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Sedimentation, suspension, and resuspension in Tasman Bay
and Beatrix Bay, New Zealand, two contrasting coastal
environments which thermally stratify in summer
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Abstract The influence of density stratification on
sedimentation, suspension, and resuspension in
Tasman Bay and Beatrix Bay, New Zealand, two
contrasting coastal environments, was studied with
specific reference to the implications for modelling
aquaculture sustainability. Tasman Bay, an enhanced
scallop (Pecten novaezelandiae Reeve) fishery, is a
very large coastal indentation gently shelving to c.
20 m deep c. 10 km from shore and open to the
Tasman Sea, whereas Beatrix Bay, an area of intense
Greenshell™ mussel (Perna canaliculus Gmelin)
aquaculture, is a small (22 km2 × 30-40 m deep)
enclosed embayment off the side of the nearby
Pelorus Sound. Sediment trap arrays were used to
determine the vertical fluxes of suspended solids and
the associated chlorophyll component. Benthic
chambers were used to investigate sediment nutrient regeneration. In summer, salinity gradients in
both bays are minimal or non-existent because of low
inputs of fresh water and density stratification is
mainly controlled by water temperature. The data
from mid summer exhibited different spatial distribution patterns for detritus and phytoplankton
biomass (as indicated by chlorophyll) in these two
very different bays, although they had similar turbulent environments. The density discontinuity at the
thermocline had a strong influence on settling of
phytoplankton. There was evidence of upwards entrainment of suspended paniculate matter into the
upper water column from the thermocline in Beatrix
Bay. Benthic resuspension was estimated to
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contribute up to 90% of the suspended solids caught
in sediment traps near the sea floor in both bays. The
trapping rate of phytoplankton was thought to be
dependent on species dominance. Possible mechanisms of resuspension included turbulence in the
benthic boundary layer, and high velocities below
the thermocline associated with internal seiches. The
presence of a mid water column chlorophyll maximum in Beatrix Bay is discussed in terms of nutrient and light regimes at the thermocline, and species
composition. In Tasman Bay, the chlorophyll maximum was thought to be caused by resuspension of
benthic microphytes and their subsequent confinement in a thin layer (2-4 m thick) of high turbulence
between the thermocline and the seabed.
Keywords stratification; turbulence; sedimentation; resuspension; Pelorus Sound; Tasman Bay

INTRODUCTION
The rate of sedimentation of particulate material and
plankton is potentially a key factor in the functioning of coastal and estuarine ecosystems. Increased
rates of sedimentation can give rise to retention of
nutrients that might otherwise be lost from the system. The rates of sedimentation, including the effects
of resuspension, need to be measured if we are to
assess broader issues such as the relative importance
of internal nutrient cycling versus external nutrient
supply on primary production, and ultimately, the
functioning of the coastal ecosystem. This latter issue is of particular significance in systems where
there are strong anthropogenic influences (e.g., point
source discharges), since such effects may impact
directly on the relative balance of internal versus
external nutrient control. However, measuring sedimentation rates and assessing the relative contributions of resuspended and non-resuspended particulate
matter are neither simple nor straightforward.
Large areas of coastal and estuarine waters around
the world are used for the aquaculture of benthic or
suspended filter feeding bivalves. Suspended
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particulate matter (SPM) concentrations, and particularly phytoplankton biomass, in the lower and
upper water column have a potentially significant
effect on their feeding energetics (e.g., Grant et al.
1997). The present study has been conducted in one
system, Tasman Bay, used for enhanced scallop
(Pecten novaezelandiae Reeve) aquaculture, and another, Beatrix Bay, used intensively for the farming
of the Greenshell'" mussel, Perna canaliculus
Gmelin. Mussel farming modifies the water column
in ways that can directly and indirectly affect the
functioning of the coastal ecosystem through extraction of phytoplankton, production of ammonia, production of faeces and pseudofaeces, and
modification of the local hydrodynamics. Although
all of these processes may, in principle, affect the
balance between internal nutrient cycling and external nutrient supply for phytoplankton production,
determining how they do so is difficult because of
the complex and dynamic interactions between
coastal ecosystem processes. With the demand for
new areas to develop for aquaculture, measurements
of the supply and loss of the SPM, especially the
chlorophyll component, are needed when calculating budgets for estimating aquaculture sustainability.
Used with caution, sediment trap data can be used
to estimate some of these rate processes.
This study is part of a larger effort to measure the
major particulate and nutrient fluxes in embayments
used for intensive shellfish aquaculture, and to
provide data to calibrate an aquaculture sustainability
model. The present study focuses on measurement
of the vertical fluxes of SPM during summer. The
method of Kozerski (1994) is used to separate
resuspension from sedimentation. During the study,
a mid water column chlorophyll maximum
developed in Beatrix Bay but was confined to a 2 4-m-thick layer near the bottom of Tasman Bay in
summer when density stratification in the essentially
isohaline water column was largely controlled by
temperature. This paper presents a snap-shot of
trapped suspended solids (SS), as a measure of SPM,
and chlorophyll a, as a measure of phytoplankton
biomass, distributions in summer associated with
that density stratification. It also evaluates the
proportion of phytoplankton biomass in the
chlorophyll maximum associated with settling from
above (primary sedimentation), and benthic
resuspension from the sediments, including upwards
entrainment of SPM in the water column into and
out of that layer (secondary sedimentation).
In this paper, upwards entrainment is considered
to be a continuation of the resuspension process in

the water column where particles settling from
anywhere in the mid or lower water columns may
have been upwardly entrained from below, including
benthic resuspension, and hence cannot be
distinguished from recent benthic resuspension. The
term "resuspend" is broadly taken to mean move
upwards from a greater depth. The spatial
distribution of the chlorophyll and SS concentrations
under these conditions also illustrates many of the
processes described below and points towards
another potential mechanism which could contribute
to the mid water column chlorophyll maximum.
The measurements presented here of near bottom
water velocities, sedimentation and resuspension,
and benthic fluxes (Tasman Bay), are the first such
detailed measurements to be presented in the
published literature for Tasman and Beatrix Bays,
so far as I am aware.

BACKGROUND AND REVIEW
OF PREVIOUS WORK
Previous work has identified a wide range of
processes that affect SPM. The vertical distribution
of SPM is not only a function of the source and type
of particle, but also the physical characteristics of the
water column; the density structure and associated
variability in turbulence, the tidal and wind driven
energy inputs that generate turbulence and internal
waves, and the shear stress about the pycnocline and
in the benthic boundary layer. In temperate regions,
highest surface water column particulate loads are
often associated with winter flood events and the
subsequent winter-spring phytoplankton growth
period supported by the nutrients in the flood water
(Sinclair etal. 1981; Cloernetal. 1985;Gibbs 1993)
or, in nutrient rich environments, the salinity
stratification induced by the freshwater inflow
(Cloern 1991 a; Ross et al. unpubl. data). Subsequent
sedimentation of these particles in a turbulent water
column causes concentration gradients of the SPM
to develop with concentration increasing towards the
bottom (Dewey & Crawford 1988; Visser 1997). For
small particles (<0.2 mm in diameter) of low density
(e.g., plankton), settling is essentially unaffected by
isotropic turbulence (Fung 1993; Wang & Maxey
1993). Settling is also unaffected by turbulence when
the particle Reynolds number does not exceed 0.2
(e.g., Smayda 1970a). Reynolds et al. (1990)
determined that water column depth and not flow
velocity was the main controlling factor determining
the sedimentation rate under these conditions. The
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residence time of particles is longer in regions of the
water column where turbulent intensities are high,
e.g., in the mixed layer (Ruiz etal. 1996). Similarly,
locally high turbulent intensities in benthic boundary
layers contribute to the development of bottom layers
containing high concentrations of SPM—the socalled nepheloid layers—to the benefit of the benthic
filter feeding bivalves.
In coastal and estuarine environments, much of
the recently settled material may be resuspended
several times before being permanently locked in the
sediments, and thus contribute to the pool of SPM
in the lower water column. Since horizontal currents
in the water column vanish at the sediment-water
interface, near bottom currents lead to high shear
stress on the sediment which may resuspend
sediment particles (e.g., Kumagai 1988) if this stress
exceeds a certain threshold value which depends on
the density and size of the particles (Miller et al.
1977). Sporadically intense bottom currents caused
by "benthic storms" have been shown to produce
SPM concentrations of up to 12 g rrr 3 on the
continental rise off Nova Scotia (Pak & Zaneveld
1983). Tn coastal waters, density stratification—
thermal or salinity induced—can support internal
seiches with large amplitudes on the density
discontinuity (e.g., Gibbs etal. 1991). This seiching
motion leads to high shear and may result in intense
mixing above the sediments (Thorpe 1988). Erosion
and resuspension also occurs where shear-induced
turbulence within the seiching density discontinuity
comes into contact with the sediment surface (Spigel
& Imberger 1987; Gloor et al. 1994).
The distribution of SPM is also apparently
directly affected by the density discontinuity and it
is common for phytoplankton biomass peaks to
develop about the thermocline or pycnocline (Steele
& Yentsch 1960; Strickland 1968; Le Ferve 1986;
Maclntyre et al. 1995; Pitcher etal. 1998), depriving
both pelagic and benthic filter feeding bivalves from
a potentially significant food source (Cloern 1982;
Cloern et al. 1985; Gibbs et al. 1992; Gibbs 1993).
Biological explanations for these mid water column
biomass peaks usually centre on phytoplankton
growth in response to the strong nutrient gradient at
the thermocline (Smayda 1970b; Gibbs etal. 1992),
or reductions in zooplankton grazing pressure
(Bradford et al. 1987; Kiorboe 1993). However,
there are also physical factors that may in part
explain these biomass accumulations. Settling and
suspension of phytoplankton may be dependent on
cell buoyancy (Sherman & Webster 1994), reduction
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in particle settling velocity caused by increasing
water density (Yamamoto 1984), or changes in
turbulence (Gabric & Parslow 1989; Condie &
Bormans 1997). Long-term data show that
phytoplankton blooms in estuaries often form during
neap tides, when turbulent mixing is at its weakest
(Cloern 1991b).
Early numerical models of phytoplankton
distribution were based on the critical depth concept
(Sverdrup 1953) which suggests that phytoplankton
blooms can develop only if the upper mixed layer is
shallower than some critical depth. However, these
models assume that the phytoplankton population is
homogeneously distributed over depth (e.g., Platt et
al. 1991), which is clearly not the case with a mid
water column biomass maximum. Huisman et al.
(1999) demonstrated that a second mechanism,
critical turbulence, also influences the formation of
phytoplankton blooms and found that a bloom can
develop if the upper mixed-water layer is shallower
than some critical depth and/or if '.arbulent mixing
rates are below some critical level. The model also
indicated that the depth of the bloom formation was
affected by background turbidity.
Several later numerical models, based on the
random walk processes to simulate turbulent
diffusion, have ascribed physical aggregation to the
accumulation of particles about the pycnocline.
However, Visser (1997) suggests these naive random
walk simulations may not be appropriate to explain
subsurface phytoplankton biomass peaks in turbulent
marine systems where turbulent diffusivity is
spatially non-uniform, citing (Patterson 1991),
(Yamazaraki & Kamykowski 1991), (Kamykowski
et al. 1994) and (Maclntyre et al. 1995). Numerical
simulations including both physical processes and
biological growth terms (Condie & Bormans 1997)
and particle interactions (Condie 1999) may offer
better explanations.
The sustainability of aquaculture production in a
particular environment is dependent on the consistent supply of high quality food, particularly
phytoplankton (Meeuwig et al. 1998). There are a
number of important feedback loops in the water
column-phytoplankton-bivalve interaction, including the effects on the nitrogen cycle and on the underwater light climate. Modelling production
sustainability relies on parameterising these feedback processes dynamically. One important aspect
of this modelling effort is to verify, by direct measurements of the particles fluxes involved, that these
processes are being parameterised appropriately.
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Fig. 1 Study site map showing
monitoring stations ( • ) outside
(lower left mark) and inside (upper right mark) Beatrix Bay,
Pelorus Sound, and in Tasman
Bay, New Zealand. Broken lines
indicate transect positions.

STUDY SITES
The data presented are drawn from long-term
monitoring stations in Beatrix and Tasman Bays,
which are both situated at the northern end of the
South Island of New Zealand (Fig. 1). Beatrix Bay
is a large (22 km2) semi-enclosed embayment, 3040 m deep, off the side of a fiord-like estuary,
Pelorus Sound, which discharges into the greater
Cook Strait. Pelorus Sound, including Beatrix Bay,
is frequently density stratified by salinity (Heath
1976a; Gibbs et al. 1991; Sutton & Hadfield 1997)
but thermally stratifies in summer (Sutton &
Hadfield 1997) when the salinity gradient is minimal
or non-existent as a result of greatly reduced
freshwater inflows. Tidally induced current flows
range from 10 to 70 cm s~' in the main channel of
Pelorus Sound (Heath 1976a; Gibbs et al. 1991),
peaking at >2 m s"1 at the surface under flood

conditions (Carter 1976), but rarely exceed 30 cm s~'
inside Beatrix Bay (Sutton & Hadfield 1997).
In contrast, Tasman Bay is a substantially larger,
broad area of coastal indentation gently shelving to
>30 m deep 15-20 km offshore, receiving numerous
river inflows from the south and west, and open to
the greater Cook Strait and Tasman Sea to the north.
As with Beatrix Bay, salinity gradients are minimal
or non-existent in summer, except adjacent to river
inflows, as a result of greatly reduced freshwater
inflows. Tidally induced current flows are typically
15-30 cm s~' with a net anticlockwise flow of 2 5 cm s~' (Heath 1976b). The monitoring station in
Tasman Bay was about 22 m deep, 10 km offshore
from the mouth of the Motueka River. Both bays are
used for aquaculture. Greenshell1" mussels, P.
canaliculus, are cultured pelagically on rope
droppers suspended from surface longline farms
around the shoreline of Beatrix Bay. Scallops,
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P. novaezelandiae, are grown benthically by
reseeding spat onto the sea floor in selected areas of
Tasman Bay.
Both bays are known to be nutrient enriched from
river inflows during winter but are nutrient depleted
during summer (Mackenzie & Gillespie 1986;
Mackenzie et al. 1986; Bradford et al. 1987; Gibbs
et al. 1992; Gibbs & Vant 1997; Ross et al. 1998).
Sea surface warming in summer induces thermal
stratification in the greater Cook Strait (Bradford et
al. 1986) and this extends into Tasman Bay
(Mackenzie & Gillespie 1986) and Pelorus Sound
(Gibbs et al. 1991), blocking upwelling of nutrient
rich deep oceanic water that might otherwise provide
the nutrients for phytoplankton growth.

METHODS
Near bottom current velocities were measured at the
monitoring site in the centre of Beatrix Bay for 4
days during the sampling period of 1-5 February
1999, and then at the monitoring station in Tasman
Bay for 14 days before and during the sampling
period of 24-25 February 1999, using the same InterOceans S4 electromagnetic current meter at both
sites. The S4 current meter was mounted 0.5 m
above the bottom on a stainless steel rod bolted
through the centre of a non-ferrous, 400-mm-square,
50-mm-thick concrete paving slab resting on the sea
floor. The current meter assembly was lowered into
position using a free-running rope through an
aluminium carabiner attached to the top of the
mounting rod, and the rope was removed after
deployment. A recovery rope, attached to the bottom
of the mounting rod just above the concrete slab, was
connected to a 50-m-long land line and weight, with
a light cord from that weight tied to a small surface
float to aid location. Current data was collected at
30 min intervals as a burst of 120 readings recorded
at 0.5 s intervals to examine fine detail in current
movement. Smoothed data averaged all the data over
each 1 min period to produce a single value per 30
min interval. The S4 also measured water pressure,
thereby giving a record of water depth associated
with the tide at 30 min intervals.
Water column structure was measured on a 6 km
transect of vertical profiles made across the central
axis of Beatrix Bay into Pelorus Sound on 3 February
1999, and for a distance of >6 km inshore from the
monitoring station in Tasman Bay on 24 February
1999 (Fig. 1). Time series profiling data was also
collected hourly in Tasman Bay for 24 h. Data were
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collected using an Applied Microsystems Ltd model
STD-12+ conductivity, temperatures and depth
(CTD) profiler fitted with a Wet Labs flow through
fluorometer (range 0-30 mg m3 chlorophyll a), a LICOR LI-192SA underwater photosynthetically
available radiation (PAR) light sensor, a D & A
OBS-3 optical back scatter turbidity sensor, and a
Yellow Springs Instruments (YSI) model 5739
dissolved oxygen (DO) sensor. The Wet Labs
fluorometer output was converted to chlorophyll a
concentration using a regression fit from extracted
chlorophyll a concentrations measured on discrete
water samples collected alongside an in situ
calibration profile. OBS calibration was checked in
the laboratory using suspensions of surface sediment
collected from cores taken from the centre of Beatrix
Bay, Pelorus Sound, before this field work.
Conversion equations, where required, were applied
in a Microsoft® Excel spreadsheet.
Sediment trap arrays were positioned in the centre
of Beatrix Bay and near the confluence of the bay
with the main channel of Pelorus Sound for 48 h on
2 February 1999, and at the monitoring station in
Tasman Bay for 24 h on 24 February 1999. Each
sediment trap consisted of a 65 mm diam. plastic
tube with an 8:1, length:width, aspect ratio (Bloesch
& Burns 1980), and a funnel-shaped bottom fitted
with a 6 mm ID plastic tap for easy sample recovery.
The trap tube had a 25 mm diam. vent hole cut in
the side at the mid point. During deployment this
hole was covered with parcel tape. The vent hole was
needed to spill the upper water column from the trap
to eliminate possible contamination from material
entering the trap during recovery. Final trap
collection volume was c. 800 ml.
Sediment trap arrays were constructed by
mounting three trap tubes, orientated vertically, on
a lightweight frame and attaching several of these
frames to a deployment rope subsequently held
taught between a bottom weight and a subsurface
buoy. The depth positioning of the traps was adjusted
to collect above, in, and below the thermocline. In
Beatrix Bay the thermocline spanned a depth of 1625 m in 36 in deep water (low tide) and trapping
depths were set at 6, 11, 18, 24, 31, and 35 m. In
Tasman Bay, with the thermocline at a depth of 18 m
in 21 -m-deep water (low tide), trapping depths were
set at 5, 10, 15, 18, and 20 m (low tide). As a general
rule, the trap depth intervals were selected to be
greater than the settling distance of SPM expected
during deployment but close enough to eliminate the
possibility of errors caused by phytoplankton growth
in the water column between successive traps. The
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deployment time was also kept short (24^4-8 h) to
reduce the effect of phytoplankton growth.
SPM was measured as SS by mixing the trapped
material in the measured volume of sea water
remaining in the trap and filtering an aliquot of this
suspension onto a preweighed filter. The proportion
of live phytoplankton in the SPM was estimated by
filtering an aliquot of the same suspension onto
another filter and measuring the chlorophyll a
content.
A profile of ambient water was collected from
each trapping depth during the trapping period to
determine water column concentrations of SPM and
nutrients. The water sample from each trap tube, and
each ambient water depth, was mixed immediately
before filtering each aliquot for chlorophyll a
through untreated 2.5 cm Whatman GF/C glass fibre
filters, and for SS through precombusted (450°C) and
preweighed 2.5 cm Whatman GF/C glass fibre
filters. Chlorophyll a filters were folded inwards,
placed in clear polycarbonate envelopes (Secol) and
stored frozen at -20°C pending laboratory analysis.
SS filters were folded inwards and air dried in Secol
envelopes before drying in a hot (60°C) fan air oven
and reweighing. Filtered water from each ambient
water depth was retained and stored frozen at -20°C
pending laboratory analysis for dissolved nutrients.
Benthic nutrient regeneration fluxes were
estimated at the trapping sites in each bay using nonstirred benthic chambers (Burns et al. 1996) sampled
at timed intervals over the 48-h deployment period.
Water samples from the chambers were filtered
through 2.5 cm Whatman GF/C glass fibre filters, the
water retained for dissolved nutrients and stored
frozen at -20°C pending laboratory analysis.
Nutrient regeneration rates (mg m~2 day^') were
calculated as the increase in nutrient concentration
inside the chambers relative to the area of sediment
enclosed by the chambers and the time of their
deployment. These regeneration rates were corrected
for water column effects by data from incubating
near bottom water, collected immediately before
chamber deployment, without sediment in bottles
attached to the benthic chambers.
Analyses
Chlorophyll a was determined on the GF/C filters
by the 90% acetone extraction method of Strickland
& Parsons (1972). SS was measured gravimetrically
on the dried preweighed filters using a Perkin Elmer
electronic microbalance (resolution = 0.1 jag).
Dissolved reactive phosphorus (DRP), nitrate plus
nitrite nitrogen (NOX-N), and ammoniacal nitrogen

(NH4-N) were determined on an AlpKem series 500
air-segmented continuous flow marine auto analyser
using the methods of Grasshof et al. (1983).
Dissolved inorganic nitrogen (DIN) was the sum of
NOX-N + NH4-N.
The method of Kozerski (1994) was used to
separate primary sedimentation from secondary
sedimentation caused by resuspension. Maximum
sedimentation rate (trapping rate) was calculated in
g m~2 day"4 from the trap filter data, the trap
dimensions, and the period of exposure. The mean
settling velocity of the trapped material at each depth
was calculated in m day 1 by dividing the trapping
rate by the ambient concentration in the water
column at the trap depth during trap exposure.
Resuspension (secondary sedimentation) was
estimated by subtracting the primary trapping rate
(upper water column trapping rate) from the trapping
rate at a sampling depth and dividing by the mean
settling velocity at the sampling depth. This gives
the estimated concentration in g m~3 of the SPM
derived from resuspension, including upward
entrainment, at the sampling depth.
Application of these calculations to total SPM,
measured as SS, assumes that the primary sedimentation from the upper water column is constant and
can settle through the whole depth of the water column before lateral advection and flushing change the
source concentration. Consequently, trapping times
were kept short (1-2 days) and sufficient traps (5-6
depths) were used to accommodate the possibility of
different water bodies above and below any density
stratification, and ambient SPM samples were taken
at the trapping depths during the deployment. As
SPM consists of a number of different particles ranging from inert detritus to living phytoplankton cells,
an estimate of the sedimentation and resuspension
rates and settling velocities can be made for each
component. In applying this method to examine
vertical fluxes of phytoplankton, there are certain
limitations mainly associated with growth between
the trapping depths, and decomposition and grazing
of the phytoplankton caught in the trap cups. It is
assumed these problems were minimised by keeping the trapping times shorter than the expected
phytoplankton doubling time or time of senescence.
As the phytoplankton component is typically 3
orders of magnitude less than the total SPM
concentration, any errors associated with the above
limitations are unlikely to have a measurable effect
on SPM calculations based on total SS.
Data contouring used Surfer32 (Golden Software® 1995).
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RESULTS
Near bottom current meter data from the monitoring
station in the centre of Beatrix Bay showed a periodic
change in mean velocity ranging from 3 to 16 cm s~'
in phase with the tide, and with maximum velocity
at high tide (Fig. 2A,B)- The bottom flow direction
was not coupled to the tidal cycle, being almost
constant (Fig. 2C) at 200° (true) towards the entrance
of Beatrix Bay. Over the tidal cycle, short-term
current velocities from the 1 min burst data (Fig. 2D)
showed rapid (c. 3 s) fluctuations of up to 3 cm s~'
in amplitude independent of the phase of the tide
(Fig. 2E). These fluctuations could not be associated
with surface wave-induced orbital velocities because
of the water depth (37 m) and the damping effect of
the mid water column pycnocline. Consequently,
they indicate a persistent near bottom zone of high
turbulence. Bottom water salinity and temperature
variations (<0.1 psu and <0.3°C respectively) were
low over the 4-day deployment period.
In Tasman Bay, near bottom current meter data
from the monitoring station also showed a periodic
change in velocity ranging from 2 to 28 cm s^1 but
mostly between 5 and 15 cm s"1 (Fig. 3A). Greatest
current range occurred about the spring tide (Fig. 3B)
with peak velocities being recorded at or just after
low tide. (For greater detail, see Fig. 7E,F). Below
the thermocline there was a persistent net inshore
flow with a mean direction of 250 ± 20° true (Fig.
3C). The surface tidal flow (not shown) was almost
at right angles, in both directions, across this bottom
current and the deflection of the bottom current from
the mean direction was in phase with the flow
direction of the surface tidal flow. The persistent
inshore flow along the bottom of Tasman Bay
suggests that there was a cross shelf intrusion of
water from the greater Cook Strait or Tasman Sea
at that time. Consequently, there may be a zone of
upwelling inshore from the monitoring station.
As with Beatrix Bay, there was no significant
change in near bottom salinity (<0.1 psu), but there
was a significant change in bottom water
temperature showing both longer-term change of
almost 2°C over the 14-day deployment period, and
tidally coupled changes within that period with
temperature increasing by c. 0.5°C at low tide (Fig.
3D). The long-term temperature changes were
probably related to changes in the source water
temperature whereas the tidally coupled changes
may have been caused by local diurnal heating of the
water as it crossed the shelf. For much of that passage
the sediments are within the euphotic zone and hence
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2 February 1999

Fig. 2 Near bottom current meter data from Beatrix Bay,
New Zealand, showing: A, current velocity; B, tidal cycle; and C, current direction, over the 4-day deployment.
Data for 24 h from A and B are plotted on a larger scale
in D and E. Burst data at 120 samples/min, D, show rapid
fluctuations in current velocity over the tidal cycle and
may indicate near bottom turbulence.

susceptible to solar heating. Short-term, rapid
fluctuations in current velocity and direction
occurred and are discussed below (see Fig. 7D,E).
CTD profiles (Fig. 4) showed that Beatrix Bay
and Tasman Bay were density stratified with only
small (<0.5 psu) salinity gradients, which largely
mirrored the temperature gradients in the water
column.
Inside Beatrix Bay (Fig. 4A), the pycnocline was
associated with a temperature gradient of 1°C over
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Feb

13-Feb

15-Feb

17-Feb

19-Feb

21-Feb

23-Feb

25-Feb

Fig. 3 Near bottom current meter data from Tasman Bay,
New Zealand, showing: A, current velocity; B, tidal cycle; C, current direction; and D, water temperature over
the 14-day deployment.

a depth range from 16 to 25 m and was accompanied by a small (<0.3 psu) salinity gradient over the
same depth range. Consequently, the pycnocline was
considered to be a thermocline. Light profiles extended through the thermocline and reached a maximum depth of 30 m. Chlorophyll a concentrations
increased down through the water column, but more
rapidly in the thermocline zone, reaching a peak at
the bottom of the thermocline. Below that depth,
chlorophyll a concentrations declined rapidly towards the bottom. Turbidity (NTU) values only increased below 30 m reaching a maximum at the
bottom.
Outside Beatrix Bay (Fig. 4B), the thermocline
spanned a narrower range—from 12 to 14 m—and
was accompanied by small increases in salinity, and
density. Light penetration extended to 25 m, but
chlorophyll a concentrations increased rapidly below
8 m and remained relatively constant from below

12 m to the bottom (Fig 4B). This indicates full depth
mixing below the thermocline. Turbidity also
increased between 10 and 12 m, and again near the
bottom; the increase near the bottom is presumably
associated with recent sediment resuspension.
In Tasman Bay (Fig. 4C) the thermocline
occurred at 18 m and was accompanied by a small
increase in salinity (<0.1 psu) and density. Light
penetrated to the sediments. Chlorophyll a
concentrations and turbidity both increased rapidly
in the 2-4-m-thick layer between the thermocline
and the sediments.
Water column nutrient profiles at both monitoring
sites (Table 1) show DRP throughout the water
column but no DIN in the upper water column of
either bay. There was also no measurable DIN below
the thermocline in Tasman Bay but relatively high
concentrations of both NOX-N and NH4-N below the
thermocline in Beatrix Bay. Benthic nitrogen release
fluxes inside Beatrix Bay (9.5 mg DIN m 2 day"1)
were similar to those in Tasman Bay (7.9 mg DIN
irr 2 day 1 ) but much lower than those outside (30.3
mg DIN rrr2 day-') Beatrix Bay (Table 1).
Temperature data from the CTD transect from the
main channel into Beatrix Bay (Fig. 5A) show
thermal stratification in the mid water column
associated with a small (<0.3 psu) salinity gradient
(Fig. 5D) and a second thermal stratification inside
the bay below 30 m with minimal, if any, salinity
change. Outside the confines of Beatrix Bay
chlorophyll a concentrations were dispersed through
the whole water column with a greater concentration
below the thermocline (Fig 5B). Inside the bay there
was a substantial reduction of chlorophyll in the
upper water column and apparent focusing of
chlorophyll at the thermocline (Fig 5B). OBS
turbidity data show that greatest turbidity occurred
at the bottom inside the confines of Beatrix Bay, and
was considerably lower outside the bay despite being
in the zone of high turbulence and resuspension (Fig.
5C).
The latter indicates an increase in SPM grain size
as the OBS sensor is less sensitive to larger particles
and was calibrated against the finer sediments from
inside Beatrix Bay. This is an indication that much
of the fine material has been lost from the outside
sediments probably due to winnowing before settling
or during subsequent resuspension in that highly
turbulent zone. A consequence of coarser grain size
is likely to be faster settling velocities outside rather
than inside Beatrix Bay (Table 2).
In Tasman Bay, thermal stratification was only 24 m above the sediments at the monitoring station

Gibbs—Sedimentation, suspension, and resuspension in stratified coastal waters
Temperature (°C)
17

Downloaded by [121.72.28.251] at 16:26 21 June 2016

17 5

175

18

18

185

18 5

Salinity (psu)
344

34.6

34 8

34.2 34.4 34.6 34 8

Light (nE m 2 s 1 )

Density (sigmaT)
24 5

25

0

250

500

750

24 5

25

0

250

500 750

0

250

500

750

959

Chlorophyll (mg nv3)
0

2

4

6

2

0

1

8

4

2

3

Turbidity (NTU)
0

1 2

3

4

5

0

1 2

3

4

5

0

1 2

3

4

5

6

Fig. 4 Suite of CTD+ profiles at about midday characterising the water column structure at each site. Broken lines
indicate position and thickness of the thermocline. A, inside Beatrix Bay, New Zealand, thermocline 16-25 m; B,
outside Beatrix Bay, thermocline 12-14 m (3 February 1999); C, Tasman Bay, thermocline at 18 m (24 February
1999). Fluctuations of light in the upper water column are attributed to boat shadow.

in Tasman Bay (Fig. 6A), and there was no
comparable salinity gradient (Fig. 6D). The transect
data show that the thermocline impinged on the sea
floor several kilometres inshore from the monitoring
station. There was, however, evidence of a lower
salinity, slightly warmer surface layer inshore
associated with the Motueka River plume (Fig.
6A,D). OBS turbidity data show that greatest
turbidity occurred beneath the thermocline and
where the thermocline impinged on the sea floor
(Fig. 6C). Further inshore of that point turbidity was
higher throughout the water column but with highest
values near the bottom and in the surface waters,
presumably associated with the Motueka River
plume.
Chlorophyll a concentrations (Fig. 6B) were low
throughout the water column above the thermocline
but there were very high concentrations in the 2—4m-thick layer below the thermocline. Increasing
chlorophyll a concentrations from the bottom in the
zone where the thermocline impinges on the sea floor
suggests upwelling of chlorophyll advected inshore

with the bottom intrusion current demonstrated in the
current data. Inshore from that zone chlorophyll a
concentrations were substantially higher throughout
the water column than at the monitoring station,
consistent with mixing and enhanced primary
production in the shallow, well lit, inshore waters.
The inshore waters are likely to be nutrient enriched
from land drainage and major river inflows such as
the nearby Motueka River (Fig. 1). However,
phytoplankton biomass was low in the river plume
because it takes a finite time for phytoplankton
growth after a nutrient addition.
The time series temperature data in Tasman Bay
(Fig. 7A) indicate that the thermocline was
oscillating, or seiching, with a period of c. 2 h and
an amplitude of c. 2 m on top of the tidal throw (Fig.
7D). Maximum amplitude range occurred near low
tide (midnight) and coincided with a period of
relatively strong winds which induced a surface chop
ofc. 1 m. The apparent restratification after midnight
(Fig. 7A) was probably caused by advection of
warmer inshore water across the site with the tidal
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flow, as there is no solar heating at night to account
for that temperature rise. The appearance of higher
chlorophyll in the zone of warmer water (Fig. 7B)
is also consistent with advection of inshore water as
the inshore waters had higher chlorophyll a
concentrations (Fig. 6B).
Chlorophyll a concentrations were highest below
the thermocline during the period of maximum
oscillation of the thermocline and low tide (Fig.
7B,D). The maximum concentrations coincided with
a period of slow moving but rapidly fluctuating (c.
3 s) current velocity (Fig. 7D) and unstable flow
direction (Fig. 7E) indicating a period of high
turbulence near the bottom, and hence benthic
resuspension.
Turbidity also reached a maximum close to the
bottom at each low tide (Fig. 7C,D) confirming high
benthic resuspension. Maximum turbidity coincided
with a 3-h change from low to high bottom velocity
(Fig. 7D) and a small change in direction (Fig. 7E).
The rapidly fluctuating velocity (Fig. 7D) indicates
a period of high turbulence near the bottom. The
turbidity maximum is therefore consistent with

enhanced resuspension associated with high
turbulence as the bottom current was forced against
the sea floor by the thermocline at low tide.
Sediment trap data (Table 2) show lowest SS
trapping rates (4-5 g m~2 day"1) in the upper water
column and increasing with depth in both bays
consistent with the sedimentation of pelagic material
from the upper water column. Highest trapping rates
occurred near the bottom in the high turbidity zone,
reaching 42 g irr 2 day~' inside Beatrix Bay but more
than 200 g nv 2 day"1 in Tasman Bay, consistent with
there being substantial resuspension of surficial
sediments from the sea floor. Trapping rates outside
Beatrix Bay in the Pelorus Sound were c. 4-5 times
higher than inside Beatrix Bay. This is consistent
with higher turbulence associated with tidal currents
in the main channel which were up to 4 times the
peak velocities measured near the bottom inside
Beatrix Bay. The trap station outside Beatrix Bay
was near a 90° bend in the main channel which would
further enhance the turbulence. There was no
evidence of increased trapping rates of SS just at the
thermocline in either bay but there was a small

Table 1 Water column nutrient concentrations (mg m 3) and sediment release (mg m 2 day ') in Beatrix and
Tasman Bays, New Zealand. NH4-N in the surface waters of Beatrix Bay may not be available for phytoplankton
growth (Gibbs & Vant 1997). (DRP, dissolved reactive phosphorus; DIN, dissolved inorganic nitrogen.)
DRP

NH4-N

NOX-N

DIN

6
11
18
24
31
35

10.0
10.2
11.8
12.4
21.4
29.0
4.5

4.0
3.8
4.2
6.5
11.8
17.8
7.8

<0.5
<0.5
<0.5
3.0
27.3
45.7
1.7

4.0
3.8
4.2
9.5
38.9
63.5
9.5

6
11
18
24
31
35

11.4
10.4
10.8
11.9
12.8
14.3
10.8

2.3
2.5
2.2
1.3
1.3
1.3
28.0

<0.5
<0.5
<0.5
<0.5
3.0
3.0
2.3

2.3
2.5
2.2
1.3
4.3
4.3
30.3

1
5
10
15
18
20

7.6
7.0
7.0
7.0
7.7
7.9
2.4

<0.5
<0.5
<0.5
<0.5
<0.5
<0.5
6.7

<0.5
<0.5
<0.5
<0.5
<0.5
<0.5
1.2

<0.5
<0.5
<0.5
<0.5
<0.5
<0.5
7.9

Depth (m)
Inside Beatrix Bay

Sediment release
Outside Beatrix Bay

Sediment release
Tasman Bay

Sediment release

Gibbs—Sedimentation, suspension, and resuspension in stratified coastal waters
Fig. 5 Contoured CTD+ profile
data showing: A, temperature; B,
chlorophyll; C, turbidity (NTU);
and D, salinity distribution along
a transect from the main channel
into Beatrix Bay, New Zealand, on
3 February 1999 at about midday.
Salinity data showed a small gradient associated with the
thermocline but no other structure.
"Outside" and "inside" are positions adjacent to the monitoring
stations as marked on the site map
(Fig. 1).
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8.32
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42.08

0.33
0.39
0.61
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0
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0
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0
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0
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6
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12.54
12.80
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13.70
31
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6.63
8.68
12.03

0
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10.90
10.90
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0
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0.8
0.8
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0.89
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1.61

0
0.06
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0.18
0.29
0.80
1.18

1.20
0.95
1.16
3.33
0.81

0
0
0.09
0.19
1.23

0
0
36.0
79.2
84.8

p*
•3
<—1

O

urnal

Downloaded by [121.72.28.251] at 16:26 21 June 2016

Table 2 Sedimentation, suspension, and resuspension of suspended solids and chlorophyll in Beatrix and Tasman Bays, New Zealand. R of S, % resuspended
material in suspension.
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Fig. 6 Contoured CTD+ profile data showing: A, temperature; B, chlorophyll; C, turbidity (NTU); and D, salinity
distribution along a transect inshore from the Tasman Bay, New Zealand, monitoring station on 24 February 1999 at
about midday.
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Fig. 7 Contoured hourly CTD+
profile data in Tasman Bay, New
Zealand, from 24 to 25 February
1999 showing: A, temperature; B,
chlorophyll; and C, turbidity
(NTU) changes with time relative
to D, the stage of the tide and near
bottom current velocity and E, direction.
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s j t e s in Beatrix Bay. At all
the greatest effects of chlorophy11 resuspension were

the b o t t o m at b o m

seen at the depth of the thermocline (Fig. 8).

DISCUSSION
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Fig. 8 Changes in % resuspension with depth. A, inside
Beatrix Bay; B, outside Beatrix Bay; and C, in Tasman
Bay, New Zealand, relative to the depth of the thermocline.

increase in the trapping rate of chlorophyll at the
thermocline inside Beatrix Bay (Table 2).
Settling velocities of SS and chlorophyll were
lower above than below the thermocline in both
bays. However, whereas the SS settling velocities
increased down through the water column at both
Beatrix Bay monitoring stations, chlorophyll settling
velocities decreased at the thermocline (Table 2). In
contrast, settling velocities in Tasman Bay were
highest at the thermocline for both SS and
chlorophyll. The settling velocities of both SS and
chlorophyll in the upper water column were similar
at c. 1 m day 1 in Tasman Bay but were lower inside
(c. 0.4 m day^1) than outside (c. 2 m day"1) Beatrix
Bay (Table 2). SS settling velocities were
substantially higher than those for chlorophyll in the
bottom waters and there was a large difference
between the three monitoring stations with lowest SS
settling velocities (2.75 m day"1) inside and highest
(12 m day 1 ) outside Beatrix Bay (Table 2). Highest
chlorophyll settling velocity was 3.3 m day 1 in the
thermocline in Tasman Bay.
Resuspension contributed to the concentration of
SPM in the bottom waters of both bays accounting
for up to 90 and 97% of the SS, and 90 and 85% of
the chlorophyll below the thermocline in Beatrix Bay
and Tasman Bay, respectively (Table 2). Outside
Beatrix Bay, resuspension accounted for up to 85%
of the SS but only 35% of the chlorophyll. Estimating the amount of resuspension (% resuspension) at
the sampling depths at each site produced gradients
(Fig. 8) which suggest that resuspension was having little effect on SPM concentrations more than
5 m above the bottom in Tasman Bay, but was influencing SPM concentrations more than 25 m above

This study has demonstrated that the hydrodynamic
regimes in both Beatrix and Tasman Bays are highly
complex and that single profiles through the water
column (e.g., Fig. 4) are unlikely to be sufficient to
characterise the chemistry, biology, and SPM
regimes in these bays. Notwithstanding this, the data
collected enables a general understanding of how
these two bays work.
Beatrix Bay
Morphology has a large influence on the physics,
chemistry, and biology inside Beatrix Bay. The "pot"
shape of the bay and relatively narrow entrance
means that water inside the bay has a considerably
longer residence time than in the main channel
outside (e.g., Sutton & Hadfield 1997). The tidal
currents inside the bay are slower and hence the
water column is generally less well mixed than
outside the bay. This is clearly seen in the sediment
trapping rates outside versus inside the bay (Table
2). Because the SS and chlorophyll a concentrations
were similar at both sites, the difference in trapping
rates between the two sites could be consistent with
over-trapping in the more turbulent main channel
caused by the creation of an artificial and favourable
environment inside the traps as suggested by
Blomqvist & Hakanson (1981). However, the
differences could also be associated with differences
in the particle size and density outside versus inside
the bay; the sediments outside the bay probably
being of coarser grain size than inside the bay as a
result of winnowing effects during sedimentation or
subsequent resuspension in that highly turbulent
environment. Examination of phytoplankton species
enumeration data (Marlborough Sounds Shellfish
Quality Programme unpubl. data) for 1 February
1999 shows diatom dominance in the main channel
of Pelorus Sound and dinoflagellate dominance
inside Beatrix Bay. The dinoflagellate:diatom cell
carbon estimates, expressed in mg rrr3, were 0.9:14.1
outside and 17.0:9.0 inside the bay, respectively.
Since diatoms are likely to have much higher settling
velocities than dinoflagellates, the latter being
motile, the faster chlorophyll settling velocities
outside the bay are likely to be associated with a
difference in phytoplankton species.
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The marked difference between the SS and chloThe bathymetry across the entrance to Beatrix
Bay is also shallower than inside the bay so that the rophyll % resuspension estimates inside Beatrix Bay
bottom water can pool and potentially remain un- (Fig. 8A) suggest that, while the SS profile is a rechanged for extended periods when density stratifi- sult of intrinsic settling enhanced with resuspension
cation prevents full depth water column mixing. from the bottom, the chlorophyll profile is also beConsequently, nutrients released from the sediments ing modified biologically, presumably by the motilcan accumulate beneath the pycnocline (Table 1). ity of the dinoflagellate dominance in the upper
Benthic nutrient regeneration fluxes outside the bay water column phytoplankton assemblage.
may be considerably higher than inside the bay (TaChlorophyll settling velocities below the
ble 1), but those nutrients will mix through the whole thermocline are lower than, but have a similar pattern
water column supporting phytoplankton growth in to, SS settling velocity change. This difference
the main channel. Inside Beatrix Bay, the depth of possibly reflects the intrinsic settling of the diatoms,
summer thermal stratification coincides with the which would fall out of the upper mixed layer and
bottom of the euphotic zone (1-5% light level). sink through the thermocline. This latter effect can
Consequently, phytoplankton biomass may accumu- be seen in the data from outside the bay. There,
late at the thermocline as a result of individual species chlorophyll settling velocities are remarkably
adjusting their depth position—dinoflagellates by constant through the whole depth of the water
motility, diatoms by buoyancy—to take advantage of column with only a small decrease at the thermocline
the light field and the nutrients diffusing upwards, thus (Table 2). Trapping rates increased towards the
producing the mid water column chlorophyll maxi- bottom and the % resuspension only increased at the
mum on the thermocline (Fig. 4A, 5B). This implies immediate depth of the thermocline and below (Fig.
active rather than passive accumulation as would be 8B). The much lower % resuspension for chlorophyll
expected from intrinsic settling.
than SS is consistent with large, heavy diatoms being
Benthic resuspension of SS in the lower water less susceptible to resuspension than the fine clay silt
column inside Beatrix Bay was generally >80% of particles of the main channel sediments.
the total settling flux (Table 2) which is consistent
From the above, it can be concluded that the
with first order resuspension estimates of 80-90% overall difference between SPM trapping rates inside
for lakes (Evans 1994). However, whereas the SS % and outside Beatrix Bay are most likely a result of
resuspension was similar inside and outside Beatrix the difference in particle settling velocities
Bay (Fig. 8A,B), the chlorophyll resuspension associated with high turbulence which has probably
component was substantially different inside the bay, produced a coarser sediment grain size outside
with a high proportion of the chlorophyll above the Beatrix Bay. Outside the bay, the tidally induced
thermocline apparently being derived from upwards flows affect the whole water column and are
entrainment (Fig. 8A) from the accumulation at the cyclically variable from 10 to >70 cm s~' over the
thermocline. Whereas the thermocline is a place of tidal cycle. These flows would result in strong shear
low turbulence, there is a shear zone with relatively at the sediment-water interface and hence turbulent
high turbulence, on either side, between the resuspension of the sediments. The location of the
thermocline and the rest of the water column. This outside station near the confluence of Beatrix Bay
can be seen as lower settling velocities in the and the main channel of Pelorus Sound, where the
thermocline with higher settling velocities above and main channel makes a near 90° bend, is also likely
below (Table 2). These shear zones can erode the to make this a zone of very high turbulence. In
thermocline and hence entrain particles out of the contrast, the inner station which had a unidirectional
stable water inside the thermocline. The existence bottom current of 5-15 cm s~' in phase with the tide,
of high turbulence just below and above the may only generate sufficient bottom shear and hence
thermocline is implied from the unidirectional turbulence to induce resuspension near low tide, as
bottom current and the cyclical reversing tidal was found in nearby Four Fathom Bay (Gibbs et al.
current in the upper water column which would 1991), or when a large internal wave on the
produce variable shear at the density discontinuity. thermocline is out of phase with the bottom current
There is also a strong possibility of seiching on the and forces the bottom current against the sediments
thermocline, as was seen in the adjacent Crail Bay inducing a period of high bottom current flow.
(amplitude >6 m, Gibbs et al. 1991), which would
The average potential particle travel distance per
further enhance shear and hence turbulence just
day
with the unidirectional bottom flow is greater
above and below the thermocline depth.
than the axial dimension of Beatrix Bay which

Gibbs—Sedimentation, suspension, and resuspension in stratified coastal waters
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suggests that either the bottom of the bay is
continually being flushed or there is a return flow
higher in the water column or elsewhere along the
bottom, i.e., horizontal circulation. The flushing
concept can be discounted as there is nutrient
accumulation in the bottom of the bay to a greater
extent than could be supplied on a daily basis from
the sediments (Table 1) to replace flushing. This
implies there is a return flow, below the thermocline,
moving continuously into or around Beatrix Bay.
Tasman Bay
In contrast to Beatrix Bay, Tasman Bay has no
pronounced morphological features that act to
increase the residence time of water. There is thus
insufficient time for phytoplankton to grow and
accumulate at the thermocline before being swept
away by tidal and near bottom currents. The
availability of light at the sediment surface, however,
means that phytoplankton can grow on the bottom
as mats or films of benthic microphytes. The data
(Table 2) show that trapping rates and settling
velocities of SS and chlorophyll in the upper mixed
layer are proportional or the same, respectively,
which is consistent with intrinsic settling processes.
The dramatic changes in these process rates at the
thermocline depth are consistent with resuspension
caused by bottom turbulence. Consequently, the
presence of a chlorophyll maximum below the
thermocline, not extending above it, indicates the
phytoplankton biomass is either derived from
resuspended benthic microphytes or is accumulating
within the zone of turbulence from sedimentation
and resuspension.
The data show that the thermocline is close to the
bottom with the bottom layer thickness changing
from 2 to 4 m with the tide, and the water moving at
5-15 cm s"1 in a constant direction inshore. By itself,
the cross shelf bottom current would be unlikely to
cause substantial resuspension because of the
continuous flow direction. However, the flow
velocity record (Fig. 3A) does indicate periodically
high current velocities (>25 cm s~') that may indicate
that episodic events can occur which might have a
direct influence on resuspension. Of greater
importance will be the seiching of the density
discontinuity (Fig. 7) forcing the cross shelf current
flow against the sediments at low tide and thus
producing highly variable turbulence that would
enhance benthic resuspension. This effect is clearly
seen in the time series turbidity and chlorophyll a
data (Fig. 7B,C). The rapidly fluctuating current
velocities (Fig. 7D) having an amplitude of >10 cm
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s"' on a rapidly changing overall current velocity at
low tide, is evidence of this high turbulence. SPM
concentrations below the thermocline are extremely
high and the % resuspension components of the SS
and chlorophyll a concentrations are estimated to be
97 and 85%, respectively (Fig. 8C).
DIN concentrations throughout the upper water
column in Tasman Bay were below detection level.
Even with a minimum sediment DIN regeneration
of 8 mg m~2 d a y 1 (Table 1), DIN was not
measurable below the thermocline, suggesting that
nitrogen uptake was faster than DIN release.
Nitrogen was probably being recycled rapidly within
the phytoplankton assemblage. During the period of
this study, the pelagic phytoplankton assemblage
was dominated by a bloom of the relatively small
dinoflagellate, Prorocentrum balticum (Lohmann)
(P. Gillespie, Cawthron Institute, Nelson pers.
comm.). Assuming an Nxhlorophyll ratio of 19.3 for
dinoflagellates (EPA 1985, table 6-2, p. 287), the
potential growth rate due to the sediment DIN
regeneration would be in the order of 0.4 mg nr 2
day"1 and slightly higher if there were substantial
numbers of diatoms present. This potential new
chlorophyll is considerably less than the estimated
loss from the lower water column of 1.18 mg irr 2
day"1 (Table 2), and the difference is presumably
made up by resuspension of benthic microphytes,
provided the system is at steady state and not in
decline.
With an average bottom current of c. 10 cm s~',
the cross shelf flow would transport SPM >8 km per
day. This is potentially further than the inshore
upwelling zone for both SS and chlorophyll (Fig. 6).
Conceptually, because phytoplankton growth rates
may be <1 day-1 (EPA 1985, table 6-5, p. 292),
phytoplankton biomass is being advected inshore at
about the same rate as phytoplankton production.
This concept implies that the near bottom waters
below the thermocline are a potential source of
phytoplankton biomass for the inshore waters. The
bulk of the phytoplankton biomass in the inshore
waters will, however, be the result of growth in
response to nutrient additions from river inflows and
full water column mixing in the well lit shallow zone.
The concept also implies that there was a net loss of
chlorophyll from the water column at the Tasman
Bay monitoring site and hence the phytoplankton
bloom was declining.
From these data it is clear that a vertical array of
traps is required to estimate sedimentation and
resuspension rates. It is also clear that studies of this
type would benefit from some form of particle size
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and density evaluation, including phytoplankton
species composition enumeration relative to species
composition in the ambient water column.

cism during the preparation of this manuscript. Thanks
also to Dr Bob Spigel and another unnamed referee for
constructive criticism clarifying some of the complex
issues raised in this paper. This work was funded by the
Foundation for Research Science and Technology, contract CO 1604b.
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CONCLUSION
In summary, sedimentation, suspension, and
resuspension of SPM in Beatrix and Tasman Bays
in summer was apparently largely regulated by water
column turbulence, both at the benthic boundary and
at a mid water depth associated with a thermocline.
The data indicate that SPM trapping rates did not
appear to be influenced by the thermal stratification
as they were higher near the bottom associated with
zones of high turbulence. This is likely to be the
result of faster settling velocities associated with
coarser grained bottom sediments, where
resuspension has removed much of the finer, lighter
material. Conversely, the chlorophyll trapping rates
increased at both the thermocline and the bottom.
These observations highlight the difference in
particle density and size between SPM and
chlorophyll with the low inertia, less dense
phytoplankton particles being influenced by the
weaker turbulence around the thermocline. This was
essentially confirmed by the phytoplankton species
difference inside and outside Beatrix Bay altering
both the chlorophyll settling velocities and the
resuspension rates.
The data collected during summer stratification
in the two bays indicate that as much as 90% of the
particulate material suspended in the lower water
column, and under stratified conditions in the upper
water column, may be there from resuspension and
that has very important implications for pelagic and
benthic aquaculture. The data from this study show
that detritus and phytoplankton settling particles
behave differently in the same degree of turbulence,
producing very different spatial distributions due to
a number of physical, chemical, and biological
factors, all of which will need to be included in the
parameterisation of any carrying capacity model for
shellfish aquaculture.
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