons to believe that the model will over-predict the
extent of mussel predation upon plankton (see section 4.2).
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The initial conditions reflect our assumption that carrying capacity has a bivariate normal
spatial distribution; however they ignore the consequences of transport. It is not surprising
that once the system begins to evolve, this pattern becomes somewhat disrupted. Nor is it
surprising that the disruptive effect of transport is greater for slow-growing organisms
than it is for the fast-growing ones; however, even for the slow growing plankton, the
influence of the initial conditions becomes negligible after 3-5 d.
The parameter r defines the (assumed) maximum weight-specific population net growth
rate. In the absence of any mortality, this would equate to the maximum net rate of
individual growth; however in the natural environment, r will usually be substantially
below the corresponding maximum individual weight-specific growth rate because many
juveniles will die (from density independent causes), before attaining maturity. In a recent
review Hirst et al. (2003) found that mean (across species) maximum individual growth
rate of copepods to be ~0.1 d-1 (range 0 – 1.6 d-1). Other metazoan (multicellular, c.f.
protozoan) zooplankton grew at similar, or higher rates. Our two metazoan sub-classes of
logistic plankton (subclasses 4 and 5) are assumed to have maximum weight-specific
growth rates of 0.05 d-1 and 0.025 d-1. Comparison of these figures with the mean
maximum individual growth rate of 0.1 d-1 implies that we have assumed a daily weightspecific mortality rate of circa 0.05-0.1 d-1. This is comfortably within the range of values
estimated from field data (Corkett, C.J. & MacClaren, I.A. 1979, Eiane, K. et al. 2002).
The logistic model indicates that, when plankton abundance is averaged over periods of
several days, there will be little or no evidence of depletion amongst fast-growing,
vulnerable plankton; however depletion will occur amongst slow-growing, vulnerable
plankton. Depending upon the exact balance between growth rate and relative
invulnerability, slow-growing but relatively invulnerable plankton may be depleted by no
more than 10%, or they may be depleted by 20% or more within the farms.
Unfortunately, the relative vulnerabilities of zooplankton are not well known. Zeldis et al.
[, in review #953] found that the relative vulnerability of ciliates was probably similar to
that of phytoplankton. Expressed relative to ciliates (cf phytoplankton), they found that
the relative vulnerabilities of nauplii, copepodites and adult copepods were 0.4 (range 0.2-
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1.5), 0.2 (range 0.07-0.54) and 0.17 (range 0.01-0.32). They made no measurements of
the relative vulnerability of copepod eggs – though it seems likely that these would be at
least as vulnerable as nauplii. In a model which lacks any explicit size/age structure (such
as the logistic model that we have adopted), the relative vulnerability of each sub-class
will be a weighted average of egg, naupliar, copepodite and adult vulnerabilities. The
weighting will depend upon the relative durations of each stage – which can be influenced
by species, temperature and food abundance.
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The simulations conform to the expectation that depletion will be greatest amongst those
plankton which have a low net population growth rate (in the absence of mussel grazing).
This need not imply that it is only zooplankton that may be suppressed. At times the net
population growth rate of phytoplankton can be negative (due to factors such as low light,
low temperatures, low nutrient availability and high predation). It is also worth noting
that, for slow-growing populations, we anticipate the extent of depletion to be much more
sensitive to the relative-vulnerability parameter. Recall that, in the absence of transport,
the dynamics of the logistic plankton are governed by Eq. 1. Summing over all particles
within a region, the equilibrium solution (i.e., abundance of the sub-class which yields
zero net growth) to this equation is:

N* = K

(r − f ) = K − Kf
r

r

Eq. 2

Not surprisingly, the equilibrium plankton concentration declines as f (the vulnerability
parameter) increases, but note that the slope of this decline is inversely dependent upon r.
For r<1, a small change in the mussel-induced mortality leads to a disproportionately
large decline in the equilibrium plankton density.
In reality, phytoplankton removal by mussels may be at least partially offset by an
accompanying removal pf zooplankton – thereby reducing the phytoplankton mortality to
zooplankton. This effect is not considered in either the empirical or the biophysical
model). The biophysical model also indicates that far-field phytoplankton concentrations
may be enhanced in the presence of mussel farms (see below). Given that ambient
phytoplankton concentrations may be insufficient to enable zooplankton to grow at their
maximal rate (Broekhuizen, N. et al. 2002, p. 79), elevated phytoplankton might promote
more rapid zooplankton population growth than we have assumed – thereby reducing the
zone of depletion around the farms. Furthermore, if mussels consume sufficient predators
of copepods (fish larvae, medusae etc.), this will tend to increase the copepod population
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recovery rate. Note, however, that these arguments are much more tenuous in the case of
snapper because, unlike phytoplankton and zooplankton, fish eggs/larvae do not quickly
grow and reproduce.

4.5
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Biophysical Model
The simulation model confirms field observations – that the Hauraki gulf is strongly
nitrogen limited during the summer, but much less so during spring. Substantial
quantities of DIN enter the SE firth via rivers. This nutrient promotes phytoplankton
growth in the southern firth – such that population abundance in the SE firth is often
higher than elsewhere in the southern firth. In general, the riverine water moves
diagonally north and west across the firth. This pattern is also evident as a plume of
elevated phytoplankton abundance. It is satisfying to note that the model predicts that
diatom abundance will decline markedly between spring and summer, whilst the densities
of dinoflagellates, and more especially, phytoflagellates remain more constant. This
pattern is evident in field data from the Hauraki gulf and northern firth of Thames.
Our modelling suggests that phytoplankton abundance is more likely to be suppressed in
spring than in summer (when it may be enhanced). This may appear counter-intuitive,
but is consistent with field observations in New Zealand (Ogilvie, S.C. et al. 2000) and
elsewhere (Prins, T.C. & Smaal, A.C. 1990, Rosenberg, R. & Loo, L.O. 1983). Similar
results have also been reported in enclosure experiments (Ogilvie, S.C. et al. 2003, Prins,
T.C. et al. 1995). In spring, nutrient is plentiful, so one might expect phytoplankton to be
growing rapidly. On the other hand, during summer, ambient nutrient concentrations are
very low and, in the absence of farms, phytoplankton growth is very slow. There are two
reasons why farm impacts appear to be smaller during the summer. Firstly, despite the
plentiful nutrient, (early) springtime phytoplankton growth rates remain relatively low
because of the low water temperatures and short day-length. Thus, recovery from grazing
is slow. During summer water temperatures and irradiance are conducive to very rapid
phytoplankton growth – if nutrient is present. In our ‘default’ simulations mussels excrete
substantial quantities of DIN. This ‘fertilizes’ the water within and around the farms and
promotes very rapid growth of those phytoplankters which survive their passage through
the farm. It is worth noting that whilst summertime nitrogen concentrations in the western
Firth area increase several fold in the presence of the proposed AMA, the absolute
concentrations remain relatively low (~1 mg N m-3). Our sensitivity trials demonstrate
that the nature and magnitude of the summertime farm impacts are very strongly
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influenced by the rate of DIN excretion by mussels. The (relatively high) excretion rates
adopted in the default simulations are based upon measurements made in the Marlborough
Sounds during March and May (NIWA, unpublished data) when NO3 was ~10 mg N m-3;
NH4 was reported to be ~20 mg N m-3, however most of this NH4 may have evolved from
degradation of organic matter after the water-samples were collected (M. Gibbs, NIWA,
pers. comm.). This NO3-concentration is sufficiently high that phytoplankton would have
been under little N-stress. It is conceivable (perhaps, likely) that DIN excretion rates by
mussels fall when their prey is N-deficient. Furthermore, it is also probable that the
measured rates are atypically high – reflecting a stress response of the experimental
mussels (A.H. Ross, pers. comm.). In either case, the rates applied in the (default
parameter) summertime simulations would be too high. In the sensitivity simulations
illustrated in Figure 8d - Figure 11d we assumed that mussels excrete nitrogen only when
they absolutely have to do so (in order to prevent their tissue N:C ratio climbing too high).
This amounts to assuming that they preferentially meet their respiratory demands by
burning carbohydrate or lipid. The resultant DIN excretion rates were much lower than
those measured in Marlborough Sounds and were insufficient to stimulate substantial
additional phytoplankton biomass development. It would appear that further study of the
factors which influence mussel DIN excretion rates are required before we can be
confident that mussel farms will enhance phytoplankton populations to the degree
suggested in our default simulations, or suppress them to the degree suggested in the
sensitivity trial simulations.
Where enhancement occurs, it is only amongst the phytoflagellates and diatoms.
Phytoflagellates and diatoms both have much higher maximal cellular growth rates than
dinoflagellates. Consequently, they are able to assimilate disproportionately large
quantities of the mussel-excreted DIN.
Regardless of whether the farms enhance or suppress the total abundance of
phytoplankton, the simulations suggest that the farms will induce a marked shift towards
dominance by fast growing taxa (diatoms, phytoflagellates). Once again, this is consistent
with experimental observations (Ogilvie, S.C. et al. 2003). If sufficiently large, such a
shift may have consequences higher in the foodweb since phytoflagellates and
dinoflagellates seem to represent a superior food-type (relative to diatoms) for many
zooplankton (Ban, S. et al. 1997, Kleppel, G.S. 1993).
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5.

Ecological Implications
Within this section, we first discuss the snapper modelling results. Subsequently we
discuss the results of the logistic and biophysical models jointly. It should be understood
that much of what is written here is little more than informed speculation. Nonetheless,
we believe this to be the best that is possible at this stage.
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5.1

Snapper model
Our simulations suggest that, if the remainder of Wilson Bay is developed as planned and
if the proposed western firth AMA is established, the daily per-capita mortality rate
(averaged over the entire firth) amongst snapper eggs and non-motile larvae will rise by
approximately 7% – assuming snapper eggs and larvae to be no less vulnerable to mussel
predation than phytoplankton.
The obvious question is: does an increment of 7% to the daily mortality rate matter
ecologically? Using data from survey data from November-December 1992, Zeldis &
Francis (1998) estimated a mean daily mortality rate of snapper eggs to be ~70% (range
50%-140% d-1 across different locations) within the Firth of Thames and Hauraki gulf.
Mortality rates amongst the young larvae must also be around this level in order to render
egg abundances consistent with larval abundances at age 6-7 d post-spawn (J. Zeldis,
unpublished data). The predicted mortality increment due to the presence of mussel farms
is small even in comparison with the minimum estimate of the ‘background’ mortality. It
is also small in comparison with the range of background mortality estimates. There is
also evidence that the ‘background’ mortality rate amongst snapper eggs and larvae is
highly variable year-to-year. For example, Francis (1993) noted a 17-fold variation in the
abundance of snapper at age one year over a seven year period. Thus, even if survey
programs as extensive as those of Zeldis & Francis (1998) were mounted, it seems
unlikely that one would be able to identify incremental mortality that farms would be
predicted to induce.
That the additional mortality cannot be measured need not imply that it is
demographically insignificant. If the additional mortality is not offset by a reduction in
the background mortality rate (see below), then the model predicts that the numbers of
larvae reaching age 8 d post-spawn could be reduced by up to 15% (assuming snapper
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eggs and larvae are no less vulnerable to predation than phytoplankton). The reduction
will occur in both ‘good’ and ‘bad’ years (as measured by overall larval survival rates).
The year-to-year variations in age-class strength noted by Francis & Zeldis (1993) appear
to be driven by factors other than snapper density (whether adult, egg, larvae or juvenile).
There is scant evidence for the operation of mechanisms promoting greater
survival/recruitment when snapper population density is low, and/or greater
mortality/reduced recruitment when densities are high. Nonetheless, it is not possible to
reliably predict whether or not a chronic reduction in larval survival will translate into a
reduction in spawning stock biomass.
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For example, we note that though mussels may consume large numbers of fish
eggs/larvae, it is also conceivable that they will consume some of the other predators of
these eggs/larvae. The reduced losses to these other predators would at least partially
offset the mussel-induced losses. We suggest, however, that other predators of fish
eggs/larvae are likely to be moderately large & mobile – thus relatively invulnerable to
predation by mussels. Other compensatory mechanisms may also come into play: it has
been suggested that mussel farms represent a favourable habitat for snapper at that this
may promote the region’s snapper productivity.
Finally, we note that, even if spawning stock biomass were to be detected following
aquaculture development, it is unlikely that it could be definitively attributed to
aquaculture activities given our present state of knowledge.

12.7.04
5.2

Plankton models
During spring, when the phytoplankton growth rate is limited by low light levels and low
water temperatures, sub-class three (slow growing, vulnerable plankton) of the logistic
model provides a good analogue to the phytoplankton of the biophysical model. During
the summer, phytoplankton growth rate is limited by nutrients. Thus, in the absence of
farms, sub-class three continues to be a good analogue, however in the presence of farms
(and assuming that mussels do, indeed excrete substantial quantities of DIN), sub-class
one (fast-growing, vulnerable plankton) becomes a better analogue. With this in mind, it
is clear that the predictions of both the logistic and biophysical models are consistent with
one another. During winter and spring, farms will induce appreciable depletion amongst
the phytoplankton. At times this can exceed 30% within the farms. The depletion plumes
can extend several km beyond the farm’s perimeters though the depletion footprints from
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Wilson Bay and the western firth AMA rarely overlap significantly. During summer, the
biophysical model predicts that phytoplankton growth may be promoted by the DIN
excreted by the farmed mussels. This often results in enhanced phytoplankton standing
stocks (usually offset some distance from the farms due to the interaction between
transport and the delay between nutrient uptake by phytoplankton and subsequent
population growth). The Wilson bay farms usually enhance plankton populations along
the eastern side of the Firth of Thames and in a plume projecting NW/SE from the farm.
The Western Firth AMA enhances populations in the central firth (sometimes extending
almost as far as the Wilson Bay development).
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What are the likely consequences of winter-time depletion and possible summertime
enhancement? Based upon a comparison of (laboratory derived) estimates of the
phytoplankton concentrations required to maximise zooplankton ingestion/growth or egg
production rates Broekhuizen et al. (2002) concluded that zooplankton in the Firth of
Thames are probably food-limited.
This implies that significant reductions in
phytoplankton standing stock are likely to result in reduced growth rates in individual
zooplankters. Ultimately, this may translate into reduced zooplankton standing stock.
Conversely, increased summertime phytoplankton standing stock/production is likely to
result in increases in zooplankton standing stock or production. Averaged over the year,
we cannot be sure whether there will be a net enhancement or net depletion of the
phytoplankton. This makes it still more difficult to predict how the higher trophic levels
will respond. We note however, that even the maximally depleted phytoplankton
concentrations would be difficult to distinguish from a natural phytoplankton minimum in
this region. Similarly, even the maximally enhanced phytoplankton abundance does not
exceed natural maxima. Thus, it seems unlikely that the changes in total phytoplankton
abundance would induce anything more than subtle changes in the production or standing
stock of the zooplankton community. The biophysical model does predict marked
changes in the composition of the phytoplankton community – usually with a shift
towards diatoms and phytoflagellates. This may have a beneficial impact upon protozoa
and, perhaps even copepods. Protozoa feed mainly upon smaller phytoplankton
(phytoflagellates) and might be expected to benefit. On the other hand there is also
evidence that a protozoan-phytoflagellate-dinoflagellate diet is of greater value to
copepods than a diatom-dominated diet (Ban, S. et al. 1997). A shift towards smaller
phytoplankton may be disadvantageous to the benthic community. Small phytoplankton
are less prone to sinking onto the sea-floor. Thus, the quantity of food falling onto the
sea-floor outside of the farms’ immediate environs may decline (the faeces and
pseudofaeces falling from mussel longlines will tend to increase deposition within the
farm environs).
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The predictions of the logistic model regarding the direct (predatory) impacts of mussels
upon zooplankton are equivocal. They suggest that when growing rapidly, protozoa will
suffer little depletion, but when growing slowly they are likely to suffer depletion of a
similar magnitude to slow-growing phytoplankton. Similarly, for larger (slower-growing)
zooplankton, the model’s predictions are very sensitive to the parameter governing how
much less efficiently the mussels clear these zooplankton from the water than they clear
phytoplankton. Under an ‘optimistic’ assumption, depletion is predicted to be localised
and of small magnitude (<10%), but if the vulnerability is increased by just 10-20%, the
magnitude and spatial extent of depletion increases markedly. Once again, even
maximum depletion is not sufficient to reduce zooplankton abundances below the natural
minima. Nonetheless, if depletion was to extend over much of the firth it could have
effects elsewhere in the foodweb. It is not unreasonable to assume that reductions in
zooplankton abundance will lead to increased phytoplankton abundance, but there are
insufficient data to ascertain how reductions in zooplankton abundance and changes in
community structure will influence their predators.

12.7.04
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Conclusions & Recommendations
Perhaps one of the most important findings of this study is that, when measured over
scales of several weeks, seasonal influences are the dominant influence upon the
qualitative nature of any of the model results. That is, the magnitude and location of any
(time-averaged) depletion/enhancement is more strongly influenced by seasonal changes
in water-column stability, circulation patterns, mussel feeding rates and plankton
production rates, than they are by the exact details of the winds blowing during the period
of the simulation. This suggests that our results have general applicability, rather than
being restricted only to the particular conditions that we chose to simulate.
We have stated that for the specific assumptions of the models, there are reasons to
believe that all three of our models will over-estimate the quantity of material that mussels
remove from the water-column. For this reason, our predictions are likely to be ‘worstcase’. The results from the modelling suggest that if large-scale aquaculture does proceed
within the firth:
•

12.7.04

•

if snapper eggs/larvae are not resistant to mussel predation, they will suffer
additional mortality. The extent of this additional mortality and affects on adult
stock is difficult to assess because:
o

the factors governing natural mortality rates and recruitment rates in
snapper are poorly known;

o

the degree to which snapper eggs/larvae are vulnerable to predation by
mussels is unknown.

Phytoplankton populations are likely to become depleted during times when
temperature and/or light levels limit cell-growth rates (late autumn, winter &
early spring). During times when phytoplankton growth rates are limited by
nitrate/ammonium concentrations, the ammonium released by the mussels will
enhance phytoplankton growth rates – perhaps to the extent that phytoplankton
populations attain concentrations greater than would otherwise be likely to occur
at that time of year. The depletion can be ~30% within the farms. Transport
processes imply that depletion plumes will extend beyond the farm’s perimeters,
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but also imply that depletion within the upstream areas of farms will be minimal.
Thus, the total area in which depletion is evident will usually be offset somewhat
from the farm, but will not exceed the area of the farm itself by a large margin.
These modelling results are consistent with experimental and field observations.
In contrast to the situation for snapper, we are therefore more confident of the
qualitative nature of these conclusions.
•
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The predicted impacts upon slow growing (but relatively invulnerable)
zooplankton are very sensitive to the choice of growth rate and vulnerability
parameters. Depending on these factors and the parameters used, the depletion
may be of small magnitude and localised or in a worst-case scenario the predicted
impacts could be large and extend over much of the central firth.

Perhaps the most important thing to note is that historic data for the Hauraki Gulf, Firth of
Thames and other regions (such as the Marlborough Sounds) indicate that there is
enormous variability in plankton systems – whether one considers time-scales of days,
weeks, or years. In comparison with the natural range of variability, the predicted impacts
are small – particularly in the far-field. This implies that they will be extremely difficult
to identify with any certainty in field data.
Whilst the biophysical model is predicting DIN and chlorophyll concentrations that are
consistent with measured values, this model has not undergone a formal verification
process. The same is true of the snapper and logistic models. Whilst we believe the
models’ predictions to be robust, we consider that all of the models will be over-predicting
mussel consumption rates (hence magnitude and spatial extent of depletion). Though it
would necessarily be restricted to the near-field, a formal verification of the model against
detailed field data from around a large farm would enable us to gain a greater appreciation
of the models’ strengths and weaknesses.
Our biophysical model suggests that the influence of farms upon phytoplankton are
dependent upon the ambient DIN concentrations. Aside from riverine and oceanic inputs
of DIN, there is a further source of dissolved inorganic nitrogen: remineralised nitrogen
stemming from sedimented organic matter. Whilst the biophysical model does include a
crude description of this process (including denitrification losses), this description takes
no account of the documented influences that mussel farms have upon benthic
remineralisation processes. For example, Kaspar et al. (1985) reported elevated
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denitrification rates below mussel farms. Thus, if sufficiently extensive (and intensive), it
is conceivable that mussel farming could increase the nitrogen deficit within the firth in
the long term. The substantial oceanic and riverine inputs would buffer any such tendency
but a more detailed model of benthic remineralisation processes would help to assess the
importance of this issue.
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The magnitude of mussel impacts upon zooplankton are uncertain. Further experimental
work may help to reduce this uncertainty but there is also a need to incorporate a dynamic
description of zooplankton into the biophysical model. This would allow us to better
assess the beneficial (to phytoplankton recovery) effects of zooplankton depletion, and the
beneficial (to zooplankton recovery) effects of phytoplankton enhancement.
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